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Abstract 12 

Over the last two decades the approach to the investigation of landslides has changed dramatically. The 13 

advent of new technologies for engineering geological surveys and slope analyses has led to step-change 14 

increases in the quality of data available for landslide studies. However, the use of such technologies in 15 

the survey and analysis of slopes is often complex and may not always be either desirable or feasible. In 16 

this context, this paper aims to improve the understanding of the use of remote sensing techniques for 17 

rock mass characterization and provide guidance and on how and when the data obtained from these 18 

techniques can be used as input for stability analyses. Advantages and limitations of available digital 19 

photogrammetry and laser scanning techniques will also be discussed in relation to their cost and the 20 

quality of data that can be obtained. A critique of recent research data obtained from remote sensing 21 

techniques is presented together with a discussion on use of the data for slope stability analysis. This 22 

highlights how data use may be optimized to reduce both parameter and model uncertainty in future slope 23 

analyses.  24 

1 Introduction 25 

The use of remote sensing techniques allows acquisition of detailed information on both the slope and 26 

discontinuity geometry for study of landslide susceptibility and potential rock slope instability 27 

mechanisms. Several authors have discussed the use of Digital Photogrammetry (DP) and Laser Scanning 28 

(LS) in the study of natural and engineered slopes (Ghirotti and Genevois, 2007; Coggan et al., 2007; 29 

Lato et al., 2009; Sturzenegger and Stead, 2009a, 2009b; Salvini et al., 2013; Francioni et al., 2014 and 30 

2015, Spreafico et al., 2015). These techniques allow the acquisition of very detailed information on the 31 

structural setting and slope geometry, particularly important in the case of steep inaccessible slopes. This 32 

data can provide very useful input parameters for stability analyses, especially when considering the wide 33 

range of software now available for both conventional and numerical methods of slope analyses (Stead 34 

and Coggan, 2012; Stead and Wolter, 2015). 35 

The principal aim of our research is to show the use of remote sensing techniques for providing the 36 

necessary data for the varied methods of slope analysis. Long and short-range terrestrial laser scanning 37 

and four approaches to photogrammetric survey will be presented, i.e. tripod, aerostatic balloon, 38 

helicopter and Unmanned Aerial Vehicle (UAV) or drones. The data obtained from these different survey 39 



techniques can be used in conventional (kinematic, limit equilibrium and rockfall) and more sophisticated 40

numerical (continuum, discontinuum and hybrid and rockfall run out) methods of analysis. The potential 41 

use of other forms of remote sensing in slope investigations including airborne and mobile laser scanning, 42 

aircraft photogrammetry, thermal and hyperspectral imaging and full waveform analysis will also be 43 

briefly addressed.  44 

Among conventional methods, kinematic analysis remains the simplest method to study rock slope 45 

stability and can be extremely useful in preliminary assessment of potential instability mechanisms. 46 

Results from this analysis are strictly related to the geometric orientation of discontinuity surfaces relative 47 

to the slope. It is important that structural domains be identified and that the measured discontinuity 48 

parameters representative of the area be assessed. In this context DP and LS are ideally suited to collect 49 

input data that is more representative of the study area, which may often be inaccessible to conventional 50 

methods of discontinuity data collection. As part of the analysis it is essential that the variation in 51 

discontinuity sets and their orientation within a slope be assessed and the effect of structural geology on 52 

slope stability be fully considered. The use of remote sensing methods allows such spatial variations in 53 

structure (with slope height and along the slope) to be investigated more comprehensively and efficiently. 54 

Francioni et al. (2015) showed how interpolation of remotely sensed data using GIS techniques can be 55 

used to perform a more rigorous deterministic kinematic analysis of slopes.  56 

When using limit equilibrium methods the geometry of discontinuities and slopes is considered together 57 

with force and/or moment equilibrium conditions. DP and LS data can be integrated with conventional 58 

engineering geological surveys and used for deterministic and probabilistic stability analysis. The 59 

geometry of the rock blocks and the discontinuities obtained from remote sensing techniques and the 60 

physical characteristics of discontinuities and rock mass from both engineering geological survey and 61 

close range LS/photogrammetry can be used to calculate the Factor of Safety of the blocks within the 62 

slope (Salvini et al. 2011, 2013). Conventional limit equilibrium slope stability analysis can also be 63 

supplemented by rockfall calculations for risk and hazard assessments. This is particularly important for 64 

the definition of areas that can be affected by potential rockfall and for the subsequent creation of hazard 65 

maps (maps highlighting area of potential instability and/or rockfall). DP and LS can play a key role in 66 

defining the geometry and topography of the slope and the land cover which are all essential input data in 67 

rockfall run out simulation. 68 

Numerical modelling has been increasingly used in recent years for stability analyses (Brideau and Stead, 69 

2010; Brideau et al., 2011; Stead and Coggan, 2012; Francioni et al., 2014 and 2015; Stead and Wolter, 70 

2015 and Spreafico et al., 2015 and 2017). The reliability of a numerical model is however connected to 71 

the quality of input data and the assumed constitutive models and failure mode. DP and LS can greatly 72 

improve the quantity and quality of the available data for slope analysis and can also be used, where 73 

appropriate, to create sophisticated stochastic Discrete Fracture Networks (DFN) for incorporation into 74 

numerical models. 75 



2 Remote sensing sensors 76 

2.1 Digital Photogrammetry 77 

In the last two decades, the availability of new survey techniques and software processing tools has 78 

resulted in a marked increase in the use of DP.  79 

Conventional acquisition methods include independent convergent, image fan and image strip models 80 

(Figure 1A-C). These methods are explained in detail by Birch (2006) and their application discussed by 81 

Sturzenegger and Stead (2009a, 2009b); the choice of method being decided according to site specific 82 

slope conditions. Figure 1A shows the independent convergent model; the advantage of this method is 83 

that almost 100% of the images are used to build the model and if multiple models are required to cover 84 

the slope, very little overlap is required between models. Figure 1B shows the image fan method; this is 85 

similar to the independent method with the exception that the images are captured from specific camera 86 

locations (which are not independent). In this way, there are fewer unknowns to be determined (since the 87 

camera positions are the same) and the precision of the models is greater; this can be used also with high 88 

focal length lenses for long range photogrammetry (Sturzenegger and Stead, 2009a, 2009b; Birch, 2006). 89 

The last method is the image strip setup (Figure 1C) where a series of parallel images with a typical 60% 90 

overlap is required. The high degree of overlap between images results in precise orientation of the 91 

model, significantly reducing the number of control points required. This method, in addition to being 92 

suitable for aerial photogrammetry, is also used in terrestrial photogrammetry when the stations and the 93 

outcrop are not very far apart (as the distance becomes larger, depth accuracy is reduced) and the slope is 94 

not very high. A typical example of the use of this method is in the survey of underground tunnels when 95 

the distance between the camera and the rock wall is small and the acquisition of a series of parallel 96 

images is the easiest way to proceed. 97 

The coordinates of the camera location or the coordinates of ground control points located in the surveyed 98 

area are required to scale/geo-reference the photogrammetric models. In recent years the use of Structure 99 

from Motion (SfM) imaging techniques (and software) has increased significantly making the routine use 100 

of photogrammetry in engineering practice easier and even more attractive. Although SfM still requires 101 

the use of ground control points to scale/geo-reference the model, the creation of the 3D model is much 102 

easier and faster. This is due to a highly redundant bundle adjustment based on matching features in 103 

multiple overlapping photographs (Figure 1D). An introduction to this technique is given by Westoby et 104 

al. (2012) while applications of SfM techniques in engineering practice have been recently presented by 105 

Lucieer et al. (2014) and Salvini et al. (2016). 106 

Another type of acquisition technique is the use of stereo cameras rigidly mounted that allow the 107 

acquisition of photographs from two cameras with a known baseline (distance between the cameras) 108 

(Firpo et al., 2011; Francioni et al., 2014). In such cases the baseline is known and if the camera is 109 

calibrated, it is possible to reconstruct a scaled 3D photogrammetric model. 110 



2.2 Laser Scanning 111 

LS allows the remote acquisition of information from an observed object including both morphological 112 

characteristics (altitude, spatial coordinates, etc.) and physical properties, e.g. the intensity of the reflected 113 

signal that can be correlated to the object material, temperature, humidity, etc. 114 

LS can also involve both short and long range acquisition. Long-range laser scanners (up to 6 km) are 115 

particularly useful for wide and high rock slopes. It is possible to set up the laser scanner at a considerable 116 

distance from the slope, hence decreasing the number of occlusions when working with very elevated 117 

slopes. Moreover, because of accessibility issues, sometimes it is not possible to set up the instrument 118 

close to the slope, and without a long-range laser scanner, the acquisition would not be possible. The 119 

recent use of long range LS for landslide analysis is documented by Barbarella et al. (2015). 120 

Short range laser scanners are fast and very precise with a wide vertical field of view and for these 121 

reasons have mostly been used in engineering geology in underground mining and for small rock slopes, 122 

where the instrument can (or has to) be set close to the slope (Francioni et al., 2013 and 2014).  123 

Time-of-flight and phase difference are the two types of measurement principles by which laser scanners 124 

obtain geometric and physical data. An introduction to these techniques, and laser scanner specifications, 125 

are highlighted by Beraldin (2004) and Fröhlich and Mettenleiter (2004). Time-of-flight has been the 126 

most used measurement technique to date; it allows for measuring the geometry and the reflectivity of an 127 

object from a few meters to kilometers in distance. The newly available phase difference measurement 128 

terrestrial laser scanners (full waveform LS) have seen considerable research in the last few years. With 129 

this technology it is possible to capture additional metrics of the rock slope surface, which allow 130 

significantly reduced uncertainties in change detection (Afana et al., 2013). Using this approach, 131 

geometric and radiometric target surface information can be obtained and, at the same time, retain the 132 

spatially rich detailed point-clouds. 133 

The advent of full waveform LS make the LS techniques more attractive but it has to be noted that the 134 

cost of full waveform LiDAR technology is currently significantly higher than time-of-flight instruments 135 

and DP. 136 

3 Remote sensing platforms 137 

3.1 Ground based platforms 138 

Ground based remote sensing instrument platforms such as tripods, hand-held devices and vehicles are 139 

commonly used in engineering geology. Although these systems are simple to use and cost effective, they 140 

have significant limitations related to the slope elevation; when a survey has to be conducted at the 141 

bottom of a high slope, occlusions can seriously compromise the final model (Lato et al., 2009; Francioni 142 

et al., 2014). Sturzenegger and Stead (2009a, 2009b) highlighted the importance of understanding 143 

possible bias related to the use of this technique and how the results can be affected by occlusions. 144 

Nevertheless, this method has been successfully used by several authors in the analysis of rock slopes 145 



(Haneberg et al., 2006; Bonilla-Sierra et al., 2015; Havaej et al., 2016). In the following sections, the most 146

common types of platform for slope surveys are presented. 147 

3.1.1 Ground based Digital Photogrammetry with hand-held camera or tripod 148 

A hand-held camera or tripod are the simplest and most convenient photogrammetric survey methods. 149 

The use of a tripod results in acquisition of high quality photographs and reduces the distortions related to 150 

camera vibrations. Another advantage of the use of a tripod is the possibility to perform long range 151 

photogrammetry (Sturzenegger and Stead, 2009a; 2009b). It is also possible to use a tripod together with 152 

a reamed bar in order to maintain a constant line of sight and to precisely control the distance between 153 

sequential photographs (Salvini and Francioni, 2013). Figure 2A-B shows the application of this 154 

technique with and without a reamed bar respectively in two case studies, a rock outcrop along the Sea to 155 

Sky Highway  in British Columbia, Canada and in a Carrara marble quarry, Italy.  156 

A GigaPan (GigaPan, 2016) robotic tripod may be used for both producing high resolution panoramas of 157 

rock slopes or conventional acquisition of images for photogrammetry. 158 

The use of hand-held camera survey technique has increased markedly with the advent of SfM techniques 159 

as they overcome some of the limitations related to the position of the camera, and using a consistent 160 

number of images it is possible obtain a detailed 3D model of the study area. 161 

3.1.2 Ground based Laser Scanning with tripod 162 

Ground based LS, or terrestrial LiDAR is a survey technique for rapidly obtaining high precision slope 163 

geometry and deriving geological structure. One of the most difficult steps in using terrestrial LS is the 164 

point cloud registration which allows for the integration of several point clouds into a unique reference 165 

system (Francioni et al., 2014). Francioni et al. (2014) showed how this problem can be solved using an 166 

integrated topographic system. Moreover, some of the most recent software for point cloud management 167 

have built-in modules for the automatic registration of point clouds based on the recognition of common 168 

points between different point clouds (ICP - Iterative Closest Point, Besl and Mckay, 1992). 169 

Figure 3 shows two 3D representations of an outcrop located along the Sea to Sky Highway, BC, Canada 170 

obtained using a tripod and a Riegl VZ4000 scanner (very long-range laser scanner with online waveform 171 

processing; Riegl, 2014). Figure 3A shows the 3D model of the road cut visualized using the RGB 172 

information gained from the internal digital camera of the laser scanner. Figure 3B shows the same 173 

outcrop visualized as the wave amplitude (dB). The use of waveform analysis (in this case wave 174 

amplitude) allows recognition and highlighting of different rock types. It is clearly shown that the 175 

amplitude generated from the overlying basalt columns in the 3D model have a higher value compared to 176 

the lower competent formation beneath. Using the same theory as applied in the airborne LiDAR, this 177 

technology allows for recording different object echoes. Figure 4 shows the acquisition of the 178 

photographs (Figure 4A), RGB point cloud (Figure 4B) and the visualization of the four echoes registered 179 

by the Riegl VZ4000 laser scanner (Riegl, 2014) for a geological outcrop located along the Sea to Sky 180 

Highway  (Figure 4C). This facility is important for filtering the point cloud based on the different 181 

arrivals (first, last or single) and obtaining more information where there is vegetation or objects located 182 

along the LiDAR line-of-sight. 183 



3.1.3 Ground based mobile Laser Scanning 184 

Mobile LS refers to the use of LS from moving platforms. The common utilization of this technique is 185 

through the use of wheeled vehicles (the instrument is usually mounted on the vehicle roof) for road or 186 

scene mapping purposes. However, mobile laser scanning systems are not restricted to wheeled vehicles 187 

as they can be mounted on any moving platforms, such as trains and boats. The main advantage of this 188 

technique is the speed with which it is possible to survey entire streets or buildings. Moreover, in case of 189 

coastlines, the use of a boat can allow scanning of cliff faces from the sea. Since the LS data are acquired 190 

from a moving platform, georeferencing the data can be more complicated. For this reason, when using 191 

this type of platform LS instruments are supplemented by GPS and an Inertial Measurement Unit (IMU). 192 

The use of mobile LS in engineering geology and especially in the study of landslides has been presented 193 

by Michoud et al. (2015) who describe an interesting case study in High Normandy, France. They tested 194 

boat-based LS capabilities by scanning 3D point clouds of unstable coastal cliffs showing the potential 195 

use of boat-based LS to detect rockfalls and erosional deposits including multi-temporal acquisitions, to 196 

monitor large slope changes.  197 

New generation LS are very flexible and can be also hand-held or used on platforms such as backpacks 198 

thereby providing the ability to map areas while walking geological traverses.  199 

Hand-held and backpack LS has to date not been widely used in the study of rock slopes but has seen a 200 

wide range of general applications including heritage site mapping, crime scene investigations and civil 201 

engineering projects. In engineering geology, the most important application to date is related to 202 

underground tunnel surveys (Eyre et al., 2016). Hand-held LS has the advantage of being very rapid and 203 

easy to use but currently results in less precision and resolution than traditional LS. It has limited range, 204 

making it ideal for tunnelling applications, but less applicable to slope and landslide analysis that require 205 

greater distance. 206 

3.2 Airborne platforms  207 

Airplane, satellite, aerostatic balloon, helicopter and UAV are the most common airborne platforms 208 

currently available. Due to the high spatial resolution achievable with the new digital aerial photo-209 

cameras and LS devices, airplane and satellite data can be used in the photo-interpretation of geotechnical 210 

projects at a large scale. However, despite the high quality of photographs and point clouds, the point of 211 

observation at the nadir is sub-optimal in the study of natural and artificial rock slopes characterised by 212 

very steep or even vertical slope sections. This problem can be overcome using platforms that allow 213 

change of the point of observation such as an aerostatic balloon, helicopter or UAV. This also 214 

significantly reduces most of the occlusion problems highlighted for the ground based platforms. 215 

3.2.1 Airborne Digital Photogrammetry using aerial or satellite imagery 216 

Aerial photogrammetry refers to imaging acquired through aerial or satellite platforms. In airplane and 217 

satellite photogrammetry the camera is usually pointed vertically towards the ground. Multiple 218 

overlapping photographs of the ground are taken as the aircraft/satellite flies along a flight path. These 219 

photographs are processed either using a stereo-plotter or in automated processing for Digital Elevation 220 



Model and orthophoto creation. These techniques are therefore used in numerous types of cartographic 221

application, from military and regional small-scale maps, to that of medium- and large-scale technical 222 

maps (topographic, geological, geomorphological, land use, etc.). Airplane/satellite photogrammetry is 223 

very useful in regional engineering-geological mapping and for detecting landslide related geomorphic 224 

landforms (Wolter et al., 2016; Mantovani et al., 2016, Clayton et al., 2017. Donati et al., 2017).  225 

3.2.2 Airborne Digital Photogrammetry using an aerostatic balloon 226 

Of the platforms presented, the use of the aerostatic balloon has been far less common in engineering 227 

geology. DP with an aerostatic balloon can be carried with one single camera (Take et al., 2007) or stereo 228 

pairs (Firpo, 2011, Francioni, 2014). Firpo et al. (2011) and Francioni et al. (2014) show the use of an 229 

aerostatic helium-filled balloon carrying an apparatus that consists of an aluminum bar with two camera 230 

slots for the study of high steep quarry slopes in Carrara (Italy) (Figure 5A, B and C). The geometry and 231 

length of the apparatus can vary depending on the baseline that is used and more camera slots for a video 232 

camera may be added to capture in real time the slope face during image acquisition (Figure 5B, C) 233 

(Firpo, 2011; Francioni, 2014). Four electrical winches are used to drive the balloon (Figure 5D) while 234 

image acquisition is controlled by a PC-driven radio system which guarantees synchronous data 235 

acquisition (Firpo 2011, Francioni 2014). In this way, stereo-pairs can be acquired simultaneously and 236 

used to build a scaled photogrammetric model using the image strip (the baseline being perfectly known 237 

by using the frame) or independent convergent models. Francioni et al. (2014) describe the use of an 238 

aerostatic balloon in a complex slope in the Apuan Alps showing the possible use of this technique and 239 

highlighting some of the complex procedures involved. Balloon used to date for photogrammetric 240 

purposes can reach up to 300 m from the ground (Firpo e al., 2011; Francioni 2014). However, the area to 241 

be imaged must be accessible and sufficiently wide (Francioni et al., 2014). Weather conditions can also 242 

be a major limitation in the use of this method, which is best conducted in the absence of rain and, 243 

especially, wind.  244 

3.2.3 Airborne Digital Photogrammetry using a helicopter 245 

The aerostatic balloon can be used only if appropriate site and weather conditions persist and a suitable 246 

inexpensive source of helium gas is available. When these conditions are not present or in the case of 247 

slopes higher than 300 meters this technique cannot be utilized. In such cases, helicopters can provide an 248 

ideal data acquisition platform. The photogrammetric equipment described in Salvini et al., 2011 and 249 

Salvini et al., 2013, consist of an aluminium or steel frame adapted to fit a helicopter landing skid 250 

supporting two digital cameras and two GPS antennas at its extremities. The equipment is connected and 251 

controlled in real time from operators in the helicopter. In this way, it is also possible to use Differential 252 

GPS (the power source being located in the helicopter) which helps to know the position of the camera 253 

and the orientation of the frame at the moment of the image acquisition. In this case, stereo pairs are also 254 

acquired simultaneously and used to build a scaled photogrammetric model through image strip or 255 

independent convergent models. Occlusions can be considerably reduced with a careful work plan as it is 256 

possible to check the photograph acquisition in real time from the helicopter. Figure 6 shows the 257 

photogrammetric equipment developed by Salvini et al. (2013) and utilized in the analysis of a rock slope 258 

sited in Northern Italy. 259 



Recent research has seen an increasing use of hand-held cameras in helicopter platforms to obtain high 260

quality SfM models (Gauthier et al., 2015). Digital SLR cameras now contain in-built GPS or 261 

conveniently mounted GPS adaptors. The use of hand-held cameras in the helicopter is well demonstrated 262 

by Vallet et al. (2000), Copons and Vilaplana (2008), Gauthier et al. (2015).  263 

Helicopter platforms for DP have two main limitations, the first being the high costs involved and the 264 

second the difficulty in maintaining the stability and direction of the aircraft throughout the 265 

photogrammetric survey. Subsequently, this can create problems for the orientation of the photographs. 266 

However, with the acquisition of a considerable number of images, use of topographic survey to define 267 

the coordinates of Ground Control Points and SfM software, this problem can be mitigated. 268 

3.2.4 Airborne Digital Photogrammetry using an UAV 269 

UAV systems are now routinely used in a wide variety of engineering and geoscience fields and include 270 

both fixed wing and multi-rotor options. UAV systems are highly flexible and provide an ideal platform 271 

for the acquisition of high resolution photographic images along pre-programmed flight lines/paths. They 272 

overcome most of the limitations noted for the other platform providing increased spatial close range 273 

coverage of inaccessible rock slope outcrops with reduced occlusions. Basically, the use of a UAV allows 274 

acquisition of areas that could not be surveyed with any other vehicle or methodology. Moreover, remote 275 

control of the UAV reduces the need for hire of a helicopter and operators, the cost of which may be 276 

significant. This makes the UAV method less expensive than the aerostatic balloon or helicopter. 277 

Although UAV-based photography is the most common and inexpensive technique used at present, 278 

UAVs are increasingly being used to capture thermal, hyperspectral and Light Detection and Ranging 279 

(LiDAR) imagery. An on-board GPS-IMU system provides the positions of the UAV camera at the 280 

moment of image acquisition and independent convergent SfM methods are used to build the 281 

photogrammetric model. Figure 7 shows a Falcon 8 UAV (Figure 7A) used during the survey of the 282 

Lorano open pit in the Carrara marble district, Italy (Figure 7B) (Francioni et al., 2015). 283 

The use of the UAV in the earth sciences and engineering geology is well-documented in the recent 284 

literature (Haarbrink and Eisenbeiss, 2008; Niethammer et al., 2010; Francioni et al., 2015; Salvini et al. 285 

2015a; Assali et al., 2016; Westin, 2017; Donati et al., 2017). The most important disadvantages in using 286 

the UAV technique is that it can be used only in absence of wind/rain. This can present a major problem 287 

where local wind eddies exist along high mountain slopes. In case of multi-rotor options it can also be 288 

difficult to acquire photographs maintaining the same line-of-sight (Francioni et al., 2015) and this can 289 

generate misalignment of photographs and major potential errors during their orientation. Obtaining a 290 

large number of photographs and using SfM software can, however, reduce these errors and make the 291 

UAV technique easier and more attractive. An additional current limitation in the use of the UAV that 292 

especially affects multi-rotor systems is the often limited battery life which can require the UAV pilot be 293 

within close range of the take-off/landing area. Where spatially extensive slopes require surveying, 294 

multiple battery packs may be essential. The advent of inexpensive UAV systems represents the most 295 

interesting and promising innovation regarding remote sensing techniques as it provides a very powerful 296 

and flexible instrument for the acquisition of photographs (Colomina and Molina, 2014; Francioni et al., 297 

2015; Westin, 2017; Donati et al., 2017). Their use will, most likely, become more frequent in the coming 298 

years, and it is important to continue studies on their utilization in the field of engineering geology, 299 



particularly with respect to change detection/slope monitoring and multi-sensor capabilities. A potential 300

future disadvantage in the use of UAV technology is the increasing flight restrictions in their use due to 301 

abuse of the technology from recreational use. In some countries, it may become increasingly difficult to 302 

obtain approval for UAV flights. 303 

3.2.5 Airborne LiDAR  304 

Airborne LiDAR devices emit up to 150,000 pulses per second and a sensor measures the amount of time 305 

it takes for each pulse to bounce back (or return). An IMU integrated with a differential kinematic GPS 306 

provides information about the position and attitude of the sensor. Airborne LiDAR offers advantages 307 

compared to traditional measurement systems such as the ability to penetrate vegetation cover, (first-last 308 

pulse mode), the possibility to record data at night and over a large survey area. Aerial LiDAR is widely 309 

utilised in engineering geology for landslide hazard mapping and modeling, change-detection, cliff 310 

erosion, and rockfall runout (Jaboyedoff et al., 2012; Lato et al., 2016; Piacentini et al., 2015). The use of 311 

this technique to detect geomorphic and major structural features for identifying palaeo-landslides has 312 

been recently shown by Clague et al. (2015). Figure 8 provides an example of Airborne LiDAR and GIS 313 

for highlighting landslide related geomorphic features at Mount Burnaby, British Columbia, Canada. 314 

Recently, as a result of the full waveform systems, aerial LiDAR is also being utilized for the 315 

characterization of surface material from the analysis of the physical backscattering measurements 316 

(Sumnall et al., 2016). 317 

3.2.6 Airborne LiDAR using an UAV 318 

With advent of UAV solutions, small LS devices have been installed with the possibility to scan any type 319 

of slope surface. This type of LS acquisition presents the same advantages and limitations discussed in 320 

section 3.2.4 for DP with UAV. However, it be noted that accuracy, precision and resolution of this 321 

technique are poorer than that obtained using ground based systems. This type of platform offers much 322 

more flexibility and overcomes limitations related to occlusion and point of observation. The use of UAV 323 

LS in engineering geology is not well documented to date but is an area of significant potential future 324 

research. 325 

4 Remote sensing and rock slope stability analyses 326 

A remarkable quantity of data can be obtained through the use of terrestrial remote sensing techniques. 327 

This information can be used for different types of slope analyses, varying from simple kinematic 328 

admissibility tests, to more complex numerical simulations.  329 

4.1 Remote sensing and conventional methods of slope analysis 330 

Conventional methods of slope analysis can include kinematic analysis, limit equilibrium calculations and 331 

run out analysis (Stead et al., 2006).  332 

Kinematic analysis investigates the likelihood that unfavourably oriented discontinuities will generate 333 

discontinuity-controlled instability such as planar, wedge or toppling slope failures. The kinematic test 334 



considers the relative slope and discontinuity orientations and the effective friction angle along the 335

discontinuity surfaces to determine whether a block can potentially move or not. This type of analysis can 336 

be carried out using a stereonet and/or 2D/3D vector analysis applied to 2D/3D rock structure models. 337 

Although a very simple analysis it is a very useful preliminary tool allowing for a first estimation of 338 

potential failure and identification of potential key blocks. Stead et al. (2006), Brideau et al (2011) and 339 

Francioni et al. (2015) note that results of this analysis are influenced to a large degree by reliability of the 340 

discontinuity survey and the accuracy of the slope topography. Recent developments in available 341 

commercial software allow for including all the measured discontinuities in the rock slope analysis 342 

(instead of just considering the mean joint set orientations obtained from joint surveys at the slope toe). 343 

This makes the use of remote sensing techniques highly relevant because the data from remote sensing are 344 

representative of the entire slope from the toe to the crest. Figure 9 highlights this concept showing a 345 

comparison of two kinematic analyses that were performed with engineering geological (Figure 9A) and 346 

remote sensing data (Figure 9B) in the Lorano open pit (Carrara, Italy) (Francioni et al., 2015). The 347 

results clearly show the difference in the two data sets in relation to the different spatial areas covered by 348 

the two surveys. The conventional engineering geological survey was performed only in accessible areas 349 

while the remotely sensed data from DP covered the entire slope. Figure 10 shows a photograph of the 350 

Lorano open pit (Figure 10A) and the 3D model obtained using UAV and SfM techniques (Figure 10B). 351 

Recent developments in kinematic software allow highly interactive kinematic stability analysis of slopes 352 

with semi-probabilistic methods of failure modes. The assigning of discontinuity attributes (roughness, 353 

persistence, infill, spacing etc.) is also supported. Kinematic analysis of a slope should always consider 354 

the measured spatial location of major structures as determined using remote sensing; this practice, 355 

combined with the use of structural domains, 356 

indicated on a stereonet but not observed in the slope face. It is emphasized that wherever possible remote 357 

sensing methods should be supplemented with field mapping and the use of photographic site 358 

observations. Oppikofer (2009), Brideau et al. (2011) and Francioni et al. (2015) showed that remote 359 

sensing and kinematic analysis can be usefully integrated with Geographic Information Systems (GIS) for 360 

developing thematic maps. These thematic maps can clearly illustrate how the results of a kinematic slope 361 

failure analysis can change with location in the slope, depending on the topographic detail 362 

recorded/available. Jaboyedoff et al. (2004), using the same approach, developed a code designed to 363 

integrate structural data into the digital surface model. 364 

Limit equilibrium methods are routinely used to identify the slope hazard due to translational and 365 

rotational movements occurring along a distinct failure surface(s). These analyses consider force and/or 366 

moment equilibrium conditions and can be performed by stereonet, or preferably 2D/3D rock structure 367 

models. They may also be used to provide a preliminary assessment of rock slope toppling failure. 368 

Analyses are carried out to calculate either a Factor of Safety (FoS) or, through back analysis, a range of 369 

shear strength parameters at failure. The results of this type of calculation are based on the geometry of 370 

slope (or potential unstable block, depending on the scale of work), material properties, forces involved 371 

(water pressure, seismic forces, external forces), and discontinuity mechanical properties. In this context 372 

the use of remote sensing techniques play an important role in the definition of the discrete location of the 373 

discontinuities that form the failure surface(s) and rear release (tension crack) of unstable blocks (a 374 

necessary assumption in the limit equilibrium methods), the shape of the potentially unstable block and 375 

thereby the true potential failure volume (Salvini et al. 2011; 2013). Figure 11 shows an example of this 376 

method applied to a rock slope located in Northern Italy along the Domodossola-Iselle railway (after 377 



Salvini et al., 2011). Using a photogrammetric survey carried out with a helicopter (Figure 11A), detailed 378

photographs of the rock slopes were acquired (Figure 11B) allowing definition of the geometry of blocks 379 

and discontinuities (Figure 11C). This information was used to calculate the deterministic FoS using limit 380 

equilibrium software (Figure 11D). 381 

The volume of blocks, together with the location (in term of coordinates) of each potential unstable block 382 

can also be used for rockfall simulation. Rockfall analysis is based on the study of the slope geometry and 383 

the characteristics of potential falling blocks. It is possible to determine the kinetic energy, velocity, 384 

"bounce height", end points and lateral dispersion of potential falling blocks for the entire slope. Having a 385 

good representation of the slope morphology, potential unstable block geometry and land cover is crucial 386 

for this type of simulation. Figure 12 shows an example of combined use of remote DP and rockfall run 387 

out simulation in the Grotta delle Felci Cliff (Capri Island, Italy). The location (Figure 12A) and geometry 388 

(Figure 12C) of rock blocks were determined from a helicopter based photogrammetric survey and the 389 

data used for an improved understanding of the lateral dispersion of the potentially unstable blocks 390 

(Figure 12B) in addition to their kinetic energy, velocity and "bounce height" (Figure 12D). This 391 

approach can be very important in planning protection work (either active or passive), or proposing 392 

monitoring systems (Salvini et al., 2011; 2013). Rockfall modelling represents a very powerful tool for 393 

the study of risk mitigation, especially where rock slopes are located above infrastructure such as roads, 394 

train tracks and working areas. Moreover, multi-temporal survey (e.g. with DP, LS, LiDAR and Radar 395 

Interferometry) can be used for defining debris volume and for change detection (spatial and temporal) 396 

analyses (Rosser et al., 2007; Blasone et al., 2014); thermal images and/or LS data can be used to locate 397 

seepage that can be included in both conventional or more sophisticated analyses (Vivas et al., 2013; 398 

Gigli et al., 2014).  399 

4.2 Remote sensing and more sophisticated numerical methods of slope analysis 400 

Although limit equilibrium methods are the simplest and most widely used slope analysis technique their 401 

use should, in general, be limited to uncomplicated case studies. More sophisticated numerical methods 402 

are better suited for the study of slopes of more complex slope geometry and structural geology. 403 

Similarly, material anisotropy, non-linear behaviour, in situ stress, groundwater and brittle fracture can all 404 

influence the slope stability and often can only be realistically considered using sophisticated numerical 405 

simulations. These techniques of analysis, usually called numerical modelling analyses, can benefit 406 

significantly from remote sensing data, especially where 3D variations in the slope geometry and 407 

structure are important in the slope behaviour. Currently the most widely used 3D numerical codes for 408 

slope stability analysis are Continuum (Finite Difference and Finite Element) and Discontinuum (Distinct 409 

Element) codes. Havaej et al. (2015) describe the application of a recently introduced 3D lattice-spring 410 

code that utilizes a lattice-based structure, consisting of point masses (nodes) connected by springs. The 411 

lattice-spring model simulates rock fracture through the breakage of springs in shear and tension and once 412 

the spring fails in either tension (normal spring) or shear (shear spring), the tensile strength and cohesion 413 

reduce to zero (Havaej et al. 2015).  414 

The advantages of the combined use of remote sensing and 3D Distinct Element Methods (DEM) in rock 415 

slope investigations have been recently described by Francioni et al. (2014) and Spreafico et al. (2015). 416 

Figure 13 shows an analysis undertaken using two models (with different spatial resolution) of the same 417 



slope using a DEM. The principal objective of the study by Francioni et al. 2014 was to highlight the 418

advantages and limitations of using terrestrial remote sensing data in a 3D DEM. The first model was 419 

obtained from a topographic map (Figure 13A, B and C) and the second model from terrestrial LS (Figure 420 

13D, E and F). These simulations demonstrated that the values of Strength Reduction Factor (SRF) 421 

obtained from the stability analysis can be significantly influenced by the measured geometry of the slope 422 

(Francioni et al., 2014).  423 

The use of remote sensing data and the 3D Finite Difference Method (FDM) was illustrated by Francioni 424 

et al. (2015) in order to understand the stress-induced damage in surface mined areas. Simulations were 425 

undertaken using the slope geometry derived from DP and LS. In this case, it was possible to increase the 426 

understanding of stress-induced damage in the Lorano open pit (Carrara, Italy) due to the excavation 427 

processes (Figure 14A-B). The detailed information on the structural geological setting of the entire slope 428 

obtained from DP and LS was also used in DEM analysis. Measured data from a conventional 429 

engineering geological survey (e.g. scan line or window) can often only be used in discontinuum 430 

modelling of simple rock slopes assuming continuous or persistent joint sets. The data determined from 431 

remote sensing techniques however can allow for more sophisticated deterministic (using only joints 432 

visible on the DP/LS model) or stochastic Discrete Fracture Network, DFN, analyses. Figure 15 shows 433 

the differences between the DEM models created using continuous joint sets (Figure 15 A-B) and a DFN 434 

(Figure 15 C-D).  435 

It must be emphasized, however, that the time needed for data processing are significantly longer when 436 

dealing with accurate and detailed slope geometry and that such detailed data is useful in complex cases 437 

but may be unnecessary in simple slopes where a large scale topographic map can still be suitable 438 

(Francioni et al., 2014). Havaej et al. (2016) clearly showed the advantages of using terrestrial 439 

photogrammetry and LIDAR in developing DFN for a slate quarry slope at Delabole, Cornwall, UK. 440 

441 

slope failure mechanisms, the results agreeing with observed slope behaviour. 442 

Havaej et al. (2015) showed the use of ground-based photogrammetric and airborne LiDAR data in the 443 

analysis of the Vajont slide, Italy, using a lattice-spring approach. The landslide model was built using the 444 

airborne LiDAR data while the sliding surface, discontinuity orientations and locations were derived from 445 

combined field analysis and long-range terrestrial photogrammetry. The use of this 3D-brittle fracture 446 

software, together with airborne and terrestrial remote sensing data, allowed the authors to improve the 447 

understanding of the importance of kinematics, internal damage and groundwater levels on the failure of 448 

the 1963 Vajont slide. 449 

Wang et al. (2003) and Lorig et al. (2009) showed the use of particle flow codes for the analysis of rock 450 

slopes. Although this method showed good results for 2D simulations, its use in 3D modelling remains 451 

computationally expensive. Eberhardt et al. (2004) used hybrids methods, using a Finite Element mesh to 452 

represent the intact joint bounded blocks and discrete elements to simulate joint behaviour to explain the 453 

failure mechanism of the Randa rock slide (Switzerland) and Styles et al. (2011) applied it to the back 454 

analysis of the Joss Bay Chalk cliff (UK).Vyazmensky et al. (2010) and Styles et al. (2011) incorporated 455 

discrete fracture networks into hybrid numerical models to realistically simulate rock slope deformation 456 

in the Palabora, South Africa and Bingham Canyon, US, open pits respectively.  457 



As previously mentioned, apart from slope geometry information DP and LS can also be used for defining 458

discontinuity roughness angles and Joint Roughness Coefficient (Haneberg, 2007; Kim et al., 2015; 459 

2016). Höfle et al. (2009), Kurz (2012) and Park et al. (2016) recently showed how it is possible use LS 460 

intensity signal and hyperspectral imagery to locate seepage and rock weathering/alteration zones. 461 

Moreover, rock mass heterogeneities can also be remotely detected to develop ubiquitous joint rock mass 462 

models (Sainsbury et al. 2016). 463 

5 Final remarks and discussions 464 

In this paper, we show how remote sensing data can be successfully used to define the morphology and 465 

structural setting of both natural and engineered slopes, the shape and volume of potential unstable blocks 466 

and the geometry of the potential failure surfaces.  467 

The selection of a specific survey technique for a given site remains a complex and challenging problem 468 

which requires knowledge of the terrain, the objective of the project, the availability of funding and 469 

technologies approved for use in the region (Lato et al., 2015). For this reason, it is important to recognize 470 

that the methods described should wherever possible be considered as complementing each other rather 471 

than being competitive.  472 

In this context, Table 1 and 2 summarize respectively the DP and LS platforms currently available; 473 

highlighting their advantages and limitations. Airplane and satellite generated data are not included in 474 

these tables because as previously mentioned, due the nadir point of observation they are not optimal for 475 

deterministic study of natural and engineered rock slopes. Figure 16 provides a comparison of the DP 476 

remote sensing platforms discussed in this paper in relation to their cost, simplicity of use and ability to 477 

avoid occlusions.  478 

It has been shown how the information gained using these remote sensing techniques can be usefully 479 

applied within different types of conventional and numerical analyses, and can play a key role in the final 480 

results of the model simulations. Figure 17 presents additional information that can be retrieved with LS 481 

and DP and the improvements in terms of input parameters that these techniques can offer conventional 482 

and numerical analyses of slopes. 483 

It should be noted that, wherever possible, integrated use of different remote sensing with conventional 484 

mapping and monitoring investigation techniques is recommended as this allows for the validation of the 485 

data and an understanding of the advantages and limitations of the proposed methodology.  486 

The integration of slope monitoring systems with conventional and numerical analyses is a crucial aspect 487 

in the study of landslides. This is highlighted by new research on slope monitoring using remote sensing 488 

techniques that have been recently proposed by Sharma et al. (2016), Travelletti et al. (2016), Salvini et 489 

al. (2015b) and Kromer et al. (2015a; b). The results obtained from this research will improve the 490 

understanding of landslide behaviour. 491 

6 Conclusions 492 

This research presents international examples of the application of remote sensing techniques in the study 493 

of rock slopes and landslides and highlights the importance of incorporating the data gained from these 494 



techniques in subsequent stability analyses. We demonstrate the use of the different methods of remote 495

sensing surveys and illustrate how each data set can be important in improving the precision and 496 

reliability of rock slope analyses.  497 

With regard to DP, considerations of cost and flexibility often make the use of the hand-held camera or 498 

tripod the most convenient and effective photogrammetric solution. UAV systems are however 499 

increasingly seen as the preferred option as they are the least expensive aerial option and also provide the 500 

maximum ability to avoid occlusions.  501 

With regard to LS, their use is simple and the results are very precise and reliable (especially in the case 502 

of full waveform LS). The cost of the equipment is the main limitation of these techniques especially 503 

when compared with DP. Occlusions can still be a problem when dealing with very high slopes and 504 

ground based platforms. UAV LS systems can overcome this problem but accuracy, precision and 505 

resolution of data decrease considerably when compared with ground-based platforms. 506 

All the described remote sensing survey techniques can provide data sets suitable for incorporation into 507 

the varied methods of slope stability analysis. This data can overcome many limitations related to input 508 

parameters and the difficulties in reducing model and parameter uncertainty. Multiple methods of 509 

numerical analysis can be performed with remote sensing derived data and stochastic methods can be 510 

used to perform multiple simulations in order to better calibrate model results. 511 

In kinematic analysis, the use of remote sensing techniques can result in more representative structural 512 

geological assessment of rock slopes; with continuing development in kinematic and block theory 513 

approaches, remote sensing data will be more efficiently utilized in slope design and remediation.  514 

In limit equilibrium analysis, the use of specific block and discontinuity geometry directly available from 515 

DP and/or LS will lead to more reliable slope analyses as a result of decreased uncertainty related to the 516 

block volume and discontinuity inclination. Moreover, the block volume, location and shape, together 517 

with data concerning the slope geometry and land cover will also allow more detailed and realistic 518 

rockfall runout simulations and the construction of more reliable hazard and risk maps. 519 

Remote sensing data when incorporated into more sophisticated numerical models provides improved 520 

slope geometry input and also the possibility to include deterministic and/or stochastic representation of 521 

discontinuities (especially relevant to future improvements in the 3D analysis of complex slopes). This 522 

allows improved analyses and increased scope for model calibration. However, the use of complex 523 

geometry increases the simulation time significantly and it is important to understand when this approach 524 

is necessary and when it can and should be avoided.  525 
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Figure Captions: 766 

Figure 1. Photogrammetric acquisition methods (Birch, 2006) and Structure from Motion. A) Independent 767 

convergent model. B) Image fan method. C) Image strip method. D) Structure from Motion. 768 

Figure 2. Photogrammetric image acquisition using A) a tripod and B) a tripod with a reamed bar. 769 

Fig 3. Full Waveform LS survey of a road cut along the Sea to Sky Highway, BC, Canada. A) RGB 770 

colored slope model. B) Wave amplitude colored slope model. 771 

Figure 4. LS survey. A) RGB photograph. B) RGB point cloud. C) Different registered echoes from 772 

natural targets.  773 

Figure 5. Equipment used for Digital Terrestrial Photogrammetry with an aerostatic balloon. A) 774 

Aerostatic balloon. B) Two metre long photogrammetric frame (Francioni et al., 2014). C) Five metre 775 

long photogrammetric frame (Firpo et al., 2011). D) Electrical winches for driving the system. 776 

Figure 6. Equipment used for Digital Terrestrial Photogrammetry with a helicopter. A) Steel frame 777 

adapted to fit a helicopter landing skid. B) Digital camera and GPS antennas. C) GPS data receivers and 778 

laptop for real time photos visualization. 779 



Figure 7. UAV survey (after Francioni et al., 2015). A) Falcon 8 UAV with gyro-stabilized digital camera 780

Sony NEX-5N. B) Drone during the flight. 781 

Figure 8. A) 3D view of Mount Burnaby and Simon Fraser University, situated at the top of the mountain. 782 

View to the southeast. B) 3D representations of LiDAR aspect maps with highlighted slump blocks on the 783 

north face of Mount Burnaby. View to the southeast. 784 

Figure 9. Kinematic slope stability analysis performed using A) Engineering geological data (93 785 

measurements) and B) Remote sensing data (537 measurements) in the Lorano open pit (Carrara, Italy). 786 

Figure 10. Lorano open pit. A) Photograph of the open pit buttress and B) SfM 3D model. 787 

Figure 11. DP used for limit equilibrium analysis. A) Photogrammetric survey with a helicopter. B) 788 

Example of detailed photographs acquired during the survey. C) Geometry of block and joints gained 789 

from DP. D) Calculation of block FoS using DP data. 790 

Figure 12. Use of DP data for defining the rockfall run out simulations. A) Location of potential unstable 791 

blocks. B) Lateral dispersion of blocks in case of failure. C) Example of block geometry reconstruction 792 

using the stereoscopy and the 3D modelling. D) 2D Simulation of block fall with possible calculation of 793 

kinetic energy, velocity and "bounce height". 794 

Figure 13. 3D rock slope models obtained from DP (after Francioni et al., 2014). A) Initial model from 795 

topographic map B) 3D Distinct Element Model based on topographic map and C) 2D section, D) Initial 796 

model from terrestrial laser scanning, E) 3D Distinct Element Model based on terrestrial laser scanning 797 

and F) 2D section. Colours represent the distinct elements (blocks) generated by interaction between 798 

different joint sets and the topography. 799 

Figure 14. 3D rock slope models obtained from DP and LS (after Francioni et al. 2015). A) Initial model 800 

and topography pre and post excavation. B) Stress analysis. 801 

Figure 15. 3D rock slope models obtained from DP and LS. A) Initial 3DEC model. B) 3DEC model 802 

using continuous persistent joint sets. C) 3DEC model using a deterministic approach. D) 3DEC model 803 

using a stochastic DFN approach. 804 

Figure 16. Comparison between DP platforms. 805 

Figure 17. Improvement that geomatic techniques can offer in conventional and numerical slope analyses. 806 








































