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SUMMARY

Electrical resistivity tomography (ERT), a geophysical imaging method, is commonly used
on flood embankments (dykes or levees) to characterize their internal structure and look for
defects. These surveys often use a single line of electrodes to enable 2-D imaging through
the embankment crest, an approach that enables rapid and efficient surveying compared to
3-D surveys. However, offline variations in topography can introduce artefacts into these 2-D
images, by affecting the measured resistivity data. Such topographic effects have only been
explored on a site-specific basis. If the topographic effects can be assessed for a distribution
of embankment geometries (e.g. slope angle and crest width) and resistivity variations, it
would allow for targeted correction procedures and improved survey design. To investigate
topographic effects on ERT measurements, we forward-modelled embankments with different
trapezoidal cross-sections sat atop a flat foundation layer with contrasting resistivity values.
Each was compared to a corresponding flat model with the same vertical resistivity distribu-
tion. The modelling workflow was designed to minimize the effect of forward modelling errors
on the calculation of topographic effect. We ran 1872 unique embankment forward models,
representing 144 geometries, each with 13 different resistivity contrasts. Modelling results
show that offline topography affects the tested array types (Wenner—Schlumberger, Dipole—
Dipole and Multiple—Gradient) in slightly different ways, but the magnitudes are similar, so all
are equally suitable for embankment surveys. Three separate mechanisms are found to cause
topographic effects. The dominant mechanism is caused by the offline topography confining
the electrical current flow, increasing the measured transfer resistance from the embankment
model. The two other mechanisms, previously unidentified, decrease the measured transfer
resistances from the embankment model compared to a layered half-space but only affect
embankments with specific geometries and resistivity distributions. Overall, we found that for
typical embankment geometries and resistivity distributions, the resistivity distribution has a
greater control on the magnitude of the topographic effect than the exact embankment geom-
etry: the subsurface resistivity distribution cannot be neglected. 2-D inversions are suitable
when both the embankment is more resistive than the foundations and when the embankment’s
cross-sectional area is greater than 4 m?> m~? (area scaled to an embankment with a height of
1 m). Topographic corrections, 3-D data acquisition or 3-D forward models are required when
these conditions are not met. These are demonstrated using field data from an embankment
at Hexham, Northumberland, UK. Improving the accuracy of the resistivity values in ERT
models will enable more accurate ground models, better integration of resistivity data with
geotechnical data sets, and will improve the translation of resistivity values into geotechnical
properties. Such developments will contribute to a better characterized and safer flood defence
network.

Key words: Electrical properties; Electrical resistivity tomography (ERT); Numerical mod-
elling; Hydrology.
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1 INTRODUCTION

Flood embankments (levees or dykes) are soil or rock earthworks
that protect communities and infrastructure from coastal and river-
ine flooding (Knox ef al. 2022). Through time, these embankments
deteriorate, reducing their level of protection (Simm et al. 2012;
Tarrant et al. 2018; Stirling et al. 2021). This deterioration is of-
ten initiated internally (Long et al. 2006; Tarrant et al. 2018) and
is particularly associated with local defects (Orlandini et al. 2015)
at interfaces between materials or in areas with different material
properties, such as palacochannels (Honjo et al. 2015). Deteriora-
tion can lead to localized failures and millions of dollars of damage
(Orlandini et al. 2015; Power et al. 2021). Detecting areas at risk of
failure is, therefore, critically important.

Electrical resistivity tomography (ERT) is a geophysical imaging
method that is well suited for detecting deterioration and defects
within flood embankments: resistivity varies with lithology, espe-
cially clay content (Waxman & Smits 1968; Qi & Wu 2022), as well
as with porosity, pore water conductivity, moisture content (Archie
1942; Chambers et al. 2014; Jodry et al. 2019) and temperature
(Hayley et al. 2007). ERT is used to spatially or volumetrically
characterize the subsurface at multiple scales, from decimetre-scale
voids (e.g. Leslie & Heinse 2013; White et al. 2023b) to hundred
metre wide palacochannels (e.g. Chambers et al. 2012). In addition,
it can complement geotechnical testing by informing the extrapola-
tion of discrete geotechnical measurements (Fauchard & Mériaux
2007). For ERT to help detect such defects and classify material
properties, we must be confident that the inverted model accurately
represents the subsurface.

ERT surveys are often carried out parallel to the long-axis of
embankments using linear electrode arrays, sited along the crest
or toe due to space and financial constraints (Busato ef al. 2016;
Bieévre et al. 2018; Ball et al. 2022; You et al. 2023). The result-
ing data sets appear well-suited to processing with 2.5-D inversion
methods (referred to as 2-D herein, Sjodahl et al. 2006), which
have been widely used (e.g. Bievre et al. 2017; Tresoldi et al. 2019;
Dezert et al. 2022). 2-D inversions are quick to run but assume
an infinite half-space with no offline changes in resistivity; this in-
cludes changes in topography or even water level (Loke et al. 2013).
Not considering these offline topography and resistivity variations
can introduce significant errors into 2-D resistivity models (Sjodahl
etal. 2006; Fargier et al. 2014; Busato et al. 2016; Bi¢vre et al. 2018;
Hojat et al. 2020; Ball et al. 2022) as demonstrated with a synthetic
model of the embankment at the case study site (Fig. 1; White ez al.
2023a). 3-D inversions of the 2-D data sets can be used, but are more
computationally intensive, require full topographic information of
the site and are more underdetermined as there are more model pa-
rameters for the same number of measurements, which may result
in overly smooth models (Fig. 1, Loke et al. 2013; Wilkinson ef al.
2022).

To correct for topographic effects on 2-D inversions similar to
those in Fig. 1, several studies have used a normalization approach
(e.g. Fargier et al. 2014; Bievre et al. 2018; Hojat et al. 2020),
where a 3-D model of a specific site is compared to a 1-D or 2-
D model with the same vertical resistivity variation, to generate
a correction factor. This normalization can either account for just
offline topography variations (Marescot et al. 2006; Bievre et al.
2018), for topography and pre-defined lithology variations (Fargier
et al. 2014; Norooz et al. 2021; You et al. 2023) and for changes
in water level (Sjodahl e al. 2006; Cho et al. 2014; Hojat et al.
2020). The calculated correction factor is then applied to actual

ERT measurements to correct for offline changes in resistivity and
then inverted in 2-D. Hojat e al. (2020) found that the effect of
topography on an ERT measurement is influenced by the vertical
resistivity distribution within the embankment and foundations, ex-
plaining the partial correction achieved by Bievre et al. (2018),
who corrected just for topography. Fargier et al. (2014) demon-
strated that for surveys parallel to a flood embankment, those close
to changes in slope, i.e. the edge of the crest and embankment toe,
are more affected by the embankment topography and contain larger
errors.

It is clear that embankment topography can affect ERT measure-
ments, but several key questions remain. (1) What are the key em-
bankment features (e.g. crest width, slope angle, height, area, etc.)
that control the magnitude of offline topographic effects? (2) Do
different array types have different sensitivities to offline topogra-
phy? (3) How do variations in subsurface resistivity influence topo-
graphic effects on ERT measurements? (4) Is it possible to derive a
generic workflow or correction factor to remove the effect of offline
topography from ERT surveys? To work to address these questions
this paper describes the synthetic forward modelling of a series of
trapezoidal embankments with realistic geometries and resistivity
contrasts between the embankment fill and foundation strata. The
effect of topography on each ERT measurement is assessed by com-
paring the embankment model with a flat two-layered model with
the same vertical resistivity distribution. Systematic forward mod-
elling of a series of embankments with different geometries and
resistivity contrasts allows their effect on electrical current flow to
be quantified and the mechanisms that cause topographic effects
to be understood. Finally, we consider recommendations and best
practice guidance for ERT surveys on levees by applying our mod-
elling to an ERT survey of an earth flood embankment in Hexham,
Northumberland, England.

2 METHODOLOGY
2.1 Numerical forward modelling

2.1.1 Computation of geometric factors and topographic effects

Electrical resistivity is a fundamental property of every material. It
is the ability of a material of a specific size to resist the conduction of
electricity through it and is described (for a homogenous material)

by:

Vv

p=KR=K- T (@)
where p is resistivity [Q2m], 7 electrical current [A], V' potential
difference [V], K is the geometric factor [m] and R is the transfer
resistance [€2]. The geometric factor allows the resistivity of the
material to be calculated in homogeneous materials. For a current
flowing uniformly across a sample with a parallel current flow, the
geometric factor (K), is,

k=4 @)

/

where A is the cross-sectional area of the sample and / is the length
over which the potential difference is measured. To measure the
resistivity of a material in the ground requires a four-electrode con-
figuration of two current electrodes (A and B) and two potential
electrodes (M and N; Fig. 2a). A known current intensity is passed
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Figure 1. Example of an embankment with a trapezoidal cross section, forward modelled in 3-D in R3t (a, b) and inverted in 3-D with topography (c) and
2-D (d) using software codes R3t and R2, respectively (Binley & Slater 2020). Embankment geometry: height, 2 m; slope, 1:3; crest width, 4 m. The forward
model simulated 64 electrodes, 1.5 m apart, for a dipole—dipole array with a = 1-3, n = 1-8 (Fig. 2a). 2 per cent Gaussian noise was added to the modelled

transfer resistances. © University of Bristol & British Geological Survey © UKRI.

between A and B, and the potential difference is measured between
M and N; this allows the transfer resistance to be calculated (eq. 1).
This can be converted to resistivity by calculating an analytical geo-
metric factor for a four-point measurement assuming each electrode
is a point source at the surface of a half-space (Fig. 2a):

1 1 1 1\!
K=27t< -t ) (3)

This resistivity value assumes an infinite homogenous half-space
(aflat model with a constant resistivity and air above); these assump-
tions are not fully satisfied for field measurements, so it is called
‘apparent resistivity’. For example, a measurement taken along an
embankment crest may have a different apparent resistivity com-
pared to the same measurement on an infinite half-space because
the electric field is distorted by the embankment sides (Bievre et al.
2018). Horizontal layering within the embankment and foundation
layers also affects the electric field, which can alter the topographic
effect despite being directly below the survey line (Hojat er al.
2020).

To investigate the effect of topography, we compare forward-
modelled transfer resistances from an embankment model to a
flat model. The flat and embankment models have the same ver-
tical resistivity distribution (two layers) below the line of elec-
trodes (Fig. 2b). In the embankment model, the upper layer forms
the trapezoidal embankment, while in the flat model, it is ex-
tended laterally to form a two layer half-space. To calculate the
difference in the modelled transfer resistances from the embank-
ment model and flat model, we calculate a topographic effect

(&):
Remb
Ry

E =

: 4)

where R.,; and R, are the measured transfer resistances from the
embankment and a flat model, respectively (Hojat et al. 2020; You
et al. 2023). When E = 1, there is no topographic effect.

2.1.2 Model parameter space and meshing

We need to define a model space comprising realistic parameters
to investigate the effect of embankment geometry and subsurface
resistivity variation on ERT measurements. The embankment ge-
ometries assumed, have trapezoidal cross sections that are typical of
those found in North America and Western Europe (e.g. Morris et al.
2007; Rickard 2009; CIRIA et al. 2013)(Fig. 2b, Table 1). To model
resistivity variations, the modelling assumes the embankment is ho-
mogenous with a constant resistivity (o;) and the foundation strata
is an infinite homogenous half-space with a constant resistivity (o)
(Fig. 3). The range of resistivity values is chosen to reflect materi-
als likely encountered in the field. The embankment materials are
often clay and silt rich with resistivity values of ~10-100 Qm. In
contrast, the foundation materials can be much more variable in the
range ~1-1000 2m, the lowest values represent clays and silts with
saline pore waters in coastal environments, while the highest rep-
resents dry sand, a typical bedrock or in cold climates permafrost
(Reynolds 2011, p. 291; Bievre et al. 2018; You et al. 2023). In
this modelling, we assume that other variations in resistivity (e.g.
an adjacent water course) are negligible in order to focus solely on
the embankment effect.

Models with a range of different geometries and resistivity
distributions can be created by varying the crest width, height,
slope angle, p; and p,. Two simplifications were made to re-
duce the number of models that are needed. (i) All embank-
ment geometries were normalized to an embankment height of
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Figure 2. (a) Diagram of array geometry for the Dipole-Dipole, Wenner—
Schlumberger and Multiple-Gradient array. A, B = current electrodes. M,
N = potential electrodes. a = electrode spacing. n and m = positive integers,
usually between 1 and 8 for field surveys. A schematic of the current flow
is included for a homogenous half-space. (b) The flood embankment geom-
etry assumed in this study includes a homogenous trapezoidal embankment
constructed on a homogenous half-space. The electrodes are aligned cen-
trally along the flood embankment crest. © University of Bristol & British
Geological Survey © UKRI.

one (Table 1). The range of crest widths and electrode spacings
was chosen to allow the model results to be rescaled to embank-
ments of different heights. (ii) The resistivity values of the two
layers are characterized by a single resistivity contrast (RC) de-
fined as the ratio of the embankment resistivity to the foundation
resistivity, that is p;/p,. The partitioning of electrical current de-
pends only on the resistivity contrast, not the absolute resistivity
values (Fargier et al. 2014).

The forward modelling considers an array of electrodes located
along the middle of the embankment crest. Since we assume that
the flood embankment model does not vary along its length, the

survey can be simplified and visualized as a 1-D vertical electrical
sounding (VES) (Edwards 1977). The range of survey lengths (3—
160 m) is based around a dipole—dipole array with dipole lengths, a,
of 14 electrode spacings and dipole separations, na, where n = 1-8
(Fig. 2a), with a range of unit electrode spacings of 1-4 m typically
used in embankment surveys (e.g. Niederleithinger et al. 2012;
Loperte et al. 2016; Ball et al. 2022). Subsequently, the Wenner,
Wenner—Schlumberger and Multiple—Gradient arrays were added,
with survey parameters allowing them to span survey lengths of
3-60 m. For each four-electrode measurement, the effective depth
was calculated (Edwards 1977). Effective depth (defined here) is
the median depth of investigation in a homogenous half-space. This
depth varies with the array length and the array geometry. How-
ever, the effective depth calculation is only indicative as it does not
consider resistivity variations. Still, it is characteristic of the dif-
ferent array properties (e.g. array type, survey length and a and n
values) and can be used to compare array types in terms of a single
parameter.

The forward modelling uses the finite element method with un-
structured tetrahedral meshes, each with between one and two mil-
lion elements, depending on the exact embankment geometry. The
model uses Neumann boundary conditions where the potential gra-
dient normal to the boundary is zero. Each mesh was constructed as
a 3-D model using Gmsh (V.4.10.5) and forward modelled using R3t
(V.2.01) (Binley & Slater 2020, Fig. 4). To approximate a half-space,
the distance from the electrodes to the edge of the model must be
sufficiently far so not to significantly affect the modelled transfer re-
sistances (Binley & Slater 2020), ten times the maximum electrode
separation satisfied this. To minimize the effect of mesh discretiza-
tion on the modelled transfer resistances, typically 1-2 per cent of
the modelled transfer resistance (Binley & Slater 2020), the finest
possible mesh should be used to reduce errors while maintaining
sufficiently short run times. Seven cells between adjacent electrode
positions were found to be optimal for our models. Additionally, if
the same mesh is used for both the flat and embankment meshes,
any discretization errors present will cancel out when calculating
the topographic effect (eq. 4). To exploit this, our forward modelling
workflow derives the embankment mesh from the flat mesh by in-
cluding the embankment structure in the upper layer (Figs 3 and 4).
The cells outside the upper layer’s embankment region are removed,
creating a new mesh with an updated surface boundary containing
only the embankment and foundation layer. This improves on Hojat
et al. (2020) and Biévre et al. (2018), who both normalize their 3-D
models using 2-D models and analytical solutions, respectively. Any
discretization errors are retained in their final topographic effect cal-
culation. Additionally, by updating the surface boundary to create
the embankment, we do not need to approximate air with near-
infinite resistivity values (Hojat ez al. 2020). We found this approx-
imation insufficient when modelling small differences in transfer
resistances.

Table 1. Embankment parameters used to define the model space (Morris et al. 2007; Rickard 2009; CIRIA et al. 2013)(Fig. 2b), their normalized ranges and

sample spacing.

Parameter Parameter range
Parameter range (units) normalized to height. Subsampling
Crest width 1-5 (m) 0.16-5 (m/m) 16 samples, equally spaced on a logjo scale
Height 1-6 (m) 1 (m/m) N/A
Slope angle 1:1-3 1:1-3 9 samples, every 0.25

0.01-100 (2m/Q2m)
3-160 (m)

Resistivity contrast, RC (p1/p2)
ERT survey length

0.01-100 (2m/Qm)

13 samples, equally spaced on a logj scale.

0.5-160 (m/m) non equal spacing
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Figure 3. 2-D slice through a forward modelling mesh for the flat model. The blue region is removed to form the embankment model. © University of Bristol
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Figure 4. Forward modelling workflow used to calculate topographic effects
for different embankment geometries. © University of Bristol & British
Geological Survey © UKRL

It is difficult to assess how discretization errors impact forward-
modelled transfer resistances with surface topography and subsur-
face resistivity variations because direct comparisons to analytical
solutions cannot be easily made. However, where direct compar-
isons with analytical solutions can be made, for example, when the
embankment crest width is wide and the electrode spacing is very
small, the modelled topographic effect (eq. 4) is within 0.1 per cent
of the analytical solution (£ = 1).

In total, 144 geometries were modelled, with 16 crest widths and
nine slope angles. Each geometry was simulated with 13 different
resistivity contrasts, totalling 1872 models (Table 1). A correspond-
ing flat model with an identical mesh was run for each embankment
model.

3 RESULTS

Here, we consider topographic effects on ERT measurements by
comparing each embankment model to its flat model. First, we
present the results of a single embankment geometry on dif-
ferent array types and electrode spacings before exploring the
effect of different geometries for a homogeneous model, that
is RC = 1. Finally, we consider how different resistivity con-
trasts interact with offline topography to affect the resistivity
measurements.

3.1 Topographic effect: array type

The effect of the embankment topography on ERT measurements
varies for each measurement (Fig. 5). The magnitude of the topo-
graphic effect correlates very strongly with the effective depth of the
measurement, with all array types having a maximum topographic
effect at a very similar effective depth, but array type and geometry
also influence it. Broadly, the arrays can be assigned into two groups:
those with beta-type adjacent current and voltage electrode pairs
(dipole—dipole) and those with alpha-type nested voltage and cur-
rent electrode pairs (Wenner—Schlumberger and Multiple-Gradient,
Fig. 2a). A specific effective depth can be achieved for dipole—dipole
and Wenner—Schlumberger arrays by varying the » and a values.
For n = 1-8, this has a minimal impact on the topographic effect
(Fig. 5). In the Multiple-Gradient array, the position of the volt-
age electrode pair varies between the current electrodes. When the
electrode pair is central, it is equivalent to a Wenner—Schlumberger
array, so it will have the same topographic effect. Generally, the
more asymmetrical the Multiple—Gradient array is, the more its
topographic effect diverges from the Wenner—Schlumberger array
(Fig. 5).

To simplify the forward modelling results and to allow the mech-
anisms that cause the topographic effects to be understood, only
two fundamental array geometries are presented in the following
sections: a Wenner-alpha array (i.e. Wenner—Schlumberger, n = 1)
and a dipole—dipole array, » = 1 (Wenner-beta). The range of a-
spacings for these two arrays has been increased to include the full
range of array lengths identified in Table 1. The embankment to-
pography fundamentally affects these two arrays differently, so they
are investigated separately.

3.2 Topographic effect: homogenous model

The homogenous embankment models (RC = 1) show the effect
of topography on a sounding curve without considering subsurface
resistivity variations (Fig. 6). Cubic splines were fitted through the
sounding curves to visually separate them from each other. These
splines pass through each data point so do not apply any smoothing.
The topographic effects have £ > 1 for the entire depth range of
almost every sounding curve. £ > 1 indicates the transfer resistances
returned from the embankment model are higher than those from the
corresponding flat model (eq. 4). The topographic effect is small
when the effective depth is small and increases with increasing
effective depth until a maximum is reached. The topographic effect
then decreases with increasing effective depth and tends towards
one.
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Figure 5. The topographic effect on a sounding curve collected along an
embankment crest. The dipole—dipole and Wenner—Schlumberger arrays are
coloured by the n-value of each measurement. The Multiple-Gradient array
is not coloured as it varies with » and m. Model parameters: Crest width =
2.1 mm~!, Slope angle = 1:3, resistivity contrast (RC) = 0.1. © University
of Bristol & British Geological Survey © UKRI.

The crest width and slope angle significantly influence the topo-
graphic effect. The topographic effect decreases as the crest width
increases, but its peak occurs at increasing eftective depths (Figs 6a
and b). In contrast, the slope angle changes the magnitude of the
peak but only has a limited influence on the effective depth at which
it occurs (Figs 6¢ and d). Array type has little impact on the topo-
graphic effect when there is no sub-surface resistivity contrast, with
the Wenner and dipole—dipole results having very similar values.

The one exception is shown in Fig. 6(d), at an effective depth of
~0.2 m, £ < 1 for the dipole—dipole array, while the Wenner array
does not. We discuss this below when considering the two layered
model.

3.3 Topographic effect: two-layered model

Introducing a resistivity contrast between the embankment and
foundation layers can significantly increase or decrease the topo-
graphic effect (Fig. 7), for embankment models with identical ge-
ometry. When £ < 1 the modelled transfer resistances from the
embankment model are smaller than those from the flat model.
These values are surprising as the embankment model is created by
removing a relatively conductive region of the model close to the
electrode line. Intuitively, we would expect this to always increase
the modelled transfer resistances (i.e. £ > 1).

We have identified three contributions to the topographic effect
on resistivity measurements (Fig. 7). (E1) This topographic effect
increases the transfer resistances from the embankment model, so
E > 1, reaching a maximum of 15 (within the model space), but
with no theoretical maximum. This effect dominates the homoge-
nous models (Fig. 6) and most of the two-layered models. As RC
increases, this effect decreases (Fig. 7). (E2) A relatively small
topographic effect superimposed on E1 that decreases transfer re-
sistances from the embankment model, this can result in £ < 1. E2
peaks at an effective depth of ~2 mm™' (within the model space)
and only starts to have an effect when RC > 1 and the normal-
ized crest width is less than 2 (Figs 7c, d and Sla). The narrower
the crest width and the larger the RC, the more pronounced the
effect. The slope angle has very little effect, but shallower slopes

5.0

£
€ o
= 20 3
e —~+
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(7] 1.0 o
T 5
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2 05 3
= 3
2 =
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Topographic effect - E (Q/Q)

Figure 6. Topographic effect on sounding curves along the embankment crest for a homogenous model (RC = 1). (a) Wenner array for a range of crest widths,
constant slope angle of 1:3. (b) Dipole—dipole array for a range of crest widths, constant slope angle of 1:3. (c) Wenner array for a range of slope angles,
constant crest width of 2.1 mm~!. (d) Dipole—dipole array for a range of slope angles, constant crest width of 2.1 mm~". © University of Bristol & British

Geological Survey © UKRI.
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Figure 7. Effect of different resistivity contrasts on Wenner and dipole—dipole sounding curves for two embankment geometries. Panels (a) and (b) have an
embankment geometry similar to Fig. 1 and the case study site. Panels (¢) and (d) have a very narrow crest width and the same shallow slope angle. Labels E1,
E2 and E3 are the three separate contributions to the overall topographic effect. © University of Bristol & British Geological Survey © UKRI.

enhance it slightly (Figs Sla and c). (E3) Similar to E2, it is a rela-
tively small topographic effect superimposed on E1 that decreases
transfer resistances from the embankment model; this can result
in £ < 1 (Figs 7b and d). It only impacts dipole—dipole measure-
ments when RC < 1. This is present for all embankment geometries
but becomes more pronounced with decreasing RC, two exam-
ples are shown in Figs 7(b) and (d). As crest width increases, the
magnitude of the effect increases, reaching a maximum at a crest
width of ~2.5 m m~! before starting to decrease slightly (Fig. S1b).
Steeper embankment slopes marginally increase the effect on
E3 (Fig. S1d).

4 CAUSES OF THE TOPOGRAPHIC
EFFECTS

The forward modelling shown above reveals that the topographic
effect on an ERT measurement depends on interactions between
the embankment geometry and resistivity contrast. However, the
topographic effect is the product of three separate effects (E1-3),
which must be understood to potentially enable topographic effects
to be corrected (Fig. 7).

4.1 Effect E1

The topographic effect E1 is the dominant effect on ERT measure-
ment and is responsible for all values of £ > 1. To understand its
origin, consider how the topographic effect changes with effective
depth for a homogenous embankment model (Fig. 6). When the
effective depth of the resistivity measurement is much smaller than
the embankment width, the embankment crest behaves as a homoge-
nous half-space, and there is no topographic effect. As the effective

depth increases, the current lines are increasingly distorted in the
embankment topography until a peak is reached. At this point, the
topography exerts a maximum effect on the resistivity measurement.
Combining eqs (1) and (2) shows that smaller cross-sectional areas
increase the modelled transfer resistances. In fact, the normalized
cross-sectional area of the embankment is an excellent predictor
of this peak topographic effect, when RC = 1, with a Spearman’s
rank correlation coefficient of —1.0 (2 s.f., Fig. 8, Gauthier 2001).
Further increasing the effective depth means a greater proportion
of the current flows in the foundation layer, which is a half-space,
reducing the overall topographic effect of the embankment until it
is negligible.

Embankment models with smaller crest widths and steeper slope
angles are associated with larger topographic effects as both con-
tribute to smaller cross-sectional areas (Fig. 8). The depth of the
peak effect again correlates particularly well with the cross sec-
tional area of the embankment (Fig. 8).

Models where RC > 1 have a smaller topographic effect, while
when RC < 1 the topographic effect is larger. These differences are
the effect of current partitioning between the embankment and foun-
dation layer based on the reciprocal ratio of the resistivity contrast
(Telford et al. 1990, p. 522):

Ji
2 _ P pe, (5)

Jx] P2

where J,, and J,, are the current densities in the embankment paral-
lel direction for the embankment and foundation layer, respectively.
When RC > 1, a greater proportion of the current flows through
the foundation layer (Fig. 9a), compared to the homogenous model
(Fig. 9b). This reduces the influence of the embankment geometry
on the overall current flow and reduces the effect E1. Conversely,
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when RC < 1, the electrical current is channelled in the embank-
ment, increasing the current density (Fig. 9¢c) and the associated
topographic effect (Fig. 7).

4.2 Effect E2

The topographic effect E2 can affect all investigated array types
but requires RC > 1 and a narrow embankment crest width that is
less than twice the embankment height i.e. crest width < 2 mm™!
(Fig. 7, Fig S1A). To visualize the cause of E2, the current density
for the embankment model with the largest effect (crest width =0.17
mm~!, slope = 1:1 and RC = 100 Qm Qm~") was calculated and
compared to the flat model (Fig. 10). The two current electrodes are
located at 0 and 2 mm~'. A dipole—dipole array with n = 1-5 has
effective depths of 0.8-2.9 mm™!, spanning the peak in E2 at ~2
mm~!, enabling the current density distribution responsible for E2
to be shown (Fig. 10).

The current density distribution in the embankment and flat mod-
els is visually similar (Figs 10a and b). Normalizing the embank-
ment model using the flat model highlights differences (Fig. 10c¢).
Close to the current electrodes, the current density is higher in the
embankment model (effect E1). This difference decreases along the
embankment crest before going through a region where the current
density is lower in the embankment model, before returning to a
similar current density to the flat model.

The region of relatively low current density forms in response to
the narrow embankment geometry and resistivity contrast (RC > 1)
partitioning current into the foundation layer (eq. 5). The narrow em-
bankment geometry laterally constrains the electric field, distorting
the field lines so pushing the current density contours downwards

compared to the flat model (Fig. 10a versus Fig. 10b). This enables
the current to flow from the embankment into the foundation layer
due to RC > 1 over a shorter horizontal distance than in the flat
model, resulting in a region of lower current density and the ef-
fect E2 (Fig. 10c). This could occur in larger coastal or estuarine
embankments with relatively narrow crest widths compared to their
height and low-resistivity foundations containing saline pore water.

4.3 Effect E3

The final topographic effect, E3, impacts only dipole—dipole sur-
veys when RC < 1 (Figs 7b and d). To understand the underlying
mechanism, we re-ran one embankment model (crest width = 2.1
mm~!, slope angle = 1:3) and one flat model with RC = 0. This
end member was achieved by removing the foundation layer from
both the embankment (to leave just the embankment itself) and flat
model mesh [to leave a single layer of thickness # = 1 (mm™"),
Fig 3]. The modelled transfer resistances are plotted as sounding
curves (Fig. 11). For increasing effective depth, embankment trans-
fer resistances from the Wenner array increase, but decrease from
the dipole—dipole array. Therefore, for the Wenner array, £ > 1 and
increases with effective depth (Fig. 11a) while the opposite is true
for the dipole—dipole array where £ < 1 and becomes increasingly
small with depth (Fig. 11b).

To interpret these trends, a comparison is made to three analytical
solutions representing three current flow scenarios: 1-D (wire), 2-D
(thin conductive sheet) and 3-D (homogenous half-space, Fig. 11,
Miccoli et al. 2015). The 1-D analytical solution assumes only cur-
rent flow parallel to the electrodes with a wire-like geometric factor
(eq. 2, Fig. 12), where 4 is the embankment cross-sectional area and

20 1990J00 G| U0 Josn ynuomAay AanIng (201601099 yshug Ad GE90SLL/L L L L/Z/6€Z/P1ME/IB/W0D dno olwspese)/:sd)y wolj papeojumod


art/ggae313_f8.eps

Effect of offline topography on electrical resistivity measurements 1125

14(a) RC=10

Elevation (m/m)

-8 % -4

- 0 2 4 6 8
Distance (m/m)
0.0004 0.001  0.002 0.005 001 0.02 005 009

H

¥20Z 1890100 G| Uo Jasn yuomAsy Aening [eaibojoes) ysiug Aq GE90G.2/2L L L/Z/6EZ/a10ne/[B/woo dnoolwspeoe//:sdiy wols pspeojumoq

Current Density (Am2)

Figure 9. Current density plots showing a cross-section through an embank-
ment (orthogonal to the electrode array) at the midpoint of a Wenner array
where a = 3 m for three different resistivity contrasts (RC). Embankment ge-
ometry crest width: 2 m/m, slope 1:2, height: 1 m/m. A) Embankment = 10
Qm Foundation 1 @m (RC = 10). B) Embankment = 1 ©2m Foundation 1
Qm (RC = 10). C) Embankment = 1 @m Foundation 10 @m (RC = 0.1).
The colour scale does not resolve the radial current density pattern in the
embankment which decreases from 0.09 Am~2 to 0.08 Am~2 in part C. ©
University of Bristol & British Geological Survey © UKRI.

/ is the distance between the inner pair of electrodes. Considering
the current pattern for injecting (or extracting) current from a point
on an infinitely long wire, the current splits between both directions
(Fig. 12). Using superposition to place current electrodes A and
B on the same wire, the current between A and B is the injected
current, but outside this, it is always zero. Therefore, the transfer
resistances from dipole—dipole will be zero, and cannot be plotted
on Fig. 11(b). The 2-D analytical solution assumes current flow in
both horizontal planes, the geometric factor is given by (Miccoli
etal 2015):

-1

K = 2nh<ln (M)> , (6)
AM - BN

where £ is the layer thickness (1 mm™"). The analytical solution

assumes that the electrodes extend the full thickness of the layer. The

3-D analytical solution (eq. 3) assumes a homogenous half-space

with point electrodes at the surface.

Comparing the modelled transfer resistances to the analytical
solutions (Fig. 11) shows that when the effective depth is small,
all transfer resistances from the models plot close to the 3-D an-
alytical solution, so approximate homogenous half-spaces. As the
effective depth of investigation increases, the transfer resistances
diverge from the 3-D analytical solution. The flat models for both
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Figure 10. Current density plots of an embankment (a) and equivalent flat
(b) model for a pair of current electrodes at 0 and 2 mm™!, visualized by
slicing along the line of electrodes. Current density isolines are shown in
A and B. The forward model has a resistivity contrast of RC = 100, where
the resistivities are 100 2m and 1 Qm for the embankment and foundation
layer, respectively. The embankment geometry: crest width = 0.17 [mm~!],
slope angle = 1:1. C) The current density ratio (embankment model divided
by flat model) © University of Bristol & British Geological Survey © UKRI.

arrays trend to their respective 2-D analytical solution and, therefore,
approximate a thin conductive sheet. The embankment models ini-
tially appear to behave differently, the Wenner array clearly trends to
the 1-D analytical solution, while the dipole—dipole array decreases
rapidly to 10~* Q, beyond which the points scatter, likely due to
numerical (discretization) errors within the R3t solution (Fig. 11b).
Given the 1-D analytical solution is 0 €2 this is also a trend to the
wire like solution.

The comparison of this end member model, RC = 0, to the
three analytical solutions demonstrates that the dipole—dipole array
has no sensitivity to 1-D current flow. While this end member is
very unlikely to exist (embankment sat on plastic geomembrane?),
current channelling within the embankment structure is significant
enough to cause the effect E3.

5 DISCUSSION

5.1 Importance of the subsurface resistivity distribution

Several recent studies have developed workflows to correct for of-
fline topographic effects (e.g. Bievre ef al. 2018) and subsurface
resistivity distributions (e.g. Hojat ez al. 2020), to enable 2-D inver-
sion workflows. Our forward modelling results confirm that both
the embankment geometry and the subsurface resistivity distribu-
tion influence the topographic effect (Figs 6 and 7). To understand
their relative importance, we compare the maximum topographic
effect (E1) of the dipole—dipole array to the embankment’s nor-
malized cross-sectional area (Fig. 13). This comparison shows that
cross-sectional area is an excellent predictor of the maximum to-
pographic effect for a specific RC, but also that the subsurface
resistivity distribution has a larger impact on the topographic effect
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Figure 12. Conceptual model for the 1-D analytical solution, showing the
current (7) pattern at points A and B if they were each located on an infinitely
long wire. Using superposition, the total contributions from A and B can be
demonstrated when both are placed on the same wire.

than the surface topography (within the model space). Therefore,
inline changes in resistivity are as, if not more, important as the
embankment topography for correcting offline topographic effects.
This means that topographic corrections must consider the subsur-
face resistivity structure, which is often unknown.

5.2 Heterogeneous resistivity distributions

The presented modelling focused on simple two-layer models that
assume the embankment and foundations are homogeneous. How-
ever, real embankments are unlikely to conform to this ideal. Real
embankments can be constructed in layers that may have differ-
ing compositions or levels of compaction, be constructed with a
clay core surrounded by sand or even a sand core covered in a
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Figure 13. Comparison of the maximum topographic effect for each sound-
ing curve plotted against the normalized cross-sectional area of the embank-
ment. For each RC, a coloured third-order polynomial is fitted through the
data to aid visual interpretation. © University of Bristol & British Geological
Survey © UKRI.

waterproofing layer of clay (CIRIA et al. 2013). Additionally, em-
bankments will have water against them, changing the topographic
effect (Hojat ef al. 2020; Ball et al. 2022).

Consider a homogenous embankment model where RC = 1 but
with a resistive top layer representing a dry gravel path. The current
will preferentially partition from the resistive surface layer into the
main embankment structure. This part of the structure is wider than
the embankment’s crest, so we would expect a slight decrease in
effect E1 (Fig. 8). Conversely, for a clay-cored embankment, the
current will partition into the core (with resistive material on either
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side), which has a steeper geometry than the embankment. We
expect this to increase E1 as the normalized cross-sectional area of
the core is smaller than the embankment, but it may also increase
E3 due to increased current channelling. E2 is unlikely to be present
due to the lower resistivity of the core.

If the water level is close to the top of an embankment, the
surface geometry, including the water, is substantially changed.
The effects E2 and E3 both have geometric controls requiring a
narrow embankment and a ‘wire-like’ embankment that facilitates
1-D current flow, respectively. These are not satisfied with water
against the embankment, so E2 and E3 will have no contribution
to the topographic effect. Similarly, the effect E1 will be smaller
as electrical current can pass through the water adjacent to the
embankment, so there is less difference between the current flow
paths in the embankment and the flat model. This trend has been
observed in previous modelling studies (Cho ez al. 2014; Hojat et al.
2020).

5.3 Recommendations for embankment surveys

2-D inversions are likely sufficiently accurate to allow for the correct
identification of lithology when topographic effects are <10 per cent
(E < 1.1). The 10 per cent threshold is selected for two reasons.
(1) A 10 per cent error in apparent resistivity value is unlikely to
change the lithological interpretation. (2) It is conservative because
there is significant non-linear error propagation from the measured
transfer resistances to the inverted model, for example in Fig. 1(d),
the 2-D inverted section has errors of 500 per cent, but £ = 1.5 is
the max topographic effect. This error propagation is not explored
in this paper; however, a 10 per cent threshold should be sufficiently
conservative to enable qualitative interpretations of 2-D inversions.
This occurs when 1 < RC < 10 and the normalized cross-sectional
area >4 m?>m~2 (Fig. 13). When RC > 10, the topographic effect,
E2, starts to become significant, so a 2-D inversion may no longer
be appropriate.

Given the importance of the resistivity contrast in determining
the topographic effect, it is unlikely to be known if'a 2-D inversion is
suitable prior to data acquisition. To achieve an accurate resistivity
model, 3-D acquisition and inversion is recommended. If only 2-D
acquisition is possible, several approaches may improve 2-D inver-
sions. (1) During data acquisition, both a dipole—dipole and Wenner
style survey could be acquired along the same line. These array
types can have different responses to the embankment topography,
so by inverting them together, the model should better account for
topography. (2) The 2-D data set can be inverted in 3-D with topog-
raphy. However, the 3-D inversion is significantly under-constrained
(compared to 2-D) and may, for example, return an overly smooth
model missing significant true anomalies. (3) Hojat (2024), suggest
an iterative approach where the field data is inverted in 2-D and used
to inform an increasingly realistic 3-D model of the embankment,
however it is unclear if this will converge on the correct resistivity
distribution for large resistivity contrasts. Additionally, this time-
consuming process would quickly outweigh the time advantage over
a 3-D inversion. However, for ERT monitoring, the time saving of a
2-D inversion is multiplied by the number of time steps, which can
number in the hundreds or thousands (Tresoldi et al. 2019; Boyd
et al. 2021). Data from the 2-D monitoring array could be corrected
using a 3-D model from a one-off 3-D ERT survey (Hojat et al.
2020). However, how temporal changes in the resistivity distribu-
tion would affect the correction factor would need to be explored.

6 CASE STUDY

To demonstrate the resistivity modelling results, an ERT survey
was carried out on a 95 m section of flood embankment located at
Warden, Hexham, UK (54.989°N, —2.147°E; Fig. 14a). The em-
bankment is ~2 m high, with a crest width of 4 m and a slope
angle of 1:3, giving a normalized cross-sectional area of 5 m> m~2
(Fig. 14b). A 1 m resolution digital terrain model collected in March
2019 as part of England’s Environment Agency’s National LiDAR
Program provided the topographic data for the site. It was con-
structed in 2007 using a homogenous, low-plasticity silty clay with
topsoil covering (Fig. 14b). The foundation strata are alluvial de-
posits of cobles, sands and gravel, as observed in the riverbank,
so the resistivity contrast is likely less than 1. Based on a RC <1
and a cross sectional area of 5 m> m~2? the embankment topogra-
phy is likely to have a significant impact on the transfer resistance
measurements.

6.1 ERT survey

Six ERT survey lines were collected, one along the crest compris-
ing 64 electrodes spaced 1.5 m apart and five lines perpendicular
to the embankment, each with 32 electrodes spaced at 1 m inter-
vals (Fig. 14a). An AGI SuperSting RS resistivity meter was used
to make simultaneous potential measurements on up to eight pairs
of electrodes. We chose the dipole—dipole array configuration with
a = 1-3 and 14 (unit spacing) for the crest and perpendicular
lines, respectively; and n = 1-8 used for all lines. (Fig. 1a). The
dipole—dipole electrode configuration was chosen due to its efficient
measurement style on a multichannel instrument, the ease of col-
lecting reciprocal measurements for error modelling and no need
for a remote electrode (Dahlin & Zhou 2004).

Data processing and filtering used the open-source software Re-
sIPy (Blanchy ef al. 2020). Each line was processed to remove
all negative apparent resistivities, data with no reciprocal measure-
ment, and measurements with percentage reciprocal errors >5 per
cent (Tso et al. 2017). The percentage reciprocal error (per cent) is
calculated by:

| R/ —R
TRy +RY))2

where (R ) and (R, ) are the forward and reverse transfer resistances
(Blanchy et al. 2020). An error model is fitted for each survey line
by fitting a power law error model to the data (Blanchy et al. 2020).
Finally, the absolute transfer resistance for each reciprocal pair is
weighted based on the error model and combined with a 2 per
cent modelling error. Of the 3790 reciprocal measurement pairs
collected, 145 were removed during data processing and filtering,
representing 3.8 per cent of the data.

The data were inverted in ResIPy, a software wrapper for R2 and
R3t (Binley & Slater 2020). R2 and R3t use a finite element method
for the forward modelling and the inversion is an L, smoothness-
constrained inversion. Each inversion aimed to converge with a x?2
of 1.0 within 10 iterations, where x? is a measure of the difference
between modelled data and measured data, weighted according to
errors (Giinther ef al. 2006; Binley & Slater 2020).

o, ‘ « 100, )

6.2 Survey results

The survey data were inverted in 2-D (Fig. 15a) and 3-D (Fig. 15b)
to create two resistivity models of the site. The 2-D inversions con-
verged on average after three iterations with an average x? of 1.04.
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The 3-D inversion converged after two iterations with a x? of 1.39.
These models show the site to be characterized by a lower resistiv-
ity embankment (ca. 30 Qm) on top of a more resistive foundation
layer. There is significant disagreement between the absolute resis-
tivity values within the foundation region. In the 2-D inversions,
where the models cross, the resistivity values do not match and
there are significant differences between the 2-D and 3-D models
(Fig. 15a). This indicates that offline topography is impacting the
resistivity data. The 2-D model of the crest line has significantly
higher resistivity values up to 900 2m, whereas the same line in the
3-D model only returns values where the lines cross up to 240 Qm
and away from the crossing lines 120 Qm.

6.3 Topographic effect

The topographic effect for the embankment was calculated with the
LiDAR-derived topography, assuming a homogenous resistivity for
the subsurface (Fig. 16a). There is a range of topographic effects at
each effective depth due to variations in topography along the line,
such as the access ramp (Fig. 14) and the placement of the line on
the crest. Comparing the mean of these topographic effects to the
calculated topographic effect for a trapezoidal embankment with

approximated dimensions (height = 2 m, crest width = 4 m, slope
angle = 1:3 and RC = 1) shows excellent agreement. However,
there is an offset at the shallowest effective depths, likely caused by
the non-central line placement, which most affects the shallow mea-
surements (Fargier ef al. 2014) and unevenness in the embankment
surface (Fig. 16a).

There is a resistivity contrast between the embankment and foun-
dation layer, with the embankment resistivity of 30 Qm, and the
foundation resistivity of 120-200 2m, derived from the 3-D model
(Fig. 15B). This gives RC values of 0.25 and 0.15, respectively. Ap-
plying the correction factors to the crest line data set and inverting
each one in 2-D allows a comparison of the effects (Figs 16b—
d). Each correction factor reduces the resistivity values within the
foundation layer. To check which one is likely closest to the correct
resistivity contrast, the resistivity distribution in the inverted 2-D
model should be able to approximate the RC used to correct it. In
this case, the RC = 0.25 is the closest fit, indicating the resistivity of
the embankment and foundation layer below the embankment have
resistivities of about 30 and 120 Qm, respectively.

Accounting for topographic effects using a simplified geome-
try and resistivity contrast is effective. However, it relies on ac-
curate knowledge of the embankment geometry and subsurface
resistivity distribution with regions of relative homogeneity. In this
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Figure 15. Results of the case study from (a) 2-D inversions of each line and (b) 3-D inversion of the same data set sliced along the lines of electrodes. Both
plots have the same resistivity scale. © University of Bristol & British Geological Survey © UKRI.

case, an access ramp up to the embankment crest in the middle
of the survey line is not in the trapezoidal model. Not including
this probably deepens the low resistivity embankment region be-
tween 30 and 60 m. This demonstrates the main issue with trying
to account for offline effects: they can only be corrected if they
are known about and accurately characterized. Offline subsurface
features are only known if there is additional information from
other sources or if the ERT survey has used a 3-D acquisition
(Jodry et al. 2017).

7 CONCLUSION

Through systematic forward modelling of embankment geometries
and subsurface resistivity variations, we have explored the impact
of offline topography on ERT surveys. The key findings are:

(i) Maximum topographic effects are generally similar in magni-
tude for all tested array types, but there are key differences between
dipole—dipole and Wenner style arrays at certain depths of investi-
gation.

(i1) The array’s n-value can be neglected as it is almost indepen-
dent of the topographic effect when the measurement’s effective
depth is calculated.

(iii) Subsurface resistivity distribution can enhance or suppress
the effect of offline topography to such an extent that within the
model space, it has a larger control on the topographic effect than
the different embankment geometries alone.

(iv) Three separate mechanisms can cause topographic effects.
Generally, topographic effects increase the measurement’s transfer
resistance, but we have shown that transfer resistances can also
decrease them for certain embankment geometries and resistivity
contrasts.

(v) Dipole—dipole surveys are not sensitive to 1-D wire-like
current flow patterns generated by current channelling in the
embankment, so they only measure the 3-D component. Wen-
ner arrays are sensitive to both 1-D and 3-D current flow
patterns.

To implement these findings into routine embankment surveys
the following best practice recommendations are suggested:
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(1) 2-D inversions are likely suitable when transfer resistances
contain topographic effects of <10 per cent, this is true when the
normalized cross-sectional area >4 m>m~2 and 1 < RC < 10,
assuming no other internal resistivity variation.

(i1)) Where significant topographic effects or complex internal
geometries (e.g. clay core) exist, 3-D acquisition and inversion are
required to accurately characterize anomalies.

(iii) If only 2-D acquisition is possible for embankments with
significant topographic effects, a dipole—dipole and Wenner style
survey should be acquired to allow a 3-D inversion to exploit
the subtle difference in topographic effect between the two array

types.

Further work is needed to better understand how these topo-
graphic effects propagate from the transfer resistances to the in-
verted models, to refine best practice. Where time and resources
only allow for 2-D acquisition, using a 3-D inversion shows promise
at returning more accurate resistivity values (Fig. 1, e.g. Holmes
et al. 2022). Further research on optimal mesh design for this
under-constrained problem would be valuable. Additionally, 3-
D inversions benefit from 3-D data acquisition. Further explo-
ration of novel 3-D arrays, including zig-zag (Robbins & Plat-
tner 2018), parallel (Jodry et al. 2017) and crossing (Busato et al.
2016) lines, could help develop ERT models that return more
accurate resistivity values while balancing acquisition time and
cost.
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