Engineering Geology 323 (2023) 107198

.

ENGINEERING
GEOLOGY

Contents lists available at ScienceDirect

Engineering Geology

—

72

journal homepage: www.elsevier.com/locate/enggeo

ELSEVIER

Combined electrical resistivity tomography and ground penetrating radar
to map Eurasian badger (Meles Meles) burrows in clay-rich flood
embankments (levees)

Adrian White %", Paul Wilkinson ®, James Boyd *”, James Wookey ¢, John Michael Kendall ¢,
Andrew Binley °, Timothy Grossey ¢, Jonathan Chambers *

2 British Geological Survey, Nottingham, United Kingdom
b University of Lancaster, Lancaster, United Kingdom

¢ University of Bristol, Bristol, United Kingdom

d University of Oxford, Oxford, United Kingdom

¢ RSK Geophysics, Hemel Hempstead, United Kingdom

ARTICLE INFO ABSTRACT

Keywords:
Electrical Resistivity Tomography
Ground Penetrating Radar

Globally, earth embankments are used to protect against flooding. Raised above the surrounding water table,
these embankments make ideal habitats for many burrowing animals whose burrows can impact their structural
integrity. Ground Penetrating Radar (GPR) is commonly used to identify and map animal burrows and other

II;/Ieles meles small cavities. However, the depth of investigation of a GPR survey can be severely limited in saline and clay-rich
Urrow . . . . . . P
Levee environments, soil properties commonly associated with flood embankments. In contrast, Electrical Resistivity

Tomography (ERT) can image subsurface voids in conductive ground conditions but has been rarely used to
image animal burrows. Here we aim to assess the efficacy of ERT and GPR to image two badger burrow networks,
called ‘setts’, located in clay embankments on the River Ouse, Yorkshire, UK. The two setts were excavated to
validate the geophysical results, and the soil was characterised through logging and geotechnical analysis to
develop a ground model of the site. We find that ERT can accurately resolve tunnels down to 1.5 m depth, map
the structure of a multi-entrance badger sett and successfully identify the end of the tunnels. This result compares
favourably to the GPR surveys, which mapped all but the deepest tunnels, limited by its penetration depth due to
clay soils. Our results show that ERT can be used as a primary survey tool for animal burrows in clay-rich en-
vironments and can be validated using co-located GPR surveys if penetration depth is sufficient. The implications
of this study may allow embankment managers to map burrow networks, assess flood embankment stability,
minimise repair costs, and reduce unexpected failures during flood events. Additionally, a better understanding
of how, for example, local heterogeneities impact badgers’ burrow geometry may be achievable using these
geophysical methods, as they provide a non-destructive, repeatable method for imaging setts.

Flood embankment

1. Introduction

Flood embankments (levees or dykes) are found in low-lying areas
worldwide, protecting homes, industry and farmland from flooding
caused by extreme weather events and tidal surges. However, these
natural events are becoming more intense and frequent, so they
increasingly test flood defences with higher water levels (IPCC, 2014).
Additionally, the number of people living in areas at risk of flooding is
increasing (Tellman et al., 2021). Combined, these factors increase the
risk of disruption and potential loss of life in the event of a flood

embankment failure. Thus, minimising failure risk is essential.

Flood embankments can be damaged by burrowing animals such as
Eurasian badgers, beavers, rabbits, ground squirrels, groundhogs,
coypus, American signal crayfish, and termites (Booth, 2019; Ceccato
et al., 2022; CIRIA et al., 2013; Gilvear and Black, 1999; Taccari and van
der Meij, 2016; Xu et al., 2010). Flood embankments can make suitable
habitats for these animals as they are often inaccessible to people, have
tall vegetation providing the animals cover, and can be well-drained,
being raised above the surrounding water table (Fig. 1A) (Byrne et al.,
2012; Macdonald et al., 2004; Remonti et al., 2006; Virgés and
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Casanovas, 1999). Spatial correlations between animal burrows and
embankment failures are well documented (Environment Agency, 2016;
Gilvear and Black, 1999; Orlandini et al., 2015). For example, during the
1997 flood on the River Tay, Scotland, 66% of failures were associated
with rabbit burrows (Gilvear and Black, 1999). This correlation is not
surprising; burrows can reduce the length of the seepage path, which
may result in a piping failure (Fig. 1B) (CIRIA et al., 2013, p. 167),
burrows can collapse, causing preferential overtopping and finally, the
embankment can saturate faster increasing the likelihood of shallow
slope failures (Fig. 1C).

To mitigate the impact of burrowing animals, embankments must be
remediated, prioritising sites with the highest failure risk. To assess the
failure risk, three features of the burrow network must be known: 1) the
extent of the burrows, 2) the position of the burrows with respect to the
embankment, and 3) how they interconnect (Balistrocchi et al., 2021;
Dassanayake and Mousa, 2020; Palladino et al., 2020; Taccari and van
der Meij, 2016). However, for badger burrows, known as ‘setts’, deter-
mining their spatial extent is impossible from surface observations alone
(Fischer and Dunand, 2016).

To map the spatial extent of a burrow with a geophysical method, a
signal of the burrow must be detected and traced spatially. Two
commonly used methods are Ground Penetrating Radar (GPR) (e.g.
Borgatti et al., 2017; Nichol et al., 2003; RSK, 2020) and, less frequently,
Electrical Resistivity Tomography (ERT) (Baccani et al., 2021; Borgatti
et al., 2017; Butler et al., 1994; Environment Agency, 2015; Wilkinson
etal., 2018). Other techniques, including electromagnetic induction and
infrared remote sensing, have been tried with some success (Borgatti
et al., 2017). Baccani et al. (2021) trialled Muon radiography to map
burrows within the body of a levee. It could detect the burrowed region
but is limited by the need for the tunnels to be between the detector and
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the source of muons from space.

GPR is commonly used for imaging animal burrows, including those
dug by badgers (Borgatti et al., 2017; Nichol et al., 2003; RSK, 2020;
Wisniewski et al., 2019), gopher tortoises (Kinlaw and Grasmueck,
2012), pocket gophers (Cortez et al., 2013), wombats (Browne et al.,
2021; Swinbourne et al., 2016; Swinbourne et al., 2015), moles (All-
roggen et al., 2019; Saey et al., 2014), rabbits (Stott, 1996), termites (Xu
et al., 2010) and other small mammals (Chlaib et al., 2014). However,
the depth of investigation of a GPR survey can be severely limited in
saline and clay rich environments (Dunbar et al., 2007; Jol, 2009, p. 7),
environments commonly associated with flood embankments (Dyer and
Gardener, 1996), which may prevent the detection of even the shal-
lowest burrows.

ERT has been widely used to detect sub-surface cavities due to the
significant resistivity contrast between air and the surrounding material
(e.g. Martinez-Pagan et al., 2013). However, there has been limited use
on small scale voids, particularly those dug by animals. Butler et al.
(1994) used electrical resistivity profiling to image three badger setts,
but the results are unclear as the tunnels coincided with low resistivity
anomalies, which is inconsistent with air-filled voids. ERT has been used
to image regions of burrowing within flood embankments (Baccani
etal., 2021; Borgatti et al., 2017; Environment Agency, 2015; Wilkinson
et al., 2018), but none have aimed to map an entire sett with ERT.
Mapping a soil pipe network has been attempted with a very fine elec-
trode spacing (0.225 m), but the centimetre-scale soil pipes were below
the level of detectability (Leslie and Heinse, 2013).

GPR and ERT surveys are often collected and interpreted together in
subsurface investigations (e.g. Burke et al., 2012; Carriere et al., 2013;
Pellicer et al., 2012) and the laboratory setting (Satriani et al., 2010).
Borgatti et al. (2017) is the only study we know of that has combined
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ERT and GPR to image animal burrows; however, the agreement be-
tween the different survey methodologies is unclear.

To design a geophysical survey of a badger sett, details of the target
(e.g. burrow dimensions and depth) are required to select the most
appropriate method and settings and to assess whether the burrows
could be detectable. Badger setts are characterised by multiple curving
tunnels connecting to larger chambers (Roper et al., 1991). Tunnel di-
mensions are typically 30 + 5 cm wide and 20 + 5 cm high, with a
domed roof and flatter base (Fischer and Dunand, 2016; Roper, 1992;
Roper et al., 1991). The chambers are typically 50-60 cm in diameter
and 45 cm high but may be smaller and can be located at the end of a
tunnel or centrally joining multiple tunnels (Fischer and Dunand, 2016;
Roper et al., 1991). Tunnels tend to drop steeply down from the entrance
before running horizontally, generally between 0.5 and 1.5 m below the
ground surface with none exceeding 2 m (Fischer and Dunand, 2016;
Roper, 1992). Ideally, a useful survey technique should be able to
detect/image a 30 cm wide air-filled void at depths of up to 2 m.

In this study, we aim to evaluate ERT and GPR for detecting and
mapping badger burrows in clay rich environments. For the first time,
we aimed to survey two badger setts in their entirety with ERT and GPR.
Each sett located adjacent to flood embankments on a tidal section of the
River Ouse (Fig. 2). Both badger setts had been identified by the Envi-
ronment Agency (England’s environmental regulator) for remediation,
presenting a unique opportunity to compare the interpreted geophysical
results with the excavated burrow network. Based on our results and
published literature, we discuss implications for geophysics survey
design to map badger setts and how this information could be used for
flood embankment management.

2. Materials and methods
2.1. Case study location and survey details

Site 1 is located at the base of a barrier flood embankment near
Wistow village, Yorkshire, UK (Fig. 2, 3A). The embankment is part of a
flood retention reservoir set back from the river; this area can fill with
water during flood events as part of a flood alleviation scheme (Fig. 3A).
Site 1 has a single badger burrow entrance dug into the edge of the
drainage ditch facing the embankment (Fig. 3B, C). The grass covered
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Fig. 2. Location map of the two badger setts reported in this study (with UK
map inset). Both sites are located within flood embankments on the River Ouse
downstream of York, Yorkshire, UK. Grid references in WGS84. Base map main
map: ©2022 Google, Imagery ©2022 TerraMetrics, Map data ©2022. Inset map
of England ©2022 Landsat / Copernicus, Data SIO, NOAA, U.S. Navy, NGA,
GEBCO, Imagery ©2022 TerraMetrics, Map data ©2022 Google, GeoBasis-DE/
BKG (©2009). © University of Bristol & British Geological Survey © UKRI.
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embankment (Fig. 3C) is mown several times a year and grazed by cattle.
Before the survey, the grass was mown by the Environment Agency.

Two geophysical methods, ERT and 250 MHz GPR, were deployed
during a one day period by two people. Three hand augered holes were
bored to depths between 1 and 1.5 m to characterise the structure of the
site. No geotechnical analysis of the soil samples was carried out as vi-
sual analysis could easily distinguish the subsurface structure.

Site 2 is located on the river bank of the River Ouse in the village of
Cawood, UK. (Fig. 2). The badger sett had four entrances on the river-
side, 2 m from the embankment toe, located among the roots of four
large willow trees (Fig. 4). The embankment rises 2.5 m above the
surrounding land. The embankment and the riverbank are both formed
of silts with clay and sand typical of floodplain deposits (Reading, 1986,
chap. 3.6).

An initial geophysical survey was conducted by two people over two
days, using 250 MHz GPR and ERT. Following the processing of the
results, two months later, a four-day survey including 500 MHz and 800
MHz GPR, a second ERT survey and a geotechnical investigation was
carried out. The follow-up survey aimed to investigate the resolution of
the different techniques and characterise the site’s stratigraphy. The
measurements from co-located points in each ERT survey had similar
values, so the results from the two surveys have been combined for
clarity. The geotechnical investigation included two trial pits and a hand
auger hole bored to 2 m deep. All recovered samples were visually
similar, so participle size analysis, gravimetric moisture content and
bulk density lab measurements were collected.

2.2. GPR

GPR surveys were carried out at Site 1 (Fig. 3) and Site 2 (Fig. 4),
testing 250, 500 and 800 MHz antennae. These three antennas were
selected to span the range of frequencies used for burrow surveys in the
published literature (e.g. Chlaib et al., 2014; Nichol et al., 2003; Wis-
niewski et al., 2019). These antenna frequencies have a maximum ver-
tical resolution of 2-7 cm (assuming a velocity of 0.07 m/ns), so they
should be able to distinguish 30 cm-sized voids (Reynolds, 2011, chap.
13). The velocity was estimated using diffraction analysis, assuming
each hyperbola was caused by a tunnel 0.3 m in diameter (Jol, 2009,
chap. 5).

The initial 250 MHz GPR survey at both sites used a shielded 250
MHz antenna mounted on a Sensors and Software Incorporated pul-
seEKKO™ antenna mounted on a Pro SmartCart (Fig. 3C). A grid spacing
of 50 cm was used in both parallel and perpendicular directions. The 500
and 800 MHz GPR survey at Site 2 used the shielded Mala ProEx 500 and
800 MHz antennas mounted on a sledge, with a grid spacing of 40 and
20 cm, respectively, in both parallel and perpendicular directions. An-
tennas with higher frequencies have higher resolution, but their signal
attenuates faster, limiting their penetration depth (Chlaib et al., 2014).
This trade off could be assessed using antennas with different fre-
quencies. Attenuation of the 800 MHz GPR reduced its penetration
depth to just 0.5 m, preventing it from detecting the badger sett, so it will
not be discussed further.

All the GPR data was processed in ReflexW (Version 9.5.4) as 2D
profiles following a standard procedure (Jol, 2009, chap. 5; Reynolds,
2011, chap. 13). The processing steps for the 250 MHz radargrams were:
(1) each file was imported, correctly aligned to the local grid and any
erroneous files were removed; (2) dewow filter was applied with a 4 ns
window; (3) data collected before the start time was removed; (4) a
Bandpass Butterworth filter with a low cut-off of 50 MHz and high cut-
off 450 MHz was applied; (5) a background removal filter was applied to
highlight hyperbola in the data; (6) an energy decay gain was applied to
remove the effect of geometric spreading to enhance the reflections from
greater depths; (7) a Kirchhoff migration was applied to the data using a
constant velocity of 0.07 m/ns at both sites. The same processing steps
were applied to the 500 MHz GPR, but at step 4, the Bandpass Butter-
worth filter used broader cut-offs of 125 MHz and 875 MHz,
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Fig. 3. Overview of Site 1 at Wistow, Yorkshire, UK. A) Location of the field site (red square) with respect to the flood embankment and the River Ouse. West of the
red box is a pale dot indicating excavated soil from the burrow. B) Survey layout, including electrodes (blue dots), GPR profiles (black lines) and hand auger locations
(red dots). The Black boundary box is the red box in A. Green line location of Fig. 5. C) Photograph of the site showing equipment and morphology. A) base map
imagery ©2022 Google, Imagery ©2022 CNES / Airbus, Getmapping plc, Infoterra Ltd. & Bluesky, Maxar Technologies, Map data ©2022. © University of Bristol &
British Geological Survey © UKRI. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

respectively.

To map the sett, each radargram was visually inspected, and hy-
perbolas traced before the Kirchhoff migration was applied. Reflectors
with similar characteristics, depth and reflection strength were also
picked as they were assumed to be tunnels parallel to the survey line.
Reflections interpreted as not part of the burrow network were not
picked. The highest point of each hyperbola was extracted to infer the
centre of the suspected tunnel roof. These maxima were then overlain on
the migrated radargrams identifying the location of each anomaly. Each
anomaly was then traced in the migrated data as it provided better
separation of adjacent tunnels.

2.3. ERT

ERT data acquisition was carried out using parallel linear arrays of
stainless-steel electrodes connected to an AGI SuperSting measurement
instrument. The dipole-dipole array configuration was used for all
measurements due to its suitability for a multichannel instrument
resulting in short acquisition times (20 min for a 32-electrode line), ease
of collecting reciprocal measurements for error modelling, no need for a
remote electrode, and good lateral resolution for localised objects
(Dahlin and Zhou, 2004; Gharibi and Bentley, 2005). For each survey
line, the dipole-dipole configuration used dipole lengths of a = 1-4
electrode spacings and inter-dipole spacings na, where n = 1-8 (Loke
et al., 2013, Fig. 2). For each four electrode measurement, a reciprocal
measurement was made to estimate measurement error (Tso et al.,

2017).

At Site 1, measurements were collected from 11 independent ERT
lines spaced 50 cm apart, each with 32 electrodes spaced at 25 cm in-
tervals (Fig. 3B). The mean contact resistance was 4080 Q with a
maximum of 6608 Q. Site 2 covered an area eight times larger. The
initial survey had alternating lines of 64 and 48 electrodes with 33 cm
inter-electrode spacing and an inter-line spacing increasing from 33 cm
close to the badger entrances to 100 cm further away to maximise spatial
coverage while providing the highest resolution in the area of greatest
complexity (Fig. 4). The follow-up survey at Site 2 used the same ge-
ometries and electrodes as Site 1 but with 17 parallel lines. Additionally,
two lines of 32 electrodes spaced 100 cm apart were collected to place
the sett in the wider embankment context (Fig. 4). At site 2, the mean
contact resistance was 675 Q with a maximum of 2067 Q.

Data processing and filtering used the open-source software ResIPy
(Blanchy et al., 2020). First, each line was processed to remove: all
negative apparent resistivities, data with no reciprocal measurements,
and measurements with reciprocal errors >20%. The reciprocal error
was calculated for each measurement pair by dividing the difference
between the forward and reverse measurements by their mean (Blanchy
et al., 2020). Next, a power law error model was fitted to the data
(Blanchy et al., 2020). Finally, measurements with <5% reciprocal er-
rors were used in the inversion (Chambers et al., 2012). The average of
the measurements was calculated for each reciprocal pair and then
weighted based on the error model. At Site 1, 5676 reciprocal mea-
surement pairs were collected, 77 (1.4%) were removed during data
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filtering. At Site 2, 22,996 reciprocal measurement pairs were collected,
and 298 (1.3%) were removed during data filtering.

The ERT survey data presented were inverted using ResIPy, a soft-
ware wrapper for R2 and R3t (Binley and Slater, 2020). All the data were
inverted in 2.5D (called 2D for simplicity) and 3D using triangular and
tetrahedral meshes, respectively. R2 and R3t use the finite element
method to calculate a smoothness-constrained inverse solution (Binley
and Slater, 2020). An L1 smoothness-constrained inversion in Res2DInv
(v. 4.10.21) was tried as it was expected to better resolve the sharp air
soil contrast of animal burrows (Supplementary Fig. 1). However, the L2

smoothness-constrained R2 inversion with a triangular mesh better
distinguished individual tunnels, likely due to the finer mesh resolution
(Loke et al., 2013). Each inversion aimed to converge with an X2 of 1.0
within 10 iterations (Binley and Slater, 2020), where X2 is a measure of
the difference between modelled values and measured values, weighted
according to errors (Binley and Slater, 2020; Giinther et al., 2006).
The inverse model was imported into ParaView (v. 5.11.0) software
to visualise the burrow structure and background geology. A threshold
filter was applied to each ERT model to separate the resistive air-filled
burrows from the surrounding ground along an isosurface. Picking an
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appropriate resistivity value is crucial but has several challenges. Firstly,
smoothness-constrained inversions, by definition, do not have sharp
changes in resistivity, so there is no obvious threshold value to pick.
Secondly, in heterogeneous ground, the resistivity of the surrounding
soil changes, so the threshold value may need to vary across the site to
isolate the burrow structure correctly. Thirdly, unrelated anomalies can
be more resistive than those associated with the burrows, so they will be
included when thresholding the model. Finally, the resistivity contrast
of the burrow in the inverse model decreases with depth as the resolu-
tion of the ERT survey diminishes. With these challenges in mind,
threshold values were iteratively tried until a reasonable burrow struc-
ture in keeping with expectations was achieved.
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2.4. Positioning and ground truthing

A local grid was constructed at both sites using tape measures to lay
out each survey accurately. Additionally, each electrode was surveyed,
as was the start and end of each GPR line, and contextual information
using a Leica RTK-dGPS with 2 cm horizontal accuracy. At Site 2, the
dGPS signal was poor, so the local grid was used to infill points that
could not be measured directly by the dGPS. The follow-up survey at Site
2 used that same local grid which was relocated using the GPS and by
trying to re-occupying the peg holes made during the first survey.

Topographic data was provided by a Digital Terrain Model (DTM) for
each site with a 1 m resolution. The DTM was the 2019 composite image
from the Environment Agency derived from airborne LiDAR (Open
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Fig. 5. Comparison of co-located ERT and GPR results at Site 1 at y = 2.5 m on the local Grid (Figs. 3). A) 250 MHz radargram. B) ERT slice from the 3D inversion. C)
ERT model and GPR section overlain with hand auger logs. Yellow = Sand, Black = clay. D) Interpreted stratigraphic cross section using data presented in Panel C. ©
University of Bristol & British Geological Survey © UKRI. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)
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Government License, https://environment.data.gov.uk/DefraData
Download/). All measured x and y positions were draped onto this
topography using a thin plate spline interpolation.

Soil composition and structure were assessed for each site using a
combination of hand auger holes and trial pits. At Site 1, three holes
were bored to depths between 1 m and 1.5 m (Fig. 3B, 5C). At Site 2, a
single hole was completed to 2 m, and two trial pits were dug (Fig. 4A).
Unlike at Site 1, all the soil samples at Site 2 were visually very similar,
so particle size analysis, gravimetric moisture content, and bulk density
were measured following British Standard ISO 1377 procedures to help
interpret the geophysical data. After completing the survey, both sites
were fully excavated by the Environment Agency, allowing maximum
burrow extents to be recorded.

3. Results
3.1. Site 1 Wistow, Yorkshire, UK

The GPR survey at Site 1 has a depth of investigation of just over 1 m.
An estimated skin depth of 2.27 m was calculated assuming a high-
frequency regime, a resistivity of 100 Qm and a relative permittivity
of 18.4 (from the velocity estimate of the site) (Jol, 2009). The skin
depth is greater than the depth of investigation due to clay layers at ~1
m that is not considered in the skin depth calculation. The site is char-
acterised by relatively flat semi-continuous reflectors, below which little
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information is returned (Fig. 5A). Visual interpretation of the radar-
grams found a single hyperbola in each of the first five lines closest to the
sett entrance (Figs. 5, 6). These hyperbolae align spatially with each
other and the sett entrance. The orthogonal radargrams contain two
strong reflectors connecting the hyperbola (Fig. 6). These GPR results
suggest an approximately straight tunnel that is about 2 m long, with no
side branches.
The 11 ERT lines were combined into a single 3D inversion, that
converged within two iterations with an y? of 1.03. The model is
visualised as slices along each line of electrodes (Fig. 6A). The site is
characterised by an upper 0.5 m - 1 m thick resistive layer, underlain by
a lower resistivity layer (Figs. 5B and 6A). A ‘ridge’ of the low resistivity
material extends from local coordinates (5, 1.5) on the local grid east-
wards towards the embankment (Fig. 6A). Corresponding with the
badger sett entrance, a resistive anomaly can be seen in each survey line
back to y = 2.5 m on the local grid, where it becomes diffuse (Fig. 6A).
To better visualise the tunnels, a threshold value of >120 Qm was set
(Fig. 6B) to define an opaque volume within the model. A lower
threshold of 98 Qm also produces a realistic burrow structure (Fig. 6C)
but disagrees with the GPR data demonstrating the potential benefit of
multiple techniques.

Hand augering revealed interbedded layers of clean fine sand and
clay (Fig. 6C). The uppermost sand layer varies from 50 to 90 cm thick
and is dry; in contrast, the sand layers below the clay layers are satu-
rated. These deposits correlate with the Upper Pleistocene
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glaciolacustrine deposits of the Hemingbrough Glaciolacustrine For-
mation transitioning up into the Breighton Sand Formation (Ford et al.,
2004).

Excavation of the sett found that the single burrow entrance leads to
a 1.75 m long burrow with no side branches. The burrow drops 25 cm
over its length, with the burrow roof being 40 cm below ground level at
the end of the burrow. Excavation of the tunnel found the diameter to
vary. It is 30 cm in diameter at the entrance, narrowing to 25 cm before
widening 60 cm from the burrows’ end into a 30 cm wide, grass-filled
chamber.

3.2. Site 2 Cawood, Yorkshire, UK

3.2.1. GPR

The 250 and 500 MHz antennas returned interpretable results from
the top ~1.1 m, in keeping with an estimated skin depth of 0.91 m
assuming a high-frequency regime, a resistivity of 40 Qm and a relative
permittivity of 18.4 (from the velocity estimate of the site). The radar-
grams from both antennas are visually very similar (Supplementary
Fig. 1), possibly because both surveys have a measured dominant fre-
quency of ~160 MHz. Only the results of the 250 MHz GPR survey are
presented for conciseness and consistency between sites, and is referred
to as GPR only.

The riverbank region has three distinct GPR facies (Fig. 7A). Facies 1
forms the top 0.5 m and exhibits undulating reflectors with clusters of
small hyperbolae, interpreted as a soil layer disturbed by tree roots and
small burrowing animals such as moles (Allroggen et al., 2019). Facies 2,
between 0.5 and 1.1 m depth, has smaller amplitude background re-
flections punctuated by larger hyperbolas and reflections, interpreted as
the badger sett. Facies 3 below 1.1 m is grainy and punctuated by large
reflections; these reflections, if interpreted as hyperbolae, show move-
out velocities compatible with diffractions in air. These hyperbolae were
interpreted as airwave diffractions off the trees along the edge of the
survey site. Each hyperbola crest approximately coincides with a tree
trunk at 3.5 m and 16.5 m; this was unexpected as the antenna is
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shielded but is apparently common for lower frequency antennas on
clay-rich ground (p.c. M. Stringfellow, RSK).

By picking the reflection and hyperbolas within facies 2 and inter-
preting the results a map of the badger sett was constructed (Fig. 8).
Entrances 1-3 are connected and form a single badger sett, while
entrance 4 (not shown in Fig. 8) had only two consecutive hyperbolae,
matching the remediation results of a single, 1 m long burrow. The
tunnels are shallowest close to the entrances and rapidly deepen, where
the tunnels then connect and head into the embankment.

3.2.2. ERT

At Site 2, the 2D inversion of each line is presented rather than the 3D
inversion (Fig. 9A). The 2D inversions converged within 2 or 3 iterations
with an average x? of 1.04 and a maximum of 1.32. A comparison of the
2D and 3D models, and a co-located radargram, found that the ERT
inversions were similar, but the 2D models better resolve small resistive
anomalies that match the hyperbolae in co-located radargrams. The
reason for the better performance of the 2D inversion is unclear. 2D
inversions can use a finer mesh, potentially better resolving the tunnels,
and have one fewer spatial degree of freedom that may help localise
anomalies associated with linear structures orientated perpendicular to
the survey line. However, when using 2D surveys, inversion may contain
artefacts where the 2D assumptions are violated, particularly offline
topographic effects and tunnels running parallel to the survey line (e.g.
Ball et al., 2022; Bievre et al., 2018; Hojat et al., 2020).

The ERT inversions show resistive anomalies surrounded by lower
resistivity material (Fig. 7B). The embankment and riverbank material
below 1 m have similar resistivity values of 25-45 Qm. To improve the
visualization of these resistive anomalies, each 2D model was thresh-
olded independently, working systematically away from the burrow
entrances. The threshold value was picked to best visualise the tunnels.
It was found that the threshold value on the riverbank could be set to 65
Qm to image the burrow network while removing the surrounding
material. On the embankment, the threshold value was lowered to be-
tween 45 and 50 Qm (Fig. 9A). Finally, the top 30 cm of each line was
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removed to remove distracting high resistivity anomalies close to the
surface caused by roots, model artefacts and desiccated soil layer.

The lines closest to the burrow entrances have the largest resistive
anomalies that can be traced from the burrow entrances through each
2D model towards the embankment (Fig. 9A). Entrances 1 to 3 have
clear resistivity anomalies indicating a well-developed burrow network
that extends close to the embankment crest, matching the end of the
excavated sett. A small anomaly close to entrance 4 also supports the
GPR that the tunnel does not extend far.

3.2.3. Invasive observations

All the samples had very similar particle size distributions with
average values of 61% silt, 27% clay and 12% sand (Table 1). The soil
from entrance 3 closely matched the soil horizon 0.65 m - 0.95 m depth
in the hand auger sample. For each trial pit, undisturbed samples
enabled bulk density measurements that also allowed porosity and

saturation to be calculated assuming a grain density of 2.65 g/cm® taken
from published literature (e.g., Chambers et al., 2014a, 2014b). The 2 m
deep hand auger confirmed that the hyperbolae in GPR facies 3 were not
caused by any soil interface and were offline artefacts.

Visual inspection of the sett was carried out during the remediation
work. Entrance four led to a ~ 1 m long, partially collapsed burrow,
confirming the geophysics results. Entrances 1-3 were connected by a
complex tunnel network, with the furthest reaching ~8 m from the
entrance and 1 m short horizontally of the embankment crest (Fig. 9B).
The tunnels ran near horizontally into the embankment.

4. Geophysical data interpretation
4.1. Site 1 Wistow, Yorkshire, UK

A ground model of Site 1 was constructed by combining and
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interpreting the GPR, ERT, and intrusive information (Fig. 5, 6D). By
comparing these data sets for a cross section at y = 2.5 m on the local
grid (Fig. 5), the stratigraphy of the site was interpreted. The most
prominent GPR reflectors correlate with the decreases in resistivity in
the ERT model; this matches the appearance of the first clay layer
(Fig. 5C). This correlation enables the auger logs to be extrapolated

using the geophysical data establishing a detailed cross-section of the
site (Fig. 5D). The low resistivity ‘ridge’ to the right of the burrow is
caused by a small clay lens imaged by the GPR. The sand below the clay
lens is not resolved in the ERT model. This lack of detectability is most
likely due to current channelling in the clay lens masking the resistive
sand below and the decreasing resolution of ERT with depth. The GPR,
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Table 1
Geotechnical data from Site 2, location of each sample see Fig. 4. GMC = Gravimetric Moisture Content. © University of Bristol & British Geological Survey © UKRIL
Sample Particle size analysis (%) GMC Bulk density Porosity (%) Saturation
i 0,
Clay Silt Sand (decimal) g/cm3 0
TP1 22.98 64.73 12.29 0.200 1.520 0.426 0.713
Embankment Core
TP2 31.80 58.54 9.66 0.224 1.105 0.583 0.425
River bank
Sett Entrance 3 26.91 58.79 14.30 0.255 - - -
Hand auger mean 27.65 60.80 11.55 0.290 - - -
by contrast, can image through the clay lens and pick out a continuous
clay layer at 0.9 m depth; below this, little information is returned. — Topography
Based on the 3D ERT model, we can interpret the clay lens as a clay-filled 71T — ErT Badger tunnels
channel parallel to the badger tunnel (Fig. 6D). Along the edge of the E —— GPR Badger tunnels
ditch, the higher resistivity material is rubble dumped along the _5 6
embankment edge, partly infilling the ditch. [
The joint 3D interpretation of the site confirms that the burrow & 5
imaged by the GPR and visualised in the ERT model thresholded at 120
Qm match the excavated burrow very closely. Additionally, the ERT

with the 120 Qm threshold has imaged the geometry of the tunnel
showing it narrowing before widening into the chamber at the end
(Fig. 6B). The 98 Qm threshold was too low and included sand around
the outside of the burrow and the continuation of the sand lens through
which the badgers dug. This demonstrates the benefits of combining
multiple geophysical methods. However, in the absence of supporting
data to verify the true tunnel length in the ERT model, the width of the
thresholded tunnel can be considered, the 120 Qm threshold produced a
tunnel 30 cm wide, a realistic diameter.

4.2. Site 2 Cawood, Yorkshire, UK

Different threshold values were used for interpreting the ERT model
for the embankment and riverbank areas. The embankment soil has a
lower resistivity, and the tunnels are deeper (Fig. 9A). A difference in
soil composition cannot explain the lower resistivity of the embankment
soil, as its lower clay content would normally increase resistivity
(Waxman and Smits, 1968) (Table 1). However, the embankment soil
has been mechanically compacted during construction, increasing the
bulk density to 1.520 g/cm® and decreasing its porosity, while the bulk
density of the natural riverbank is 1.105 g/cm® and has higher porosity.
The same gravimetric moisture content is observed across the site, so the
lower porosity embankment material is more saturated so has a lower
resistivity (Archie, 1942). This demonstrates that in environments
containing natural and manmade features the assumptions of constant
porosity for monitoring moisture dynamics cannot necessarily be relied
upon due to differential compaction (e.g. Chambers et al., 2014a, 2014b;
Tresoldi et al., 2019).

A joint interpretation of the GPR and ERT results for the cross-section
at y = 1 m (local grid) shows excellent spatial agreement between the
hyperbolae and reflectors, and the resistivity anomalies (Fig. 7C). A full
3D joint interpretation (Fig. 9B), of the GPR data (Fig. 8A) and the
thresholded resistivity sections (Fig. 9A), allows the badger sett to be
mapped. This is a qualitative interpretation, and there is some uncer-
tainty in this burrow network, particularly in joining burrow anomalies
between each survey line. In the riverbank region and into the toe of the
embankment, the interpreted tunnel network is robust due to the
excellent correlation between the picked GPR hyperbolae and the
thresholded resistivity anomalies. Beyond the embankment toe, there is
significantly more uncertainty in the picked burrow network as the
burrows are too deep for the GPR to detect, and the ERT resistive
anomalies are smaller and more diffuse.

To evaluate the depths of the tunnels, the centre of each resistive ERT
anomaly and the peak of each GPR hyperbola was picked and projected
onto the y position (Fig. 10). There is good agreement between the GPR
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Fig. 10. Plot of average tunnel depth from the sett entrance (light blue: ERT,
dark blue: GPR). The x-axis is the y-position of the local grid (Fig. 4), and the
embankment elevation is shown in green. The ERT tunnel depth is the midpoint
of each resistive anomaly. The GPR tunnel depths were from the top of each
GPR hyperbola. The black dots are the average elevation at each half metre
interval along the y-position of the local grid. © University of Bristol & British
Geological Survey © UKRI. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

and ERT depths; as expected, the GPR is slightly shallower as GPR de-
tects the tunnel roofs, while ERT images the whole tunnel. From the
tunnel entrances at y ~ —0.5 m, the tunnels gradually drop over the first
2 m before climbing for the rest of their length, gaining over 1 m in
height (Fig. 10). While the tunnel depths show some undulations
(Fig. 9A) and deepen towards the embankment, they also partially
follow the topography (Fig. 10), contrasting with excavated setts that
are horizontal (Roper, 1992; Roper et al., 1991).

5. Discussion
5.1. ERT survey design for badger setts

Optimising ERT survey design is essential for maximising the return
signal from the tunnels while minimising acquisition time. Key survey
parameters that can easily be changed are electrode spacing and array
type. Dipole-dipole arrays are commonly selected for 3D surveys (e.g.
Chambers et al., 2012; Leslie and Heinse, 2013) and for animal burrows
(Baccani et al., 2021; Borgatti et al., 2017). Electrode spacing can easily
be changed making it the obvious variable to consider. However, there is
no agreement on the best electrode spacing, with spacings of 0.25-1.5 m
used on badger setts in the published literature (Baccani et al., 2021;
Borgatti et al., 2017; Butler et al., 1994; Wilkinson et al., 2018). Gharibi
and Bentley (2005) suggest electrode spacing should be smaller than the
minimum target size, so a 25 cm electrode spacing should be used for
badger sett surveys, as we used at Site 1. At Site 2, the 1 m spacing survey
imaged multiple tunnels, confirmed by the 25 cm spacing survey,
despite the tunnels being much smaller than the electrode spacing
(Fig. 9A).

To determine the most appropriate electrode spacings, the ERT line
at Site 2, y = 0 m, was selected (Fig. 11). This survey line contains 48
electrodes with an electrode spacing of 0.33 m. The tunnels are mostly
relatively close to the surface, although there is a deeper tunnel for
comparison. The data was downgraded to simulate 0.67 m and 1 m
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Fig. 11. 2D inversion of ERT line at Site 2, y = 0 m. A) Original survey with 48 electrodes spaced 0.333 m apart. B) Degraded data with every second electrode,
creating a survey of 24 electrodes spaced 0.667 m apart. C) Degraded data with every third electrode, creating a survey of 16 electrodes spaced 1.00 m apart. R.P. =

Reciprocal Pairs. © University of Bristol & British Geological Survey © UKRL

electrode spacing by keeping measurements that only used every second
and every third electrode, respectively. Degrading the electrode spacing
also degrades the survey parameters by removing electrodes from the
data. The initial surveys had a range of dipole lengths from a = 1-4; this
reduces to a = 1-2 for the 0.67 m survey and a = 1 for the 1 m survey.
This degradation of the measurement set will mean that the resulting
models will be worse, particularly at greater depths, compared to those
resulting from the complete measurement set.

Increasing the electrode spacing impacts the imaging of the tunnels
in three ways. Firstly, it decreases the magnitude of the resistivity
anomaly associated with each tunnel, as the survey becomes less sen-
sitive to small anomalies making them harder to detect (Fig. 11). Sec-
ondly, the definition between closely spaced tunnels is lost (Fig. 11B).
Thirdly, tunnels close to the surface are poorly imaged due to lower
surface sensitivity (Fig. 11C). However, the 1 m electrode spacing per-
forms remarkably well and could survey a line three times longer in the
same acquisition time. Fig. 11C only contains 37 reciprocal pairs,
demonstrating how few measurements are needed to detect the presence
of tunnels — an optimised survey could significantly reduce survey time
(Wilkinson et al., 2006).

5.2. Visualising burrows in ERT data

Animal burrows have sharp boundaries between their air-filled void
and the surrounding soil. However, the R2 and R3t inversion codes use a
finite element method to calculate an L2 smoothness-constrained in-
verse solution. While these inversions have successfully imaged the
burrow network, they could be improved in several ways. 1) The burrow
walls are not resolved in the ERT model with a sharp boundary. 2) The
resistivity values of the air-filled burrows are much closer to that of the
resistivity surrounding material than to air.

The methodology chosen to invert and visualise the ERT data can be
selected to better resolve a burrow network. For example, in the meth-
odology, a comparison between the L1 and L2 smoothed inversion
techniques is made, as L1 inversion can include sharper changes in
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resistivity so in some cases may better resolve the tunnel boundaries.
Similarly, identifying the tunnel boundaries can be done using several
methodologies, this study threshold the ERT models to separate the
resistive anomalies associated with the burrows; other methods include,
for example, identifying the steepest resistivity gradients within the ERT
model (Chambers et al., 2014a, 2014b) or by clustering the ERT model
into likely units (Ward et al., 2014). ERT inversions can also be guided
by a priori information, such as from the GPR survey, to help resolve the
edge of the burrows in the ERT model. The location of the interpreted
burrows in the GPR radargrams can be used to constrain the ERT
inversion by including boundaries in the ERT mesh (Doetsch et al., 2012;
Orlando, 2013). This can be further developed using image-guided in-
versions where boundaries are introduced to the mesh and
structure-orientated smoothing is applied by weighting the smoothing
matrices favourably where there are aligned to the boundaries (Zhou
et al., 2014). However, combining the GPR data with the ERT data prior
to inversion has two main limitations. Firstly, ERT is no longer fully
independent of the GPR results, so agreement between the ERT and GPR
cannot be relied upon to determine the presence of a burrow. Secondly,
Zhou et al. (2014) clip their ERT data to match the GPR’s depth of
investigation, this limits the depth of investigation of the ERT survey, so
deeper burrows may be missed.

5.3. Management of burrowing animals in flood embankments

In the UK, disturbing burrows dug by badgers, beavers and otters is
illegal without a license (DEFRA, 2022; 2014). For badgers, once a li-
cense is granted, the badgers can be evicted, and work can only begin
after 21 days of no recorded activity; this makes it time consuming and
expensive to remediate burrows. Integrating remote sensing and
geophysical methods could enable embankment managers to detect
animal burrowing earlier and monitor the locations of the burrows.
Remediation could be the final option when the burrows reach a
particular location or threshold within or near the embankment.

Remote sensing, such as aerial imagery, can identify areas of bare
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soil excavated by the larger burrowing animals (e.g. Site 1, Fig. 3A)
(Orlandini et al., 2015). To proactively monitor for burrowing activity,
repeat aerial surveys with high temporal and spatial resolution would be
ideal for monitoring flood embankments, but burrowing activity is
visible in open-source data such as Google Imagery. Additionally, high
resolution time-lapse LiDAR data (e.g. 10 cm resolution) could identify
localised changes in embankment height associated with animal bur-
rows and not be limited by tree cover.

When burrowing in or close to a flood embankment is found, its
impact on the embankment should be determined. Simulations suggest
that animal burrows within embankments do not uniformly impact their
performance (Balistrocchi et al., 2021; Dassanayake and Mousa, 2020;
Palladino et al., 2020; Taccari and van der Meij, 2016). Burrows lower in
the embankment slope have a more significant effect on embankment
stability due to higher water pressures (Balistrocchi et al., 2021; Taccari
and van der Meij, 2016). In contrast, burrows near the embankment
crest have a negligible impact regarding slope and piping failures, but
the tunnels map collapse allowing localised overtopping (CIRIA et al.,
2013, p. 224). Burrows starting on the riverside are of more concern (e.
g. Site 2), while those on the dry side (e.g. Site 1) dug into the core can
act as a toe drain stabilising the embankment slope but increasing the
risk of seepage and backward erosion (Taccari and van der Meij, 2016).
Balistrocchi et al. (2021) found that decreasing an embankment’s re-
sidual thickness (Fig. 1B) increases the risk of failure during a flood
event. Knowing the location and length of the burrow network is
essential to understand their impact on the performance of the flood
embankment.

To constrain the possible location of the burrows, the animal species
responsible and the location and direction of burrow entrances with
respect to the embankment should be determined. Animal species dig
burrows with different geometries and sizes, e.g. badger burrows extend
no further than 10 m from an entrance and rarely deeper than 2 m
(Fischer and Dunand, 2016; Roper, 1992). This information can suggest
if burrows may have entered areas most at risk or if the entrances are too
far to pose arisk to the embankment, e.g. in the river toe. At both the test
sites, the badger tunnel entrances were ~ 3 m from the embankment,
placing the embankments at risk. At this point, carrying out a combined
ERT and GPR survey could be appropriate to determine the location of
the burrows if the case for remediation is unclear.

Interpreting the location of the burrows in a geophysics survey must
be done with care. The end of the burrow in the geophysics data can
either be the burrow termination or the detectable limit where the signal
from the continuing burrow can no longer be detected. At Site 2 the GPR
did not detect the whole length of the burrows as they became unde-
tectable 4 m short of the true end. To discriminate between the true
tunnel end and the detectability limit several checks can be made.
Firstly, is the nearest entrance <8-10 m from the imaged burrow end? If
it is, the burrow might continue. Secondly, are the tunnels imaged in the
GPR data close to the detectability limit? At Site 2, the GPR could detect
tunnels 1.1 m deep, the average tunnel elevation was 5 m (Fig. 10) and
all five tunnels disappear close to the 6 m elevation contour, suggesting
that they continue but are undetectable beyond that point (Fig. 9B). The
need to find the true burrow end demonstrates the benefit of using
multiple geophysical methods to see if the burrow end is supported in
both data sets. Any discrepancy can be further investigated, demon-
strating the value of combining ERT and GPR.

Assuming the geophysical survey can fully detect and map the bur-
rows, it can provide several useful pieces of evidence for managing the
embankment. Firstly, the map will confirm the location of the tunnels
and if the burrows need to be remediated. Secondly, the maps can
inform the remediation process in terms of time and resources. For
example, the crest height must be maintained during remediation work,
if the burrow crosses the centre line, additional planning and remedia-
tion steps will be required to maintain crest height. Thirdly, protected
burrowing animals may require artificial burrows to be constructed
nearby for the displaced animals (Quickfall et al., 2021). The map of the
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burrows could guide the design of the artificial burrows. Finally, the
burrows may be found not to enter the embankment, or their location is
of minimal concern. Repeat geophysical surveys could check for burrow
expansion; this does not have to be a full survey but could be a single line
to check that no tunnels have crossed a particular threshold.

The main limitation of this methodology is that high-resolution ERT
and GPR grids, necessary to have sufficient resolution of the burrows,
these are too slow to survey long embankment lengths for unknown
burrows. This is particularly problematic for water-dwelling species
such as beavers that can dig tunnels up to 12 m deep but often start from
underwater, with no surface expression that can be visually detected
(Waterschap Vallei en Veluwe et al., 2020).

6. Conclusion

In this study, two badger setts in clay-rich embankments were
mapped using GPR and ERT, demonstrating that geophysics can play an
essential role in managing flood embankments. Although both tech-
niques were found to have different strengths and limitations,
combining them reduced their respective limitations and provided a
much more robust map of the burrow network. GPR is a quick survey
technique that can investigate large areas, but its penetration depth can
be limited in clay ground missing the deeper tunnels. In contrast, ERT
works well in clay conditions imaging at least 1.5 m deep but requires
more time to collect data, and the interpretation of tunnels can be more
ambiguous.

Investigation of electrode spacing found that surveys with electrodes
up to 1 m apart could detect tunnels. However, electrode spacings of 0.5
m are likely the best balance of acquisition time and area covered while
maintaining a sufficient signal-to-noise ratio. If individual tunnels need
to be identified or the site is very heterogenous, smaller electrode
spacings will increase the chance of imaging the tunnels. To map an area
of 16 m by 16 m using co-located GPR and ERT, with 32 electrodes
spaced 0.5 m part along 17 parallel lines, would take two people one day
using the described equipment.

This methodology does have some limitations that could be oppor-
tunities for further work. Firstly, badger tunnels are known to dig at least
2 m deep. This is likely too deep for GPR to detect in clayey soil and at
the detectability limit of the currant ERT survey. Secondly, if only one
technique can be used at a site, there will be much greater uncertainty in
interpreting the results. Finally, only known tunnels can currently be
mapped due to the relatively slow acquisition and interpretation speeds.
Kilometres of the embankment cannot be surveyed to detect unknown
tunnels, such as those dug by beavers, where the tunnel entrances start
underwater, so they have no surface expression. Beaver numbers are
increasing in parts of Western Europe and receiving legal protection
(DEFRA, 2022), increasing the risk of large burrows existing undetected
in the flood embankment network.
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