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Abstract: This review examines the application of the geophysical methods for Transporta-
tion Infrastructure Slope Monitoring (TISM). In contrast to existing works, which address
geophysical methods for natural landslide monitoring, this study focuses on their applica-
tion to infrastructure assets. It addresses the key aspects regarding the geophysical methods
most employed, the subsurface properties revealed, and the design of monitoring systems,
including sensor deployment. It evaluates the benefits and challenges associated with
each geophysical approach, explores the potential for integrating geophysical techniques
with other methods, and identifies the emerging technologies. Geophysical techniques
such as Electrical Resistivity Tomography (ERT), Multichannel Analysis of Surface Waves
(MASW), and Fiber Optic Cable (FOC) have proven effective in monitoring slope stability
and detecting subsurface features, including soil moisture dynamics, slip surfaces, and
material heterogeneity. Both temporary and permanent monitoring setups have been used,
with increasing interest in real-time monitoring solutions. The integration of advanced
technologies like Distributed Acoustic Sensing (DAS), UAV-mounted sensors, and artificial
intelligence (AI) promises to enhance the resolution, accessibility, and predictive capabili-
ties of slope monitoring systems. The review concludes with recommendations for future
research, emphasizing the need for integrated monitoring frameworks that combine geo-
physical data with real-time analysis to improve the safety and efficiency of transportation
infrastructure management.

Keywords: Geophysical techniques; slope stability; transportation infrastructure slope;
monitoring

1. Introduction
Engineered slopes in railway, road, and canal networks have always been essential

components of transportation infrastructure and crucial for the development of societies
and economies [1]. These slopes deteriorate over time, and failures can happen as a result
of a variety of drivers including heavy rain, seasonal drying and wetting cycles, seismic
activity, or human activities such as mining or construction. Furthermore, landslides on
natural slopes adjacent to transportation infrastructure are subject to similar pressures and
risks [2]. Transportation Infrastructure Slopes (TISs) are defined here as either natural or
engineered slopes located adjacent to railways, roads, or canal networks.
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The socioeconomic impact of TIS instability continues to grow driven by increas-
ing environmental pressures coupled with the strain of a growing population [3]. With
22,000 passenger trains carrying 4.4 million passengers daily and 11% of the nation’s
daily freight traffic, rail transport is of enormous socioeconomic importance to the UK
(e.g., ref. [4]). Any disruption to even a small portion of this network could have dispro-
portionately large knock-on effects across the network. For instance, even a small-scale
earthwork failure near to Birmingham caused by the storms that hit the UK on 28 June
2012 resulted in numerous cancellations and delays that reached as far as Penzance, South
Wales, Liverpool, Southampton, London, and Edinburgh, totalling 4900 delay minutes [5].
Likewise, at the same time (28 June 2012), a rainfall-induced slope failure that derailed a
train in the Scottish Highlands resulted in an 11-day line closure and 10,000 weather-related
minutes of delay [5]. More recently Network Rail highlighted several earthwork failures fol-
lowing a persistently wet winter, exacerbated by multiple storms including storm Ciara in
February 2020, with failures especially common in the Southern Region. The failure caused
major disruptions on the railway between London, the West Midlands, Northwest, and
Cumbria [6,7]. However, ref. [8] announced that over successive 5-year control periods of
TISM, the frequency of derailments and high-consequence failures has generally decreased
although the occurrence of low-frequency, high-consequence events has remained above
NR’s corporate risk tolerance. Besides the abovementioned UK TIS failures, other regions
of the world have been facing even greater challenges. For example, ref. [3] refer to the
Andes Mountain region of Ecuador and the Pan-American Highway. The Highway, which
is severely impacted by land sliding, is one of the main thoroughfares of Cuenca, with an
estimated average daily traffic of 46,000 vehicles, per the Ministry of Transport and Public
Works. The Pan-American Highway’s closure cuts off a number of significant population
centres, causing a crisis in road communications that severely impacts the population’s
mobility and the economy.

To reduce the risks connected with TIS failure, condition assessment, monitoring, and
landslide early warning systems are becoming increasingly important and are driving the
development of novel observing technologies and solutions (e.g., refs. [9,10]). In particular,
early warning systems can include a combination of assessment, monitoring, prediction,
and communication elements [11,12].

Regular visual inspections are the predominant method for Transportation Infras-
tructure Slope Monitoring (TISM), typically conducted every 2 to 10 years, contingent
upon the Earthworks Hazard Category (EHC) system proposed by Network Rail, which
classifies earthworks based on their statistical likelihood of failure from categories A to
E with A statistically least likely to fail, and E the most likely to fail [8]. Continuous in
situ measurements and monitoring [13] are other methods of conducting an earthwork
examination. These methods are intended to detect and document signs of ongoing and
developing instability in a consistent and repeatable way. More recently, early warning
technologies have significantly advanced the field of TISM. These technologies not only
facilitate the measurement of critical soil parameters but also enhance communication by
providing timely information regarding potential anomalies that could lead to catastrophic
events [14]. The early warning systems can use integrated geophysical and geotechnical
methods, remote sensing, and rainfall monitoring. Geotechnical measurements from incli-
nometers, tiltmeters, piezometers, soil moisture sensors, and strain gauges in ground-based
monitoring systems detect the changes in slope soil moisture, deformation, and slope
movement. However, these geotechnical early warning systems are constrained in terms of
coverage and scalability [15,16] generally, with intrusive investigations and point sensors,
so only a very small proportion of a geotechnical asset can be directly monitored [17].
Likewise, in heterogeneous ground conditions, the discrete, single-point data provided by



Geosciences 2025, 15, 220 3 of 50

these methods can be insufficient to assess the kinematics and behaviour of ground defor-
mations. These challenges in obtaining spatial and continuous information on displacement
patterns still exist, even if instrumental and topographic measurements are made across
extensive networks [17,18].

On the other hand, remote sensing technologies (satellite, airborne, or drone-based)
can address some of these limitations by identifying the changes in slope elevation and dis-
placement, and other factors such as shallow soil moisture and vegetation health. However,
there are challenges associated with these approaches as well, including the processing and
interpretation of very large data sets [19], cloud cover affecting satellite visibility, limited
spatial resolution [15,20] especially regarding smaller slopes [21], and the high cost for
some techniques [22,23]. Recently, some challenges, particularly associated with big data
handling, are being solved using artificial intelligence (AI) and deep learning [24–26]. On
the other hand, remotely sensed data are generally only sensitive to the ground surface
or very shallow subsurface and therefore cannot provide enough information on the sub-
surface precursors to slope failure especially for rainfall-induced landslides. According
to refs. [27–35], landslides are strongly influenced by rainfall. The real-time monitoring
of rainfall intensity and duration by rainfall monitoring systems can send out warnings
when the rainfall surpasses crucial thresholds [36] that could cause landslides by setting
thresholds based on past data [37,38]. However, there are limitations in using rainfall data
alone to predict the precise position [39] and time of landslides. Moreover, the subsurface
ground conditions, such as infiltration and drainage pathways, as well as the effects of
evapotranspiration, play a critical role in rainfall-induced slope failures that cannot be
directly determined from rainfall data alone.

To address some of the limitations of conventional investigations, remote sensing, and
geotechnical monitoring, there has been a growing interest in the development and applica-
tion of geophysical approaches in TISM (e.g., refs. [11,40–43]). Near-real-time information
delivery, slope-scale subsurface models, spatial/volumetric subsurface data, and minimally
invasive imaging are some of the main advantages of geophysical monitoring for slope
stability applications [44].

While many reviews have discussed the geophysical applications for general landslide
monitoring [11,41,45–49], a clear gap remains regarding slopes associated with transporta-
tion infrastructure. Instability in these slopes poses distinct challenges, such as high human
and economic risks, limited accessibility, and specific engineering constraints. This re-
view addresses that gap by focusing specifically on the advances in the development and
application of geophysical methods for TISM.

This paper provides a novel, integrated overview of how geophysical methods con-
tribute uniquely to the study of transportation slopes—such as those alongside roads,
railways, and canals: 1. What geophysical methods have been successfully used for TISM?
2. What subsurface properties and structures can these methods reveal? 3. What moni-
toring and survey designs have been adopted for transportation slopes in terms of sensor
deployment and the duration of measurements? 4. What are the benefits and challenges of
the various geophysical approaches in this context? 5. What is the potential for the integra-
tion of geophysical and other techniques? 6. What are the main emerging technologies and
research directions in this field?

2. Slope Instability Conditions and Indicators
Monitoring landslide precursor factors by using geophysical methods for TISs has

been well developed in literature. Recent studies have shown that electrical imaging [50,51],
seismic methods [52–54], and unmanned aerial vehicles [50] can be successfully applied to
identify the TIS precursors to failure. Recent studies have demonstrated that electrical imag-
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ing (e.g., refs. [14,43]), seismic methods (e.g., refs. [55–57]), ground penetrating radar (GPR)
(e.g., refs. [58,59]), electromagnetic (EM) techniques (e.g., refs. [59,60]), and Distributed
Acoustic Sensing (DAS) (e.g., refs. [61,62]) can be effectively applied to identify and monitor
the precursors to failure in TISs. Besides the precursor factors, geophysical methods also
can monitor the past failure conditions in TISs [14,43]. Figure 1 is an illustration of the
slope instability conditions and indicators regarding TISM: the key features include tension
cracks at the crest, rainfall effects, freezing–thawing cycles, vegetation impacts, a visible
groundwater table, and a landslide.

 
 

(a)  (b) 

Figure 1. Illustration of slope instability conditions and indicators: key features include tension
cracks at the crest, rainfall effects, freezing–thawing cycles, vegetation impacts, a visible groundwater
table, and a landslide. (a) Pre-failure, (b) post failure.

2.1. Pre-Failure Condition

Pre-failure slope conditions in TISs involve a range of interacting factors, including
seasonal and daily environmental variations, soil properties, and external influences. These
factors contribute to the complex dynamics of embankment stability.

2.1.1. Seasonal and Environmental Variations

Freezing and thawing cycles significantly impact the mechanical properties of soft
rock and soils. An increased moisture content reduces the cohesion and internal friction
angle of soft rock, leading to a rapid decrease in slope stability. The cyclic action of freez-
ing and thawing exacerbates soft rock fractures and fragmentation, further destabilizing
TISs. Ref. [63] noted that the slope stability coefficient decreases exponentially with succes-
sive freezing–thawing cycles in TISs, especially in moisture-rich soils. Similarly, ref. [64]
highlighted that in permafrost regions, the retention of freezing water and its subsequent
melting contribute to transportation slope instability.

Wetting and drying cycles affect slope deformation, especially when pre-existing
cracks are present. The interaction of processes such as freezing–thawing and wetting–
drying cycles also amplifies the degradation of the geotechnical properties in soils.
Refs. [65,66], demonstrated that these cycles dissolve cementing materials, increase the
porosity, and weaken particle bonds, reducing the soil strength over time. In loess
soils, wetting–drying weathering has a more pronounced impact than freezing–thawing
cycles, highlighting the importance of considering the environmental conditions in
stability assessments.
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2.1.2. Influence of Cracks

Cracks facilitate rainfall infiltration into deeper soil layers, which increases the pore
water pressure and reduces the shear strength. This influence varies depending on the crack
orientation, intensity, and duration of rainfall. Studies such as [67,68] show that vertical
cracks near the slope crest and those with a greater depth significantly reduce the safety
factors and contribute to localized deformation, ultimately compromising slope stability.

2.1.3. Vegetation and Construction

Vegetation exerts both stabilizing and destabilizing effects on slopes. Ref. [69] found that
while tree roots stabilize slopes, the weight of trees can cause destabilization, particularly on
slopes with shallow soils. Ref. [43] observed that tree-induced seasonal fluctuations in soil
moisture exacerbate the fissuring in clay-rich soils, reducing their shear strength. Conversely,
grassy slopes are better suited for expansive soils due to their reduced shrink–swell effects.
Construction activities, particularly on upslope areas, can activate dormant cracks and
exacerbate instability by altering stress distributions and drainage patterns.

2.2. Partial Failure Conditions

Partial slope failures arise from a combination of factors such as topographical varia-
tions, soil disturbances, vegetation changes [70], and tensile cracks [71]. These elements
influence localized instabilities. For example, the bending of trees, changes in vegetation
cover, and varying soil types alter the stress distributions and hydrological conditions,
potentially triggering partial failures.

2.3. Landslide Indicators Recognized by Geophysical Methods

Geophysical methods provide valuable tools for assessing landslide indicators, offer-
ing non-destructive and sensitive measurements of the soil and subsurface properties [51].

2.3.1. Cracks

Electrical resistivity techniques effectively characterize and monitor cracks in TISs
as electrical properties are sensitive to the fracture size and distribution according to
refs. [43,51]. GPR can detect internal cracks or hidden damage by analyzing the radar
waves that bounce back from them. The application of GPR in monitoring the cracks
associated with transportation infrastructures also has been studied by [51,72–74]. Seismic
methods are also used for monitoring cracks in TIS by detecting stress changes. Cracks
create variations in the soil properties, such as elastic and shear modulus, moisture content,
and infiltration patterns [9].

2.3.2. Soil Disturbance

Geophysical methods, such as shallow seismic and ERT, analyze and capture the
changes in the soil structure caused by the disturbances associated with landslides nearby
transportation corridors [75]. Ref. [76] emphasized the utility of these methods in assessing
the mechanical properties and hydrological impacts of disturbed soils.

2.3.3. Groundwater Conditions

Electromagnetic and electrical resistivity methods have long been used to investigate
groundwater conditions, which significantly influence slope stability. These methods’
sensitivities toward parameters, including fluid salinity and water content by measuring the
resistivity values, enable them to monitor the hydrological dynamics of TISs [14,43,77,78].

By integrating multiple geophysical techniques with other traditional methods, re-
searchers can monitor and detect slope failures more effectively, providing critical insights
into the slope stability under varying environmental and geological conditions.
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3. Geophysical Approaches Applicable to TISM
The evident importance of comprehending the spatiotemporal distribution of moisture

content and stress in identifying the potential failures at the slope scale has prompted the
broader development of geophysical systems for landslide monitoring. The sensitivity of
resistivity measurements to moisture content complements the advances in some geophysi-
cal techniques, such as passive seismics for real-time event detection and active seismics to
assess moisture-induced subsurface stress variations [51].

For transportation slope monitoring, four sub-categories of near surface geophysical
methods are considered here: seismic methods; electrical methods; ground-based radar, such
as ground penetrating radar (GPR); and electromagnetic (EM) methods. Various physical
parameters, such as resistivity, density, or seismic velocities, can be determined using these
techniques, either actively or passively. They can be used individually or in combination,
depending on the specific slope assessment problem. Also, the choice of method depends on
factors such as slope composition or the physical properties of the subsurface (material type),
instrument costs and availability (acquisition set-up), and the desired penetration depth (level
of accuracy and sensitivity [79]. Each of the geophysical methods has its own advantages
and limitations. Geophysical methods’ limitations include cost, sensitivity to the features
of interest, signal to noise ratio, depth of resolution, and non-uniqueness of interpretation
(e.g., ref. [80]). Integrated or multi-method surveys can reduce the uncertainties and bridge
the gap between high efficiency and high-resolution structural information [59]. Based on the
previously mentioned classifications, some of the most widely used geophysical methods for
the assessment of unstable slopes are summarized in the following sections.

Figure 2 illustrates the various geophysical techniques utilized in monitoring slopes.
These methods are categorized based on the type of information that they provide and their
capability for real-time monitoring. Table 1 highlights each method’s sensitivities to specific
physical properties, subsurface conditions, and potential precursors to slope failure.

Figure 2. Geophysical techniques utilized in monitoring slopes. Acronyms used in this figure are defined
below: EI—electrical imaging; ERT—electrical resistivity tomography; SPT—self-potential tomography;
IPT—induced polarization tomography; SRaT—seismic refraction tomography; SReT—seismic reflection
tomography; MASW—multi-channel analysis of surface waves; HVSR—horizontal-to-vertical spectral
ratio; MAM—microtremor array measurements; ANCC—ambient noise cross-correlation; SI—seismic
ambient noise interferometry; S-ANT—seismic ambient noise tomography; S-EDCL—seismic event
detection, characterization, and location; NMSD—nano-micro seismic detection; DAS—distributed
acoustic sensing; GPR—ground penetrating radar; EM—electromagnetic; ET—emerging technology;
Vs —shear wave velocity; Vp—compressional wave velocity.
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Table 1. Overview of geophysical methods with their directly measurable properties and inferred
(indirect) parameters relevant to landslide and slope stability assessment.

Methods Direct Properties Indirect Properties

EI
ERT Resistivity

Moisture content, groundwater
salinity, pore fluid conductivity,

stratigraphy, slip surface geometry

SPT Streaming potential Subsurface fluid flow

IPT Polarization effect, chargeability Moisture content, permeability,
lithology, pore fluid chemistry

Seismic

SRaT (refraction) Vp, and Vs Moisture content, elastic properties

SReT (reflection) Vp, and Vs Stratigraphy and discontinuities,
elastic contrast

MASW Surface waves dispersion and Vs Shear wave velocity (Vs), shear
stiffness, stratigraphy

HVSR Fundamental resonance frequency
(H/V spectral ratio)

Stratigraphy and thickness of layers,
slip surface location, material strength

MAM Surface wave dispersion (via
geophone array)

Stratigraphy, slip surface location,
material strength

ANCC (SI/S-ANT) Travel time delays between correlated
noise waveforms and dispersion curve

Subsurface structure, temporal
changes in velocity (failure precursors),

S-wave velocity, 2D/3D imaging

S-EDCL/NMSD Seismic event timing, frequency,
amplitude, and location

Deformation precursors, displacement
rate (via slidequake frequency)

DAS

Distributed strain rate, seismic wave
propagation

time-lapse acoustic and
vibration signals

Event type classification, source
location sensitivity (qualitative),

ground movement

GPR
Subsurface reflections from material

interfaces (e.g., bedding
planes, cracks),

Hydrodynamics of the near surface,
pore water pressure

EM
Electrical conductivity, groundwater

salinity, moisture content, water
table depth

Saturation levels (inferred from
conductivity), Clay content (inferred

from conductivity variations),
geometric boundaries of landslides

3.1. Electrical Imaging (EI)

EI has been widely applied in TISM, providing detailed insights into slope instability
by imaging the key subsurface characteristics associated with landslides and ground
movements [14,43,56,57,81–83]. Electrical properties are sensitive to key characteristics
that can influence slope stability. These include the subsurface structure, clay content,
porosity, and saturation and relate to hydraulic conductivity and permeability. EI can also
indirectly assist in calculating important geotechnical parameters, such as those defined by
the Mohr–Coulomb Failure Criterion, including the shear strength, pore water pressure,
cohesion, and friction angle—all of which are crucial for understanding landslides [43].
EI can be split into three broad subgroups: Self-Potential Tomography (SPT), Induced
Polarization Tomography (IPT), and Electrical Resistivity Tomography (ERT) [84]. Table 2
summarizes the research on TISM using EI methods conducted over the past three decades,
highlighting the predominant use of ERT compared to other EI methods.
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Table 2. A summary of research on TISM using EI. Note: “-” = not specified; “×” = multiplication.

Reference Method Monitoring
Period (Days)

Monitoring
Type

Grid
Geometry Survey Detail

Gunn et al., 2016;
Gunn et al., 2018

[56,57]
ERT 270 Perm 2D

Two electrode lines, one parallel to the
embankment, containing 96 electrodes

spaced at 1.5 m. Another line, with
32 electrodes spaced at 1 m, ran over the

embankment. A dipole–dipole
configuration.

Gunn et al., 2015
[55] ERT 180 Temp 2D

A profile (140 m) of 64 electrodes;
electrode spacing of 1.5 m; parallel to the

embankment transect. Several
32-electrode line arrays across the

embankment; electrode spacing 1 m.
Dipole–dipole electrode configuration.

Gunn et al., 2015
[55] ERT 515 Perm 3D

Twelve cross-axis ERT lines, profile
spacing of 2 m; electrode spacing of 1 m.
Additional 32-electrode line arrays along
the embankment; electrode spacing of

1 m. Dipole–dipole array configuration.

Holmes et al.,
2020
[14]

ERT 720 Semi Perm 3D

Two electrode profiles. One ERT line
(91 m) with 45 electrodes. The other ERT
line (54 m) with 27 electrodes; electrode

configuration of Wenner.

Su et al., 2021
[85] ERT 120 Semi Perm 2D

Three longitudinal ERT profiles and
three transverse ERT profiles were
gathered. Each profile contained

32 electrodes and was 126 m long;
electrode spacing of 2 m. Elec. config. of

Schlumberger.

Chambers et al.,
2014
[86]

ERT 840 Perm 2D & 3D

Within a 22 m portion of the
embankment, a permanent ERT

monitoring array was erected, consisting
of twelve wires that ran perpendicular
to the rails and were spaced 2 m apart.
There were 32 electrodes on each line,

spaced 1 m apart.

Chambers et al.,
2022
[87]

ERT 720 Perm 4D

Two sensor arrays made up the
installation: one was 91 m long and had

45 evenly spaced underground rod
electrodes, while the other was 54 m

long and had 27 evenly spaced buried
rod electrodes.

Holmes et al.,
2022
[43]

ERT 720 Perm 4D

Buried stainless steel rod electrodes
were laid out in five lines, two of which

ran uphill and three of which ran
downhill, spanning a relict landslide

and parts of un-slipped cutting on either
side. Lines 1 and 2 had 91 electrodes
spaced 1 m apart, whereas Lines 3, 4,

and 5 had 19 electrodes.

Huntley et al.,
2019
[81]

ERT 147 Perm 2D

Wenner configuration. Two intersecting
ERT profiles: one 91 m with 45 evenly
spaced electrodes, the other covered

54 m containing 27 electrodes.
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Table 2. Cont.

Reference Method Monitoring
Period (Days)

Monitoring
Type

Grid
Geometry Survey Detail

Huntley et al.,
2019
[59]

ERT 31 - 2D

One ERT line, Wenner array of
47 ground electrodes spaced every 5 m.
Four ERT lines. A reverse Wenner array

was used with a minimum electrode
separation of 10 m.

Hen-Jones et al.,
2017
[88]

ERT 720 Semi Perm 2D

The resistivity test chambers had
interior dimensions of 78 mm × 25 mm
× 25 mm, pin electrode separations of

25 mm and 75 mm, and were placed into
the specimens at a depth of 5 mm. In

accordance with the Wenner approach, a
four-point drying curve was generated.

Chambers et al.,
2022
[87].

ERT ~720 Perm 3D

Five ERT lines, two ERT lines across the
slope, 91 electrodes, elec. spacing of 1 m,
and three ERT profiles along the slope,

19 elecs., elec. spacing of 1 m.
Measurement sets were acquired

automatically once every 12 h using a
dipole–dipole array configuration.

Tohari et al., 2017
[89] ERT ~90 Perm 2D

Five ERT profiles, two parallel to the rail
track and three across to the tracks, with
a Schlumberger array configuration with

an inter-electrode spacing of 5 m. No
info about the number of electrodes in

each profile and nothing about electrode
or profile spacing.

Maleki et al.,
2024
[90]

ERT 720 Perm 4D
Ten ERT profiles 3 m apart, each line
with 24 electrodes – 240 electrodes in

total, spaced 0.75 m apart.
Maleki et al.,

2024
[90]

ERT 720 Perm 4D
One long ERT line with 256 electrodes

installed across the slope, spaced at
1.3 m intervals

Glendinning
et al., 2014

[91]
ERT 300 Perm 2D

Two 64-electrode arrays, 0.5 m spacing,
dipole–dipole config., AGI Super Sting

R8/IP instrument.

Gunn et al., 2015
[55] ERT ~900 Perm 2D

ALERT system, 64 electrodes, 0.5 m
spacing across 32 m, dipole–dipole

config.

Calamita et al.,
2023
[82]

ERT 300 - 2D

Five profiles: 710 m/470 m/141 m,
electrode spacing 3–10 m. HVSR with
three-comp. geophones, MAM with

24 synchronized sensors.
Moradi et al.,

2021
[92]

ERT ~810 Temp 2D
ERT profile containing 96 electrodes,

0.5 m spacing, dipole–dipole
configuration.

Gunn et al., 2015
[55] ERT ~900 Perm 2D

Dipole–dipole config. ERT profile made
of 64 electrodes, 0.5 m apart, covering

32 m.
Palis et al., 2017

[93] ERT 365 Temp 2D A total of 48 electrodes; 5 m intervals. A
dipole–dipole config.

Harba and
Pilecki, 2017

[94]
ERT 239 Perm 4D

One 224 m ERT profile with varying
electrode spacing (1 m in the center,

increasing toward the edges)
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Table 2. Cont.

Reference Method Monitoring
Period (Days)

Monitoring
Type

Grid
Geometry Survey Detail

Colangelo et al.,
2006.
[95].

SPT 1 Controlled
test 2D

Eleven electrodes separated by 5 m. A
50 m profile.

The 24 h monitoring phase was a part of
the longer semi-permanent monitoring

campaign.

Perrone et al.,
2004
[96]

ERT - - 2D

A 32-electrode system, electrode spacing
of 10 to 30 m; a dipole–dipole array

arrangement. During the field survey,
eight ERT lines with lengths varying
from 310 to 600 m were undertaken.

Seven lines were oriented transversely
to the landslide body; one line was

oriented parallel to the accumulation
zone. A total of 323 measurements were

recorded for each profile.

Montgomery
et al., 2022

[97]
ERT 600 - 3D

Two linear arrays with 64 electrodes
each, each ostensibly located 2 m apart,

making up the ERT system. A
dipole–dipole array configuration was

used.

Eulilli et al., 2015
[98] ERT - Temp 2D

Two ERT profiles; the
Wenner-Schlumberger array and the

pole–pole array were the two types of
electrode arrays used in this study.

The “Super-Sting R8” multi-electrode
resistivity system was used.

Su et al., 2023
[60] ERT 342 Temp 2D A dipole–dipole arrangement was used.

There were 64 electrodes, 6 m spacing.

Nobahar et al.,
2023 [50] ERT ~2 Temp 2D

Multiple lines of 2D ERI surveys
focusing on post-failure forensic

evaluations, dipole–dipole array with
56 electrodes spaced at different

centre-to-centre distances.

Chambers et al.,
2021 [99] ERT 365 Perm 2D

A linear array of 100 sensors over a
distance of 200 m, with spacings

between electrodes of 1–2 m.
Projects categorized by type—white represents rail projects, grey represents road projects, and blue represents
canal projects.

3.1.1. Self-Potential Tomography (SPT)

SPT is a passive method based on the electrokinetic mechanism, where the movement
of fluids or electrolytes in the subsurface generates electrical potential. Due to the chemical
interactions between the mineral surface and porewater/fractured water, the soil particle
surfaces are typically negatively charged [100]. The negatively charged mineral surface
draws counter ions from porewater to form a layer known as the Stern layer [100]. The
excess electric charges are then dispersed throughout the diffuse Gouy–Chapman layer.
SPT can investigate rainfall-induced landslides, especially in situations where it is not
possible to monitor the subsurface flows from the ground surface or landslip scars di-
rectly [100]. In the context of TISM, there is a limited number of published studies that have
utilized SPT [95].
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3.1.2. Induced Polarization Tomography (IPT)

IP is a polarization phenomenon, most commonly observed in areas containing scat-
tered metallic particles (e.g., pyrite or magnetite), clay, or graphite. Although traditionally
used in mineral exploration, IP techniques also hold relevance for environmental investiga-
tions, particularly in hydrogeophysical applications [84]. According to ref. [101], lithology,
pore fluid chemistry, and water content all influence IP, offering strong potential for hy-
drogeophysical applications. The IP method has been applied by ref. [102] to characterize
the critical subsurface material properties, such as permeability, water content, and clay
content, in relation to transportation infrastructure slopes. A limited number of researchers
have used IPT for TISM (e.g., ref. [103]). The landslide dynamic was investigated by
ref. [103] using time-lapse time-domain induced polarization combined with ground-based
imaging techniques.

3.1.3. Electrical Resistivity Tomography (ERT)

ERT directly addresses the soil properties that are critical for slope stability—
parameters that are often more indicative of landslides—making it better suited for TISM.
The method estimates the subsurface parameters by first measuring the apparent resistivity
and then deriving the true resistivity distribution through an inversion process. These pa-
rameters include pore fluid conductivity, moisture content, porosity, groundwater salinity,
mineral and geological boundaries, subsurface structures, flow pathways, and temperature
variations [104]. Other landslide properties, such as sliding body thickness, lateral exten-
sion, depth, and temporal and spatial changes in the water content, can also be identified
via ERT [105,106].

Increased moisture, often caused by rising rainfall, is one of the main causes of
landslides worldwide. The moisture content in the ground is the primary factor influencing
the pore water pressure, which affects the effective stress on a potential failure plane in soil
or rock [107]. Effective stress, along with the cohesive properties of the slope material and
the internal friction angle, determines the stability of a slope. ERT has been widely used for
hydrogeological investigations [108]. The outcomes showed that during irrigation, ERT
could precisely identify soil horizons and track the transport of soil water.

A single system can use hundreds of inexpensive electrodes (or sensors), and battery-
powered instruments can perform active measurements. This approach contrasts with many
other geophysical methods where the high cost of sensors limits long-term geophysical
imaging or necessitates mobile or high-energy sources [109]. Moreover, ERT technology can
be easily customized for applications requiring longer-term monitoring [110]. Acquiring
repeat resistivity measurements can produce 4D models (i.e., time-lapse 2D or 3D) that
reveal how properties, particularly the moisture content, vary both spatially and temporally.
Time-Lapse Electrical Resistivity Tomography (TL-ERT) has been used as early as 2006 to
assess the hydrogeological behaviour of landslides and characterize their internal structure
(e.g., refs. [111,112]). It remains one of the most widely used geophysical methods for the
long-term monitoring of landslides [11,14,43,44,51,81,86,88,112–115].

Automatic, multichannel measurement equipment and autonomous processing algo-
rithms enable near-real-time ERT monitoring [116,117]. Monitoring studies where data are
acquired on hundreds of electrodes within short timescales require careful consideration
with respect to the survey design [115]. Efforts are made to restrict the quantity of data
without lowering the information content. Repeated measurements can track the changes
in the subsurface properties over time using time-lapse inversion, and comparing the
resistivity distributions from several surveys carried out at different intervals [113]. The
time-lapse geophysical monitoring of landslides is an area that has grown rapidly in the
last decade or so [118].
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An important consideration is that ERT measurements are also contingent upon the
spatial arrangement of the electrodes. If these are not known accurately or if they move
during monitoring due to slips, the resulting tomographic images can be distorted [119,120].
Surveying the electrodes’ positions with suitable accuracy and frequency to match the
ERT data sampling would be impractical and expensive. However, it is possible to obtain
electrode position information from geo-electrical measurements by using suitable inverse
methods [119,120]. These methods are applicable for either 2D or 3D ERT to recover
position displacements on lines or grids of electrodes.

3.2. Seismic Method (SM)

Seismic methods are applied to investigate the seismic velocity propagation of the
subsurface, providing valuable insights into subsurface structures, heterogeneities, and
underground mechanical properties. Depending on how seismic waves interact with
subsurface structures or boundaries, seismic methods can broadly be categorized into body
wave methods (e.g., reflection and refraction) and surface wave methods. These methods
traditionally utilize geophones or microtremors to detect seismic energy by converting the
ground motion into digital information [121].

Seismic methods can also be categorized based on their energy sources: active methods
and passive methods [45]. According to refs. [122,123], seismic reflection and seismic
refraction are commonly used geophysical techniques for shallow subsurface studies.
However, the vertical resolution of seismic reflection often lacks the submeter precision
required for many real-world engineering applications. Surface wave methods, such as
MASW, have proven to be reliable for detecting anomalies in the shallow subsurface and
providing shear wave velocity (Vs) information [124].

Seismic methods can reveal the details about the soil physical characteristics, such as
Vs, Vp, shear modulus (G), Poisson’s ratio (ν), porosity (ϕ), Seismic Velocity Ratio (Vp/Vs),
bulk modulus (K), and constrained modulus (M). Researchers have established connections
between seismic measurements and geotechnical characteristics through petrophysical
relationships and regression analysis, enabling the estimation of the porosity, stiffness, and
saturation levels in clay soils [125]. According to ref. [126], other subsurface properties
including moisture content, density, and shear strength can be derived from the velocity
profiles of P- and S-waves. Seismic methods are conventionally used as manually deployed
static survey techniques and are not commonly used for time-lapse monitoring of the
subsurface. This is likely attributed to the limitations of the conventional seismic acquisition
hardware, arising from the poor spatial coverage of conventional cables, as well as the costs
associated with the required equipment, such as nodal geophones. Yet, recent advances
in the use of Distributed Acoustic Sensing (DAS) has the potential to overcome some
of these limitations, including the poor spatial and temporal resolution, enabling cost-
efficient and high-resolution applications [54]. The application of DAS in monitoring
slope instability is further discussed towards the end of Section 3.2. Table 3 describes
real projects using seismic methods which demonstrate extensive use of MASW, as well
as CSW, for monitoring slopes associated with railway, road, and canal infrastructures.
Also, Table 4 provides real-world conducted projects that demonstrate the increasing use of
FOC in TISM.
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Table 3. A summary of research on TISM using SM. Note: “-” = not specified; “×” = multiplication.

Reference Method Monitoring
Period (Days)

Monitoring
Type

Grid
Geometry Survey Detail

Gunn et al., 2016;
Gunn et al., 2018

[56,57]

MASW
CSW 270 TEMP 2D

CSW: seismic source: a controlled
frequency vertical oscillator containing
up to six geophones (4 Hz) conducted

across the crest of the embankment and
just below the toe of the flanks.

Wavelengths ranged from 0.3 m to 15 m,
depending on the spacing of the

geophones. The CSW method generated
frequencies from 5 to 200 Hz. The
horizontal sampling between CSW

locations was 10 m.
MASW: Coverage along 140 m by

moving successive geophone arrays
along the embankment. Seismic source:
an impulsive sledgehammer and long

geophone arrays (between 24 and
36 geophones). The frequencies

generated were limited to below 80 Hz,
but still allowed the characterization of

the shallow subsurface. Geophones
were spaced at either 0.5 m or 1 m,
covering distances of up to 35 m.

Gunn et al., 2016
[56]

CSW
MASW - - 2D

CSW: Five profiles of CSW, each
containing 13 geophones with 1 and 2 m
intervals, measuring signal frequencies

up to 200 Hz. CSW surveys were
undertaken along a 140 m section of the
embankment, at the same stations with

MASW and were laid out to
complement the MASW survey line.

Seven profiles, five of them parallel to
the embankment crest; two crossed the

embankment.
MASW: Three profiles of MASW each

containing 13 geophones with 1 m
spacing intervals. Signal measuring was

limited to frequencies below 100 Hz.
MASW surveys were undertaken along

a 140 m section of an embankment.
Static arrays, with geophone spacing

of 1 m.

D. Gunn et al.,
2016
[56]

CSW
MASW ~120 Temp 2D

MASW: Signal measuring limited to
frequencies below 100 Hz. Source:
24-channel land streamer (4.5-Hz),

geophones 1 m apart. A 300 m survey
line divided into 50 increments, each

covering 6 m. Rayleigh wave generator:
a hammer/plate source, 2 m away from

the nearest geophone.
CSW: Measuring signal frequencies up

to 200 Hz.
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Table 3. Cont.

Reference Method Monitoring
Period (Days)

Monitoring
Type

Grid
Geometry Survey Detail

Gunn et al., 2015
[55]

MASW
CSW - Temp 2D

MASW: Source: 14 lb hammer and plate.
Survey along 130 m embankment axis, a

series of static arrays with a 1 m
geophone spacing. A total of

24–36 channel arrays of vertically
polarized geophones that were spaced

either at 0.5 m (array length up to
17.5 m) or 1 m (array lengths to 35 m).

Also, land streamer 24-channel arrays of
vertically polarized geophones.
CSW: A 130 m survey along the

embankment axis; 13 geophones. CSW
survey stations were planned with
respect to the MASW survey line.

Signal frequencies up to 200 Hz were
measurable using CSW whereas MASW

was often limited to frequencies
below 100 Hz.

Bergamo et al.,
2016b
[127]

Vp
refrac-
tion

180 - 1D (plus
time)

The recording array used in all nine
acquisition operations was set up with

24, 4.5 Hz, spike linked, vertical
geophones spaced 2 m apart along a

straight line on the embankment’s crest.
A 4.5 kg sledgehammer striking a metal
plate was the cause of the seismic event.
Along the seismic line, the source was

positioned at 16 distinct points. To
obtain seismic sections with a higher
signal-to-noise ratio, three recordings

were taken for each of these source
points and then stacked in the

time domain.

Bergamo et al.,
2016a.
[128].

MASW 480 - 2D

The MASW data were collected utilizing
a land streamer made up of 24 vertical

geophones with 4.5 Hz along the
embankment crest. The geophones were

mounted to the ground using cleated
metal plates and spaced at 1 m intervals.
A 4.5 kg sledgehammer striking a metal

plate 2 m away from the first receiver
served as the seismic source. In most

cases, a total acquisition time of under
2 h was achieved.

Yang et al., 2022
[129] AN - Temp 1D

Triaxial accelerometers on ground/slope
points, 2–8 m apart, frequency range

0.2–10 Hz.

Calamita et al.,
2023
[82]

HVSR
MAM 300 - 1D

Five profiles: 710 m/470 m/141 m,
electrode spacing of 3–10 m. HVSR with

three-comp. geophones, MAM with
24 synchronized sensors.

Liu et al., 2023
[130] HVSR 60 - 1D

Sixteen locations in the sliding zone;
DATAMARK JU410, 15 min records,

100 Hz sampling.
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Table 3. Cont.

Reference Method Monitoring
Period (Days)

Monitoring
Type

Grid
Geometry Survey Detail

Palis et al., 2017
[93] AN 365 Temp 2D

A permanent seismological array,
continuously recording microseismic
events since 2010 at the station. This
setup included six vertical velocity
sensors placed 50 m from a central

three-component 4.5 Hz velocimeter,
with all the sensors buried at a depth of

1 m and connected to a receiver. The
ambient seismic source included

rockfalls and internal quakes.

Imposa et al.,
2017
[131]

MASW,
AN 2 Temp 2D

MASW: active: two active MASW
surveys: December 2010 and April 2015,

an array of 12 vertical geophones
(4.5 Hz) 4 m and 5 m apart. The energy
source of a weight drop was used, and
multiple energizations were performed
about 8 m from the geophone starter to

enhance the signal’s energy content
relative to ambient noise.

AN: three-component microtremor,
16 min recording duration, 128 Hz

sampling frequency. Five HVSR sections
were acquired using four compact

tomographs (1 dm3, 1 kg, 2200 V/(m/s)
sensitivity, 24 dB, 0.1250 Hz resolution).
Environmental noise was recorded at

each station for 16 min to ensure signal
stability at the 128 Hz
sampling frequency.

Harba and
Pilecki, 2017

[94]
S-ANT 3 Temp 2D

Noise source: high-frequency seismic
noise from heavy vehicular traffic on a
nearby road. Two intersecting profiles

(75 m and 95 m in length) were surveyed
using twelve seismometers spaced

10–20 m apart. Recordings lasted 60 min,
with a sampling interval of 10 ms and a

frequency range of 0.03–100 Hz.

Brückl et al., 2013
[132] AN 212 Perm 1D

Six Geospace GS-11D 4.5 Hz
three-component geophones monitored

the seismic activity across the GMM.
Unique seismic events included the

following:
short, high-frequency bursts (up to

100 Hz); longer, lower-frequency events
(<60 Hz); low-amplitude, narrowband,

lasting 10–30 s; long (>60 s), low
frequency (<50 Hz); high-frequency

spikes on one station with
corresponding low-frequency signals on

others.
A nearby reference station and sound
sensors aided in distinguishing mass

movement-induced seismic events from
other sources.
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Table 3. Cont.

Reference Method Monitoring
Period (Days)

Monitoring
Type

Grid
Geometry Survey Detail

Mainsant et al.,
2012
[53]

SR
S-CC 146 - 1D

Two active seismic profiles were
performed along and across the

landslide. The longitudinal profile used
eight geophones at 5 m spacing with
explosive shots, while the transverse
profile used eight geophones at 8 m

spacing with hammer strikes on a plate.
Two 2 Hz three-component seismic
sensors were buried at 40 cm depth,

35 m apart in stable terrain outside the
landslide. Each sensor was connected to

a 24-bit Kephren acquisition station,
digitizing and storing data at 250 Hz.

Su et al., 2023
[60] MASW 342 Temp 2D

A oll-along shear wave velocity imaging
across the electrical profiles was

performed using 24 geophones (4.5 Hz)
spaced 2 m apart with an offset spacing

of 4 m.
Seismic source of a 10 kg hammer on a
metal plate as a cut-off frequency, and

the spectral analysis’s dramatic
amplitude fall around 110 Hz was

chosen.

Gunn et al., 2016
[56]

CSW
MASW - - 2D and 3D

CSW: Measuring signal frequencies up
to 200 Hz.

CSW surveys were undertaken along a
140 m section of the embankment, at the
same stations with MASW and were laid
out to complement the MASW survey

line.
Seven profiles, five of them parallel to
the embankment crest; two crossed the

embankment.
MASW: Signal measuring limited to

frequencies below 100 Hz.
Four profiles, each parallel to the canal
line, and each 17.5 m long; 36 vertical

geophones with a series of overlapping
eight-channel geophones, spaced at

0.5 m; MASW surveys were undertaken
along a 140 m section of an embankment.
Static arrays, with geophone spacing of

1 m.
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Table 3. Cont.

Reference Method Monitoring
Period (Days)

Monitoring
Type

Grid
Geometry Survey Detail

Tonnellier et al.,
2013
[133]

S-
EDCL 10 SemiPerm 2D

One three-component sensor was
surrounded by six one-component

sensors in each of the two deployed
tripartite sensor arrays.

The seismic arrays used in passive
seismic acquisition systems had a radius

of 20 and 40 m.
A tripartite-shaped array had one

three-component (3C) sensor in the
centre and six vertical sensors spaced

roughly 20 and 40 m apart in each of the
three directions. The upper portion of
the landslide had two seismic arrays
constructed. As the optimal trade-off

between signal resolution, data storage,
and data transmission, the data

sampling rate was set at 400 Hz. For
both locations, the ground motion was

concurrently recorded on all channels of
each array with a flat frequency
response in the frequency range

[2–80] Hz.
Projects categorized by type—white represents rail projects, grey represents road projects, and blue represents
canal projects.

Table 4. A summary of research on TISM using FOC. Note: “-” = not specified; “×” = multiplication,
and DSS stands for Distributed Strain Sensing.

Reference Method Monitoring
Period (Days)

Monitoring
Type

Grid
Geometry Survey Detail

Xie et al., 2024
[134]

FOC
(DAS) - Temp 3D

Array in shallow trenches (30 cm deep),
fully armoured sensing cable. DAS

parameters: 1 m channel spacing, 10 m
gauge length, 1000 Hz rate. Seismic

sources: strikes on a thick 40 mm plate
at seven different distances from the
midpoint of the trenches. Additional
sensors: eight three-component nodal

seismic stations deployed near the FOC
array for reference, sampled

synchronously with the DAS unit.

Moore et al., 2010
[61]

FOC
(DSS) 420 Temp 2D

Two types of sensors: one chain of three
borehole sensors (at depths of 38, 40,
and 68 m; extending up to 20 m), and
two surface extensometers (measure
both strain and temperature). Data

collection in two modes: (a) dynamic
measurements (triggered by

deformation) at high sampling rates
(100 Hz). (b) Static data logging every

5 min.
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Table 4. Cont.

Reference Method Monitoring
Period (Days)

Monitoring
Type

Grid
Geometry Survey Detail

Kang et al., 2024.
[83].

FOC
(DAS) 45 - 2D

A 10 km dark fibre parallel to the road
and rail line (perpendicular to the slope);
a gauge length of 8 m; a channel spacing
of 4 m; a sampling frequency of 200 Hz.

Moore et al., 2010
[61]

FOC
(DSS) 420 Perm 1D

One chain of three borehole sensors, and
two surface extensometers. Dynamic

measurements (triggered by
deformation) at high sampling rates
(100 Hz). Static data logging every

5 min.

Kang et al., 2024
[83]

FOC
(DAS) 45 - 2D

A 10 km dark fibre; a gauge length of
8 m; a channel spacing of 4 m; a
sampling frequency of 200 Hz.

Brückl et al., 2013
[132]

FOC
(DSS) 212 Perm 2D

Six three-component geophones of
4.5 Hz monitored the seismic activity

across the GMM. Unique seismic events
included the following:

short, high-frequency bursts (up to
100 Hz); longer, lower-frequency events
(<60 Hz); low-amplitude, narrowband,

lasting 10–30 s; long (>60 s), low
frequency (<50 Hz); high-frequency

spikes on one station with
corresponding low-frequency signals on

others.
A nearby reference station and sound
sensors aided in distinguishing mass

movement-induced seismic events from
other sources.

Projects categorized by type—white represents rail projects, and grey represents road projects.

3.2.1. Active Seismic Methods

Active methods use controlled seismic sources, including a sledgehammer, weight
drop, elastic wave generator, electromechanical vibrator, or explosive charges, to produce
waves that are then recorded via sensors such as geophones [135]. Seismic Reflection
Tomography (SReT), Seismic Refraction Tomography (SRaT), Continuous Surface Waves
(CSW), and Multichannel Analysis of Surface Waves (MASW) are classified as active
seismic methods [135].

• Seismic Refraction Tomography (SRaT)

SRaT is an active-source seismic technique, occasionally used for monitoring land-
slides. SRaT incorporates more shotpoints and receivers compared to traditional seismic
refraction methods, enabling improved imaging [136]. By determining the travel times of
artificially generated seismic waves, SRaT generates subsurface models of seismic velocity
based on the first arrival times of P- and/or S-waves [137]. Vp is commonly employed to
identify significant velocity differences between the landslide mass and the underlying
bedrock [138–140]. By measuring Vp and Vs, SRaT can provide researchers with 2D or 3D
images regarding the distribution of elastic properties of the subsurface. SRaT is sensitive
to soil elastic properties, and moisture content variation which is one of the most important
triggering parameters in landslide occurrences [137]. A critical limitation of SRaT is that it
assumes a continuous increase in velocity with depth. Where this assumption fails, seismic
reflection provides a clearer and more reliable imaging solution [124,141]. In recent years,
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several researchers have utilized this method for characterizing TISs (e.g., refs. [138,142–145].
However, its application for TISM has been explored in only a limited number of studies
(e.g., ref. [127]).

• Seismic Reflection Tomography (SReT)

SReT is another active seismic method which focuses on the elastic differences between
two subsurface strata by measuring the relative travel times for different geophones. Ac-
cording to ref. [141], high-resolution seismic reflection profiling is an efficient technique for
2D or 3D visualization of the geometry of landslide structures and locating the subsurface
discontinuities in TISs. Despite its high survey accuracy, high horizontal and vertical resolu-
tion, and large quantities of acquisition information that characterize the seismic reflection
approach [146], SReT is not commonly used for near-surface investigations associated with
TISs. Unlike SRaT, which assumes increasing seismic velocity with depth, SReT is well
suited to imaging complex subsurface structures and velocity profiles, even in situations
where velocities decrease with depth. The choice between these two methods depends on
the geological context, resolution needs, and project constraints [124,141]. Although several
studies have employed SReT for monitoring natural slopes (e.g., refs. [147–151]), their
application in TISM remains notably limited due to the significant challenges associated
with acquiring high-quality seismic reflection data in such environments.

• Multi-Channel Analysis of Surface Waves (MASW)

MASW is most associated with the analysis of Rayleigh wave propagation, from
active sources such as a sledgehammer or weight drop (e.g., refs. [143,152]). MASW
involves selecting dispersion curves from phase velocity–frequency spectra and inverting
these curves to produce 1D and 2D subsurface shear–wave velocity (Vs) profiles. This
information can reveal details on stratigraphy and shear stiffness [153]. Continuous Surface
Waves (CSW) are used as another approach for measuring the surface wave velocity to
determine ground stiffness. The CSW approach involves a smaller number of geophones
(typically 4 to 6), in contrast to MASW, which utilizes a larger number of geophones (24 to
36 or more). The smaller number of receivers in the CSW approach makes it more suitable
for analyzing a small section of the subsurface [56]. According to ref. [56], CSW can be used
in higher-resolution studies which use a vertical vibrator with a controlled frequency source
of seismic energy. MASW and CSW have been more commonly used in TISM compared to
the other active seismic methods (e.g., refs. [56,57,128,131]).

3.2.2. Passive Seismic Methods

Passive seismic methods use ambient noise, either natural or human-generated back-
ground seismic energy [154]. The term “ambient noise” can include wind, trees, build-
ings, trains, roads, industrial machinery, waves, and footfall [155], and recent studies
(e.g., refs. [156,157]) have demonstrated that ambient noise can serve as a reliable energy
source for subsurface investigation. Several passive seismic techniques are used in TISM,
including Horizontal-to-Vertical Spectral Ratio (HVSR), Microtremor Array Measurements
(MAMs), and Nano-Micro Seismic Detection (NMSD). Other widely applied methods are
seismic cross-correlation techniques, also known as Ambient Noise Cross-Correlation (ANCC),
which include Seismic Ambient Noise Interferometry (SI) and Seismic Ambient Noise Tomog-
raphy (S-ANT). In addition, Seismic Event Detection Approaches (SEDAs), such as Seismic
Event Detection, Characterization, and Location (S-EDCL), may be utilized [154].

• Ambient Noise Cross-Correlation (ANCC)

Seismic Cross Correlation, which includes SI and S-ANT, uses natural and anthro-
pogenic noise to correlate waveforms between different stations, focusing on the differences
in travel times to study subsurface structures [158]. Landslide researchers (e.g., ref. [159])
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became increasingly interested in this technique after studies including refs. [53] first
identified a distinct decrease in velocity five days prior to a landslide event.

Both SI and S-ANT rely on continuously recorded seismic data, but an important distinc-
tion is that S-ANT can be used to generate tomograms, as highlighted in [11]. The process
involves performing a frequency–time analysis on the outputs from cross-correlations to
extract dispersion curves [160]. Dispersion curves can then be inverted to determine near-
surface S-wave velocities (e.g., ref. [161]). The interpolation of these inverted dispersion curves
between sensor pairs facilitates the creation of tomographic images. Linear sensor deploy-
ments typically yield 2D profiles, while nonlinear arrays have demonstrated the capability to
produce 3D images, such as those used to map landslide bodies [162].

SI offers a promising approach to identify failures in recent landslide investigations
(e.g., refs. [163–165]). S-ANT has also been used for several investigations into natural land-
slides (e.g., refs. [53,133,159,166,167]). However, to date, only a few studies (e.g., ref. [168])
have specifically examined the application of S-ANT for TISM.

• Horizontal-to-Vertical Spectral Ratio (HVSR)

The HVSR technique is another well-known passive seismic method, in addition to
seismic cross-correlation methods, for obtaining dispersion curves. Unlike seismic cross-
correlation, however, HVSR relies on data from a single seismometer. This approach
measures three components of seismic noise to determine the fundamental resonant fre-
quency associated with a subsurface layer boundary (soil–rock) at which there is a change
in acoustic impedance. This resonance frequency is related to the layer thickness and the
shear wave velocity of the layer [130,169].

Besides slope characterization [170], and instability mapping [167], HVSR can also be
used to estimate the relative strength of different subsurface layers, detect and monitor
the changes in layer thickness, and identify geological structures such as slip planes by
analyzing the resulting spectral ratio curves [11]. As for slope monitoring, a few studies
(e.g., refs. [82,130,171,172]) have specifically examined and approved the application of HVSR
for TISM. However, HVSR mostly works well in areas where the ground is relatively uniform
and has slightly inclined or horizontal layers, and where there is a clear difference in the
mechanical properties between layers, allowing the sliding layer to resonate [45,173–175].

A recent development towards achieving ground amplification is to analyze through
an array configuration of sensors instead of using only one seismometer (e.g., HVSR). While
the HVSR technique considers only the spectral ratio at a single receiver, Microtremor
Array Measurement (MAM) utilizes an array of geophones [130]. MAM analyzes the
spatial distribution of waveforms to estimate surface wave dispersion curves [130]. Over
the past few years, several studies have explored the application of MAM in landslide
investigations, including works by refs. [82,176]. According to ref. [130], MAM is a reliable
and highly effective geophysical method for detecting and monitoring susceptible slopes,
such as those along transportation routes. Recently, studies including refs. [82,130,177]
have advanced the application of MAM in TISM.

• Seismic Event Detection Approaches (SEDAs)

By continuously detecting, characterizing, and locating seismic events, Seismic-Event
Detection, Characterization, and Location (S-EDCL) methods provide a detailed under-
standing of the internal state of the landslide and any signs of impending movements. It
entails the direct interpretation of the signals captured by semi-permanent seismic sen-
sors, either by identifying and categorizing seismic events related to movement in the
landslide mass or by precursory activities that may be linked to impending movement (a
phenomenon seen in rockfalls and other brittle landslides, or a response to recent increased
infiltration [93,133]. This form of monitoring can be accomplished with a single seismic



Geosciences 2025, 15, 220 21 of 50

sensor installation, but the detection of the location of observed events requires a network
of seismometers. Studies involving rockfalls and other rapidly failing landslides frequently
employ S-EDCL methods, because they are the only techniques that allow for the near-
real-time identification and characterization of landslides at the regional scale [11]. In the
context of landslide monitoring, S-EDCL can assist in real-time risk assessment, offering
insights into the ongoing dynamics of a landslide. Some of the most recent studies on TISM
using S-EDCL include refs. [93,178–180].

NMSD is another seismic event detection approach widely applied in studying land-
slide mechanics. It involves locating, identifying, and pinpointing weak energy signals
known as “slidequakes”, which are typically short in duration and characterized by dis-
cernible, traceable wave packets [181,182]. Slidequakes may also be produced as a result of
rainfall-induced failure in the landslide mass [133,181–186]. NMSD can be remotely used to
monitor slidequakes and afterslides, as well as to determine their size and timing [167]. The
microseismic rate recorded via NMSD correlates with the displacement rate of landslides,
serving as a proxy for displacement monitoring and enabling the prediction of the time to
failure through displacement-based methods [167]. The successful application of NMSD in
identifying smaller-scale events (failures) could play a vital role in preventing landslides
in railway embankments [187]. Several recent studies including refs. [61,93,176,178,188]
emphasize the importance of NMSD networks in early warning systems and TISM.

• Emerging Technologies—Distributed Acoustic Sensing (DAS)

DAS is a non-seismic method but capable of obtaining seismic data by detecting high-
frequency waves using FOC [189]. By transmitting laser signals through a single-mode
FOC and analyzing the backscattered light, DAS can measure time-lapse acoustic, vibration
signals and changes in the local axial strain along the cable [190]. DAS is cost effective,
and can make use of existing unused “dark fibers” originally installed for communication
purposes [83]. DAS also offers high spatial and temporal resolution for near-surface moni-
toring, surpassing many other ambient seismic noise methods. DAS enables the remote
monitoring of extensive track lengths, eliminating the need for dense sensor deployment
or frequent manual inspections [54,191]. Although the application of DAS for active and
passive seismic monitoring remains in its early stages, recent studies (e.g., refs. [54,191]
have demonstrated its potential in monitoring earthwork slopes. The application of DAS
for the early warning of landslides related to transportation assets has garnered significant
attention (e.g., refs. [54,134,189,191]). This approach is especially promising for railway
sites, where existing FOCs are already installed. These capabilities position DAS as a
transformative technology for proactive landslide and rockfall monitoring along critical
infrastructure. However, analyzing DAS data—especially in real time—can be challenging,
since the signals from mass movements are often weak and difficult to detect.

3.3. Ground Penetrating Radar (GPR)

GPR is an active method, involving the propagation and detection of electromag-
netic waves in the subsurface. These waves are generated by an antenna and are either
absorbed or reflected by the features of the underlying material, such as cracks, moisture,
and material interfaces or bedding [45]. The energy reflected by the surface irregularities is
detected by a receiver, aiding in the creation of subsurface images. The subsurface images
can track the hydrodynamics of the slope subsurface which is a key factor in landslide
triggering [192]. GPR also can be used for the real-time monitoring of the pore water
pressure [193] as opposed to traditional seismic methods which only obtain snapshots.
The depth of the investigation varies from centimetres to tens of metres depending on
the antenna frequency and the composition of the subsurface. A major limitation of the
technique is signal attenuation in electrically conductive conditions, such as clay-rich or
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water-saturated environments. (e.g., refs. [194,195]). Nevertheless, in favourable (e.g., elec-
trically resistive) conditions, it provides a rapid means of providing high-resolution [122]
time-lapse subsurface information [193]. According to ref. [193], two drawbacks of “classi-
cal” GPR, are that: (1) it cannot be utilized for automated monitoring, and (2) interpreting
GPR observations becomes challenging in the absence of distinct gradients or reflectors,
particularly when attempting to determine subsurface water content profiles. Table 5
presents real-world projects utilizing GPR in TISM, which shows that its usage has been
sporadic over the years without significant periods of high activity.

Table 5. A brief summary of research on TISM using GPR. Note: “-” = not specified; “×” = multiplication.

Reference Monitoring Period
(Days)

Monitoring
Type

Grid
Geometry Survey Design

Huntley et al.,
2019
[59]

30 - 2D

Two surveys: Survey 1. A nominal source
frequency of 100 MHz and 50 MHz antennae
was used. The antennae were dragged over
the slope with a fixed transmitter-receiver

separation of 1 m. Continuous data collection
was performed at a rate of approximately
15 soundings per second, allowing for the

detailed mapping of the subsurface. Survey 2.
A nominal source frequency of 30 MHz. The

survey involved ten lines while travelling
downstream in a raft.

Borecka et al.,
2015 [58] - Temp 2D

Two GPR profiles with an antenna frequency
of 100 MHz. Time windows: 600 ns and

800 ns; sampling: 1024; step: 20 cm.

Lissak et al.,
2015 [196] 10,958 (1980–2010) Perm 2D

RAMAC GPR system, shielded 500 MHz
dipole antenna in a monostatic arrangement
(transmitter and receiver in the same unit),
multiple parallel GPR profiles across three
cross-sections, 50–90 m long and 6 m wide,

in-line sampling interval: 0.05 m, time
window: 105 ns.

3.4. Electromagnetic (EM)

EM is an active technique sensitive to subsurface electrical conductivity (or resistivity).
Compared to GPR, EM methods offer a greater penetration depth but a lower spatial
resolution, operating at lower frequencies. EM surveys can be conducted rapidly from
airborne/UAV or towed platforms without requiring ground contact, using transmitter
and receiver coils. Time-varying currents in the transmitter generate EM fields that induce
secondary currents in geological materials, which are then detected by the receiver coil,
providing information on the subsurface electrical properties [121]. The significant benefit
of the non-contacting operation of EM (e.g., a UAV-based EM tech) has been demonstrated
in tests using an electromagnetic conductivity meter on landslides [197]. The EM approach
can be applied similarly to ERT, if the frequency is low enough and the coil separation
is much less than the skin depth. This approach offers an apparent conductivity value
that is solely dependent on the ground resistivity and coil separation. When the depth of
the material being studied is consistent, surveys can be completed more quickly, and the
method can be preferred to a constant electrode spacing resistivity study [197].

For landslide assessment, EM methods can be categorized into different subgroups
based on the specific techniques employed. Some of these subgroups include Time Do-
main Electromagnetics (TDE), Frequency Domain Electromagnetics (FDEM), Electromag-
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netic Induction (EMI), and Magnetotellurics (MT). The effectiveness of these methods in
identifying the geometric boundaries of landslides makes them invaluable for landslip
analysis. FDEM is more commonly performed with two horizontal loops and a ground
conductivity meter [198].

EM techniques are commonly applied to investigate groundwater salinity, porosity,
permeability, electrical conductivity, dielectric permittivity, depth to the water table, mineral
exploration, subsurface structures, and soil moisture content [199]. In EM measurement, the
penetration depth varies depending on the coil separation [118]. This ability to measure and
interpret a wide range of subsurface properties underscores the versatility and importance
of EM methods in geological and environmental studies. Table 6 summarizes the research
on TISM using GPR and its sporadic application with no significant period of high activity.

Table 6. A summary of research on TISM using EM. Note: “-” = not specified; “×” = multiplication.

Reference Monitoring Period
(Days)

Monitoring
Type

Grid
Geometry Survey Detail

Su et al.,
2021 [85] 120 TEMP 2D

Three TEM survey lines, measuring 126 m,
200 m, and 300 m in length, with a 10 m

spacing between the measurement points.
Emission frequency of 25 Hz, and emission

current of 1 A. The transmitter coil had a side
length of 2 m.

Huntley et al.,
2019
[59]

360 2D -

Two FEM surveys of 10 m and 2.5 m in the
vertical dipole mode. Two acquisition modes

of continuous and stationary points every
10 m. GPS integrated.

4. TISM Case Studies
Recent case studies show that geophysical approaches have been used for landslide

detection and monitoring in transportation slopes, such as roads, rail networks, and
canals. TISs generally refers to slopes that have been engineered, or maintained to support
transportation systems such as highways, railways, or embankments associated with
roads and bridges. Table A1 describes case studies on monitoring TISs using near-surface
geophysical methods. The data demonstrates the extensive use of geophysical methods,
including ERT, MASW, as well as FOC, for monitoring slopes associated with railway,
road, and canal infrastructures. Both temporary and permanent monitoring setups were
utilized, with temporary monitoring being more commonly employed. The data collection
periods ranged from a single day in some studies to several years in others. The integration
of different methods, tailored to specific sites and objectives, highlights the effectiveness
of geophysical approaches in long-term and short-term infrastructure monitoring. The
top one geophysical method used in TISM includes ERT, as well as FOC as an emerging
technology which has also gained popularity in this regard.

Figure 3 highlights how frequently different geophysical techniques have been used
in TISM studies over the past 15 years (2010–2024), based on the case studies cited in this
manuscript. Among these, ERT and passive seismic methods stand out as the most used,
with ERT seeing a rise in popularity in recent years. ERT usage has steadily increased since
2015, reaching a peak between 2017 and 2020. After 2020, its usage has remained steady,
highlighting its broad applicability and reliability. Seismic methods, on the other hand,
show peaks in 2015 and 2024 but then experienced a significant decline, possibly indicating
losing interest.
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Figure 3. Frequency of published studies regarding TISM using different geophysical techniques
over time.

Meanwhile, EM and GPR techniques have been used sporadically over the years
without notable periods of high activity. FOC, as a newer technology, showed minimal use
until a sharp rise in 2024, likely reflecting a growing interest or recent advancements that
have made it more practical.

5. Strengths and Weaknesses of Geophysical Methods for Geotechnical
Asset Condition Assessment

Geophysical methods have inherent limitations which has led to a focus on using
combined techniques in landslide monitoring [200].

According to refs. [195,201], GPR is widely proven for providing remarkably high-
resolution data, especially when employing 100 MHz antennae and particularly in shallow
subsurface exploration. With its high-resolution output, GPR is capable of providing
detailed information on the internal landslide structure and bedrock depth. GPR data can
also be stored and analyzed later, facilitating advanced post-acquisition processing [202].
GPR outperforms other methods in detecting the soil dielectric permittivity, closely related
to the soil water content [193]. GPR surveys are fast, economical, and minimally disruptive
to ongoing transportation operations [74]. Data collection can be managed via mobile
devices or cloud storage, enhancing accessibility and collaboration [74].

The rapid data acquisition and effective imaging capabilities of GPR in TISM
(e.g., ref. [59]) are valuable, yet the method faces significant challenges in this field. GPR
is vulnerable to external interferences such as those from radio transmitters and mobile
devices, which can degrade the data quality [122,202]. High-conductivity materials like
clay and saline water can cause rapid signal loss, limiting GPR’s penetration depth and
efficacy [122,203]. Near-surface reflections and energy loss can create misleading reflections
in radar profiles, complicating the data’s interpretation [122]. Elevation changes, antenna
alignment issues, and velocity variations with depth can distort GPR profiles, requiring
expert knowledge for accurate analysis [74,122]. Expertise is essential for processing GPR
data, especially when interpreting soil water content (SWC) profiles, which may lack
distinct reflections [193].

Seismic data can identify debris flows, slip surfaces, landslide material thicknesses,
and monitor remote events like rockfalls [49,189]. Passive seismic data assist in analyzing
the collapse kinematics, while ERT complements this by examining the moisture dynamics
on unstable slopes [137].
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Nevertheless, seismic methods can have noticeable challenges. Seismic methods
are costly and require extensive data processing, which can be subjective and time
intensive [97,141]. Traffic noise and rugged topography complicate data collection, while
limited sensor deployment constrains spatial resolution [137]. Seismic data may not
reflect seasonal variations, and microseismic signals can be misinterpreted if caused
by external factors [204]. DAS struggles with seismic source localization due to sig-
nal attenuation, and conventional inversion methods do not adequately account for
topographic influences [97,134].

ERT provides spatially detailed images and can monitor time-lapse changes in slope
moisture, which is invaluable in landslide studies [137]. ERT’s use of low-cost electrodes
allows for long-term monitoring without prohibitive expenses, unlike other geophysical
methods [109]. ERT has developed techniques to incorporate topography into resistivity
inversion, improving the data accuracy in challenging terrains. It also has limitations.
ERT struggles with non-unique solutions and depth limitations, especially in complex,
three-dimensional landslide settings [80]. In soils with high water or clay content, resistivity
contrasts can be weak, making interpretation difficult. This issue may be partially addressed
by using induced polarization techniques [48]. ERT requires expensive hardware for deeper
exploration, and limitations in automated processing hinder real-time data analysis [205].

Electromagnetic methods present a final, yet limited option for landslide monitoring.
EM data are sensitive to data distortions, caused by geological noise, instrumental errors,
and environmental interferences, and that require technical expertise for accurate interpre-
tation [206]. The electromagnetic field’s penetration is affected by the ground’s magnetic,
conductive, and dielectric characteristics, limiting the technique’s applicability [206]. In
geodetic surveys, EM positioning accuracy is constrained by air refraction effects, affecting
surveys over long distances [207].

Despite these limitations, EM methods contribute specific advantages: they allow for
quick survey execution, as they do not require electrode installation [118] and hence are
suitable for quick-mapping applications.

Table 7 briefly compares four primary geophysical techniques used in landslide moni-
toring and emphasizes the limitations and strengths of each geophysical technique. Figure 4
demonstrates a summary of the geophysical methods’ performance in TISM.

To overcome the trade-off between the advantages and limitations, ref. [48] recom-
mended the joint application of geophysical techniques, such as GPR, ERT, and seismic
tomography. As ref. [208] noted, GPR typically offers more valuable information on the shal-
lowest strata, ERT does so for the intermediate layers, and seismic does so for the deepest
layers [209]. The seismic approach can provide information on the displacement material
more effectively than ERT if the material under investigation is extremely moist [48]. There-
fore, while some methods focus on near-surface features, others address deeper subsurface
structures, both of which are crucial for understanding the slope stability [210]. In TISM,
integrating geophysical methods like SM, ERT, and GPR enhances cost efficiency and
improves slope assessments. A study conducted by ref. [57] explores the use of multi-
geophysical methods to enhance the predictive and preventative maintenance of railway
infrastructure, focusing on ageing embankments. Using a combination of CSW, MASW,
and ERT, the research developed a subsurface stiffness model and monitored dynamic
groundwater behavior. Figure 5 illustrates the spatial deployment of the CSW, MASW, and
ERT profiles along the monitored embankment. The CSW and MASW surveys character-
ized shallow subsurface conditions, while ERT arrays tracked the moisture movement with
a high spatial resolution. The findings support a framework for integrating geophysical
methods into risk-based asset management. More studies applying similar approaches are
summarized and highlighted in Tables 2–6.
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Hybrid systems that combine geophysical methods with data from remote sensing and
geotechnical investigations can help reduce the uncertainties of each individual approach.
Remote sensing offers broad spatial coverage, fast data collection, and easy integration
with GIS, addressing some limitations of the geophysical methods. However, its limited
subsurface sensitivity is balanced by geophysics, which provides detailed subsurface
imaging at higher resolution, and hence validation opportunities. Moreover, for smaller
infrastructure slopes, remote sensing’s spatial resolution may be insufficient and may also
be impeded by the dense vegetation cover present on some infrastructure slopes [21].

Table 7. Limitations and strengths of each geophysical techniques in landslide monitoring.

Methods Challenges Strengths

GPR

Noise contamination [122,202]
Signal attenuation and energy loss [122]

Signal saturation and false reflections [122]
Image and depth distortion [122]
Interpretation challenges: [74,193]

Efficient hazard mitigation [195]
Post-processing capabilities [202]

Soil moisture detection [193]
Rapid and cost effective [74]

Rapid or real-time time-lapse monitoring
Operational flexibility [74]

Mobile and cloud integration [74]

Seismic Methods

Cost and time intensity [141].
Traffic noise interference [97].

Access issues in rugged topography [141].
Limited spatial resolution [137].

Sensitivity to seasonal variations detecting [204].
Microseismic signal ambiguity [154].

Complex waveform analysis [49].
Challenges with earthquake locating [49].

Debris flow detection [49]
Site effect assessment [49]

Landslide slip surface identification [49]
Material thickness estimation [49]

Remote event monitoring [49]
Instantaneous rockfall detection [189]

Kinematics of collapse from passive seismic
data [137]

DAS’s continuous coverage and sensitivity to
small displacements [44]

Electrical
Methods

Non-uniqueness of solution [80]
Negative correlation between depth and

resolution [80]
Data calibration challenges [80]

Slower setup and survey design complexity [80]
Electrode positioning constraints [80]

Software limitations in hydrological analysis [48]
Subsoil resistivity issues in water/clay-rich

environments [48].
Dependence on main power supply or expensive

power alternatives [205]
Interference from linear conductive structures

(pipelines, power lines) [205]
Railway interference due to metallic

infrastructure [205]
Needs automated data management and

processing [205]

Moisture dynamics of unstable slopes with
electrical resistivity [137]

Illustrating the subsurface heterogeneity [50]
High-resolution, time-lapse tomography with

active-source techniques in the near
surface [137]

ERT effectiveness with clear resistivity
differences between bedrock and slide

material [48]
Cost-effective ERT with low-cost electrodes for

long-term monitoring [109].
Minimizing topography challenges with

resistivity inversion [109].
Process data quickly [50]

Capable of obtaining a continuous image of
subsurface conditions [50]

Ability of covering a vast area in a short
amount of time [50]

Electromagnetic
methods

Sensitivity to distortions in electromagnetic
results [206]

Technical expertise required for electromagnetic
interpretation [206]

Influence of ground characteristics on
electromagnetic field propagation [206]

Limited positioning precision in geodetic surveys
due to air refraction [207]

Single apparent electrical resistivity value for
rapid mapping [118]

Benefits of frequency domain electromagnetic
method (FDEM) for quick surveys [118].
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Figure 4. Performance of geophysical methods for key TISM parameters, produced using the same
method as in the CIRIA report (ref. [211]).
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Figure 5. (a) Cross-section of the monitored embankment from; (b) site investigation layout and
sensor deployment; (c) 3D subsurface stiffness model derived from surface wave methods (CSW and
MASW); (d) lateral and vertical sensitivity analysis of resistivity measurements from ERT. Example
from a railway infrastructure landslide adapted from ref. [57]. © 2018 Published by Elsevier Ltd.

6. Geophysical–Geotechnical Property Relationships
Besides their assistance in site investigation of costly, structurally complex, and topo-

graphically severe slopes, translating geophysical measurement to geotechnical properties
is one of the main aspects of using geophysical monitoring in slope stability. Besides
natural slope stability by ref. [44], regarding TISM, ref. [43] proved some key advantages of
the petrophysical relationship which includes the following: (1) high-resolution imaging
of geotechnical processes at scales impractical for traditional sensors; (2) the translation
of technical geophysical measurements into properties directly relevant to engineering
applications; and (3) the provision of input data for slope-scale physical and process-based
models.

Some of the geotechnical parameters significant in tracking slope instability include
the moisture content, pore water pressure, hydraulic conductivity, and shear strength
which cannot be measured directly through geophysical surveys. These geotechnical
parameters, however, can be inferred from geophysical measurements through establishing
petrophysical relationships. For example, resistivity measurements have been linked to
moisture content ([90,212]) and soil suction ([43]). Moreover, shear strength and pore
water pressure have been derived from resistivity measurements in a study conducted
by ref. [213].

Seismic methods measure the wave velocity. The wave velocity is sensitive to the
rock and soil types and their initial formation pressure, cracks and their pore-filling fluids,
kinetic elastic moduli, and material-bearing capacity ([214]). The indirect connections
between wave velocity and soil mechanical parameters can be obtained from standard
geotechnical tests and used for stability evaluations in geotechnical engineering, according
to refs. [215,216]. According to refs. [214,217] kinetic elastic moduli, Poisson’s ratio, and the
dynamic stiffness of the material, which may be described as dynamic shear and Young’s
modulus, are crucial mechanical parameters for identifying soil layers and are closely
correlated with seismic velocities.

These petrophysical relationships can then be used to calibrate field-scale geophysical
models in terms of geotechnical properties. Ultimately, this approach makes time-lapse
geophysical imaging a powerful tool for modelling changes in geotechnical properties
over time and space (i.e., in four dimensions) at the slope scale. By using petrophys-
ical relationships, it allows us to understand how water moves within the subsurface
of slopes [44,213].
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• Electrical Methods and Hydraulic Properties

Subsurface hydraulic properties like moisture content, pore water pressure, and
hydraulic conductivity can be derived from electrical resistivity methods in landslide moni-
toring. Ref. [14] applied four-dimensional resistivity measurements to monitor a highway
slope in British Columbia, correlating resistivity changes with moisture fluctuations and
identifying zones of hydraulic stress before failure. Similarly, ref. [51] utilized resistivity
measurements on slopes adjacent to highways, demonstrating their capability to detect
moisture redistribution, a precursor to slope instability. Ref. [9] highlighted the importance
of time-lapse resistivity data in characterizing the water infiltration pathways in railway
embankments, enhancing early warning systems.

• Seismic Methods and Mechanical Properties

Mechanical properties such as shear modulus, stiffness, and the location of deforma-
tion zones can be inferred from seismic geophysical techniques. Ref. [57] employed passive
seismic monitoring on railway slopes, correlating seismic velocity changes with reductions
in shear strength during saturation events. Ref. [197] reviewed the seismic methods for
slope monitoring, emphasizing their utility in detecting stress concentrations and areas
of potential failure in transportation corridors. Ref. [85] combined seismic surveys with
drilling to assess the landslide susceptibility in railway-adjacent slopes, linking seismic
velocity anomalies with mechanical weakness.

• Integrated Geophysical Methods

Combining electrical and seismic methods provides comprehensive insights into both
hydraulic and mechanical slope characteristics, crucial for maintaining transportation
infrastructure. Ref. [218] employed integrated methods to monitor railway slopes in
Canada, using ERT and seismic data to model the slope hydrodynamics and mechanical
behavior. Ref. [219] presented examples of employing ERT and GPR to identify and monitor
the structural weaknesses in embankments, contributing to enhanced transportation safety.
Similarly, ref. [220] highlighted the use of integrated ERT and GPR for the maintenance and
monitoring of TISs, underscoring their effectiveness in detecting concealed instabilities.

The integration of geophysical techniques—such as geoelectrical and seismic
methods—offers a more comprehensive characterization of the subsurface slope conditions,
as each method contributes complementary information. This integrative approach is
particularly valuable when both mechanical and hydromechanical properties are required
for analysis, as highlighted by ref. [221]. In addition to the use of multiple geophysical tech-
niques, enhancing model interpretation and reducing source-specific bias can be achieved
by integrating diverse data inputs into a single model. These inputs may include geotech-
nical data (e.g., inclinometer readings, soil suction, and moisture content), environmental
observations (e.g., rainfall records), and remote sensing outputs (e.g., InSAR, LiDAR).

7. Time-Lapse Data Analysis and Forward and Inversion Modelling
According to ref. [11], the term “monitoring” refers to a time-lapse method for exam-

ining the differences between two or more geophysical data sets collected at the same site
on various dates. The condition of one (or more) properties in the system at a given time is
revealed via time-static geophysical data sets, but not how those properties will change in
response to an external stimulus (such as precipitation).

The underlying assumption is that a process—such as infiltration—must occur be-
tween the two survey times to cause a change in subsurface properties. By analyzing the
differences between the datasets collected at the beginning and end of the time period, it is
possible to draw reasonable conclusions about the processes that likely occurred within the
system. Geoelectrical and seismic monitoring are the two primary techniques used to track
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landslides, according to recent research. Although lithological composition often stays
fairly stable over time, particularly in a pre-failure situation, moisture dynamics can change
significantly. The correlations between moisture content and resistivity demonstrate that
time-lapse geoelectrical techniques can be used to infer the hydrological status of a hillslope
and, consequently, shear strength and liquid limits, important factors in assessing the slope
stability [11]. The loss of stiffness that directly contributes to the failure in the bulk of the
material can be measured at depth using the time-lapse seismic approach. As such, it is a
supplement to the often-observed signs of surface displacement or rainwater infiltration.
Furthermore, ambient noise correlation offers consistent and reliable monitoring even in
the presence of precipitation, snow, vegetation, or a line-of-sight problem between the
sensors, as indicated in studies by ref. [167,222]. Variations in shear wave velocity reflect
changes in the soil’s stiffness and density. It is encouraging since failure is directly linked
to a loss in stiffness, or softening, in the subsurface strata, which is most likely represented
by the decline in seismic velocity [223].

Time-lapse geophysical monitoring provides a dynamic approach to understanding
the changes in slope stability over time, offering insights that static or snapshot data alone
cannot achieve. Time-lapse monitoring is a powerful tool for TISM, offering a deeper
understanding of the processes that influence the slope stability and enhancing early
warning systems. The most commonly used and successful geophysical method regarding
time lapse TISM includes ERT and DAS [83]; however, UAV-based geophysical sensors [224]
have also been successfully applied for real-time TISM.

There are occasions when “time-lapse” or “4D” data sets are used to refer to geophys-
ical techniques that incorporate the addition of a time series to the acquired data. Time
lapse will be used in this review to refer to data sets of any dimension (1D, 2D, and 3D)
that include multiple time steps because the term, 4D, explicitly refers to a 3D data set with
multiple time steps.

8. Challenges and Future Directions
8.1. Monitoring Instrumentation

To provide early warnings and swift action in landslides, real-time monitoring is
crucial for early detection and rapid failure warnings [225]. Techniques like ERT, GPR [226],
and FOC have advanced beyond the traditional monitoring methods, which exclusively
provided snapshots. The PRIME system from British Geological Survey is an example
of this progress, using time-lapse ERT to automatically deliver near-real-time data from
remote areas [109], capabilities which were unavailable around two decades ago. Similarly,
other traditional geophysical methods including seismic methods could be enhanced to
provide continuous, real-time soil measurements during TISM with future developments.

8.2. Coupled Modelling/Surveys

Geophysical methods are subject to a variety of uncertainties, which can be mitigated
through the use of complementary geotechnical approaches. As highlighted by ref. [49],
most of the drawbacks associated with geophysical methods can align with the strengths of
geotechnical techniques, and vice versa. This underscores the synergies and complementary
nature of these two investigative approaches. Therefore, a particularly effective monitoring
approach involves translating geophysical into geotechnical models using petrophysical
relationships [118]. The creation of sophisticated coupled hydro-geomechanical models that
take geophysical data into account need to be the main goal of future research. These models
can shed some light on the relationship between shifting pore pressure and groundwater
conditions and slope stability.
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Geophysical-geotechnical modelling often faces limitations related to image resolution,
cost, and survey scale. These challenges can be addressed by integrating geophysical-
geotechnical modelling with real-time data collection technologies, such as UAVs, par-
ticularly for large-scale, hard-to-access infrastructure slopes [50]. Despite its potential,
the integration of UAVs and geophysical methods in TISM remains underexplored. For
example, ref. [50] combined Electrical Resistivity Imaging (ERI) with UAV imaging to
monitor four highway embankments, resulting in an optimized technique for monitoring
vulnerable TISM.

8.3. Machine Learning/Artificial Intelligence

With the combination of cutting-edge techniques like time-lapse monitoring and
artificial intelligence (AI), interpreting and visualizing geophysical data, especially ERT,
has received a great deal of attention (e.g., ref. [227]). One notable application of AI in
geophysics is to improve time-lapse visualization imaging and estimate high-resolution
petrophysical properties which enables the dynamic tracking and analysis of subsurface
changes over time [228]. The majority of the automation in time lapse systems is built
on machine learning (ML) [229]. Time-lapse imaging algorithms allow for the dynamic
visualization and long-term monitoring of subsurface conditions, offering unique insights
into temporal fluctuations (e.g., ref. [230]). A time-clustering algorithm is introduced by
ref. [230] to enhance the interpretation of time-lapse ERT (TL-ERT) data after inversion,
aiming to reliably identify structural facies and hydrofacies. Their work highlighted the
value of ML in improving the robustness of ERT-inverted interpretations and distinguishing
the subsurface zonation. Other geophysical methods have also been integrated with ML
to improve the prediction accuracy of landslides. In a study conducted by ref. [231], the
application of ML resulted in an 86% improvement in the prediction accuracy compared
to the conventional inverse velocity method traditionally used for slope monitoring. The
integration of machine learning with seismic methods for assessing landslide susceptibility
further reinforces the potential of ML to enhance data interpretation and improve the
reliability of geohazard analysis [232].

ML also can be used to improve the accuracy and precision of landslide susceptibility
models, as traditional models and statistical learning approaches may have limitations
(e.g., ref. [233]). Moreover, with the use of ML in landslide studies, ref. [234] was able to
generate ground models quickly and objectively by grouping geophysical data into cluster
groups with comparable measurement ranges and trends. In instances where choices must
be made quickly and there may not be enough expertise, ref. [234] used machine learning
(ML) to automate the process and minimize the need for human interpretation. As a result,
the combination of geophysical methods, time-lapse imaging, and machine learning has
the potential to change the way that we think about and use subsurface properties as
technology evolves.

8.4. Distributed Acoustic Sensing (DAS)

A fundamental FOC system comprises a light source, optical fiber, sensing compo-
nents, detectors, and a signal-processing algorithm. Depending on the specific technique
employed, FOC systems can measure a wide range of physical parameters, including
displacement, strain, stress, vibration, acceleration, temperature, angular velocity, volt-
age, current, and concentration levels. DAS operates by analyzing the effects of seismic
vibrations on light transmission through FOC. The sensitivity of fiber optics to vibrations,
coupled with a fast response and a high signal-to-noise ratio, addresses some of the major
limitations faced by traditional seismic sensors such as geophones and microtremors [62].
DAS, considered a potential replacement for borehole seismic sensors, is a relatively recent
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method of seismic data acquisition that is rapidly gaining traction. According to studies
by [235–238], advancements in DAS and related fiber-optic sensing technologies provide an
affordable and highly repeatable option for time-lapse vertical seismic profile acquisition.
This reduces the reliance on costly wireline geophone deployments, positioning DAS as a
popular and emerging substitute for traditional geophones (e.g., refs. [134,239,240]).

DAS offers a range of additional advantages, including superior spatial resolution, flex-
ibility for deployment across diverse environments, continuous seismic data collection over
extended distances [190,239–242], and resilience against extreme weather conditions [239].
In the context of landslide monitoring, DAS serves as a real-time monitoring tool, unlike
traditional seismic methods, which often offer only a static snapshot of subsurface data.
Although there are challenges in accurately localizing seismic sources, DAS presents a
more cost-effective approach compared to traditional seismic monitoring techniques for
landslides (e.g., refs. [134,239,240]). However, specific research on TISM using DAS re-
mains limited. Recent years have seen growing interest in DAS for TISM applications, with
successful studies conducted by ref. [54,134,189,191] highlighting its potential. Given its
numerous advantages over the traditional methods, DAS is poised as a highly reliable and
promising technology for TISM, meriting further attention and exploration.

8.5. Nodal Seismic Systems

The term “nodal system” is frequently used to describe any seismic acquisition system
that uses a cable-less recording unit. This method employs seismic sensor nodes equipped
with wireless transceivers to form a network of geophones that communicate via radio
frequency technology. When compared to conventional seismic data acquisition, nodal
systems offer superior subsurface image quality, flexibility, and automation in surveys [243],
as well as the ability to overcome cable constraints [244]. Because of their adaptability,
effectiveness, and capacity to provide high-quality seismic data for resource exploration
and geological interpretation, according to ref. [244], nodal seismic systems have generally
grown in popularity within the seismic exploration sector.

A study conducted by ref. [245] emphasizes the quality of the seismic waveforms
collected via nodal seismic systems. They carried out a dense array experiment along the
Hayward fault in California, utilizing 182 nodal sensors to obtain high-resolution images of
the fault using ambient noise surface-wave tomography. Nodal sensors recorded both local
and teleseismic earthquakes with a strong signal-to-noise ratio, as validated by [245]. They
discovered that Love and Rayleigh waves could be separated, which would be helpful for
imaging subterranean formations.

Ref. [246] conducted a study using nodal geophones to compare their receiver func-
tions to those of conventional seismic stations. According to the findings of their inves-
tigation, nodal arrays with a bigger footprint can capture deeper features more precisely
than broadband deployments. Ref. [246] state that nodal geophones may offer additional
benefits over conventional broadband-only deployments, such as shortened deployment
times and lower costs, contingent on the research goal. Nodal geophones are becoming
more widely available to independent researchers, and the successful demonstration of
nodal geophones as a viable tool for receiver function investigations opens a wide range of
scientific subjects for further less expensive investigations.

8.6. Drone-Based Geophysical Sensors

Traditional geophysical sensor methods for wide-area monitoring are often time con-
suming, unsuitable for real-time monitoring and capturing field-scale variability, and
hazardous to access, especially on transportation slopes. These limitations have led re-
searchers to explore innovative approaches, such as integrating drones with geophysical
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sensors (e.g., refs. [247,248]). Despite challenges such as limited flight time, load capacity,
and communication limitation in urban zones, drones provide a low-cost solution for
collecting high-spatial-and-temporal-resolution data across large landscapes. They are
simple to deploy and operate, even in hazardous or difficult-to-reach areas, making them
suitable for slope monitoring in transportation infrastructure projects [50]. Drone data
can be processed using structure-from-motion photogrammetry to generate detailed or-
thophotos and digital surface models, critical for analyzing slope dynamics and identifying
potential hazards [45]. Unmanned Aerial Vehicles (UAVs) can be programmed for real-time
site monitoring, ensuring continuous data collection [50]. This capability helps address the
limitations of traditional geophysical methods that lack real-time data acquisition, such as
seismic, electromagnetic (EM), and ground-penetrating radar (GPR) techniques.

Drones equipped with geophysical sensors efficiently monitor passive and active
ground movement, which is crucial for slope stability analysis. Emerging Drones’ applica-
tions include electromagnetic (e.g., refs. [248,249]), magnetometry (e.g., refs. [250,251]), GPR
(e.g., ref. [252]), and large-scale seismic surveys, e.g., ref. [224], sensors for the temporal
and spatial monitoring of slopes.

These technologies support the creation of 3D ground and digital terrain models [253],
essential for analyzing the slope behaviour near transportation infrastructure. Drone-
mounted geophysical sensors are becoming increasingly popular for slope monitoring due
to their efficiency, accessibility, and ability to provide high-quality real-time data. These
features make them ideal for monitoring and managing the stability of slopes adjacent to
transportation infrastructure, thereby reducing risks and ensuring safety.

9. Conclusions
Geophysical methods have been widely used to monitor slopes along railways, roads,

and canals. Among these, techniques such as ERT and MASW, together with emerging
technologies like FOC, are among the most commonly applied tools. Monitoring designs
have included both temporary and permanent setups, with temporary monitoring being
more frequent. However, there is increasing interest in real-time and permanent monitoring
installations, particularly in applications involving EI and FOC.

These methods reveal the critical subsurface properties and structures, including soil
moisture dynamics, landslide slip surfaces, material thickness, subsurface heterogeneity,
and the real-time detection of rockfalls and debris flows. For example, seismic techniques
are effective for identifying slip surfaces and monitoring dynamic events, while electrical
resistivity methods excel in imaging moisture distribution and subsurface variations. Time-
lapse monitoring through methods like ERT, DAS, and microtremors offers valuable insights
into the slope stability changes over time, enhancing the understanding of slope processes
and improving early warning systems.

Each geophysical method brings specific benefits and challenges. GPR is fast and cost
effective but struggles with noise and interpretation issues. Seismic techniques provide crit-
ical data on slope dynamics but face challenges with cost and spatial resolution. Electrical
resistivity methods deliver detailed imaging but can be limited by power constraints and
interference. EM techniques are effective for rapid surveys but require expertise and are
sensitive to ground conditions. To address these limitations, a multi-method approach com-
bining these techniques is essential for comprehensive and reliable monitoring. Figure 4
demonstrates a summary of the geophysical methods’ performance in TISM.

Emerging technologies are transforming TISM. Real-time monitoring systems and
advancements in time-lapse inversion have greatly increased the application of geoelectrical
methods in this field. Innovations such as DAS, nodal seismic systems, UAV-mounted
sensors, and coupled geophysical-geotechnical models enhance accessibility, resolution,
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and data validation. The integration of artificial intelligence and machine learning further
refines data interpretation, automates processes, and improves predictive modelling.

Transportation infrastructure slopes present unique technical, operational, and safety
challenges distinct from natural or general slope settings. These slopes require unique
monitoring solutions due to their proximity to critical transport routes and the potential
for severe socioeconomic consequences if failure occurs. By highlighting how geophysical
methods are specifically adapted for use in Transportation Infrastructure Slope Monitoring
(TISM) contexts—both in terms of instrumentation and interpretation—this review fills an
important gap in the existing literature.

Future research should focus on applying multiple geophysical techniques, devel-
oping integrated frameworks that combine high-resolution geophysical data with real-
time monitoring, and leveraging emerging technologies and AI to create safer, more
efficient, and cost-effective monitoring solutions. This holistic approach aims to mini-
mize the infrastructure risks, enhance public safety, and optimize the management of
transportation slopes.
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Appendix A

Table A1. Case Studies on Monitoring TISs Using Near-Surface Geophysical Methods. Note: “-” = not
specified; “×” = multiplication.

(a) Railway Infrastructure Slopes Monitored via Geophysical Methods

Reference Method/
Survey Design

Monitoring
Type

Grid
Geometry

Monitoring Period
(Days)

[134]

FOC (DAS) Temp 3D -

FOC array: in shallow trenches (30 cm deep), fully armoured sensing cable. DAS parameters: 1 m
channel spacing, 10 m gauge length, 1000 Hz rate. Seismic sources: strikes on a 40 mm thick plate at
seven different distances from the midpoint of trenches. Additional sensors: eight three-component
nodal seismic stations deployed near the FOC array for reference, sampled synchronously with the

DAS unit.
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[56,57]

ERT ERT (Perm) 2D
270MASW MASW (temp)

CSW CSW (temp)

ERT: Two electrode lines, one parallel to the embankment containing 96 electrodes spaced at 1.5 m. Another
line, with 32 electrodes spaced at 1 m, ran over the embankment. A dipole–dipole configuration.

CSW: Seismic source: a controlled frequency vertical oscillator containing up to six geophones (4 Hz)
conducted across the crest of the embankment and just below the toe of the flanks. Wavelengths ranged
from 0.3 m to 15 m, depending on the spacing of geophones. The CSW method generated frequencies

from 5 to 200 Hz. The horizontal sampling between CSW locations was 10 m.
MASW: Coverage along 140 m by moving successive geophone arrays along the embankment. Seismic

source: an impulsive sledgehammer and long geophone arrays (between 24 and 36 geophones).
Frequencies generated were limited to below 80 Hz but still allowed the characterization of the shallow

subsurface. Geophones were spaced at either 0.5 m or 1 m, covering distances of up to 35 m.

[56]

CSW
MASW - 2D -

CSW: Five profiles of CSW, each containing 13 geophones with 1 and 2 m intervals, measuring signal
frequencies up to 200 Hz. CSW surveys were undertaken along a 140 m section of the embankment, at
the same stations with MASW and were laid out to complement the MASW survey line. Seven profiles,

five of them parallel to the embankment crest; two crossed the embankment.
MASW: Three profiles of MASW each containing 13 geophones with 1 m spacing intervals. Signal

measuring was limited to frequencies below 100 Hz. MASW surveys were undertaken along a 140 m
section of an embankment. Static arrays, with geophone spacing of 1 m.

[56]

CSW Temp
2D 120MASW

MASW: Signal measuring limited to frequencies below 100 Hz. Source: 24-channel land streamer
(4.5-Hz), geophones 1 m apart. A 300 m survey line divided into 50 increments, each covering 6 m.

Rayleigh wave generator: a hammer/plate source, 2 m away from the nearest geophone.
CSW: Measuring signal frequencies up to 200 Hz.

[55]

MASW Temp
2D -

CSW

MASW: Source: 14 lb hammer and plate. Survey along 130 m embankment axis, with a series of static
arrays with a 1 m geophone spacing. A total of 24–36 channel arrays of vertically polarized geophones
that were spaced either at 0.5 m (array length up to 17.5 m) or 1 m (array lengths to 35 m). Also, a land

streamer 24-channel arrays of vertically polarized geophones.
CSW: A 130 m survey along the embankment axis; 13 geophones. CSW survey stations were planned

with respect to the MASW survey line. Signal frequencies up to 200 Hz were measurable with the CSW,
whereas the MASW was often limited to frequencies below 100 Hz.

[55]

ERT Temp 2D 540

A profile (140 m) of 64 electrodes; electrode spacing of 1.5 m; parallel to the embankment transect.
Several 32-electrode line arrays across the embankment; electrode spacing of 1 m. Dipole–dipole

electrode configuration.

[55]
ERT Perm 3D 780

Twelve cross-axis ERT lines, profile spacing of 2 m; electrode spacing of 1 m. Additional 32-electrode
line arrays along the embankment; electrode spacing of 1 m. dipole–dipole array configuration.

[61]

FOC (DSS) Perm 2D 420

Type: Long-gauge fibre Bragg grating (GBG) strain sensors. Sensors: two types: one chain of three
borehole sensors (at depths of 38, 40, and 68 m; extending up to 20 m), and two surface extensometers

(measure both strain and temperature). Data collection in two modes: (a) dynamic measurements
(triggered by deformation) at high sampling rates (100 Hz). (b) Static data logging every 5 min.
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[83]
FOC (DAS) - 2D 45 days

Instrument: Febus A1 interrogator; a 10 km dark fibre parallel to the road and rail line (perpendicular to
the slope); a gauge length of 8 m; a channel spacing of 4 m; a sampling frequency of 200 Hz.

[14]
ERT Semiperm 3D 720 (2 years)

Two electrode profiles. One ERT line (91 m) with 45 electrodes. The other ERT line (54 m) with
27 electrodes; electrode configuration of Wenner.

[85] EM, ERT ERT (Semiperm)
EM(Temp) 2D 120

ERT:
Three longitudinal ERT profiles and three transverse ERT profiles were gathered. Each profile contained

32 electrodes and was 126 m long; electrode spacing of 2 m. Elec. config. of Schlumberger.
EM:

In the landslide area, three TEM survey lines with respective lengths of 126, 200, and 300 m were set up.
The emission frequency was 25 Hz, and the emission current was 1 A. The transmitter coil utilized had a

side length of 2 m. A 10 m spot distance was used for measuring spots with the TEM.

[86]

ERT Perm 2D and 3D 300 (2D ERT), and 540
(3D ERT)

Within a 22 m portion of the embankment, a permanent ERT monitoring array was erected, consisting of
twelve wires that ran perpendicular to the rails and were spaced 2 m apart. There were 32 electrodes on

each line, spaced 1 m apart.

[87]
ERT Perm 4D 720

Two sensor arrays made up the installation: one was 91 m long and had 45 evenly spaced underground
rod electrodes, while the other was 54 m long and had 27 evenly spaced buried rod electrodes.

[43]

ERT Perm 4D 720

Buried stainless steel rod electrodes were laid out in five lines, two of which ran uphill and three of
which ran downhill, spanning a relict landslide and parts of un-slipped cutting on either side. Lines 1

and 2 had 91 electrodes spaced one m apart, whereas Lines 3, 4, and 5 had 19 electrodes.

[81]
ERT Perm 2D 120

Wenner configuration. Two intersecting ERT profiles: one 91 m with 45 evenly spaced electrodes, the
other covered 54 m containing 27 electrodes.

[59]

EM
GPR
ERT
SR

2D (ERT) - 30 (EM & GPR)
360 (ERT)

EM: Two surveys on different days. Two sets of equipment were used: Geonics EM-31 and EM-34
systems operating in a vertical dipole. The EM-31 survey was conducted in a continuous acquisition

mode by walking for each survey profile, while the EM-34 data were recorded at stationary points along
the survey lines. Real-time global positioning information was integrated with the collected data to

accurately georeference the conductivity measurements.
GPR: Two surveys: Survey 1. A nominal source frequency of 100 MHz and 50 MHz antennae was used.

The antennae were dragged over the slope with a fixed transmitter–receiver separation of 1 m.
Continuous data collection was performed at a rate of approximately 15 soundings per second, allowing
for detailed mapping of the subsurface. Survey 2. A nominal source frequency of 30 MHz. The survey

involved ten lines while travelling downstream in a raft.
ERT: One ERT line, Wenner array of 47 ground electrodes spaced every 5 m. Four ERT lines. A reverse

Wenner array was used with a minimum electrode separation of 10 m.
SRa: Energy source: a Betsy gun and a sledgehammer and steel plate. Three to five shots were taken at
each location. Five transect lines. Two Geometrics Geodes and 24–48 geophones, with a spacing of 5 m

between the geophones.
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[88]

ERT Semi-
permanent 2D 720

The resistivity test chambers had interior dimensions of 78 mm × 25 mm × 25 mm, pin electrode
separations of 25 mm and 75 mm, and were placed into the specimens at a depth of 5 mm. In accordance

with the Wenner approach, a four-point drying curve was generated.

[87]

ERT Perm 3D 720

Five ERT lines, two ERT lines across a slope, 91 electrodes, elec. spacing of 1 m, and three ERT profiles
along the slope, 19 elecs., elec. spacing of 1 m. Measurement sets were acquired automatically once

every 12 h using a dipole–dipole array configuration.

[89]

ERT Perm 2D over 90

Five ERT profiles, two parallel to the rail track and three across to the tracks, a Schlumberger array
configuration with an inter-electrode spacing of 5 m. No info about the number of electrodes in each

profile, and nothing about electrodes or profile spacing.

[127]

Vp refraction - 1D (plus time) 180

The recording array used in all nine acquisition operations was set up with 24, 4.5 Hz, spike linked, and
vertical geophones spaced 2 m apart along a straight line on the embankment’s crest. A 4.5 kg

sledgehammer striking a metal plate was the cause of the seismic event. Along the seismic line, the
source was positioned at 16 distinct points. To obtain seismic sections with a higher signal-to-noise ratio,

three recordings were taken for each of these source points and then stacked in the time domain.

[128]

MASW - 2D 480

The MASW data were collected utilizing a land streamer made up of 24 vertical geophones with 4.5 Hz
along the embankment crest. The geophones were mounted to the ground using cleated metal plates
and spaced at 1 m intervals. A 4.5 kg sledgehammer striking a metal plate two m away from the first

receiver served as the seismic source. In most cases, a total acquisition time of under 2 h was achieved.

[90]
ERT PERM 4D 720

Ten ERT profiles 3 M apart, each line 24 electrodes, 0.75 M spaced

[90]
ERT PERM 4D 720

One ERT line, 256 electrodes, 1.3 M spaced

(b) Road Infrastructure Slopes Monitored via Geophysical Methods

Reference Method/
Survey Design

Monitoring
Type Grid Geometry Monitoring Period

(Days)

[91]
ERT Perm 2D 300

Two 64-electrode arrays, 0.5 m spacing, dipole–dipole config., AGI Super Sting R8/IP instrument.

[55]
ERT Perm 2D 900

ALERT system, 64 electrodes, 0.5 m spacing across 32 m, dipole–dipole config.

[129]
AN Temp 1D -

Triaxial accelerometers on ground/slope points, 2–8 m apart, frequency range 0.2–10 Hz.

[82]

ERT - 2D
1D
1D

300HVSR -
MAM -

Five profiles: 710 m/470 m/141 m, electrode spacing 3–10 m. HVSR with three-comp. geophones, MAM
with 24 synchronized sensors.

[130]
Microtremor (HVSR) - 1D 60

Sixteen locations in the sliding zone; DATAMARK JU410, 15 min records, 100 Hz sampling.
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[61]
FOC Strain Perm 1D 420

Sensors: one chain of three borehole sensors, and two surface extensometers. Dynamic measurements
(triggered by deformation) at high sampling rates (100 Hz). Static data logging every 5 min.

[83]
DAS - 2D 45

A 10 km dark fibre; a gauge length of 8 m; a channel spacing of 4 m; a sampling frequency of 200 Hz.

[92]
ERT Temp 2D 420

ERT profile containing 96 electrodes, 0.5 m spacing, dipole–dipole configuration.

[55]
ERT Perm 2D 900

Dipole–dipole config. ERT profile made of 64 electrodes, 0.5 m apart, covering 32 m.

[93]

ERT
AN PERM ER (2D), S (1D) 365

ERT: A total of 48 electrodes; 5 m intervals. A dipole–dipole config.
AN: A permanent seismological array, continuously recording microseismic events since 2010 at the
station. This setup included six vertical velocity sensors placed 50 m from a central three-component
4.5 Hz velocimeter, with all sensors buried at a depth of 1 m and connected to a receiver. The ambient

seismic sources included rockfalls and internal quakes.

[131]

MASW,
HVSR Temp 2D 1589

MASW: active: two active MASW surveys: December 2010 and April 2015, an array of 12 vertical
geophones (4.5 Hz) 4 m and 5 m apart. The energy source of a weight drop was used, and multiple
energizations were performed about 8 m from the geophone starter to enhance the signal’s energy

content relative to the ambient noise.
AN: three-component microtremor, 16 min recording duration, 128 Hz sampling frequency. Five HVSR
sections were acquired using four compact tomographs (1 dm3, 1 kg, 2200 V/(m/s) sensitivity, 24 dB,
0.1250 Hz resolution). Environmental noise was recorded at each station for 16 min to ensure signal

stability at 128 Hz sampling frequency.

[94]

S-ANT Temp 2D 167

Noise source: local high-frequency seismic noise from heavy vehicular traffic on the road. Two
intersecting profiles with the length of 75 and 95. 12 seismometers spaced 10 to 20 m apart,. Record

duration: 60 min. Sampling rate: 10 ms. Frequency range: 0.03 to 100 Hz.

[94]
ERT Perm 4D 239

A 224 m ERT profile with varying electrode spacing (1 m at the center, increasing toward the edges).

[132]

FOC
AN Perm FOC (2D)

AN (1D) 212

DSS: A strain rosette, embedded 1 m below the surface in the landslide’s central part, included three 5 m
FOC sensors arranged radially to monitor multi-directional strain changes. Each sensor captured length

variations along three directions, enabling 2D strain assessment.
AN: Six Geospace GS-11D 4.5 Hz three-component geophones monitored the seismic activity across the

GMM. Unique seismic events included the following:
Short, high-frequency bursts (up to 100 Hz); longer, lower-frequency events (<60 Hz); low-amplitude,

narrowband, lasting 10–30 s; long (>60 s), low frequency (<50 Hz); high-frequency spikes on one station
with corresponding low-frequency signals on others.

A nearby reference station and sound sensors aided in distinguishing mass movement-induced seismic
events from other sources.
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[53]

SR
S-CC - 1D 146

Two active seismic profiles were performed along and across the landslide. The longitudinal profile
used eight geophones at 5 m spacing with explosive shots, while the transverse profile used eight

geophones at 8 m spacing with hammer strikes on a plate. Two 2 Hz three-component seismic sensors
were buried at 40 cm depth, 35 m apart in stable terrain outside the landslide. Each sensor was

connected to a 24-bit Kephren acquisition station, digitizing and storing data at 250 Hz.

[95]
SPT Controlled test 2D 1

(Eleven electrodes separated by 5 m) 50 m profile.
The 24 h monitoring phase was a part of the longer semi-permanent monitoring campaign.

[96]

ERT - 2D -

A 32-electrode system, electrode spacing of 10 to 30 m; a dipole–dipole array arrangement. During the
field survey, eight ERT lines with lengths varying from 310 to 600 m were undertaken. Seven lines were
oriented transversely to the landslide body; one line was oriented parallel to the accumulation zone. A

total of 323 measurements were recorded for each profile.

[97]
ERT - 3D (time lapse) 600

Two linear arrays with 64 electrodes each, each ostensibly located 2 m apart, making up the PRIME
system. A dipole–dipole array configuration was used.

[98]

ERT Temp 2D -

Two ERT profiles; the Wenner-Schlumberger array and the pole–pole array were the two types of
electrode arrays used in this study.

The “Super-Sting R8” multi-electrode resistivity system was used.

[60]

ERT, MASW Temp 2D 342

ERT: A dipole–dipole arrangement was used. There were 64 electrodes, with 6 m spacing.
MASW: A roll-along shear wave velocity imaging across the electrical profiles was performed using

24 geophones (4.5 Hz) spaced 2 m apart with an offset spacing of 4 m.
The seismic source was a 10 kg hammer on a metal plate as a cut-off frequency, and the spectral

analysis’s dramatic amplitude fall around 110 Hz was chosen.

[50]
ERT TEMP 2D over multiple

observational periods

Multiple lines of 2D ERI surveys focusing on post-failure forensic evaluations, with a dipole–dipole
array with 56 electrodes spaced at different centre-to-centre distances.

(c) Canal Infrastructure Slopes Monitored via Geophysical Methods

Reference Method/
Survey Design

Monitoring
Type Grid Geometry Monitoring Period

(Days)

[56]

CSW
MASW - CSW (2D)

MASW (3D) -

CSW: Measuring signal frequencies up to 200 Hz.
CSW surveys were undertaken along a 140 m section of the embankment, at the same stations with

MASW and were laid out to complement the MASW survey line.
Seven profiles, five of them parallel to the embankment crest; two crossed the embankment.

MASW: Signal measuring limited to frequencies below 100 Hz.
Four profiles, each parallel to the canal line and each 17.5 m long; 36 vertical geophones with a series of

overlapping 8-channel geophones, spaced at 0.5 m; MASW surveys were undertaken along a 140 m
section of an embankment. Static arrays, with geophone spacing of 1 m.
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[133]

S-EDCL Semipermanent 2D 10

One three-component sensor was surrounded by six one-component sensors in each of the two
deployed tripartite sensor arrays.

The seismic arrays used in passive seismic acquisition systems had a radius of 20 and 40 m.
A tripartite-shaped array had one three-component (3C) sensor in the centre and six vertical sensors

spaced roughly 20 and 40 m apart in each of the three directions. The upper portion of the landslide had
two seismic arrays constructed. As the optimal trade-off between signal resolution, data storage, and

data transmission, the data sampling rate was set at 400 Hz. For both locations, the ground motion was
concurrently recorded on all the channels of each array with a flat frequency response in the frequency

range [2–80] Hz.
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