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Long-term geoelectrical monitoring of landslides 
in natural and engineered slopes 

Abstract
Developments in time-lapse electrical resistivity tomography 

(ERT) technology are transforming our ability to monitor the 
subsurface due to purpose-built monitoring instruments, advances 
in automation and modeling, and the resulting improvements in 
spatial and temporal resolution. We describe the development of 
a novel ERT-based remote monitoring system called PRIME 
that integrates new low-power measurement instrumentation 
with data delivery, automated data processing and image genera-
tion, and web-based information delivery. Due to the sensitivity 
of ERT to hydrologic processes in the near surface, we focus on 
the application of PRIME for moisture-driven landslide monitor-
ing. Case examples are considered of landslides in engineered and 
natural slopes, including those impacting geotechnical assets in 
rail and highways, where slope hydrology is seen to be controlled 
by lithology, vegetation, fissuring, and drainage structures. We 
conclude by taking a forward look at emerging developments in 
ERT monitoring relating to hardware, software and modeling, 
and applications. 

Introduction
Recent years have seen an increasing focus on the role of 

geophysics for monitoring landslides and slopes that are vulnerable 
to instability (e.g., Whiteley et al., 2019). This has been driven 
not only by developments in geophysical instrumentation and 
modeling tools but also by parallel advances in landslide early-
warning science (Intrieri et al., 2013; Whiteley et al., 2021) and 
in the remote condition monitoring of engineered slopes by the 
civil engineering community (Smethurst et al., 2017).

Electrical resistivity tomography (ERT), or resistivity imaging, 
is perhaps the most widely used geophysical method for character-
izing and monitoring natural and engineered slopes at risk of failure 
(Whiteley et al., 2019; Fan et al., 2021; Dimech et al., 2022). 
Resistivity is sensitive to compositional variations and, most impor-
tantly for landslide monitoring, moisture-driven changes (Lapenna 
and Perrone, 2022). Furthermore, ERT technology is readily 
configurable for monitoring applications (Slater and Binley, 2021). 
A single system can address potentially hundreds of low-cost 
electrodes (or sensors), and active measurements can be made from 
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battery-powered instruments (as compared to most other geophysi-
cal approaches for which sensor costs are currently prohibitive for 
long-term geophysical imaging or require mobile and/or high-
energy sources). Initially, ERT monitoring has been achieved 
through adapting existing survey instruments for long-term moni-
toring applications, although these systems are generally expensive, 
designed for higher-power applications (e.g., greater than 200 W 
for deeper exploration), and often with limited communications 
and control functionality (e.g., embedded controllers, telemetry, 
and diagnostics). In particular, power consumption is a key challenge 
for high-power conventional ERT instruments that require mains 
electricity supply for battery recharge (which rules out monitoring 
in remote locations) or large solar arrays or fuel cells (which drives 
up the cost and complexity of the installation). The development 
of low-power instruments (e.g., 10 W) and bespoke monitoring 
systems (e.g., Tresoldi et al., 2019; Holmes et al., 2020) with 
telemetric control is enabling increasingly widespread use of resistiv-
ity monitoring (Whiteley et al., 2019). In addition to hardware 
developments for long-term ERT monitoring, it has long been 
recognized (e.g., LaBreque et al., 2004; Versteeg et al., 2004) that 
software developments are required for automated data management 
and processing. This is because, for large time-series data sets from 
multiple field sites, manual processing is impractical, and near-
real-time information delivery is impossible. 

Here, we consider a novel purpose-built ERT monitoring 
system — referred to here as the PRIME (proactive infrastructure 
monitoring and evaluation) system — designed to address the 
aforementioned technological challenges. The system concept and 
components are described, and the application of the system to 
landslide monitoring is considered through a series of case histories 
on natural and engineered slopes.

PRIME technology overview
The PRIME system concept is shown in Figure 1. It comprises 

four essential elements: (1) field measurement; (2) control and 
data storage; (3) data processing and interpretation; (4) and 
decision support.

Field measurement. The PRIME hardware, designed and 
built by the British Geological Survey, consists of a low-power 

1British Geological Survey, Nottingham, UK. E-mail: jecha@bgs.ac.uk; jwhi@bgs.ac.uk; jamyd91@bgs.ac.uk; pime@bgs.ac.uk; pbw@bgs.ac.uk; oku@
bgs.ac.uk; russells@bgs.ac.uk; hharr@bgs.ac.uk.

2Newcastle University, Newcastle upon Tyne, UK. E-mail: jessica.holmes@newcastle.ac.uk; stephanie.glendinning@newcastle.ac.uk; ross.stirling@
newcastle.ac.uk.

3Lancaster University, Lancaster, UK.
4University of Liège, Liège, Belgium.
5Geological Survey of Canada, Vancouver, British Columbia, Canada. E-mail: david.huntley@nrcan-rncan.gc.ca.
6Socotec Monitoring Ltd., East Sussex, UK. E-mail: nick.slater@socotec.com.
7University College Dublin, Dublin, Ireland. E-mail: shane.donohue@ucd.ie.

https://doi.org/10.1190/tle41110768.1

Special Section: Geohazards768      The Leading Edge      November 2022	 		     

D
ow

nl
oa

de
d 

11
/0

2/
22

 to
 8

6.
42

.9
.1

58
. R

ed
is

tr
ib

ut
io

n 
su

bj
ec

t t
o 

S
E

G
 li

ce
ns

e 
or

 c
op

yr
ig

ht
; s

ee
 T

er
m

s 
of

 U
se

 a
t h

ttp
://

lib
ra

ry
.s

eg
.o

rg
/p

ag
e/

po
lic

ie
s/

te
rm

s
D

O
I:1

0.
11

90
/tl

e4
11

10
76

8.
1

http://crossmark.crossref.org/dialog/?doi=10.1190%2Ftle41110768.1&domain=pdf&date_stamp=2022-11-01


(10 W) resistivity meter, 4G/5G router, solar regulator, and 
batteries. The instrument is typically housed in a small enclosure, 
with a footprint of 40 × 70 cm (Figure 2). It is designed to 
address up to 512 electrodes and has seven channels for simul-
taneous measurements. It is constructed using a modular design 
with a plug-and-play main controller board and electrode address 
cards. Each element can be readily replaced in the field, enabling 
easy servicing and maintenance. It has local data storage for up 
to 100 measurement files and 50 command files (specifying 
electrode selection, current, measurement frequency, and number 
of cycles). The PRIME system can also address point sensors 
(e.g., soil moisture, rain gauge, etc.). These point sensors can 
automatically trigger periods of higher-frequency measurement, 
e.g., in response to an extreme rainfall event that exceeds a 
threshold at which a critical state may be reached. Such thresholds 

can be established by studying previous 
failure states in similar and/or nearby 
sites, or they can be inferred from the 
PRIME system once long-term moni-
toring baselines have been established 
(e.g., Uhlemann et al., 2017). Once 
the field system is configured, its 
operation is fully automatic. The num-
ber and spacing of electrodes and the 
selection of acquisition array type are 
determined by the project’s require-
ments (see case histories).

Control and data management. The 
command center (accessible through 
any networked phone, tablet, or PC) is 
used to remotely address and configure 
PRIME instruments. A web interface 
is used to specify command files and 
measurement schedule. Once a mea-
surement set is made, it is automatically 

transferred back to the command center for storage before data 
processing. Along with ERT and point sensor measurements, the 
command center also retrieves system health data (i.e., charge 
current, battery levels, electrode contact resistances, and measure-
ment errors) (Figure 3). Summary health information is automati-
cally e-mailed to predefined mailboxes for operator assessment. 

Data processing and interpretation. The data processing and 
interpretation workflow has been designed as a series of linked 
modules. The first step is to scan for incoming data, combine 
relevant data files, and generate quality assurance and descriptive 
statistics. For unstable slopes where electrode displacements can 
be anticipated, a module has been developed to estimate electrode 
displacements from the electrical data (Wilkinson et al., 2016) 
to track slope movement and update electrode positions prior to 
inversion. Time-lapse sequences are then assembled and images 

Figure 1. PRIME system concept (adapted from Holmes et al., 2020).

Figure 2. PRIME installation showing (a) system components and (b) enclosure and solar panel.
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generated (inversion). The workflow is designed to be flexible and 
has the potential to accommodate different forward modeling 
and inversion codes. Currently, the system is configured for using 
RES3DINV (Loke et al., 2014). Once the resistivity images have 
been generated, corrections can be applied to remove the effects 
of seasonal ground temperature variations on resistivity measure-
ments. Furthermore, laboratory-derived relationships between 
resistivity and other key material properties can be applied — for 
example, to estimate spatial variation in gravimetric moisture 
content (GMC) from the resistivity images (Holmes et al., 2022a).

Decision support. A key focus of PRIME development has 
been to make ERT monitoring information available and intel-
ligible to end users. This has been achieved by integrating ERT 
imaging results into a pre-existing geotechnical web dashboard 
(Calyx-OMS). Key advantages of this approach include the 
integrated display and analysis of geotechnical and geophysical 
information, and incorporation of geophysical monitoring data 
into a standardized geotechnical delivery environment. The 
dashboard is designed to ingest data from geotechnical point 
sensors (e.g., tilt, moisture content, pore pressure, etc.) for near-
real-time display and interrogation. Alarm states can be defined 
for each sensor, with notifications sent to operators through 
e-mail or SMS (text messages). PRIME outputs have now been 
integrated into this information delivery environment, so each 
cell or pixel of the resistivity image is treated as an individual 
point sensor. The environment includes a 4D visualization window 
allowing the user to interact with the monitoring results through 
rotating, slicing, and defining iso-volumes in images. Likewise, 
alarm thresholds can be set for individual cells/voxels or for 
regions of the images.

Case histories
Old Dalby, UK — Stabilized landslide in a rail cutting. ERT 

monitoring was undertaken over two years (July 2015–July 
2017) on a relict landslide on the Old Dalby railway cutting, 
adjacent to the Old Dalby test track in Leicestershire, UK. The 
Old Dalby railway cutting has a history of instability, which is 
typical for significant elements of the transport network in the 
United Kingdom, owing to aging assets that were constructed 
during the industrial revolution (Gunn et al., 2016). The spatial 

variation in vegetation across the monitored area of the slope 
at the cutting provides an opportunity to assess the influence 
of vegetation type on slope stability (Holmes et al., 2022b); 
indeed, a relict landslide in the center of the monitored zone is 
characterized by grasses and mosses, and on either side of this, 
the railway cutting is wooded with broadleaf deciduous trees 
(predominantly hawthorn). 

The PRIME installation at Old Dalby consisted of buried, 
stainless steel rod electrodes set out in five lines: two running 
across slope and three running downslope, extending across a 
relict landslide and sections of unslipped cutting on either side. 
Electrode arrays running across slope consisted of 91 electrodes 
at 1 m spacing, and electrode arrays running downslope consisted 
of 19 electrodes at 1 m spacing. The system was powered using a 
100 W solar panel, making it independent from mains power 
supply. Measurement sets were acquired automatically once every 
12 hours using a dipole-dipole array configuration.

A baseline image (Figure 4a) shows the location of the PRIME 
arrays in relation to the wooded and grassed parts of the cutting. 
Figure 4b shows average resistivity through time for the grassed 
and wooded areas of the monitored section of the slope at the 
cutting as well as average resistivity for the slope as a whole. 
Weather data are also shown to aid interpretation of the resistivity 
data with respect to changes in resistivity and GMC through 
time. The GMC is estimated through laboratory testing to deter-
mine a site-specific relationship between resistivity and moisture 
content (Holmes et al., 2022b).

Seasonal changes in resistivity (and in GMC) are observed 
in the wooded regions of the slope and are closely related to 
changes in weather conditions. Low GMC in summer (maximum 
average resistivity of 50.9 Ωm) in the wooded areas of the slope 
corresponds to negative effective rainfall. In winter, when positive 
effective rainfall is prevalent, GMC is high (minimum average 
resistivity of 26.0 Ωm). However, these seasonal changes were 
not observed in the grassed region of the slope (resistivity ranged 
between 20.4 and 25.3 Ωm), where changes in resistivity and 
GMC were smaller. The spatial differences in resistivity (and 
therefore in GMC) across the Old Dalby railway cutting are 
attributed to the variations in vegetation type: tree activity is 
higher in summer than in winter, as increased daylight and 

Figure 3. Example of an automatically generated PRIME system health plot showing (a) average contact resistance and (b) reciprocal error statistics.
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Staithes Sandstone Formation (SSF). The WMF is widely 
regarded as an unstable geologic unit that spans much of England 
and is responsible for many landslides (Hobbs et al., 2005). In 
this case, geoelectrical monitoring is employed to monitor the 
moisture content of an active landslide. 

The array setup at Hollin Hill consists of seven electrode lines, 
each with 32 electrodes spaced at a 4.5 m interval (Figure 5a). 
The setup of the electrode arrays is such that the system spans the 
length of the hillside (from head to toe of the sliding material), 
covering an area actively undergoing rotational failure and flow 
lobes. Dipole-dipole measurement sets along and across electrode 
arrays are completed once every 24 hours, including the collection 
of reciprocal data sets. The system is powered by a solar array.

Petrophysical relationships developed for the Whitby 
Mudstone allow for the conversion of resistivity into moisture 
content after a seasonal temperature correction. Therefore, PRIME 
can be used to monitor volumetric changes in moisture content 
in this case. The landslide has moved several times during 
monitoring, with major episodes in 2012 and 2016 during periods 
of elevated moisture contents (or relatively low resistivities). During 
the PRIME monitoring period, further movements have been 
observed within earthflow in the lower regions of the slope 
(Figure 5a), while the rotational back scarp feature, which devel-
oped in 2016, has continued to migrate west. 

In the baseline ERT image, the two dominant lithologies 
present at Hollin Hill can be identified (Figure 5b). The lower 
resistivities observed (less than 30 Ωm) correspond to the WMF 
present toward the top of the slope. Higher resistivities at Hollin 
Hill correspond to the SSF (greater than 30 Ωm). Additionally, 
in the baseline image, the outline of the flow lobes at Hollin Hill 
can be observed. These are a low-resistivity region on the SSF. 
Time-lapse processing of the PRIME data shows low GMC 

increased temperatures result in higher rates of photosynthesis 
that lead to increased transpiration and root water uptake (Vivoni 
et al., 2008). In winter, this plant activity is reduced, and rainfall 
interception and canopy storage are reduced due to leaf loss, which 
explains the reduction in the difference in resistivity between 
wooded and grassed areas during this time.

As such, vegetation type is important for slope stability, owing 
to the controls on soil moisture and matric suction generation. 
For example, shrink-swell behavior is more likely in wooded areas 
due to an increase in the magnitude of wetting and drying on a 
seasonal basis when compared with grassed areas. This can reduce 
shear strength of the soil and result in deformation and slope 
failure (Khan et al., 2019). However, high soil-moisture levels (as 
indicated by the low resistivities recorded in this region of the 
slope), associated with grassed areas, also increase susceptibility 
to failure, owing to increases in pore water pressure. This highlights 
the utility of ERT monitoring for cut slopes, as it enables insight 
into key factors affecting slope stability in this setting. 

Hollin Hill, UK — Active rural landslide. The Hollin Hill 
landslide observatory was established by the British Geological 
Survey in 2008. Since that time, near-continuous geoelectrical 
monitoring has been undertaken, initially using automated time-
lapse ERT (Uhlemann et al., 2017) and more recently, since 
October 2020, using the more power-efficient and cost-effective 
PRIME system. Alongside geophysical monitoring, the field site 
has been instrumented with various sensors that are sensitive to 
ground movements, temperature, and local weather (e.g., Kelevitz 
et al., 2022). The observatory is situated on a 12° south-facing 
slope of Lower Jurassic sedimentary rocks located in the 
Howardian Hills in the northeast of England. The geology of 
the landslide broadly consists of two major formations, the Whitby 
Mudstone Formation (WMF), which conformably lies on the 

Figure 4. (a) Baseline PRIME image from 5 May 2016 for the Old Dalby railway cutting showing 
topography of the site. Wooded and grassed areas of the slope are indicated. (b) Average resistivity of 
the wooded areas of the slope, grassed areas of the slope, and of the whole slope over the monitoring 
period, shown alongside weather data including average weekly temperature, total weekly rainfall, 
and weekly effective rainfall. 
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during the summer months, corre-
sponding to the largest resistivities 
observed at the site (Figure 5d), while 
the lowest resistivities are observed dur-
ing the winter months (Figure 5c). This 
shows that the PRIME system is sensi-
tive to seasonal changes in moisture 
content. In January 2021, movement 
was recorded by a grid of surface marker 
pegs. These movements were observed 
in front of the rotational back scarp 
toward the top of the slope (Figure 5a) 
and inside the flow lobes (Figures 5a–5c), 
which suggests elevated moisture con-
tents in these parts of the slope have 
encouraged further movement. To 
conclude, the PRIME system illumi-
nates hydrologic conditions occurring 
at the time of landslide movements, 
providing the basis for integrating 
PRIME into a landslide early-warning 
or modeling framework. 

Leys Bend, UK — Dormant land-
slide in a natural slope impacting high-
way infrastructure. The A40 dual 
carriageway is a major strategic road 
linking England and Wales. A PRIME 
system was deployed between July 2017 
and February 2019 on a section of 
potentially unstable slope immediately 
above the A40 at Leys Bend. The slope on this section of road, 
located approximately 2.5 km northeast of Monmouth, Wales, 
predominantly consists of sandstones interbedded with subordinate 
mudstone. The angle of dip in these beds, broadly aligned with 
the slope angle (approximately 30°), and the presence and thickness 
of the weaker mudstone bands makes the slope susceptible to 
failure. The A40 was affected by landslide activity during construc-
tion between 1964 and 1965. One landslide, the Whipping Green 
landslide, induced gradual but significant subsidence of the inter-
carriageway embankment. A second landslide, the Chapel Farm 
landslide, experienced gradual displacements over several months 
before accelerating to total failure after a period of heavy rainfall, 
destroying both carriageways and several farm buildings located 
at the base of the slope (Early and Jordan, 1985). 

During the redesign of the carriageway and installation of 
engineered mitigation measures, an area of ground showing initia-
tion of displacement was observed above the carriageway. Based 
on measurements from recent LiDAR scans and field estimates 
of depth to the sliding surface, this “partially slipped area” (PSA) 
has an approximate volume between 2.7 and 6.75 × 104 m3, with 
the toe of the area terminating only 20 m above the existing 
carriageway. Since completion of the A40 in 1968, monitoring 
through to 2005 found no further displacement (Smedley et al., 
2009), and a comparison of LiDAR data between 2006 and 2020 
confirms that no widespread movement has occurred recently. 
Nonetheless, the presence of a large unstable mass above a 

strategically significant highway in an area of historic landslide 
activity still poses a significant, if not immediate, risk to the A40 
dual carriageway.

The PRIME system was deployed to monitor rainfall-driven 
hydrogeological changes in the subsurface of the PSA. The system 
comprised two linear arrays of 64 electrodes each, with a nominal 
2 m separation between electrodes. One array was deployed parallel 
to the direction of slope (the “upslope” line) and situated entirely 
within the PSA; the other array was deployed perpendicular to 
slope angle (the “cross” line) and was situated partially within the 
PSA and partially in stable ground (Figure 6a). Measurements 
were acquired using a dipole-dipole array configuration. The 
system was deployed to the slope in July 2017. A baseline data set 
was acquired on 21 July 2017 from which relative changes in 
resistivity were determined. The result of the monitoring clearly 
demonstrates the differential infiltration patterns created by the 
formation of a “slip mosaic” within the sandstone layers in the 
PSA. This mosaic is characterized by vertical jointing in the 
sandstone as the strata accommodate the minor displacements of 
the PSA, with joint separations ranging from one to tens of meters. 
These joints create preferential pathways for water infiltration, 
allowing water to infiltrate to greater depths within the PSA, and 
showing areas of decreased resistivity relative to the baseline (blue 
zones) within the subsurface of the PSA. Areas of increased 
resistivity in the near surface are indicative of larger intact blocks 
of sandstone with wider joint separations and lower volumes and 

Figure 5. (a) Overview of the Hollin Hill landslide, showing a hillshaded base map, electrode positions as of October 2020, 
back scarp, and flow lobes. (b) Baseline resistivity inversion image showing the geology of the slope. (c) Time-lapse inversion 
image for 20 January 2021 showing changes in resistivity. (d) Time-lapse inversion image for 9 May 2021, again presented as a 
percentage change. 
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rates of infiltration. Areas of resistivity increase and decrease are 
observed in the time-step resistivity models from 6 April 2018 
(Figure 6b), which were acquired after a prolonged period of 
seasonal rainfall over the winter and spring months (Figure 6c). 
Deeper parts of the PSA show relative decreases in resistivity 
associated with increased infiltration, whereas no resistivity 
decreases within the deeper parts of the subsurface are observed 
outside of the PSA. The impact of seasonal variations in rainfall 
is best observed in the surficial (top 2 m) layer of the array, which 
shows increasing and decreasing resistivity in response to periods 
of drying and wetting, respectively (Figure 6d).

The PSA at Leys Bend has not experienced the loading associ-
ated with road construction that is believed to have triggered the 
two historic landslides; however, changes in climatic patterns may 
lead to future slope instability due to an infiltration-driven reduc-
tion in effective stress. Although the PSA has not displayed any 
recent displacement that might suggest a change in stress state 
associated with reactivation, resistivity monitoring allows for 
tracking of the hydrogeological condition of the PSA. Time-lapse 
resistivity images of the subsurface therefore contribute to improved 
understanding of the factors that may act to destabilize this slope 
in the future.

Ripley, Canada — Active landslide impacting rail infrastruc-
ture. A PRIME system was used to monitor changes in moisture 

content over a two-year period (November 2017–November 2019) 
on the Ripley landslide, a small, slow-moving, translational 
landslide in glaciolacustrine clays and Fraser Glaciation lodgement 
tills in the Thompson River Valley, British Columbia, Canada. 
The Thompson River Valley is a major transportation corridor 
that connects Vancouver to the rest of Canada and the United 
States and is serviced by Canadian Pacific and Canadian National 
Railway lines. Slope movement associated with the Ripley landslide 
results in settlement of these railway lines, and failure of the slope 
could result in blockage of (predominantly freight) trains traveling 
to and from Vancouver, negatively impacting public safety, the 
economy, local heritage and communities, and terrestrial and 
aquatic ecosystems (Huntley et al., 2020).

The PRIME monitoring at the Ripley landslide consists of 
two linear electrode arrays (2 m spacing between pin electrodes) 
extending across the head scarp of the landslide (Figure 7a). 
Measurement sets were acquired automatically once every 12 
hours using dipole-dipole configurations. The data were processed 
and inverted, as detailed in Holmes et al. (2020), and used to 
better define a 3D ground model of the site. 

Resistivity images acquired from the PRIME monitoring 
were calibrated using petrophysical relationships developed in the 
laboratory (Holmes et al., 2022a) (Figure 7b). This enabled estima-
tion of moisture content from the resistivity monitoring results 

Figure 6. (a) Plan view of the PRIME system situated on the PSA, located above the A40 dual carriageway. (b) Three-dimensional view of the PRIME array showing difference in resistivity 
between 6 April 2018 and baseline data acquired on 21 July 2017. (c) Daily temperature and modeled effective rainfall, with the date of the data shown in Figure 6b indicated by a red 
line. (d) Average resistivity changes with time in the across and upslope lines. LiDAR data used to generate the grayscale topographic base plots in (a) and (b) are provided under the Open 
Government License (nationalarchives.gov.uk), © Environment Agency. 

Special Section: Geohazards November 2022     The Leading Edge      773

D
ow

nl
oa

de
d 

11
/0

2/
22

 to
 8

6.
42

.9
.1

58
. R

ed
is

tr
ib

ut
io

n 
su

bj
ec

t t
o 

S
E

G
 li

ce
ns

e 
or

 c
op

yr
ig

ht
; s

ee
 T

er
m

s 
of

 U
se

 a
t h

ttp
://

lib
ra

ry
.s

eg
.o

rg
/p

ag
e/

po
lic

ie
s/

te
rm

s
D

O
I:1

0.
11

90
/tl

e4
11

10
76

8.
1



so that complex hydrogeological processes could be identified. As 
shown in Figure 7c, the magnitude of change in GMC over the 
monitoring period was greater in the head-scarp zone than across 
the rest of the slope (GMC ranged from 35% to 49% and from 
10% to 16% for the head-scarp and non-head-scarp zones, respec-
tively). Additionally, the moisture content of the head-scarp zone 
remained elevated compared with that of the rest of the PRIME-
monitored area of the slope all year round. This is due to tension 
cracks providing a conduit for infiltration in the head scarp, which 
in turn can cause a reduction in matric suction and normal effective 
stress in this zone, increasing the likelihood of failure. 

The hydrologic regime of the subsurface and movement of 
the slope at the Ripley landslide largely depend on seasonal 
temperature changes (Holmes et al., 2022a), as air temperatures 
at the site drop below 0°C on an annual basis. Indeed, the greatest 
changes in GMC at the Ripley landslide occur at the onset of the 
spring snowmelt season (March–April) when air temperatures 
rise above 0°C (Figures 7b and 7c). Matric suction decreased 
around the time of snowmelt following a short period of very high 
suction due to freezing, as melting of pore fluid occurred, as well 
as infiltration from the melting snowpack. This has implications 
for slope stability, as a reduction in suction results in a decrease 
in shear strength. Further slope movement in the Thompson River 
Valley, including that of the Ripley landslide, is closely related to 
the river levels. There was an average of 89.5 mm of downslope 

displacement in the main sliding mass over the monitoring period, 
and the greatest rate of movement occurred between October and 
April each year. When the Thompson River level is low because 
of freezing precipitation, this leads to a debuttressing effect, and 
when suction levels decrease at the onset of snowmelt, the slope 
is vulnerable to failure and movement accelerates until the river 
level rises again in response to snowmelt in the wider Thompson 
River Valley (Sattler et al., 2021).

Discussion
The case histories considered here all demonstrate long-term 

(i.e., multiyear) ERT monitoring of moisture dynamics in highly 
heterogeneous landslide settings. In all but one case (Ripley), the 
systems were powered entirely by solar charging of system batteries, 
and in all cases, data were delivered in near real time via 4G/5G 
communications, with a temporal frequency of at least several 
data sets per week — and in some cases several data sets per day. 
The examples illustrate the flexibility of the monitoring approach 
with both 2D and 3D imaging arrays and designs tailored to the 
specific setting. 

All of the infrastructure-related examples presented here are 
in remote or harsh environments, where human access is difficult 
or undesirable. The option of remote monitoring in these settings 
is highly beneficial. In the case of UK rail, access is strictly limited 
for safety reasons. Consequently, the national rail operator is 

Figure 7. (a) Location of PRIME system on the Ripley landslide (after Holmes et al., 2020). (b) Change in GMC from a December baseline image, showing the increase in GMC at the onset of 
the snowmelt season. (c) Changes in the average resistivity-derived GMC of the head scarp and non-head-scarp zones of the Ripley landslide over the monitoring period, alongside matric 
suction data for the duration of the study period. Weather data, including air temperature, rainfall, and effective rainfall, are also shown. 
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prioritizing the deployment of remote-condition-monitoring 
technologies (Network Rail, 2018).

The monitoring has been used to spatially track subsurface 
processes related to moisture infiltration at the asset or slope scale, 
encompassing fissured environments, the influence of vegetation 
on slope hydrodynamics, snowmelt events and drainage, with 
ERT monitoring results providing direct insights into geotechnical 
property changes (i.e., moisture content and suction). In doing 
so, the spatial and volumetric information provided by ERT 
monitoring contributes highly relevant information to support 
decision making for the management of unstable slopes.

Forward look and conclusions
Geoelectrical monitoring is a rapidly developing field with 

major recent advances in instrumentation, modeling, and the 
range of applications being considered. 

Instrumentation. The shift to low-power electronics has driven 
down ERT instrument costs. This is essential for monitoring sce-
narios where individual instruments need to be committed for the 
duration of the monitoring period, which can be many years. With 
the broader take-up of emerging low-power, low-cost monitoring 
systems, further economies of scale should be realized in the medium 
term. Systems also are likely to become more intelligent and inte-
grated, bringing in data from other sensors (e.g., geotechnical/
fiber-based sensing) and geophysical monitoring techniques (e.g., 
passive seismic methods) to trigger and focus measurements, thereby 
facilitating a shift from automatic to autonomous monitoring. 

Modeling and data processing. The shift to more intelligent 
monitoring will also require software developments, such as local 
(i.e., onboard the instrument) data processing and inversion, and 
automated interpretation — drawing on techniques from machine 
learning (i.e., feature tracking and pattern recognition; e.g., Ward 
et al., 2016). Likewise, integrated monitoring will offer greater 
opportunities for coupled modeling and interpretation to reduce 
uncertainties and produce more robust interpretations of imaging 
results (e.g., Slater and Binley, 2021).

Applications. Along with landslide monitoring, the sensitivity 
of ERT to moisture-driven processes means it is suitable for 
addressing many other environmental and engineering problems. 
In particular, PRIME is currently being developed for reservoir 
and tailings dam monitoring — for which the spatial and temporal 
resolution and deployment scales are ideally suited. In addition, 
the technology is being used for hydrogeological studies to track 
saline intrusion and contaminant transport.

The most effective and appropriate use of ERT monitoring is 
as a tool within a broader toolbox of techniques including, for 
example, remote sensing, other geophysical techniques measuring 
complementary parameters, and intrusive investigations. However, 
our increasing ability to provide volumetric subsurface information 
at high spatial and temporal resolution clearly demonstrates the 
crucial contributions of geophysical monitoring to the field of 
geohazard monitoring and early warning. 
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