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A B S T R A C T   

Landslides in the Thompson River Valley, British Columbia, Canada, threaten the serviceability of two railway 
lines that connect Vancouver to the rest of Canada and the US. To minimise the impact of slope instability on 
vital transport infrastructure, as well as on terrestrial and aquatic ecosystems, public safety, communities, local 
heritage, and the economy, and to better inform decision making, there is a need for monitoring. Since 2013, the 
Ripley Landslide – a small, slow-moving, translational landslide – has been the focus of monitoring efforts in the 
Thompson River Valley transportation corridor. In November 2017, a novel Electrical Resistivity Tomography 
(ERT) monitoring system was installed on the site, providing near-real-time data collection via a telemetric link. 
4-Dimensional resistivity models are presented in the context of moisture content and soil suction, two pa-
rameters known to influence slope stability in the Thompson River Valley. Here, we discuss the development of 
laboratory-based petrophysical relationships that relate electrical resistivity to moisture content and soil suction 
directly, building on relationships developed in the field. The 4-D ERT models were calibrated using these 
petrophysical relationships to provide insights into the complex spatial and temporal variations in moisture 
content and soil suction. This study highlights the utility of geoelectrical monitoring for assessing slope stability 
in the context of moisture-driven landslides.   

1. Introduction 

Demand placed on the global transport network continues to in-
crease in response to population growth, with many networks already 
operating at, or exceeding, capacity (Hugenschmidt, 2010). Combined 
with additional challenges posed by environmental change (IPCC, 
2014), this means that landslides on the transport network are 
increasing in frequency. Slope failures proximal to transport infra-
structure have the potential to disrupt rail and road travel and are 
potentially hazardous to the people using the transport networks 

(Smethurst et al., 2017), and cause significant impact to the economy 
(Dijkstra et al., 2014; Glendinning et al., 2014). Furthermore, given that 
emergency repair works cost ten times as much as planned maintenance 
works (Glendinning et al., 2005), there is significant stakeholder interest 
in monitoring slopes affecting transport infrastructure (Mattsson and 
Jenelius, 2015). 

Near-surface geophysical techniques provide an opportunity to ac-
quire information about large volumes of the subsurface, relatively 
inexpensively, and more quickly than traditional visual surveys and 
geotechnical investigations can provide. Indeed, Electrical Resistivity 
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Fig. 1. a) Location of the Thompson River valley area of interest (white rectangle). b) Thompson River Valley, showing locations of landslides (red dots), and the 
Ripley Landslide (yellow dot). c) Location of PRIME arrays (Line 1 (L1) and Line 2 (L2)), 2013 reconnaissance surveys, and other monitoring equipment. The location 
of the railway lines is also highlighted. Image BGS©UKRI, ©Google Earth, contains ©Geological Survey of Canada data. (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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Tomography (ERT) is now increasingly being used for monitoring un-
stable slopes (Chambers et al., 2014; Perrone et al., 2014; Gunn et al., 
2015; Wilkinson et al., 2016; Whiteley et al., 2019; Holmes et al., 2020). 

Electrical resistivity is affected by many factors, including lithology, 
mineralogy, porosity and density of the subsurface. Resistivity is also 
sensitive to moisture content (Archie, 1942; Waxman and Smits, 1968), 
changing resistivity of the pore fluid (Archie, 1942; Waxman and Smits, 
1968), and temperature (Hayley et al., 2007). Resistivity can therefore 
be used as a proxy to monitor changes in these parameters over time. 

Moisture content is a key control on slope stability (Labuz and Zang, 
2012; Yao et al., 2019). Empirical rainfall and snowmelt thresholds have 
long been used in landslide prediction (Caine, 1980; Guzzetti et al., 

2008), and rely on the intrinsic connection between rainfall intensity 
and duration and the associated changes in moisture content in the 
subsurface (Francesco et al., 2012). However, even on a local scale, 
heterogeneities in slope lithology mean that surface measurements of 
rainfall may be insufficient to predict the location and timing of slope 
failure; complex hydrogeological pathways present within slopes are 
critical in determining slope behaviour (Onda et al., 2004; Lehmann 
et al., 2013; Marino et al., 2020). As moisture content is a factor that 
affects electrical resistivity, ERT can be used to monitor changes in 
moisture content in the subsurface through space (Samoüelian et al., 
2005) and time (Abdu et al., 2008), and so is a useful tool in slope sta-
bility assessment (Lehmann et al., 2013; Uhlemann et al., 2017). 

Fig. 2. Geological map of the Ripley Landslide (after Huntley and Bobrowsky, 2014).  
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Related to moisture content, soil suction (negative pore water pres-
sure) is also a key control on slope stability (Toll et al., 2011), affecting 
shear strength and effective stress (Fredlund et al., 1978; Springman 
et al., 2003; Lu et al., 2010). Pore water pressure (determined by the 
moisture content of the soil) is a key parameter in the Mohr-Coulomb 
failure criterion, which describes the balance of forces acting on a 
slope. Indeed, in unsaturated soils, matric suction can increase shear 
resistance to enable slopes to remain stable beyond the critical friction 
angle for failure (Brooks and Anderson, 1995). Furthermore, small 
changes in soil suction in response to changing moisture conditions can 
alter sub-surface moisture conditions sufficiently to induce slope failure 
(Fredlund et al., 1978; Zhang and Wang, 2018). Given that moisture 
content is a key control on electrical resistivity, ERT has the potential to 
estimate soil suction indirectly (Piegari and Di Maio, 2013). 

Since resistivity can be used as a proxy for moisture content, and, by 
extension, for soil suction, development of petrophysical relationships 
for specific soils can be used to calibrate resistivity models, which allows 
moisture content and soil suction to be assessed more directly. Indeed, 
several previous studies have used ERT to study the effects of moisture 
conditions on slope stability, and to monitor changes in moisture con-
tent through space and time (Lehmann et al., 2013; Supper et al., 2014; 
Gance et al., 2016; Uhlemann et al., 2017). 

This study extends previous work by developing and applying lab-
oratory derived resistivity – moisture content – suction relationships to 
the field scale monitoring of an active landslide. Specifically, a novel 
methodology is developed for the generation of calibration curves for 
petrophysical relationships that aim to relate resistivity to moisture 
content and soil suction (negative pore water pressure) directly. These 

Fig. 3. Geological setting of Line 1 and Line 2 of the PRIME system, taken from a 3D ground model. A) The location of the PRIME-monitored section of the slope is 
shown within the wider context of the site. The topography is shown (brownish layer), along with layers corresponding to the geological cross-section, as indicated by 
the stratigraphy key. The location of the Thompson River is shown in pale blue. B) Cross-sections of Lines 1 and 2 are shown. The location of the slip surface of the 
Ripley Landslide is shown in the cross section of Line 1 (red dashed line). BGS©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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relationships are applied to resistivity models generated from long-term 
monitoring of a natural landslide that affects transport infrastructure in 
British Columbia, Canada. The overarching objective of the study is to 
demonstrate utility of integrated geophysical-geotechnical modelling to 
illuminate the evolving patterns (in space and time) of moisture content 
and soil suction in a heterogeneous slope undergoing active failure. 

2. Field site – the Ripley Landslide, British Columbia, Canada 

The Ripley Landslide is a small, slow-moving (3–55 mm/year) 
(Bunce and Chadwick, 2012), translational landslide, and is one of 14 
active landslides along a 10 km stretch of the Thompson River Valley 
(Fig. 1a and b). Situated on the Thomson River Valley, a major trans-
portation corridor that connects Vancouver to the rest of Canada and the 
US, there is significant interest in monitoring the stability of the Ripley 
Landslide. Along much of the river, railway tracks run alongside both 
banks, but geological constraints mean that at the location of the Ripley 
Landslide, both railway tracks (Canadian Pacific and Canadian National 
Railway lines) run along the same side of the river. As such, failure of the 
slopes at this point could result in complete blockage of transport to and 
from Vancouver, with potential to negatively affect railway infrastruc-
ture, terrestrial and aquatic ecosystems, public safety, communities, 
local heritage, and the economy. 

Since 2013, the Ripley Landslide has been used as a geophysical test 
site, with the aim of developing insights into the processes that result in 
slope failure at this site, and at other sites along the Thompson River 
Valley (Huntley and Bobrowsky, 2014; Macciotta et al., 2014; Huntley 
et al., 2017; Huntley et al., 2019; Holmes et al., 2020; Huntley et al., 
2020). Several geophysical surveys were carried out, including Elec-
trical Resistivity Tomography (ERT), Ground Penetrating Radar (GPR), 
Fixed Frequency Electromagnetic Induction (FEM), Seismic Refraction, 
Multichannel Analysis of Surface Waves (MASW), and Acoustic Ba-
thymetry (Huntley et al., 2017; Huntley et al., 2019). These surveys 
were useful in improving the understanding of the subsurface structure 
of the slope and informed the development of a 3-D ground model of the 
site (Holmes et al., 2020), used to set monitoring data in the context of 
the wider field site. 

In 2017, an ERT monitoring system (PRIME – Proactive Infrastruc-
ture Monitoring and Evaluation) was installed on the head scarp of the 
Ripley Landslide (Huntley et al., 2019; Holmes et al., 2020) to provide a 
more detailed insight into changing subsurface moisture conditions 
through time, with a long-term aim of identifying precursors to move-
ment to aid in the prediction of slope failure. 

2.1. Field site – geological setting 

The geology of the Thompson River valley is predominantly 
composed of glacial deposits, underlain by a moderately high relief 
bedrock lithology (Huntley et al., 2017) (Fig. 2). The Pleistocene unit, in 
which the shear surface of the landslides in the Thompson River valley is 
situated, is a 45 m thick unit of laminated silt and clay glaciolacustrine 
sediments (Eshraghian et al., 2007). The presence of these high- 
plasticity glaciolacustrine clays is important for slope stability, given 
that most failures occur in this unit. This is explained by the internal 
friction angle of the clays, which range between 9◦ and 13◦ (Porter et al., 
2002). 

However, given that the landslides have been reactivated in the 
Thompson River valley following initial failure due to post-glacial 
incision into the Pleistocene valley fill by the Thompson River, the 
failures occur on pre-existing ruptures so the Mohr-Coulomb parameters 
that control slope stability are residual parameters (Eshraghian et al., 
2007). The residual friction angle of clay soils is stress dependent, with 
higher normal stresses producing alignment of clay particles during 
shear, so resistance at the toe of a slope where normal stresses are lower 
is greater (Porter et al., 2002). As such, erosion of the toe of the Ripley 
Landslide by the Thompson River is problematic, as it reduces the 

stability of the most stable zone of the slope (Stark and Eid, 1994; 
Hendry et al., 2015). 

A 3-D ground model was produced for the Ripley Landslide, building 
upon work described by Holmes et al. (2020). This meant that petro-
physical relationships unique to each material type present in the 
monitored section of the slope could be applied to calibrate discrete 
sections of the ERT models produced from the PRIME monitoring. 

GOCAD software (Mallet, 1992), used to digitize and visualize 
geological cross sections, borehole logs, and other subsurface data 
alongside digital elevation models (DEMs) and aerial photographs 
(Mallet, 1992), was used to produce a 3-D ground model of the Ripley 
Landslide field site, allowing for a greater understanding of how the 
geology of the site influences the processes affecting the slope stability 
(Fookes, 1997; Tye et al., 2011; Griffiths et al., 2012; Merritt et al., 2014; 
Thornton et al., 2018). 

ERT images from previous surveys in 2013, which were carried out 
as part of a larger geophysical reconnaissance investigation of the 
landslide, were used as a baseline for the identification of lithological 
boundaries, along with borehole information and PRIME ERT data. 
Firstly, borehole logs, a DEM of the site, PRIME ERT models, and ERT 
models from reconnaissance surveys were imported into GOCAD. Pre-
vious geological interpretations (Huntley et al., 2017) were then used 
alongside this data to identify lithological boundaries, which were then 
digitized. These boundaries were then used to model surfaces, and 
finally to build the 3-D structure of the ground model. Geological cross- 
sections were then exported from GOCAD, for use in discretizing the ERT 
model mesh according to lithology. Geological cross-sections from the 3- 
D ground model are shown in Fig. 3. 

As shown in Fig. 3, the monitored section of the Ripley Landslide is 
comprised of three dominant lithologies: Unit 3, Unit 4, and Unit 8. Unit 
3, where the shear surface of the landslide is situated, is glaciolacustrine 
clay composed of finely laminated clay-silt couplets (varves) (Clague 
and Evans, 2003). Unit 4 is silt-rich lodgement till deposited during the 
Late Wisconsinan Fraser Glaciation (Clague and Evans, 2003; Eshra-
ghian et al., 2007; Huntley and Bobrowsky, 2014). Unit 8 is interpreted 
as post-glacial colluvial material deposited by the Thompson River 
(Clague and Evans, 2003; Eshraghian et al., 2007). 

The 3-D ground model produced here aids in the interpretation of 
hydrogeological changes through time through enabling lithology- 
specific calibrations for gravimetric moisture content and matric suc-
tion to be applied to corresponding zones of the ERT models. 

3. Methodology 

3.1. Electrical resistivity monitoring 

In November 2017, two linear electrode arrays with a 2 m spacing 
between stainless steel pin electrodes were installed across the head 
scarp of the Ripley Landslide; one 53 m long with 27 electrodes, parallel 
to the steepest slope gradient, the other 91 m long with 45 electrodes in 
the perpendicular direction. A PRIME system was used to automatically 
generate measurement sets from the arrays every 12 h, with data 
transferred from site remotely via a telemetric link, enabling near-real 
time data processing and interpretation. The location of the PRIME 
monitoring arrays relative to the previous survey locations is shown in 
Fig. 1c. The data were measured using dipole-dipole configurations, 
with dipole lengths of 1–8 electrode spacings (short line) or 1–12 elec-
trode spacings (long line) and dipole separations of 1–8 dipole lengths, 
to provide data with high image resolution (Crawford et al., 2018). 

The data were processed as detailed in Holmes et al. (2020). In brief, 
data with contact resistances >10 kΩ were removed from the dataset, 
along with measurements with negative transfer resistances. Contact 
resistances of the electrodes were low in summer, with minimum, 
maximum, average and standard deviation (in brackets) values of 290, 
1750, and 820 Ω (290 Ω) respectively. Winter contact resistances were 
higher owing to localized freezing at the surface of the slope, with 
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minimum, maximum, average and standard deviation of 1300, 14,000 
and 6000 Ω (2400 Ω) respectively (Holmes et al., 2020). Measurements 
with large reciprocal errors (>5%) were also filtered out of the dataset. 
On average, up to May 2019, 7.47% of the data had reciprocal errors 
greater than 5%, and post-May 2019, this increased to an average of 
44%. This may be indicative of a system issue, and investigations are 
ongoing. However, the remaining data still seem to be sufficient to 
produce reasonable models (Holmes et al., 2020). 

Data were then inverted using an iteratively reweighted 
Gauss–Newton least-squares method (Res3DInvX64 from Geotomo 
Software) with an L1 norm on the data misfit, an L1 spatial smoothness 
constraint and an L2 temporal smoothness constraint. To correct for the 
influence of temperature, a simple temperature model was fitted to the 
data as a function of time and depth (Chambers et al., 2014), using data 
from temperature sensors in the air and at five different depths in the 
slide mass. It was assumed that this model was valid at all positions in 
the monitoring area and that the coupling coefficient was − 2% per ◦C 
throughout the subsurface. 

Holmes et al. (2020) presented initial observations from the first two 
years of monitoring from the PRIME system on the Ripley Landslide. The 
ERT models revealed complex hydrogeological pathways inferred from 
resistivity data, critical in determining moisture distribution within the 
slope. This work is built upon here, using laboratory-based petrophysical 
relationships to calibrate these models to provide insight into the 
changes in moisture content and soil suction through time, as opposed to 
using electrical resistivity as a qualitative proxy for these important 
factors in slope stability. 

3.2. Development of petrophysical relationships – suction-resistivity and 
moisture content-resistivity experiments 

For a particular soil type, both the resistivity (Waxman and Smits, 

1968) and the soil suction (soil water characteristic curve) depend 
strongly on the moisture content. Therefore, it is possible to determine a 
quantitative relationship between soil suction and resistivity. These two 
parameters are typically measured independently of each other, how-
ever: suction measurements are made using point measurements from 
tensiometers, whereas larger volumes of the subsurface influence re-
sistivity measurements (Piegari and Di Maio, 2013). Here, a new labo-
ratory methodology for the simultaneous measurement of soil suction 
and electrical resistivity provides the opportunity to develop experi-
mental relationships between resistivity, suction, and moisture content. 

A modified HYPROP 2 system (METER Group) was used to develop 
petrophysical relationships for the main lithological units identified in 
the PRIME monitored section of the slope from the 3-D ground model. 
Undisturbed samples were taken of each lithological unit. The HYPROP 
2 is designed for quick and easy development of soil moisture charac-
teristic curves. Two tensiometers positioned at different heights within a 
drying sample measure the soil suction at each point (accurate to ±2.5 
hPa) and a mass balance records the mass of the sample (accurate to 
±0.01 g) for calculation of moisture content through time. 

Modification of the HYPROP 2 equipment enabled resistivity to be 
measured at the same time as suction and moisture content. This is 
important as the same volume of material is used for each parameter 
measurement. The set-up of the modified HYPROP 2 is shown in Fig. 4. 
The original stainless-steel sample container was replaced with a non- 
conductive Polyether ether ketone (PEEK) container of the same di-
mensions (250 cm3). Four equally-spaced electrodes (1 cm in length) 
were then inserted into the sample and connected to an ES-2 sensor 
(METER Group) which allowed electrical conductivity to be measured 
(accurate to ±10%) simultaneously with the suction and moisture 
content which the HYPROP 2 was originally designed to measure. 

The suction-moisture content-resistivity experiments were carried 
out for Unit 3 and Unit 4, which comprise the majority of the monitored 
volume of the Ripley Landslide (Fig. 3). Unit 8 was not suitable for use in 
this experiment as it was too coarse-grained, making insertion of tensi-
ometers and rod electrodes impossible without damaging the tensiom-
eters. Unit 8 was also considered to have a less of an influence on slope 
stability than Unit 3 and 4, so testing was focussed on the more 
important units for slope stability (Sattler et al., 2021). 

The petrophysical relationships developed in the laboratory were 
applied to discrete sections of the resistivity models, using the 3-D 
ground model to determine which relationship should be applied to 
each part of the model. 

3.2.1. Resistivity-moisture content relationship 
A relationship can be defined to allow electrical resistivity to be used 

as a direct indicator of soil moisture content. 
The original Waxman-Smits model relates resistivity (ρ) to saturation 

(S): 

ρ =
F
Sn

(
1
ρw

+
BwsQv

S

)− 1

(1)  

where, F is a formation factor, n is the saturation exponent, ρw is the pore 
water resistivity, Bws is the average mobility of the cations, and Qv is 
cation concentration per unit pore volume. However, the use of porosity 
is problematic here as due to shrink-swell behaviour, porosity varies 
with moisture content in materials with a high clay content (Chambers 
et al., 2014). As such, a modified Waxman-Smits model was fitted to the 
resistivity and moisture content data measured in the laboratory, as in 
Uhlemann et al. (2017): 

Fig. 4. Cross-sectional view of modified HYPROP experimental set- 
up. BGS©UKRI. 

ρ(GMC) = F
(
(1 − φ)DgGMC

φDw

)− n(

σw + Bws

[
(1 − φ)DgC

100φ

][
φDw

(1 − φ)DgGMC

])− 1

(2)   
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where, φ is porosity, Dg is grain density (g cm− 3), Dw is water density (g 
cm− 3), σw is the pore water conductivity (S/ m), and C is cation exchange 
capacity (meq/100 g). The average cation mobility, Bws (S cm3 m− 1 

meq− 1), was estimated from the empirical fit given by Waxman and 
Smits (1968). Each parameter was measured in the laboratory, with the 
exception of F and n, which were fitted (there is uncertainty in these 
values as although these values fit the data, they are not unique) and 
Bws, which was estimated (Waxman and Smits, 1968): 

Bws = 4.6
(

1 − 0.06 Exp
[
−

σw

1.3

] )
(3) 

Waxman-Smits models were fitted to the data from each lithological 
unit tested in the laboratory (Unit 3 and Unit 4, which are the most 
important lithological units in terms of slope movement (Sattler et al., 
2021)) in order to convert electrical resistivity to gravimetric moisture 
content. 

3.2.2. Resistivity-suction relationship 
A relationship between soil suction and electrical resistivity can be 

established. Modified from Fredlund and Xing (1994), Eq. (4) relates 
gravimetric moisture content (GMC) with soil suction (ψ): 

GMC = GMCs

[
1

ln
[
e + (ψ/a)t ]

]b

(4)  

where GMCs is gravimetric moisture content at saturation (g g− 1), e is 
Euler's number, and a, t, and b are fitting parameters. 

This model was fitted to the laboratory-measured data for Unit 3 and 
Unit 4 to describe the relationship between moisture content and soil 
suction. These relationships were then used in conjunction with the 
resistivity-moisture content relationships to develop a relationship be-
tween resistivity and soil suction, as expressed by: ρ(ψ) = ρ(GMC(ψ)). 

3.3. Field sensor measurements 

Two boreholes instrumented with TEROS-21 soil suction sensors 
were installed in November 2017 at the head scarp of the landslide 
(Fig. 1c), covering a range of depths from 0 to 2 m below the surface. The 
sensors were installed in Unit 8 (Fig. 3). TEROS-21 sensors measure 
water potential, which is the potential energy of the water in equilib-
rium with water in the soil. The measurement of water potential here is 
based on the Second Law of Thermodynamics, whereby connected sys-
tems with differing energy levels move toward an equilibrium energy 
level. As such the water potential of the sensor comes into equilibrium 
with that of the soil. These sensors gathered matric suction data for the 
entirety of the 2-year monitoring period at the Ripley Landslide to an 
accuracy of ±10% of the reading. 

Effective rainfall – total rainfall minus evapotranspiration – was also 
calculated, using the rainfall data from a rain gauge installed at the site. 
Here, evapotranspiration was calculated using the Hargreaves-Samani 
equation (Hargreaves and Samani, 1982; Samani, 2000), which uses 
temperature (measured on site), and latitude to estimate 
evapotranspiration: 

ET = 0.0135(KT)(Ra)(TD)1/2(TC+ 17.8) (5)  

where ET is evapotranspiration, KT is an empirical coefficient, TD is 

temperature difference between the maximum and minimum recorded 
temperature (◦C) (Tmax – Tmin), and TC is the average daily air temper-
ature (◦C). 

3.4. Ground movement data 

Interferometric Synthetic Aperture Radar (InSAR) data was used to 
measure ground movement associated with the Ripley Landslide over 
the study period. InSAR has been used for monitoring landslide move-
ment as surface deformation results in a phase shift of the backscattered 
microwave signal between acquisitions, so that surface movement can 
be identified with high spatial resolution (Carlà et al., 2019). Here, 
Sentinel-1 data from the European Space Agency, which provides high- 
precision (mm-cm) measurements at medium spatial resolution where 
signal is good (Wasowski and Bovenga, 2022) was used to determine the 

Table 1 
Parameters used in the fitting of Waxman-Smits models to laboratory data from the Ripley Landslide (Formation factor, F, a fitting parameter, n, porosity, Φ, grain 
density, Dg, water density, Dw, pore water conductivity, σw, average mobility of cations, Bws, and cation exchange capacity, C).  

Waxman-Smits model F (− ) n (− ) Φ (%) Dg (g/cm3) Dw (g/cm3) σw (S/m) Bws (S cm3 m− 1 meq− 1) C (meq/100 g) 

Unit 3 High GMC (>0.26 GMC) 35.576 3.481 37.2 2.53 1 0.0330 1.91 17.4 
Unit 3 Low GMC (<0.12 GMC) 25.364 2.272 37.2 2.53 1 0.0330 1.91 17.4 
Unit 4 High GMC (>0.34 GMC) 22.224 2.333 48.0 2.53 1 0.0528 1.95 17 
Unit 4 Low GMC (<0.043 GMC) 19.600 3.256 35.0 2.53 1 0.0528 1.95 17  

Fig. 5. Moisture content-resistivity relationships for Units 3 (A) and 4 (B), both 
measured in the laboratory using the modified HYPROP 2, fitted with Waxman- 
Smits models, and with low-pass filters in the region of the inflection in the 
curves. BGS©UKRI. 

J. Holmes et al.                                                                                                                                                                                                                                  



Engineering Geology 301 (2022) 106613

8

rate of displacement due to landslide activity (data from Huntley et al., 
2021). The PRIME-monitored section of the slope was selected (91 m ×
54 m), and the displacement of 45 points within this zone, was moni-
tored through time. 

4. Results and discussion 

4.1. Petrophysical relationships 

4.1.1. Resistivity-moisture content relationship 
Owing to the material fabric of the lithological units tested in the 

laboratory, there is an inflection in the resistivity-moisture content 
curve, so Waxman-Smits curves were fitted independently to the data 
outside the inflection region for each of the units, and the inflection 
region is modelled with a low pass filter of the data. Parameters used for 
the fitting of the Waxman-Smits models are shown in Table 1. The 
modelled relationships are shown in Fig. 5. The inflections are attributed 
to the presence of different scales of porosity within the samples. SEM 
images of each lithological unit are shown in Fig. 6. Clear laminations 
are seen in Unit 3, with layers of coarser grains and larger pore spaces 
and layers of finer grains with smaller pore spaces. Unit 4 does not 
exhibit this laminated structure, but areas of finer grains and smaller 
pore spaces within a more open matrix of coarser grains and larger pore 
spaces are observed. 

At high moisture contents and associated low values of matric suc-
tion, we propose that there is a high level of electrical connectivity be-
tween pores across the whole sample. Fully connected fluid pathways 
within the sample contribute to the increase in electrical conductivity 
(or decrease in electrical resistivity) at high moisture contents. Indeed, 
in a study of hydraulic characteristics of soils at different bulk densities, 
and with different pore scales, Cimpoiasu et al. (2020) found that in 
near-saturated samples, the macroporosity alone dominated the 
measured electrical resistivity. As the sample dries and moisture content 
decreases during the course of the experiment, matric suction increases. 
The matric suction is higher in the fine-grained areas of the sample, 
which draws in moisture, thereby reducing the electrical connectivity of 
the fluid pathway across larger pores in the coarser-grained matrix of the 
material, resulting in an inflection in the moisture content-resistivity 
relationship. Therefore, it is suggested that at different moisture con-
tents, different regions of the soil fabric dominate the relationship be-
tween moisture content and electrical resistivity, resulting in the need 
for multiple Waxman-Smits relationships for the calibration of electrical 
resistivity models within a single lithological unit. 

When fitting the Waxman-Smits models to the data (as shown in 
Table 1), the value for the formation factor (F), depends strongly on the 
value of porosity. The true value of F cannot be identified from the fit of 
the Waxman-Smits model as it is non-unique; different values of porosity 
result in different values of F where the misfit and n remain constant. 

Fig. 6. Images of the material fabric at the Ripley Landslide, from Unit 3 (A), and Unit 4 (B). Images were taken of a thin section of each material viewed under a 
Scanning Electron microscope (SEM). Images (C) and (D) show the same images from Unit 3 and Unit 4, respectively, coloured to show regions of finer-grained 
material and lower porosity (blue), and regions of coarse-grained material and higher porosity (orange). BGS©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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Indeed, here, at low GMC for Unit 4, the same fit to the data can be 
achieved with a Formation Factor that is lower than that reported in 
Table 1 (3.396) if a higher porosity is used (0.48), along with the same 
value for n as reported in Table 1. However, the values reported in 
Table 1 are closer to those reported in other studies of fine-grained 
materials (e.g. Merritt et al., 2014, where, for a silty clay similar to 
that of Unit 4 in this study, F = 22.17, and porosity = 0.34). Further, it is 
expected that the porosity in the fine-grained region of the sample 
(which dominates the GMC-resistivity relationship at low moisture 
contents – as discussed above and highlighted in Fig. 6) will be lower 
than for the sample as a whole. As such, it is proposed that more 
reasonable values for the Formation Factor and porosity in the Low GMC 
section of the curve for Unit 4 are those reported in Table 1, as they are 
representative of fine-grained materials. While these values have 
considerable uncertainty, the resulting Waxman-Smits model is 
numerically identical and so these uncertainties do not affect the results 

that depend on the fit. 

4.1.2. Resistivity-suction relationship 
The relationships between soil suction and GMC (Soil moisture 

characteristic curve) and between soil suction and resistivity for units 3 
and 4 of the Ripley Landslide is shown in Fig. 7, with the modelled 
relationship shown alongside the laboratory-measured data. The values 
of the parameters used to fit the relationship between suction and GMC 
are shown in Table 2. These relationships were applied to the ERT 
models produced from the field monitoring to provide an insight into the 
changes in soil suction through time, as discussed below. 

4.2. Landslide movement 

Fig. 8 shows the cumulative ground displacement below the head 
scarp of the Ripley Landslide, within the area of the PRIME monitored 
section of the slope (Huntley et al., 2021). There was an average of 9 cm 
of displacement over two years, with the greatest rate of movement 
occurring over winter between October and April. This movement 
occurred uniformly across the slope, except for one point, so the effect of 
the slope movement on electrode movement and the resulting ERT in-
versions presented here is likely to be minimal (Wilkinson et al., 2010; 
Wilkinson et al., 2016). The period of accelerated movement in winter 
coincides with the freeze-thaw cycling that the Ripley Landslide un-
dergoes each year when air temperature drops below 0 ◦C. The slope 
stabilizes during the spring and summer months, when moisture content 
in the Ripley Landslide subsurface is at its highest. Movement increases 
as resistivity increases toward the point of freezing during the winter 
months. The period of increased movement also coincides with low river 
levels of the Thompson River at the toe of the Ripley Landslide. River 
levels fluctuate by up to 7 m annually (Sattler et al., 2021), and when the 
River level is low, this leads to a de-buttressing effect (Eshraghian et al., 
2007) and accelerates movement up until the point of snowmelt in April 
when river levels increase again. 

4.3. Calibrated resistivity models 

Moisture content - resistivity relationships developed in the labora-
tory were applied to the ERT models from the PRIME monitoring. A 
baseline image of spatial distribution of gravimetric moisture content 
(GMC) from the beginning of the monitoring period on 05/12/2017 is 
shown in Fig. 9a. Fig. 9b shows the model divided into zones based on 
the 3-D ground model of the site. Petrophysical relationships were 
applied to the zones of the model constituted by Unit 3 and Unit 4. Areas 
of the model for which no GMC data is available are shown. Zones of the 
model which were not calibrated are displayed as a gravimetric moisture 
content value of 0. 

Changes in gravimetric moisture content through time, as a per-
centage change from a baseline moisture content condition from 
December 2017, are shown in Fig. 9c. The constraints used in the data 
inversion were found to produce convincing results with regard to the 
changes in resistivity through time in response to changing weather 
conditions in the top few metres of the model. However, where the 
model resolution is low (e.g. at depth) it is possible that the L2 temporal 
constraint could be causing the changes to overshoot, producing 
possibly spurious changes in resistivity (Holmes et al., 2020), and 
therefore in the calibrated GMC, at depth. As such, interpretations of 
changes in GMC focus on the upper few meters of the model. Addi-
tionally, although these models are corrected for seasonal temperature 
changes (Uhlemann et al., 2017), rapid near-surface changes in tem-
perature will affect the translation of resistivity to moisture content. It is 
also assumed here that changes in porosity are minimal, and that the 
resistivity of the water in the slope is also consistent. Each of these 
factors is important in the fitting of the Waxman-Smits models, and so 
this is a potential limitation of the research. 

There is a clear seasonal pattern of ground moisture conditions at the 

Fig. 7. Suction-moisture content relationships and resistivity-suction relation-
ships for Units 3 and 4, both measured in the laboratory using the modified 
HYPROP 2. BGS©UKRI. 

Table 2 
Parameters used in the fitting of Suction-moisture content models to laboratory 
data from the Ripley Landslide. These parameters fit the data but are not unique, 
which is a limitation of the research as there is uncertainty in these values.  

Suction-GMC model GMCS (%) b (− ) a (− ) t (− ) 

Unit 3 37.2 0.761 44.70 0.290 
Unit 4 39.1 0.305 13.90 1.221  
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Ripley Landslide. The greatest changes in GMC are seen in the spring at 
the onset of the snowmelt season (Fig. 9c). The propagation of the 
wetting front down the slip face is apparent; an increase in gravimetric 
moisture content in this zone is observed directly following the onset of 
the snowmelt period each year (March–April), as well as in response to 
positive weekly effective rainfall, particularly in the very near-surface. 
The GMC of the slip face zone remains elevated following the propa-
gation of the wetting front for several months, with implications for 
slope stability as high moisture contents are associated with a decrease 
in normal effective stress, therefore increasing susceptibility to failure. 

The influence of temperature on changes in electrical resistivity and 
calibrated GMC is important at the Ripley Landslide as temperatures fall 
below 0 ◦C on a seasonal basis (Fig. 10a). However, the snow cover 
varied considerably over the monitoring period (Fig. 11), which influ-
enced the mechanism for change in GMC at the onset of the snowmelt 
period. In 2018, there was a far greater snow cover than in 2019. Snow 
has insulating properties, and so the subsurface temperature remained 
elevated in 2018 compared with 2019 reducing the depth of freezing, 
and in the head scarp zone where snow drift accumulates, temperatures 
remained above 0 ◦C throughout the entire monitoring period. There-
fore, the increase in gravimetric moisture content seen in Fig. 10b and c 
at the onset of the snowmelt season in 2018 is likely to be due to infil-
tration of snowmelt combined with melting of ice in the subsurface, 
whereas in 2019, this is likely to be associated solely with melting of ice 

in the subsurface. 
Fig. 10b shows the changes in GMC alongside air temperature and 

weekly effective rainfall. GMC was isolated on the calibrated PRIME 
model for the head scarp zone and the non-head scarp zone, as delin-
eated by the regions of low resistivity in the head scarp zone and higher 
resistivity in the non-head scarp zone and the average GMC of the cells in 
each zone was calculated. As air temperature rises above 0 ◦C in the 
spring, there is a rapid increase in GMC in the head scarp zone as the 
snowmelt season begins. GMC rises throughout the spring, peaking in 
summer, and then falling again to a minimum in winter. This is likely to 
be due to freezing in the near surface. As shown in Fig. 10c, the moisture 
content of the head scarp zone remains elevated compared with that of 
the rest of the PRIME-monitored area of the slope all year round. This is 
likely to cause a reduction in matric suction and normal effective stress 
in this zone, increasing the likelihood of failure. Changes in the absolute 
values of GMC in the head scarp zone are also far greater, ranging from a 
minimum of 35% to a maximum of 49%, compared with 10% to 16% 
across the rest of the slope. There is also a lag of approximately 2 weeks 
between the changes in air temperature and the subsurface changes in 
GMC. 

In terms of percentage change though, the magnitude of change is 
similar (Fig. 10b). However, the head scarp zone responds more quickly 
to both wetting and drying in response to snowmelt and to changes in 
effective rainfall than the rest of the slope does, as shown by the 

Fig. 8. Cumulative displacement of points on the Ripley Landslide (grey) and average cumulative displacement (black), shown alongside meteorological data for the 
same period. Weekly average temperature is shown, along with weekly average rainfall and weekly effective rainfall. BGS©UKRI, contains ©Geological Survey of 
Canada data. 
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steepness of the rising and falling limb. Indeed, during the 2018 snow-
melt period (March to May), there was an average rate of increase in 
GMC of 0.9% per week in the head scarp zone compared with 0.3% per 
week in the rest of the slope (Fig. 9). This is likely to be due to the 
presence of tension cracks in the head scarp zone, which provide a 
preferential pathway for moisture movement. Additionally, the per-
centage decrease in GMC in winter was lower in the head scarp zone 
than in the rest of the slope. This is likely to be due to the exaggerated 
effects of freezing across the slope compared with the head scarp, as 

more snow tends to accumulate in the sheltered head scarp zone 
(Fig. 11). There is little response to changes in effective rainfall in the 
subsurface, with the exception of in the head scarp zone. This is due to 
the depth of the zone of study here, as changes in electrical resistivity in 
the very near surface occur predominantly in Unit 8 (Holmes et al., 
2020), for which no GMC data is available. Therefore, changes in GMC 
presented here are seasonal, rather than changing rapidly in response to 
surface forcing factors such as rainfall events. 

There is a clear relationship between electrical resistivity and matric 

Fig. 9. A) Baseline Image from the Ripley Landslide ERT monitoring (05/12/17), calibrated using laboratory-based petrophysical relationships to display gravi-
metric moisture content (GMC). B) Regions of the model calibrated by petrophysical relationships from Unit 3 and Unit 4, and regions of the model for which there is 
no GMC data available. C) Percentage change in gravimetric moisture content (GMC) from baseline image (05/12/17) through two years of monitoring. BGS©UKRI. 
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suction in the Ripley Landslide materials (Fig. 7). This relationship was 
used to calibrate ERT images from the Ripley landslide, and average 
suction in Unit 4, where the failure surface of the Ripley Landslide lies, 
was calculated. Changes in the modelled soil suction through time are 
shown in Fig. 12. Field measurements of soil suction are shown along-
side this: In both the measured and modelled data, there are higher 

suctions in winter and lower suctions in spring following the onset of the 
snowmelt season. It should be noted that the modelled suctions based on 
the calibrated resistivity models shown here (Fig. 12) are well beyond 
the range of suctions measured in the laboratory (Fig. 7). However, the 
suctions measured in the field and the modelled suctions have a mod-
erate Pearson correlation coefficient of 0.40. Although not strong, this 

Fig. 10. A) Weekly average temperature, weekly rainfall, and weekly effective rainfall through time. B) Percentage change of the average gravimetric moisture 
content for the top 5 m of the ERT model (excluding non-calibrated zones), showing the head scarp and non-head scarp change separately. C) Absolute values of 
gravimetric moisture content through time for head scarp and non-head scarp regions of the upper 5 m of the PRIME monitored areas of the landslide based on 
laboratory calibrations of ERT models. BGS©UKRI. 
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correlation is present despite the fact that the field measurements of soil 
suction were taken in a different unit (Unit 8), for which no calibration 
was available. Further, measurements were taken for a discrete point on 
the slope (Fig. 1c), whereas the modelled suction is based on an average 
for a greater volume of the slope. 

Additionally, changes in soil suction through time, as recorded by the 
suction sensors installed on the site at the Ripley Landslide, are shown in 
Fig. 13. Changes in resistivity recorded by the PRIME system in the cells 
of the ERT mesh in the location of the suction sensors are shown 
alongside this, enabling an indirect comparison. These changes follow a 

similar trend with higher suctions corresponding to higher values of 
resistivity. Changes in suction mirror changes in moisture content 
(Fig. 9), as there is a monotonic relationship between moisture content 
and soil suction. The extremely high suctions recorded in the summer of 
2018 (maximum = 26,592 kPa) are likely to be due to high rates of 
evapotranspiration due to high air temperatures and increased plant 
activity during the summer months. Indeed, the summer of 2018 was 
drier than that of 2019 (Sattler et al., 2021), explaining the higher levels 
of suction in 2018 compared to 2019. Again, the rapid change in winter, 
whereby soil suction increased sharply, is likely to be due to freezing in 
the near surface and a reduction in the quantity of liquid water in the 
subsurface, given the role of temperature in controlling changes in 
electrical resistivity at the Ripley Landslide (Sattler et al., 2021). 

This has important implications for slope stability as snowmelt oc-
curs earlier in the Thompson River Valley than at higher elevations 
(Sattler et al., 2021). As such, when matric suction in the Ripley Land-
slide begins to fall in spring (Fig. 13), river levels remain low prior to 
increasing in spring in response to snowmelt in the wider catchment. 
Therefore, the Ripley Landslide is vulnerable to slope failure at this point 
as matric suction is low at the same time as the river buttressing effect is 
at a minimum (Sattler et al., 2021). As such, while moisture content 
variations are important for slope stability in the upper reaches of the 
slope, there are also other controlling factors that need to be considered 
in slope stability assessment. 

4.4. Temperature-resistivity-suction relationships 

The relationship between soil suction, resistivity, and temperature is 
considered in Fig. 14. Here, temperature measured by TEROS-21 soil 

Fig. 11. Photographs taken by wildlife cameras installed along the PRIME lines at the Ripley Landslide: (A) A snapshot from the time of maximum snow coverage in 
2018 (02/01/2018), and (B) the maximum snow coverage in 2019 (14/02/2019) is shown. Most snow accumulation is observed in the head scarp zone (A). 

Fig. 12. Changes in soil suction through time in the Ripley Landslide, showing 
modelled data from calibrated ERT models, and field sensor data. BGS©UKRI. 

Fig. 13. Changes in soil suction, as measured by the TEROS-21 sensors, and co-located electrical resistivity through time in the Ripley Landslide. Data courtesy of the 
University of Saskatchewan. BGS©UKRI. 
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suction sensors installed on the Ripley Landslide is plotted against the 
average temperature-corrected resistivity of the ERT images in the vi-
cinity of the sensors. In the head scarp zone, suction and resistivity rise 
in line with decreasing temperatures, as expected (Wu et al., 2013). In 
the slide mass zone, however, whilst resistivity increases with 
decreasing temperatures above 0 ◦C, temperatures fall below 0 ◦C in this 
area as typically less snow covers this area and so there is less insulation, 
and so freezing occurs. 

The low resistivity values at very low temperatures are attributed to 
the supercooling effect, which is characterised by drops in resistivity, 
followed by sharp increases (Krautblatter et al., 2010; Wu et al., 2013). 
As shown in the time-series resistivity data (Fig. 13), there is a period of 
low resistivity at the onset of freezing, while suction values begin to rise 
and temperatures fall. This initial low resistivity at the onset of freezing 
can be attributed to an increase in the salinity of the unfrozen pore fluid 
as ice begins to nucleate which results in separation of salts from the 
pore fluid. This results in a high salt concentration in the frozen zone, 
increasing the conductivity of the pore solution and decreasing soil bulk 
resistivity. It follows that a high concentration of salts at the boundary of 
the freezing front results in salt migration into the unfrozen zone (Bing 
et al., 2015). Hence, the resistivity of the near surface begins to increase 

following this initial drop in resistivity, and peaks as the ground be-
comes fully frozen at the near surface (Figs. 13 and 14). As such, where 
temperatures fall below 0 ◦C, the relationships between resistivity, soil 
suction, and temperature become more complex, as additional processes 
should be considered. 

5. Conclusions 

The 4-D ERT monitoring presented here allows an assessment of the 
long-term behaviour of a slope affecting transport infrastructure: Com-
plex hydrogeological pathways are highlighted within the PRIME- 
monitored section of the Ripley Landslide. Petrophysical relationships 
developed in the laboratory allow ERT to be used to provide insight into 
moisture content and soil suction changes through time in response to 
changing weather conditions, which furthers the understanding of slope 
behaviour at this site. Here, snow melt events are the main driver of 
moisture content changes in the subsurface, as freeze-thaw cycles result 
in significant spring-time changes in infiltration as a result of snowmelt. 
This coincides with an annual period of accelerated movement of the 
landslide from October to April, attributed to a de-buttressing effect at 
the toe of the Ripley Landslide owing to low levels of the Thompson 

Fig. 14. Field-based relationship between resistivity and temperature, coloured according to matric suction, for different zones of the Ripley Landslide: A) Slide mass 
relationships, B) Head scarp relationships. BGS©UKRI. 
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River during this time. Freeze-thaw processes have a unique signature 
on the resistivity of the subsurface, as shown in this study. Further 
consideration of the complex suction-resistivity relationships at the 
timing of freeze-thaw events during periods where temperatures fall 
below 0 ◦C provides an opportunity for further research in the future. 
This study demonstrates the utility of geoelectrical monitoring for 
assessing slope stability in moisture-driven landslides, highlighting 
subsurface changes that cannot be inferred from traditional transport 
infrastructure monitoring techniques. 
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