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Abstract

Since the early 1960s, the near-surface seismic refraction method has been extensively used as a
non-invasive and cost-effective geophysical method to characterize geological structures for
landslide investigation. Seismic refraction tomography (SRT) is considered a modern interpreting
seismic refraction data that allows for determining lateral variations of P-wave velocity. This
geophysical technique can characterize the slope material, the sliding surface’s geometry, the
landslide mass movement, the physical properties of media, and the water saturation effects on the
slope. Therefore, this method has become an appropriate method due to the increasing progress of
novel algorithms and the improvements of field-data collection systems. This paper reviews the
essential research investigating various types of landslides influenced by water saturation and
landslide materials and identified in various areas since 2000. Significant conclusions obtained by
applying different survey strategies and data processing algorithms in seismic refraction surveys are
widely discussed, concentrating on the advantages and disadvantages of this method. The main
results obtained by the few time-lapse SRT (TLSRT) are mainly analyzed.

Keywords: Landslide; Near-surface; Seismic refraction tomography (SRT); Time-lapse SRT (TLSRT);
Monitoring.

1. Introduction

Landslides are the mass movement of debris, rock, and earth downslope. They are considered one of the
natural hazards in many parts of the world. Landslides cause losses of lives and properties [Perrone et al., 2014].
They are triggered by different mechanisms (e.g., typhoons, precipitation, and earthquakes) [Heincke, 2005].
Most of them occur on unstable slopes caused by meteorological events that increase the probability of slope
failures [Goktiirkler et al., 2008; Imani et al., 2021a; Imani et al., 2021b; Kul Yahsi and Ersoy, 2018; Ozcep et al.,
2012; Samyn et al., 2012; Yilmaz and Kamaci, 2018]. The detection and characterization of landslide bodies
require a multidisciplinary method based on combined geotechnical techniques, geophysical surveys, geological
setting investigations, ground-based approaches, and airborne approaches. However, the geotechnical and
geological approaches cannot be applied for investigating the subsurface structures; instead, they are typically
used in investigating borehole samples and surface structures [Heincke, 2005].
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Airborne and remote sensing approaches aim at improving landslide investigations with their ability to analyze
prior events; monitor surface changes, such as outcrop failures, displacements, geomorphologic settings during a
specific period, and landslide activities; and evaluate landslide susceptible regions [Mantovani et al., 1996;
Metternicht et al., 2005; Scaioni et al., 2014]. Scaioni et al. [2014] categorized the remote sensing methods into four
classifications: passive optical sensors, thermal infrared remote sensing, microwave sensors, and airborne and
terrestrial laser scanning. Ventura et al. [2011] applied multi-temporal airborne light detection and ranging (lidar)
data to investigate complex landslides in Southern Italy. A combination of lidar and inclinometer information
could produce 3D images of the rockfall site’s surficial and inner kinematics [Tomas et al., 2018]. Baldi et al. [2008]
used archival photogrammetry and global positioning system (GPS) data on landslide kinematics. The tiltmeter,
conventional inclinometer, and piezometer are other tools applied to the regions influenced by landslide events
to characterize the subsoil’s hydraulic and mechanical properties [Perrone et al., 2014; Uhlemann et al., 2016] at
a certain point. Despite all the capabilities of ground-based and airborne methods, they are not able to study the
characterization of subsurface materials and the lateral extent.

The application of near-surface geophysical techniques has extensively increased. These methods can give
reliable results obtained from the slope with a non-invasive, quick, and user-friendly technology [Al-Saigh and Al-
Dabbagh, 2010; Bekler et al., 2011; Bichler et al., 2004; Capizzi and Martorana, 2014; Chen et al., 2019b; Donohue
et al., 2012; Ferrucci et al., 2000; Goktiirkler et al., 2008; Grit and Kanli, 2016; Havenith et al., 2002; Havenith et
al., 2000; Imani et al., 2021a; Imani et al., 2021b; Jacob et al., 2018; Jongmans et al., 2009; Jongmans and Garambois,
2007; Karsli et al., 2017; Kim et al., 2011; Kul Yahsi and Ersoy, 2018; Mauritsch et al., 2000; Mezerreg et al., 2019;
Ng et al., 2015; Nwankwo and Ugbena, 2019; Otto and Sass, 2006; Ozcep et al., 2012; Samyn et al., 2012; Solberg
et al., 2012; Tomas et al., 2018; Travelletti et al., 2010; Wang et al., 2016; Yilmaz and Kamaci, 2018]. Geophysical
techniques can locate the water content and assess the volume of the landslide body and the physical properties
of landslide materials. The selected investigation methods depend on the contrasts of the physical parameters. For
investigating other parameters, such as the landslide volume, morphology, and penetration depth, the equipment
set up on the investigation area should be accurately considered [Jongmans and Garambois, 2007].

Geophysical procedures can characterize a large volume of subsurface materials by overcoming specific point
measurements. Although the conventional seismic refraction method is frequently employed in landslide studies
because of the availability of the factors that influence seismic velocities and spatially and temporally diversify
them, the seismic refraction tomography (SRT) method is considered as the most commonly used geophysical
technique in landslide investigations with high-resolution illustrations [Hack, 2000; McCann and Forster, 1990].
This technique is significantly applied as a modern geophysical procedure of interpreting seismic refraction data
that employ forward and inversion modeling methods to estimate the velocity in 2D and 3D surveys [Al-Heety
and Shanshal, 2015]. The SRT allows the interpretation of velocity variations as gradient and discrete layers [Azwin
et al., 2013]. This method measures the subsurface seismic velocities and depicts images of underground geological
settings. In general, seismic velocity is affected by the rock properties, such as the water saturation, material
compositions, weathering rate, and porosity volume [Bogoslovsky and Ogilvy, 1977; Kaminskiy, 2013; Kassab and
Weller, 2015]. Among these factors, the water content and porosity play an essential role in increasing the pore
water pressure, reducing the shear strength, and finally triggering the landslide [Imani, 2020; Imani et al., 2021b;
Xu et al., 2016; Yalcin, 2007]. These are the specific reasons for applying seismic refraction tomography to
characterize landslide materials’ physical properties and delineate the boundaries and surface failures. To have a
successful seismic refraction project with useful and reliable results, great attention should be paid to the survey
strategy and data processing algorithm to be performed on the specific landslide type and materials. The survey
layout should be designated to cover the considered area extensively and to suit the lithological, geological, and
topographic conditions of the study area. Additionally, the algorithm processing data should be able to separate
noises from the signals carrying subsoil information and to present the subsurface model with a high resolution
and no ambiguity.

In most landslide studies, seismic refraction methods are integrated with other geophysical techniques to
obtain accurate and reliable results from heterogeneous landslide structures. The expected contrast of the physical
properties, penetration depth, accuracy, landslide characteristics, and economic factors allow the researchers to
choose a suitable geophysical method to combine with the SRT technique. Hack [2000] used various types of
geophysical methods to investigate slope stability. He concluded that using the combined methods helped to
detect different subsurface structures that were impossible to visualize using a single method.
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McCann and Forster [1990] applied several surface geophysical methods, such as seismic refraction,
microseismic monitoring, electrical resistivity, the magnetic method, electromagnetic surveys, and boreholes,
to illustrate the geometry of landslides, to characterize the mass movements, and to detect the hydrogeological
regime and water content. Barta et al. [2005] surveyed the Sudety Mountains using seismic and dynamic tests,
gravity measurements, natural electric fields, the resistivity method, and ground-penetrating radar (GPR). There
are no obvious conclusions from this paper; however, they had an excellent experience using resistivity
tomography. Baron and Supper [2013] studied in 14 European and Asian countries using lidar airborne laser
scanners (ALS), geophysical logging, aerial imaging, resistivity measurements, ground-based synthetic aperture
radar interferometer (GB InSAR), and the seismic refraction method. Based on this study, the electromagnetic
(EM) method, seismic survey, and DC resistivity were the most reliable geophysical techniques for landslide
investigation. Despite the use of combined methods, SRT technique is of great importance in landslide studies.

The current study presents the results of landslide research articles, mainly focused on detecting water
contents, published in valid journals and research dissertations applying seismic refraction tomography method
(SRT) since 2000. This paper is concentrated explicitly on various data acquisition systems and data processing
methods for different landslide typologies. The present research recognizes the limitations and potentials of the
refraction method in landslide studies.

2. Materials and Methods
2.1 Application of Seismic Refraction Tomography in Landslide Investigation

Since the early 1960s, the seismic refraction method has been considered one of the most commonly used
techniques in near-surface geophysical projects, particularly in landslide studies [Armstrong et al., 2011; Hack,
2000]. Since the SRT indicates the subsurface materials as continuous media where the first break recorded does
not strictly depend on materials or refractors with a high contrast of velocities [Rucker, 2000], the refraction
tomography is ideal for characterizing the area with strong gradients of lateral velocities. The seismic refraction
tomography can be applied in high precipitation zones to provide the subsoil images based on seismic velocity
increasing at greater depths. The velocity illustrations are analyzed and interpreted according to velocity
contrasts, which are chiefly caused by various lithologies and variations in water saturation. In other words,
determining the landslide lateral extension and depth and distinguishing the boundaries among subsurface
horizons of lithologies characterized by increasing wave velocity affected by different densities are the main
tasks of the SRT approach [Bekler et al., 2011; Bogoslovsky and Ogilvy, 1977; Brooke, 1973; Narwold and Owen,
2002; Palmer and Weisgarber, 1988]. In the field procedure, the seismic signals travel down through the earth and
refract and diffract from discontinuities due to the increasing velocity with depth [Goktiirkler et al., 2008].
Reducing the rigidity of the landslide mass and the presence of fractures decreases the seismic velocity
propagating through the landslide body [Cummings and Clark, 1988]. Based on the obtained results by
Bogoslovsky and Ogilvy [1977] and Otto and Sass [2006], the seismic velocity as the mechanical property of
landslides can characterize the materials and delineate the failure surface due to the nature of lithological
features and the contrast among various kinds of media.

The SRT can also illustrate the subsoil slopes. The slope investigations can be hard to survey due to placing
the geophones and sources in the access points; however, a seismic refraction technique can be performed easier
on such conditions [Hack, 2000]. However, state-of-the-art studies accomplished on slope deformation, regardless
of the type of landslides, applied seismic refraction as the preferred geophysical method [Pazzi et al., 2019].

The current review represents the most useful information from the investigated studies in Table 1. This Table
reports the research studies in detail, including the first author’s name, the journal-title, the publication year, the
landslide typology, the geological setting of sites, the processing approach, etc.
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. Geological Data processing Signal source
Authors Journal Type of landslide settings Method Other methods Shpplien
Complex slide (Debris Electrical Tomography
Havenith etal.  Surveys in Geophysics 2000 slide and Arenite and clay No info. and Surface wave Explosive
multirotational) method
Limestone,
Rockfall and dolomitic generalized reciprocal Geoelectric method Hammer and
Mauritschetal.  Engineering Geology 2000 I conglomerate, and electromagnetic .
debris slide method (GRM) Explosive
sandstone, marls (EM)
and shales
Static and topographic
Ferrucci et al Engineering Geolo 200 Deep-seated Gneiss, phyllite, corrections, enhanced Seismic reflection and Dynamite
’ S g &y gravitational movement and alluvial deposit by filtering and borehole and hammer
migration
Bulletin of the
. . . ] . Homogeneous Software . . Sledgehammer and
Havenith et al. Selsmologlcal. Society of 2002 Rockslide Granite Massif SARDINE Seismological Data Explosive
America
Bulletin of Engineering Limestone to marly Software REFRA
Glade et al. > 2004  Translational slide (Intercept-time and borehole Hammer
Geology of Environment clay GRM)
ground penetrating
. . radar (GPR),
Bichler et al. Landslides 2004 Earth Shdﬂeoi?d Debris Silty sand to clay No info. Reflection, Direct Hammer
current resistivity, and
surface wave method
electrical resistivity
simultaneous iterative ?ﬂiﬁ?&?igﬁl’
Godio et al. Engineering Geology 2006 Rockslide Metamorphic rocks reconstruction file (HSP f Hammer
technique (SIRT) profile (HSP), surface
wave method (SWM),
and Borehole
ReflexW (wavefront-
Otto and Sass Geomorpholo, 2006 Talus slope Regolith, red rock inversion), GPR and 2D resistivity =~ Sledgehammer
phology P 8 ) network-raytracing, ¥ g
and tomography
Heincke et al. Geophysics 2006 Rockfall and rock slide Fljac.’( uredand Tomographic Inversion Sensitivity tests and Dynamite
gneissic rock mass of traveltimes borehole
Journal of Applied Mass movement Marl, limestone,
Goktiirkler et al. bp 2008 . X conglomerat, and Least-squares ERT Sledgehammer
Geophysics in rotational form flysch
Seismic noise
Saturated measurement, ERT,
Jongmans et al.  Engineering Geology 2009 Complex laminated SIRT geotechnical data, Explosive
clay Inclinometric,
and piezometric data
clayey marls, marly
Al-Saigh Geological Society of limestones, Regression and Mota  Stability analysis and
and sical » ¥ 2010 No info limestones, gypsum 8 ¥ anaty Sledgehammer
India parameters borehole
AL-Dabbagh layers, gypsum
blocks
Deep-seated landslide . » Sloping Local Base
Travelletti et al. Geomorphology 2010 and &yp su;lnazzggﬁlamal Iir:;errcoevpetbtlril: H;:E?r?d Level (SLBL) and Hammer
debris flow P v rayt € Seismic Reflection
Environmental Earth Clay, Software GLI3D (the  Electrical resistivity,
Kim et al. . 2011 Mass movement siltstone, and generalized linear  seismic reflection, and Hammer
Science X .
sandstone inversion) borehole
. Coarse-grained  po o4 model using
Journal of Environmental . . sandstone, ) . .
Lo Rotational slide Eikonal equation and Hydrometer analysis .
Bekler et al. and Engineering 2011 mudstone, shelly L . No info
g and creep . Topographic inversion and ERT
Geophysics (JEEG) limestone, marl,
. approach
and siltstone
ITB Journal . . .
Armstrong et al. . - . 2011 No info Tuff and clay Neural network No info No info
of Engineering Science
Complex (flow and slide Second-order fast
Samyn et al Journal of Applied 2012 P s) Fractured flysch,  marching method Geotechnical sounding Dynamite
Y ’ Geophysics Ly marl, schist (FMM), 3D FMM, and and borehole yn
in deep-seated
SIRT
. . black argillaceous Softyvare O.P TIM
Zainal Abidin et (SeisOptPicker

Procedia Engineering 2012 Creep rock, sandstone, and SeisOpt@2D Prior borehole data  Sledgehammer

al. and mudstone

processing)
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European Association of

EM conductivity
mapping, ERT,
Software GREMIX  Multichannel Analysis

Lo - Clay and salt including plus-minus  of Surface Waves
Donohue et al. Gegsaentlsts & 2012 Quick-clay content method, GRM, and (MASW), rotary Sledgehammer
Engineers (EAGE) ! .
slope-intercept pressure sounding,
cone penetration tests
(CPT’s), and borehole
Bulletin of acfil\?z ’esrl(:z’iri?lng;ld meaisitzsrgzgg and
Solbergetal.  EngineeringGeology of 2012 Quick-clay . . No info . Dynamite
X ice-marginal geotechnical
Environment . : I
deposit investigation
. Silty clay, clayey . o .
Ozcep etal. Envnrompental Earth 2012 Slope stability sand, Spftware Se_zlslmager MASW, in-situ testing No info.
Sciences (time-term inversion)  (SPT), and borehole
claystone, clay
Journal of Geophysics and Calcarenites, silt, ‘tlg\//iflpt?:rlllee(l\lj\?;?)l ERT, Horizontal-to-
Capizzi et al. En ineé)rirsll 2014  Translational slide sand, method. smooth Vertical Spectral Ratio No info.
8 S and clay Lo (HVSR), and MASW
inversion
Electronic Journal of Weathered schist, Software SeisImager
Soon Min et al. Geotechnical Engineering 2015 Complex sandstone, and . : S Borehole Sledgehammer
(time-term inversion)
(EJGE) shale
conglomeratesands . . - .
. . . . Raytracing technique Seismic reflection and
Grit and Kanli Open Geoscience 2016 No info tone, and SIRT MASW Sledgehammer
clay, limestone
. . grey to Inversion algorithm
Uhlemann et al. Journal of Apphed 2016 Earth slide and earth dark-grey mudstone using Elastic moduli Borehole Sledgehammer
Geophysics flow f A
and siltstone and Regularization
Raytracing algorlthm Radiomagnetotellu .
for sparse linear ric (RMT), Seismic Weight-drop,
Wang et al. Tectonophysics 2016 Quick-clay Clay equation and sparse i explosive, and
reflection, and
least-squares (LSQR), hammer
S borehole
and Regularization
Refraction
N Microtremor (ReMi)
. . Historical Basalt, LoD
Karsli et al. Eurasian ].Oumal of Soil 2017 landslide and Gravely silty clay, Tomographic method MAS.W’ Seismic Sledgehammer
Sciences . reflection, borehole,
lake sediments Clay .
and geotechnical
methods
N Sand, clay, . Weight-drop and
Jacob et al. Engineering Geology 2018 Rockfall and flow and chalk cliff WET Gravity, borehole explosive
Kul Yahsiand - Journal of Qeophysu:s and 2018 Slope stability Clay, silt, and sand No info. GPR, ERT, and No info
Ersoy Engineering borehole
International Journal of
Yilmaz and Computational and . . Vertical electrical .
Kamaci Experimental Science 2018 Slope stability Clay No info. sounding (VES) Noinfo.
and Engineering
Matrix of sand-clay, Software
Mezerreg et al. Journal ovafrlcan Earth 2019 Creep Sandstqne pebbles Reflex W (wavefront- ERT, boyehole, and Hammer
Sciences and Limestone X . geotechnical methods
R inversion)
debris
Sandstone,
Nwankwo and World Scientific News 2019 No info. conglomerate, Software Reflex W VES, ERT Hammer
Ugbena shale, grey (wavefront-inversion)
mudstone
Journal of Environmental Silty clay, ERT, Scattered wave
Chen et al. and Engineering 2019 Rockfall mudstone, LSQR imaging (SSI), and Hammer
Geophysics sandstone borehole

Table 1. Studies using conventional seismic refraction and seismic refraction tomography methods in landslide

investigations and published in valid journals since 2000.
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2.2 Data acquisition

The SRT survey design for characterizing landslides must be adjusted when applied in different studies. After a
careful reconnaissance of the topographic conditions, landslide type, hydrogeological and lithological characteristics
of the study area, landslide extent, and objective depth, a survey strategy should be carefully designed to cover
stable and unstable terrains. In other words, generally, seismic refraction lines should be positioned over landslide
scars and beyond that to compare the subsurface images. The profiles are typically extended closest to the borehole
location drilled into a catastrophic region [Abraham and Lucius, 2004]. The profile length depends on the constraint
of the landslide site extension and should be approximately three to five times the investigation depth.

The number of seismic profiles depends on the size of the investigation area. For better illustration of the
underground in landslide studies, it is necessary to spread out at least three longitudinal lines (along with the
sliding direction) and several traverse profiles positioned over the failure surface and beyond that [Bogoslovsky
and Ogilvy, 1977].

The in-field procedure is conducted with three main seismic equipment elements, including a seismic source and
several seismic receivers connected to the seismograph through cables. The geophones (receivers) connected to
the seismograph through cables receive the signals generated by sources. The detectors are applied for travel time
measurement. Knowing the values of time and depth, the apparent velocity values characterizing the subsurface
studied can be computed. The calculated values and inverted velocities are placed at their positions to represent the
subsoil velocity images.

The geophones and sources are deployed on a linear strategy system in refraction surveys and usually placed
along a single line. This means that the SRT is generally carried out along a line of geophones with end- and off-
end sources at each end of the profiles (Figure 1).

Forward end-shot Middle shot Reverse end-shot
I — N — = B s | | e | — |
PPt B G S 5 ARt A Gt B Sath {

Forward off-end shot Reverse off-end shot

:_ Hammer Source

? Normal Geophone

Figure 1. Schematic image of typical 2D seismic refraction survey strategy.

Additionally, for the in-field procedure, the travel time quality control (QC) of seismic refraction data is essential
due to the expensive and time-consuming fieldwork. According to seismic imaging, shorter travel times are related
to the geophones placed near sources, and longer travel times are related to the receivers placed far away from sources
[Goktiirkler et al., 2008]. Imani [2020] and Adamczyk et al. [2013] controlled the quality of travel times by blowing at
the shot point at a distance of 0 m during acquiring data. As shown in Figure 2, according to the seismic traces, shorter
travel times belong to receivers located near the sources, and longer travel times come from far sources.

The resolution of images obtained by refraction survey is influenced by the receiver spacing, signal source
frequency, and the shot number [Hack, 2000]. The geophone spacing and frequency should be based on an on-site
extension and soil heterogeneity, respectively [Armstrong et al., 2011]. The frequency of the geophones should be
adequate to sliding objectives. Typically, in shallow seismic investigations, particularly landslide studies, the natural
frequency used is 4.5 Hz [Capizzi and Martorana, 2014; Glade et al., 2005; Havenith et al., 2002; Havenith et al., 2000;
Imani, 2020; Imani and Tian, 2018; Imani et al., 2021b; Jongmans et al., 2009; Karsl et al., 2017; Kim et al., 2011;
Uhlemann et al., 2016; Vanli Senkaya et al., 2019]. However, geophones with higher frequencies (10, 14, and 28 Hz)
are likely applied in sliding studies [Adamczyk et al., 2013; Bekler et al., 2011; Donohue et al., 2012; Glade et al.,
2005; Godio et al., 2006; Grit and Kanli, 2016; Jacob et al., 2018; Mezerreg et al., 2019; Ng et al., 2015; Travelletti et
al., 2010; Wang et al., 2016; Zainal Abidin et al., 2012]. Since the reliability of the refraction results depends on the
accuracy of the picking first break, the first onsets should be recognizable. Lower frequency geophones are more
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sensitive to arrival signals, even including noises of higher frequency, and require data with more unwanted noises.
At the same time, this can present geological structures with more details. Therefore, locating the onset of the
arrivals acquired from landslide sites with heterogeneous surfaces can be troublesome and requires great attention
while picking. However, no case of inefficiency of various geophone frequencies has been reported in this paper.
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Figure 2. Seismic travel times are created by a shot blown on a few centimeters from a distance of zero. The solid red line
shows the picked first arrivals [Imani, 2020].

Seismic signals are generated by various sources, such as explosives, hammers, weight-drops, and vibroseis.
Impulsive sources are selected based on the geological conditions, efficiency, accessibility, cost-effectiveness, safety,
generation of more energy, and reproducibility. The anomaly depth, the required resolution, good quality data, and
environmental friendliness are also factors considered while choosing the signal source [Malehmir et al., 2013b]. For
years, the sledgehammer blown on a metal plate was known as the low-frequency seismic signal source in
geophysical projects and was much safer than other sources to use in early-trigger landslide regions. One more
benefit of using a sledgehammer is to create a high-resolution image of subsoil heterogeneities [Havenith et al.,
2002]. Since most landslide sites are investigated on the facing after the events, the heterogeneity of the failure
surface causes more seismic signal attenuation and leads to a low penetration depth [Imani et al., 2021a; Imani et
al., 2021b]. Therefore, a heavy hammer should be considered to generate energetic signals with high penetration
depths [Imani, 2020]. Figures 3a and 3b show the various data quality of the two raw travel times triggered by 5 kg
and 9 kg, respectively. In this study, energetic signals have been generated by a heavy hammer with the same
geological conditions, operator’s skill, and strength.

If the sledgehammer as a seismic source cannot supply enough energy into the earth, it is suggested to switch
the signal source to explosives or weight-drops [Mauritsch et al., 2000]. They are more expensive and dangerous and
require more safety precautions while using in landslide sites [Rashed, 2009]. Malehmir et al. [2013a] and Jacob et
al. [2018] introduced weight-drops and dynamite as good sources with high-frequency content and energy for quick-
clay data analysis. They proved that the explosives have enough potential to map deep bedrock, the reflected waves,
and wide-angle reflections. In very shallow depths, dynamite loads can provide a dominant frequency of 45 Hz in
the recorded range from 25 to 200 Hz, providing sufficient energy into the subsoil [Samyn et al., 2012]. However, due
to the sensitivity and instability of landslide sites, it is recommended to employ deep shots to prevent further
destruction caused by triggering landslides [Heincke, 2005].

Based on Table 1, most of the studies (53%) on landslide regions with different rock characterizations used a
sledgehammer to supply the signal source [Al-Saigh and Al-Dabbagh 2010; Glade et al., 2005; Godio et al., 2006;
Goktiirkler et al., 2008; Havenith et al, 2002; Kim et al., 2011; Mauritsch et al., 2000; Travelletti et al., 2010; Zainal
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Abidin et al. 2012 ; Donohue et al., 2012; Hibert et al., 2012; Ng et al., 2015; Imani, 2020]; Imani and Tian, 2018;
Imani et al., 2021b; Karsl et al., 2017; Mezerreg et al., 2019; Uhlemann et [2016; Wang et al. 2016], a lower
percentage (15%) applied explosives [Havenith et al., 2000; Heincke et al., 2010; Jongmans et al., 2009; Samyn et
al., 2012; Solberg et al., 2012]; 15% considered the combined sources, i.e., explosives, handy hammer and weight-
drop [Ferrucci et al., 2000; Havenith et al., 2002; Jacob et al., 2018; Mauritsch et al., 2000; Wang et al., 2016]; and
there is no information regarding a signal supplier for 17% (Figure 4) [Bekler et al., 2011; Capizzi and Martorana,
2014; Kul Yahsi and Ersoy, 2018; Ozcep et al., 2012; Sompotan et al., 2013; Yilmaz and Kamaci, 2018].

Time (ms)
0O 10 20 30 40 50 60 70 80 90 100

£ 20 W‘W&%MMJ‘M
w 24

A A et
o = o B M Ay AR
32 A MAA AN~

S e e LT Y WV N
eagevisentind BB AR (Al B Ao
:2 At LD LA MM Ao AAAAS AN

Time (ms)
0 10 20 30 40 50 60 70 80 90 100
(b) OQA_{ A A
4 — - 7\/- [- /- p‘\ /.-
8§ —— = A ,-\ [ — A /.A

2o — | AR s A e
e mm e -
§ 20 . _/-\_4-\‘_
€ Ype LA [ A | A &
B 28 for || -
32_-»»-“---\_-4‘\ Vo P O W o
) ———— g &\
40 Wmmm f— A
R e B s s e W s O e

Figure 3. Seismic traces were obtained from different signal sources along with the seismic profile [Imani, 2020]. (a) A 5
kg sledgehammer triggers the signals. (b) A 9 kg sledgehammer triggers the signals.

= Sledgehammer

= Explosive

= Explosive, hammmer and weight-drop
No info.

Figure 4. Percentage proportions in the types of sources presented in the review. The pie graph illustrates that most
studies considered have applied the sledgehammer as the single source in landslide study.
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Figure 5 shows the comparison among the power spectra for a sledgehammer, weight-drop, and dynamite. The
weight-drop sources have intermediate frequency content with broader bandwidth spectra, better resolution, and
higher amplitude than the sledgehammer and dynamite [Malehmir et al., 2013a]. Dynamite provided the highest
frequency with the best signal-to-noise (S/N) ratio compared with the other sources [Malehmir et al., 2013a]. The

weakest signals belong to the sledgehammer.

Weigth-drop

Dynamite

Sledghammer

Sledghammer raw shots-line2
——— Weight-drop raw shots-line 2
Sledghammer raw shots-line3

-45 ) R v -~
"""" Weight-drop raw shots-line 3 Y
—— Dynamite raw shots-line 4
55 —— Dynamite raw shots-line 5
0 70 140 210 280 350

Frequency (Hz)
Figure 5. Comparisons of power spectra with dynamite, sledgehammer, and weight-drop as the signal sources [Malehmir

et al.,, 2013a].

Comparing the weight-drop, shotgun, and hammer in saturated and fine-grained materials proved that the
shotgun could produce a higher frequency signal than the weight-drop could (Figure 6) [Pullan and MacAulay, 1987].

.................. 12-Gauge Gun
Weight-drop
Hammer

10°

i A A

400 600 800 1000
Frequency (Hz)

0 200

Figure 6. The plotted power spectra from the hammer, weight-drop, and shotgun as signal sources [Pullan and MacAulay,
1987].
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The number of shot points and their positions are the other parameters considered to provide high-resolution
results. The multiple shot-points along with the survey line can produce more accurate data [Donohue et al., 2012;
Jacob et al., 2018; Mezerreg et al., 2019; Narwold and Owen, 2002], better-layered velocity models, and interface
depth estimation [Rucker, 2000]. Samyn et al. [2012] designated five profiles of sources perpendicular to the sliding
direction and four geophone lines in the sliding direction in rugged topography and complex (flow and slide type)
landslide studies using 3D SRT (Figure 7). This survey layout, including several source lines, can provide
homogeneous illumination and high 3D coverage of the subsurface.

Furthermore, data stacking of shots can significantly improve the resolution of images. To reach this goal, each
shot point should be repeatedly stacked to increase the signal to noise ratio (S/N) and signal improvement [Al-
Saigh and Al-Dabbagh, 2010; Al-Saigh, 2010; Bekler et al., 2011; Capizzi and Martorana, 2014; Goktiirkler et al.,
2008; Imani, 2020; Karsli et al., 2017; Kim et al., 2011; Malehmir et al., 2013a; Otto and Sass, 2006; Uhlemann et al.,
2016]. As there is a frequent problem in landslide investigation and its soil conditions, and that is the incompact
soil observed in post-event areas, which can prevent seismic wave penetration to greater depths due to wave
attenuation and signal scattering [Bruno and Martillier, 2000], it is strongly suggested to significantly increase the
S/N ratio and to carefully choose the acquisition parameters and signal sources [Bruno and Martillier, 2000].

" l Geophone
| 2\ Sources

A Shot positions
of gathers

Figure 7. Presentation of the study area orthophotograph overlapped by the seismic refraction tomography (SRT) survey
strategy, including the receiver and source lines [Samyn et al., 2012].

The overlapped refraction survey method can also cover the gaps between shots and prevent missing data while
acquiring the data [Glade et al., 2005]. Figure 8 depicts a survey layout by Bekler et al. [2011]. The overlapping degree
is at six receivers, each of them planted at every shot point, with one reverse and one forward off-end shot.

10



Applications of SRT for landslide monitoring

off-end
forward shot
3333333333333
VVVVVVVVVVVVY
4333333333333
VVVVVVVVVVVYVY
3333333333333 off-end
# Source VVVVVVVVVVVV reverse shot
v Geophone 3333333333333
vy vVvVYVyVVVYVVVYVYVY
< >

Length of profile

Figure 8. A schematic of the overlapped survey strategy of the SRT method [Bekler et al., 2011].

The Laser-Tachymeter system is rarely applied for the accurate determination of receiver spreads, shot point
layout, topographic conditions, and the surface of the ground along with the seismic lines in landslide investigations
[Glade et al., 2005]. Significantly, in landslide monitoring projects, this system helps to investigate changes in the
surface elevation, considers seismic profile alignments, and locates the geophone and shot points.

The survey design explained above should be considered in 2D or 3D illustrations to show the complicated
structure of landslide sites. These imaging methods make the subsoil images more attractive and informative for
landslide investigations. Although the relationship between the geophysical properties and geotechnical and
geological parameters is still considerable, the 2D and 3D imaging procedures play a brilliant role in monitoring and
characterizing landslides. These techniques are interested in depicting and evaluating the landslide geometry, the
physical properties of sliding mass, the water table location, and interflow direction. The 2D and 3D images appeared
through a strategy survey and inversion process [Bogoslovsky and Ogilvy, 1977]. Despite the three-dimensional
nature of landslides, there are very few studies that applied the 3D SRT survey [Heincke et al., 2010] in landslide
studies, while the 2D SRT survey is more attractive to use in characterizing rotational/translational slide types
[Armstrong et al., 2011; Capizzi and Martorana, 2014; Goktiirkler et al., 2008; Grit and Kanli, 2016], flow and slide
typology [Samyn et al., 2012; Travelletti et al., 2010], creep [Zainal Abidin et al., 2012], complex [Jongmans et al.,
2009], rockslide [Havenith et al., 2002], unstable slope [Otto and Sass, 2006], debris flow, and soil slide [Imani and
Tian, 2018; Imani et al., 2021b].

As landslide structures are 3D phenomena and the obtained images are 2D, the illustrations may be influenced
by strong artifacts that can be difficult to identify. Therefore, 2D and 3D forward modeling can solve this problem
and easily assess image reliability [Jongmans and Garambois, 2007]. Those studies performed using 3D seismic
surveys illustrate the 3D geological structure of landslides and delineate the landslide geometry [Samyn et al., 2012;
Uhlemann et al., 2016]. Samyn et al. [2012] recommended surveying the complex structure and process data in 3D
imaging. Figure 9 shows the seismic velocity distribution in flow and slide types in a deep-seated landslide with low-
to high-velocity values and distinguishes the morphological features within the landslide [Samyn et al., 2012]. This
3D velocity model provided good agreement with the 2D SRT section. Therefore, the obtained results can define the
reliability of the 2D model as well as the 3D.

After survey strategy design, the type of seismic wave should be considered in sliding studies. It can be P-waves
(primary or compression wave) or S-waves (secondary or shear wave). Various properties of landslide materials can
affect the behavior of different types of waves. P-waves are typically determined in landslide investigations because
they are easily generated and have more sensitivity to the material’s normal stiffness changes. At the same time,
S-waves are affected by the material shear stiffness [Hack, 2000]. P-waves and S-waves simultaneously present
lower values in landslide materials, particularly after sliding (e.g., deep-seated creep based on Mauritsch et al. [2000]
and higher values in landslide bedrock [Bichler et al., 2004; Jongmans et al., 2009; Uhlemann et al., 2016]. In most
studies carried out in landslide areas using SRT, the first break collected included P-wave data [Armstrong et al.,
2011; Bekler et al., 2011; Capizzi and Martorana, 2014; Donohue et al., 2012; Ferrucci et al., 2000; Goktiirkler et al.,
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2008; Grit and Kanli, 2016; Havenith et al., 2002; Havenith et al., 2000; Heincke, 2005; Imani, 2020; Imani and Tian,
2018;Jacob et al., 2018; Karsli et al., 2017; Mezerreg et al., 2019; Nwankwo and Ugbena, 2019; Ostrowski and Lasocki,
2018; Otto and Sass, 2006; Samyn et al., 2012; Travelletti et al., 2010; Vanli Senkaya et al., 2019; Zainal Abidin et
al., 2012]; however, some literature supplemented the landslide studies using S-wave refractions [Bichler et al.,
2004; Jongmans et al., 2009; Ozcep et al., 2012; Uhlemann et al., 2016; Yilmaz and Kamaci, 2018].
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Figure 9. 3D seismic tomogram at the La Valette applied on a complex landslide to outline the boundary between the
landslide and the surrounding stable slopes [Samyn et al., 2012].

As P-wave velocity (Vp) is controlled by the water content and saturated clay, and slightly influenced by
gravitational deformation [Godio et al., 2006], the S-wave velocity (Vs) can characterize the landslide structure and
its activity, material porosity, and compaction [Grandjean and Sage, 2004]. The most sensitive variant to deformation
is caused by the saturated clay contents [Jongmans et al., 2009]. To characterize the quick-clay landslides and
determine the elastic constants, integration of the P- and S-wave velocity models can obtain more reliable results
and helpful information on the hazard analysis [Adamczyk et al., 2013]. In quick-clay zones with high risk, it is
often suggested to investigate beyond the considered zone to evaluate the sand stability [Solberg et al., 2012].

Uhlemann et al. [2016] collected the Vp and Vs to characterize earth slide and earth flow in the UK. In this study,
the wave velocities were too low to image the lithological structures at the site. Still, subsoil imaging was improved
with the Poisson’s ratio from the velocity distributions. The advantage of collecting Vp and Vs is to show a substantial
disparity created by the water table absence in low precipitation seasons or areas [Capizzi and Martorana, 2014].
Despite the benefits of determining P- and S-wave velocities simultaneously, it is probable that the resulting images
may not be high resolution in high-slope cases (30-40 degrees) where operators confront the difficulties of data
acquisition and coupling on the surface [Bichler et al., 2004].

However, when additional wave types are analyzed, supplementary information about the mechanical properties
of the near-surface geological materials becomes available, although at the cost of invoking more complicated
procedures [Bichler et al., 2004].
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3. Data processing and interpretation

The processing and interpretation of seismic refraction data involve the models of primary or secondary wave
velocities based on inverse or forward modeling of the obtained travel times. Over the last decades, the inversion
method as a more efficient and faster modeling tool mainly replaced the forward technique for characterizing
landslide areas. Compared to the inversion procedure, the forward modeling technique attempts to fit the obtained
data from several source locations simultaneously through trial and error. The manual process is a challenging,
tiring, time-consuming method. The modification sequence of forward modeling defines subjectivity into the final
model and depends on the interpreter’s skill and experience.

The inversion results also depend on the accuracy of picking first breaks, the choice of processing settings, the
parameters set only once, and the computations are easily iterated. However, forward modeling was able to identify
the reliability of the obtained illustrations as the most crucial advantage of this modeling method. Since landslide
bodies have complicated settings, seismic inversion models can develop the map of subsoil velocity contrasts with
a higher resolution and as less time consuming than forward modeling [Bekler et al., 2011]. There was only one
study found that identified the landslide characteristics. Bekler et al. [2011] employed forward, and inverse
modelings to access reliable travel time using a finite-difference solution of the Eikonal equation in the rotational
slide and creep types. This combination can produce a very accurate subsurface model composed of the saturated
clay-rich and sand-rich zones.

The studies that used inversion techniques are collected in Table 1. The inversion of seismic data can be a reliable
and standard way to estimate landslide characteristics [Nolet, 1987]. A primary model, an inversion problem solver
to determine travel times and ray paths, a proper algorithm, and control of the tomogram quality are the essential
inversion steps [Heincke et al., 2006]. The combination of inversion methods and geological/geotechnical
information can also clarify the subsurface structures’ ambiguities. Also, the stratigraphic information obtained
from geological/geotechnical methods, such as boreholes, can calibrate the inversion results and image resolutions
[Capizzi and Martorana, 2014].

For the processing of seismic data, selecting the correct processing sequence and proper variants, assessing the
results, and determining deficiencies by choosing the inappropriate parameters are the three essential steps [Yilmaz,
1987]. The SRT data gives reliable results in landslide investigations after considering these points. Since the
objective of every seismic method is to achieve the subsurface image, the recorded data should be converted to
sections processed by different algorithms. The seismic sections aim to detect the lateral and vertical velocity
changes, the up and down slopes, the discontinuous refractors, and the diffracted blocks through the landslide mass
[Narwold and Owen, 2002]. However, the variety of subsurface sediments and sliding material properties influence
the seismic velocities illustrating different horizons [Abramson et al., 2002].

In this part of the paper, we attempt to collect the seismic refraction processing methods that have been used
to identify landslide characterizations. Since 1975, computer processing algorithms for seismic refraction data have
been developed by the Geological Survey of New South Wales [Hatherly, 1980] and surpassed the manual methods.
The primary step of seismic refraction data processing is to pick the first breaks of travel times generated by the
shots in-field procedure and organize the data to obtain reliable results [GOktiirkler et al., 2008; Telford. W. M. et
al., 1990]. The following methods are the well-known processing procedures of seismic refraction data [Rubin and
Hubbard, 2005]:

1. Conventional Reciprocal Method (CRM) [Edge and Laby, 1931; Hawkins, 1961],

2. Generalized Reciprocal Method (GRM) [Palmer, 1980; Palmer, 1981],

3. Intercept-Time Method (ITM) [Lankston, 1989; Palmer, 1981],

4. Delay-Time Method (DTM) [Bruckshaw, 1941],

5. Plus-Minus Method [Hagedoorn, 1959], similar to CRM, and

6. Refraction Tomography (RT).

The CRM is the most commonly used processing method for seismic refraction data in landslide investigations.
This technique was developed in the 1930s when it was posed as the technique of disparities [Edge and Laby, 1931].
The CRM is differently named in various parts of the world, including Hagiwara’s technique in Japan [Hagiwara,
1939; Kisunezaki, 1965], the reciprocal method in Australia [Hawkins, 1961], the plus-minus procedure in Europe
[Hagedoorn, 1962], and the ABC method in the USA [Bruckshaw, 1941; Wilson, 1983]. The mentioned techniques are
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mathematically and conceptually identical. The CRM is convenient to use and mostly applied in landslide studies
with simple structures, plane boundaries, and invariant velocity in each layer. Most of the calculations are simple
mathematical operations that can be performed with spreadsheets.

In the landslide sites, including the uniform seismic velocities and the subsurface horizons inclined less than 20°,
the Intercept-Time and CRM Methods can professionally map the subsoil velocity structures [Narwold and Owen,
2002]. These two methods can model the layers and the refracted continuous interfaces across a profile. However,
they cannot map the ray path velocity and interface irregularity on complex landslide structures [Narwold and
Owen, 2002]. Travelletti et al. [2010] applied the intercept time method (ITM) to model the 2D velocity map then
enhanced this by using the raytracing model on gypsum formations that affected the landslide phenomenon. As the
landslide regions illustrate the complex velocity of the materials that rapidly change in the vertical and horizontal
directions [Kul Yahsi and Ersoy, 2018], a few researchers recommend to analyze the seismic wave using software
based on raytracing analysis [Barta et al., 2005; Otto and Sass, 2006].

The refractor depths of each receiver point are estimated with the GRM method if the forward and reverse shots
overlapping refraction arrival times are carried out when acquiring data [Mauritsch et al., 2000; Narwold and Owen,
2002]. The advantage of using the General Reciprocal Method (GRM) is to image the seismic refraction velocities
consistently along with the profile. It does not depend on the variety of subsurface material properties [Mauritsch
et al., 2000]. Some studies attempted to present the results obtained by GRM compared to the other refraction data
processing methods [Glade et al., 2005; Lankston, 1989; Mauritsch et al., 2000; Narwold and Owen, 2002; Palmer,
1980]. The compared conclusions can help researchers to have a better understanding of the expected results.

In comparison between GRM and ITM, GRM significantly improves the seismic refraction technique utility.
Despite ITM, it can particularly delineate the undulating refractors and determine lateral velocity changes in the
horizons. However, the GRM and ITM can provide identical results when the layers and interfaces are planar and
homogeneous [Palmer, 1980]. The ambiguities in seismic model interpretations typically developed in ITM are
removed if the survey layout is designated with sufficient receivers and multiple shot points at both ends of the
survey lines [Lankston, 1989]. Glade et al. [2005] employed the GRM method for determining the failure surface of
a very shallow landslide (1 to 3 m depth), mapping the complex interface between the colluviums and marly and
calcareous sediments.

The results show the shear plane on the boundary between well-contrasted layers, such as marls, clays, and
colluviums. Then, the results were finally modified using drillings. Compared to Glade et al. [2005], Mauritsch et al.
[2000] used the GRM processing method on the seismic refraction data of the large and deep landslide made of
limestone, dolomitic conglomerates, sandstones, and shales with irregular and heterogeneous refractors (Figure
10). Therefore, this proved that the GRM produced seismic sections with good quality in shallow and deep landslides.
In addition, the GRM method was successful in determining the internal landslide materials but unsuccessful in
presenting the slip surface images.

The other processing method mentioned above is the delay-time method (similar to CRM and plus-minus). The
delay-time method is one of the refraction data processing methods to calculate the depth and time beneath each
geophone. This method can calculate the difference between the time spending by signals propagating on undulating
or dipping refractor through the upper layer and the time that it could have spent traveling along with the normal
refractor. In this technique, the true velocity can be computed by recording signals from two ends of the line (forward
and reverse shots) [Musgrave, 1967]. It leads to the actual depth beneath the recorders with more details [Redpath,
1973]. Before using the delay-time method, it is compulsory to consider that the technique can be employed in the
cases with an overlap zone between refracted signals coming from the same layer, as shown in Figure 11.

In this paper, only two studies were found to process the obtained seismic refraction data using the delay-time
method. Imani et al. [2021b] calibrated the seismic inversion models obtained from the debris flow and soil slide site
by the results obtained from the delay-time method. In this study, apart from the commercial software ZondST2D
[Kaminskiy, 2013] applied for processing refraction data with the refraction tomography (RT) method (the least-
squares using the time-term inversion technique [Kaminskiy, 2013], the refraction data was manually processed
using the delay-time technique to determine the velocity and depth beneath each geophone and synthesize the
cross-section of the seismic profile. The geological cross-section of a profile was plotted in Figure 12a. The excellent
agreement between the inversion model and the synthesized model proved the ability of the delay-time method to
illustrate the refractor shapes and layer thicknesses and confirmed the reliability of the inversion model shown in
Figure 12b.
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Figure 10. Cross-section of seismic profile modeled using the GRM method [Mauritsch et al., 2000].
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Figure 11. The arrival time plot resulting from forward and reverse shots with an overlap zone limited by the vertical red
dashed line [Imani et al., 2021a; Redpath, 1973].

Donohue et al. [2012] employed several algorithms on data obtained from a quick-clay sire in Norway. They
applied software GREMIX, which processes data based on the slope-intercept method associated with the Delay-
Time method and GRM. Due to using the combined processing algorithms, the variations between the unleached
clay and the stiffness of quick-clay were visible in the seismic sections. Generally, the delay-time method is not
commonly used in landslide investigations due to the compulsion to spread out longer geophysical lines and shorter
geophone spacing.
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Figure 12. Comparison between (a) the cross-section of the seismic profile (the synthesized model) obtained with the
delay-time technique and (b) the inversion model obtained by the refraction tomography processing method

[Imani, 2020].
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The refraction tomography (RT) method is considered as the other processing and interpretation method of
refraction data. This technique is regarded as a modern interpreting seismic refraction data that allows being
determined lateral variations of P-wave velocity. Tomographic methods are not a unique procedure, and several
tomographic methods were used for seismic refraction data analysis [Olsen, 1989; Rubin and Hubbard, 2005]. As the
subsurface of the landslide site is discontinuously assumed, refraction tomography can illustrate better images.
This method measures the passing energy through materials. Energy received by seismogram is analyzed to find out
the media’s characters [Stewart, 1991]. Refraction tomographic procedures provide the fittest velocity models by
iterative comparison of various velocity features with obtained data to specified resolution created by the operator.
As mentioned above, the refraction tomography indicates the velocity variations as a gradient and discrete layer.
The gradient of velocity is also known as refraction tomography that applies the raytracing algorithms, including
gradual variations of velocity, gradational, and a straightforward interpretation of paths of the energy of the first
breaks through underground media [Rucker, 2000].

Furthermore, refraction tomography methods can show the maximum investigation depth with the minimum
ray path of the inverse models [Narwold and Owen, 2002]. The RT indicates the gradient of velocity regarding depth.
It employs the simulated annealing in which the algorithm applied repeated modeling, and the models can be
acceptable according to possible criteria. The criteria allow the algorithm to run away from traveltime deficiencies
and non-uniqueness problems in velocity models of subsurface features. The algorithm does not hypothesize the
velocity gradient of the subsurface and then can show robust vertical features and lateral gradients. Therefore this
method is quite efficient in landslide sites with complex and heterogeneous shallow surface structures [Godio et al.,
2006; Narwold and Owen, 2002; Optim, 2001; Pullammanappallil and Louie, 1994] [Optim, 2001]. A seismic ray path
set is analyzed to provide a subsurface slice-image. Velocity or attenuation estimation is the main task of refraction
tomography [Rubin and Hubbard, 2005]. GRM and refraction tomography methods have an acceptable agreement
and can complete the obtained models of landslide areas with details.

The RT procedure provides the fittest models of seismic velocity through the iterative comparison of various
velocities with the acquired data to the specified resolution determined by the operator [Narwold and Owen, 2002;
Stewart, 1991]. Therefore, RT decreases the drilled borehole numbers to characterize the geological features.
Armstrong et al. [2011] used a new approach with a neural network to analyze the synthetic and the observed
refraction data and compare GRM and RT results. In this study, more investigations were needed due to the
increasing velocity errors with depth that appeared in the results for an unknown reason.

In addition to the processing and interpretation procedures listed above, other methods are applied for data
processing in studies of various landslide types. The least-squares method, PS_tomo program [Tryggvason et al.,
2002] based on the raytracing method modified by LSQR (algorithm for sparse linear equation and sparse least
squares) conjugate gradient solver [Paige and Saunders, 1982], the generalized linear inversion (1998), tomographic
grid-based inversion (TGI) and the WET (wave path eikonal travel time) algorithm [Schuster and Quintus-Bosz,
1993] integrated with the Delta-t-V technique, (helpful in decreasing the effect of artifacts into the subsoil) Capizzi
and Martorana, [2014] and Gibson et al., [1979] provided excellent results for landslide sites composed of water-
saturated clay [Capizzi and Martorana, 2014; Goktiirkler et al., 2008; Jacob et al., 2018; Kim et al., 2011; Paige and
Saunders, 1982; Wang et al., 2016], while the simultaneous iterative reconstruction technique (SIRT) [Gilbert, 1972]
cannot be helpful in high water-saturated material due to the decreasing resolution.

Thus, combined geophysical methods or multidisciplinary procedures are strictly required [Godio et al., 2006;
Grandjean and Sage, 2004]. Grit and Kanli [2016] processed the seismic refraction data using the raytracing technique
and SIRT to determine the landslide slip plane consisted of coaly shale, conglomerate, sandstone, clay, clayey
limestone, and an impermeable layer. However, in this project, the seismic refraction method could not map the
high-resolution image of the subsurface structure due to the depth penetration (>30m), while Samyn et al. [2012]
obtained good results using simultaneous iterative reconstruction (SIRT) and an algorithm based on a second-order
fast marching method (FMM) to compute the travel time using Fresnel wave paths on complex landslides and
modeled the 3D seismic velocity using the 3D extension of FMM.

Based on tomographic techniques, the algorithm wavefront-inversion presents high-resolution results in
rainfall-induced landslide sites composed of a matrix of sandy-clay with a high weathering rate [Mezerreg et al.,
2019; Nwankwo and Ugbena, 2019]. Although this can illustrate the boundaries between the weathered and
consolidated refractors in a clear delineation, it does not present powerful functions for processing data in fully
saturated material compared to the other RT algorithms.
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4. The time-lapse seismic refraction tomography (TLSRT)

The SRT surveys mentioned so far have released static information. These studies were all performed after the
sliding mass happened in landslide-prone areas. The obtained information always belongs to the data acquisition
time regardless of the gradual changes of geological features and geophysical parameters in the sliding sites. As the
water content can influence the surface geometries and interface horizons through weathering, this can play an
essential role in triggering landslides. The dynamic activity of the water content can be monitored in considering
the velocity changes of the slope investigation.

The control of the dynamic behavior indicates an investigation technique called time-lapse SRT (TLSRT). The
time-lapse method leads to a better determination of the landslide situation and slope stability by monitoring the
water saturation and surface displacements. This method can also estimate velocity changes in deep hydrocarbon
reservoirs and deep investigations [Landrg, 2004; Lumley, 2001]. Few works have operationally employed TLSRT in
near-surface applications [Fratta et al., 2005; Gaines et al., 2010; Hilbich, 2010; Imani, 2020; Imani et al., 2021a;
Valois, 2016]. Due to the small number of TLSRT studies, all information related to the seismic cross-sections and
the landslide types and their compositions are explained below.

Hilbich [2010] attempted to monitor subsurface ice content variations as a sliding reason in alpine terrain. The
combined TLSRT and time-lapse electrical resistivity tomography (TLERT) methods were used to determine the
changes in subsurface features caused by freezing and melting processes. The SRT models obtained from different
seasons were individually interpreted. For more confirmation on SRT models, the seismograms and the first break
curves were analyzed. This study confirms the ability of the TLSRT technique to determine ice vanishing and
prevents any ambiguities related to the identification of permafrost degradation. Figure 13 illustrates short-term
monitoring with different penetration depths of refraction signals caused by the subsurface material characteristics.
The sharp refractors typically limit the depth of investigation at the locations with ice-rich permafrost. Moreover,
in this study, cluster analysis could estimate the rough mean velocities of the corresponding media by plotting the
source-receiver offset against travel times. Additionally, clustering helped indicate the time shifts related to the
surface, including ice content and slight velocity variations.
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Figure 13. Comparison of seismic cross-section inversions modeled from the two different dates. Vertical black lines show
the borehole locations [Hilbich, 2010].

Therefore, the TLSRT method successfully presented the significant relationships between the two models
obtained from the two various dates.

Whiteley et al. [2019] proposed a workflow with long-term TLSRT to reduce the sources of potential errors while
preserving the variations in subsurface structures in a landslide site placed in the UK. They successfully
demonstrated the ability of seismic velocity contrasts to illustrate moisture contents in shallow depths. Wolter et
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al. [2020] monitored the deformation changes of deep-seated gravitational slopes in the long-term and short-term
by combining drilling information, surface geomorphology, cosmogenic nuclide dating, TLSRT, and displacement
monitoring data. They evaluated the slope instability in the long-term.

In addition to determining the velocity of materials, TLSRT is also successful in illustrating the irregularity of
interfaces. Figure 14 proves the TLSRT method’s ability to depict velocity variations in different water saturation
amounts, boundary shapes, signal attenuation, and the probability of weathering [Imani, 2020; Imani et al., 2021a].
This project was conducted on a mountainous and subtropical area in Hangzhou city, China, to characterize the
sliding factors. The high signal attenuation mainly presented can be attributed to the saturation and porosity
amount.

Hilbich [2010]; Imani [2020] processed and interpreted the individual inversion images. To better understand the
time-lapse SRT from the individual inversion models, the seismograms recorded by various shots are overlapped to
compare the time shifts that occurred on different dates. As shown in Figure 15, the time shifts of the first breaks
of the August comparison with July are clearly observed at about 3-8 ms [Hilbich, 2010]. The lesser correspondence
between the two seismograms occurred due to a lower refractor depth caused by different amounts of saturation.
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Figure 14. Time-lapse SRT (TLSRT) inversion models mapped from the two different datasets. (a) Cross-section of the
seismic profile modeled by data collected in a wet stage. (b) Cross-section of the seismic profile modeled by data
collected in a dry stage [Imani, 2020].
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Figure 15. Comparison of the waveforms of the travel times collected in July (gray) and August (red) 2008 [Hilbich, 2010].

5. Discussion

A seismic refraction tomography is a powerful tool in landslide studies as one of the near-surface geophysical
methods. The case histories reported in this review have discussed the advantages and disadvantages of the seismic
refraction method focusing on seismic refraction tomography in different landslide types with various amounts of
water saturation (Table 2). Most of the studies (41%) have been performed on slides and flows types, and the
minimum investigation (5%) belongs to deep-seated studies. Furthermore, 45% and 20% of studies reviewed in this
paper have been conducted at high saturation and low saturation areas, respectively. The SRT method can delineate
the failure surface depth, map the velocity model, determine the boundary between the unstable landslide mass and
bedrock, and distinguish the lateral extent of landslide and the weathered bedrock [Narwold and Owen, 2002; Ng
et al., 2015]. Reliable subsurface information can be obtained from the high-velocity contrasts between sliding mass
and bedrock [Chen et al., 2019a].

Landslide type % Water saturation %
Slides and flows 41 High saturation 45
Complex 12 Moderate saturation 35
Falls 12 Low saturation 20
Creep 12
Quick-clays 9

Deep-seated

No info.

Table 2. Variety of investigated landslide types in the present paper and studies conducted at landslide sites with different
water saturation amounts.

When the landslide site includes insufficient velocity contrast and a low layer thickness, or when the low layer
velocity is less than the upper layer velocity, SRT cannot identify the specific layers [Redpath, 1973] or various rock
types [Ng et al., 2015]. The SRT is also unsuitable for investigating very complicated geological features [Ferrucci
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et al., 2000]. The seismic velocities change widely due to the variety, compaction, and saturation of subsurface
materials [Al-Saigh and Al-Dabbagh, 2010]. These are the main reasons why the SRT cannot be applied individually.
Researchers strongly recommend integrating the SRT data to direct or indirect data to obtain more reliable and
accurate results. [Mauritsch et al., 2000; Ng et al., 2015; Travelletti et al., 2010].

Considering the problems in which the sliding mechanism is almost ambiguous, those studies that apply the
combined geophysical methods in landslide investigations have been more successful. In general, there are the two
joint inversion data techniques: the first is the application of hydrogeological properties to link the two various
geophysical characteristics [Abubakar et al., 2012; Hamdan and Vafidis, 2013], and the second involves the application
of structural properties as a usual factor in the two geophysical models [Abubakar et al., 2012; De Nardis et al., 2005;
Gallardo and Meju, 2004; Hamdan and Vafidis, 2013]. The joint inversion method is commonly performed utilizing
the synthesized data, and then the same technique is employed to investigate the in-field data [Perrone et al., 2014].

Table 1 presents a collection of joint inversion studies applied for landslide investigations. The data obtained
from the joint inversion technique can be the main challenge in the future for geophysicists to get the most suitable
subsurface model. It is possible to apply cheaper and more efficient geophysical procedures after testing the more
applicable and efficient joint inversion methods. Therefore, there is no necessity to compare the used invasive and
direct methods and geophysical results. As shown in Figure 16, the majority of the studies (45%) reviewed in this
paper applied the SRT and electrical tomography data joint inversion, particularly in water-saturated investigations
[Bekler et al., 2011; Bichler et al., 2004; Capizzi and Martorana, 2014; Donohue et al., 2012; Godio et al., 2006;
Goktiirkler et al., 2008; Havenith et al., 2000; Hilbich, 2010; Imani, 2020; Imani and Tian, 2018; Imani et al., 2021b;
Jongmans et al., 2009; Karsli et al., 2017; Kim et al., 2011; Kul Yahsi and Ersoy, 2018; Le Roux et al., 2011; Mauritsch
et al., 2000; Mezerreg et al., 2019; Nwankwo and Ugbena, 2019; Ostrowski and Lasocki, 2018; Otto and Sass, 2006;
Samyn et al., 2012; Solberg et al., 2012; Yilmaz and Kamaci, 2018]. Among electrical methods, electrical resistivity
tomography (ERT) is of great importance in landslide studies. Although, Resistivity data are mainly affected by
porosity, weathering rate, pore water pressure, water contents, and mineral particles, the ERT technique can illustrate
the landslide structure and lateral extent in detail. Despite the success of ERT in landslide projects, Ostrowski and
Lasocki [2018] mentioned that compared to SRT, ERT could not recognize unaffected materials from colluvium.

45%
40%
g
[
(=]
A
=
g 15%
a
Electrical tomography GPR Other methods

Figure 16. Contribution of different geophysical techniques integrated with SRT in landslide studies.

Only a few examples (15%) combined with the GPR technique have been reported [Bichler et al., 2004; Otto and
Sass, 2006]. Although the GPR signal penetration depth is insufficient in landslide investigations due to scattering
energy in heterogeneous sites, it is often used to determine the first subsurface layer. Besides electrical techniques
and GPR, the studies (40%) considered in the review have used other methods. A few projects have illustrated a
suitable integration between gravity and the seismic refraction results obtained from rockfall type [Jacob et al.,
2018]. The seismic reflection method has been combined with SRT in particular examples [Adamczyk et al., 2013;
Bichler et al., 2004; Ferrucci et al., 2000; Grit and Kanli, 2016; Karsli et al., 2017; Kim et al., 2011; Malehmir et al.,
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2013b; Travelletti et al., 2010; Wang et al., 2016]. Due to presenting high-resolution results using the reflection
method in the literature, this technique appears more powerful and successful than SRT [Grit and Kanli, 2016]. In
addition, the reflection method can illustrate the complex geometry structure with more details in structures
compared with SRT [Ferrucci et al., 2000].

This paper also highlights that the TLSRT method has been applied in very few examples. As already discussed,
this can be chiefly referred back to the intrinsic limitation of the SRT method to show the structures in detail, the
software abilities, and the analysis of data. However, due to its ability to present the shape of refractors and the
weathered structures, it is suggested by some research [Imani, 2020] to monitor the boundaries of TLSRT. The
possibility of locating the borehole spots, and receiver and shot points for the next measurements should also be
considered in monitoring projects. This context also highlights the hardship of TLSRT data processing. Based on
Imani [2020]; Whiteley et al. [2019], and Hilbich [2010], there is no powerful software for processing TLSRT data that
can quantify the velocity changes as a function of the variations in the hydrogeological parameters. This problem
can be solved by individually interpreting models, extending the monitoring time, and increasing survey times.

6. Conclusions

After careful deliberation of the research since the year 2000 involving every type of landslide phenomenon, we
concluded that seismic refraction tomography (SRT) presents reliable and accurate information on the wave velocity
contrast of different geological structures associated with sliding material and bedrock. The SRT is employed to
characterize the physical properties of materials within landslides, delineate the boundaries between subsoil
horizons and surface failures, and determine the landslide lateral extension and depth. Based on the SRT results,
investigating the high water content in low-velocity layers in landslide-prone areas is essential to prevent future
sliding events.

Velocity models illustrate the low and high-velocity values corresponding to landslide materials and bedrock,
respectively. As already explained, this paper highlighted the significant SRT method limitations that can be
improved using combined geophysical techniques or multidisciplinary methods, such as geotechnical and geological
approaches, mainly when highly saturated materials are studied. The reliability of the obtained results likely does
not depend on the type of landslide. Although, like the other geophysical techniques, the method presents
preliminary results in which the velocity contrasts are masked. SRT appears to act as a well-consolidated tool for
characterizing the sliding extent, saturated materials, and boundaries of all landslide types.

The SRT data quality does not appear to be influenced by the measurement equipment applied, but the survey
strategy should be carefully considered. Although TLSRT has been introduced as a successful method in the reviewed
studies, there are only a few examples in recent monitoring projects. Additionally, in interpreting TLSRT data, the
geotechnical and hydrogeological parameters, such as the amount of porosity, the amount of saturation, and the
pore water pressure cannot be shown in the quantitative results. Finally, the information presented in this study
allows us to apply seismic refraction tomography as an efficient and reliable tool that can illustrate hydrogeological
and geological hazards in the past, present, and future phases of sliding sites.
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