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Executive Summary
Traditionally, railway lines have been considered as low-technology in terms of transport
infrastructure. However, the railways of today are accommodating ever increasing speeds and
are operating at ever higher levels of efficiency. At a time when climate effects are causing
increased failure rates, railway lines are becoming ‘smarter’, with the incorporation of sensors
to monitor evenness and to detect lack of roundness in the wheels of passing trains. Apart
from bridges, perhaps the greatest problem in railway lines is the risk of landslides – both from
the slopes over the track (cuttings) and from the slope that the track is itself built on
(embankments). These failures can take many forms with toppling of rock slopes and rainfallinduced landslides in slopes being the most common form of failure.
This deliverable reports on the use of Unmanned Aerial Vehicles (UAV) or Systems commonly
referred to as drones (small helicopter), which can be used to perform a rapid condition
assessment of slopes. Modern UAVs can be fitted with high-resolution cameras, laser
scanners and other equipment to complete airborne remote monitoring of soil or rock slopes,
which can complement traditional visual inspection. Case studies are presented in this report,
including the use of a drone with a digital camera to perform a rapid slope assessment.
Specifically, the digital data generated in the survey can be transformed using software into a
3D orthographic image of the slope, which can be used directly in the stability analysis. The
imagery from the drone is used to provide crucial temporal data on variations in boundary
conditions that might affect slope stability, e.g. change of land use at slope crest, poorly
maintained or blocked drains, etc.
The use of remote monitoring for slope stability assessments for railways, roads, unstable
rock slopes, rock scree slopes and snow avalanches is also investigated. Techniques
considered are Interferometric Synthetic Aperture Radar (InSAR), ground based
interferometric real aperture radar (GB-InRAR), and Terrestrial or ground based Light
Detection and Ranging (LiDAR). InSAR utilises synthetic aperture radar (SAR) data from
satellites. The GB-InRAR system uses the same technology, but with data obtained from a
stationary ground position. LiDAR instruments are typically used from the ground to monitor
rock slopes for example, but can also be mounted on moving vehicles or UAVs. These
methods are described herein and examples are provided of projects where they have been
successfully employed.
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1 Introduction
The majority of the railway infrastructure in Europe is over one hundred years old and does
not conform to modern standards. In many EU member states, a lack of investment in
maintenance and remediation projects for railways has resulted in generally poor condition for
many elements of important infrastructure, including earthworks, track and structures. To
reduce risk infrastructure managers (IM)’s often use traffic speed restrictions with limitations
up to only 20 km/h on some sections. Furthermore, in recent decades, frequent abrupt
changes of weather conditions have been increasingly causing failures on the transport
infrastructure network. Rapid changes of climate, the effects of which are felt in all parts of the
world, have been increasingly studied over the past three decades, and are also strongly felt
in the sphere of safety of transport infrastructure.
The value of road and railway infrastructure is currently estimated at € 9.7 trillion in the EU
alone. Maintenance costs are much lower than replacement costs and identifying problems
before they occur is critical (Kovačević et al., 2014). In the current economic climate, it is vital
that we maintain and develop our transport network and optimize the use of all resources. A
first step to optimizing the use of assets is to accurately identify those that are highest risk. At
present the primary method for assessing the condition of infrastructure is visual inspection.
Changes in weather patterns are causing increased rock falls and soil slope stability problems
along transport infrastructure networks in Europe (Kovačević et al., 2012). Hot and dry
summers cause shrinkage and fracturing of rocks, and the loss of vegetation, while intense
periods of rainfall result in rock swelling, change in infiltration regime, higher pore pressure,
erosion, and flooding. It is expected that these effects will increase in intensity in the coming
decades. These failures can take many forms with toppling of rock slopes and rainfall induced
landslides in slopes being the most common form of failure. Traditional inspection methods,
usually based on visual assessments requiring personnel to walk along the railway line, occur
only periodically, typically in good weather conditions and can overlook important information,
such as land use changes at the crest, the condition of drains and presence of cracks etc.,
and can involve risk to inspectors for example in the case of high or steep slopes.
The incidence of major failure of critical sections on rail infrastructure is increasing. The current
response is reactive i.e. when failures occur they are fixed. The location of the failure then
becomes a hot spot on the network. Forensic analyses of these failures often note that
indicators of distress were ignored due to lack of understanding or absence of a proper
framework for decision-making. As the condition of assets is constantly changing due to
ageing and external factors such as a change of adjacent land use, climate changes etc. it is
necessary to give a guideline on methods for acquisition and analysis of data collated over
large sections of the network to provide markers for hot-spots.
This is addressed in the Destination Rail project, which will be ultimately implemented in
Decision Support Tool to assist infrastructure managers in making investment decisions. This
report also gives an overview of demonstration projects from Croatia involving the application
of drones to identify hot-spots on railway networks, such as landslides and rock falls (Car et
al., 2018).
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2 Use of drones for slope stability assessment
2.1 Introduction
The analysis of rock slope stability for linear infrastructure facilities requires knowledge of
geometrical and mechanical properties of rock slopes and rock blocks that can be determined
by laboratory and in-situ testing, while the slope geometry can be defined through in-situ
measurements only. If the terrain is inaccessible, direct measurement of slope inclinations can
be very difficult and sometimes even quite risky. One of the ways in which this activity can be
conducted is through geological alpine mapping of potentially unstable blocks, with
determination of rock block volume. This work can only be performed by specialised personnel
as it is a hazardous activity. Visual inspection of terrain in such inaccessible locations and
collection of 3D data by traditional geodetic methods can result in incomplete and insufficiently
detailed representations of the terrain. This is because a considerable quantity of
measurement data is needed for a good-quality description of such locations, which cannot
be obtained without direct contact with the object that is being measured (Librić et al., 2014).
Due to advances in technology and considerable changes that occurred in the second half of
the twentieth century in relation to data collection, photogrammetry has developed
significantly. A huge step forward has been made by development of laser scanning that
enables automatized collection of a huge quantity of data. Laser scanning or "3D laser
scanning" is also known as LiDAR (Light Detection and Ranging).
Information collected about the volume, cross-sections, contours and other parameters
needed in the rock fall or landslide engineering analysis, can be modified, improved, and even
completely replaced, by means of UAVs, or so called drones. Drones fitted with high-resolution
cameras, laser scanners and other equipment are enabling a more detailed inspection to be
carried out, in order to remotely monitor the condition of a soil or rock slopes (Car et al., 2018).

2.2 Unmanned aerial vehicle/system (UAV/UAS)
An unmanned aerial vehicle (UAV) or Remotely Piloted Aircraft Systems (RPAS), commonly
known as a "drone" (Figure 1), is a flying device or aircraft without a crew, which can be
remotely operated by remote controller, or that can fly independently using a prescheduled
flight plan (Vallet et al., 2011). Drone proponents rather prefer that everyone use the term
Unmanned Aerial System (UAS), in which “System” encompass the entirety of the vehicle that
flies, the ground-based controller and different types of sensors that can be mounted on it.
Although these devices were primarily developed for military purposes, they are now
increasingly used in various fields of research and economy. Based on the size, weight, flight
time, flight distance and altitude, the UVS International defines three main categories of
drones: tactical UAVs, strategical UAVs, and special task UAVs (UVS International).
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Figure 1: Various types of UAV
Unmanned aerial vehicles, equipped with devices for various uses, presently meet economic
and all other requirements for highly reliable airborne collection of data, thanks to development
of the global navigation satellite system (GNSS), inertial navigation system (INS), digital
cameras, and various mobile sensing devices. Unmanned aerial vehicles that are to be used
for aerial survey of terrain must meet the following basic requirements: realisation of planned
flight as defined prior to the survey, capacity to carry survey and navigation equipment,
appropriate flight autonomy, and the possibility for absorbing vibrations and other external
influences during flight (Kolarek, 2010). Given a great range of various sensors they can be
equipped with, from various high-resolution cameras for taking photos and making video
recordings, to thermographic and multispectral cameras, gas detectors, and various mobile
laser scanners, drones are increasingly becoming an ideal tool for the collection of topographic
and spatial data that can be used, based on appropriate algorithms, to create various 3D
models of a structure or an area. Several groups are also exploring the possibilities to mount
ground-penetrating radars (GPRs) onto UAV. Unmanned aerial vehicles have already proven
to be quite useful for monitoring the propagation of wildfires and floods, for the discovery of
persons in distress at difficult to access sites, supervision of traffic and infrastructure,
monitoring of industrial facilities and their critical spots, supervision of national borders, etc.,
where drones enable rapid collection of data that can be highly useful in crucial decision
making processes.
The new terminology UAS photogrammetry describes a photogrammetric measurement
platform, which operates remotely controlled, semi-autonomously, or autonomously, without
a pilot sitting in the vehicle. The platform can be equipped with a photogrammetric
measurement system, including, but not limited to a small or medium size camera or video
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camera, thermal or infrared camera systems, airborne LiDAR system, or a combination of all
(see Figure 2). Current standard UAS allows the registration and tracking of the position (like
Global Positioning System - GPS or Inertial Navigation System - INS) and orientation of the
implemented sensors in a local or global coordinate system.

Figure 2: Various sensors that can be mounted on UAS
The collection of 3D data by conventional surveying methods in special cases can be quite
time-consuming, expensive and even dangerous for the field operator. As an example,
locations such as steep slopes and cuts and where there are potential rock falls, landslides or
mudslides can be difficult to access. Visual inspection of the terrain in such locations, just as
geodetic data collection with classical methods can result in incomplete and insufficiently
detailed display of the terrain, and thus jeopardize the safety of rail or road users.
The use of drones in such locations can greatly complement, enhance and even completely
replace the classical methods of mapping, determining the volume, cross-sections, contours
and other parameters that are necessary for the remediation measures (Figure 3). Upon arrival
at the terrain it is not required to approach the hazardous location, but come to a safe proximity
and send UAS (with a pre-programmed flight or manually guided) to collect the data needed
for quality and correct visualization and field interpretation.

Figure 3: Replacement of traditional determination of rock block volume by UAS
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2.3 Methodology
2.3.1

Digital photogrammetry

Photogrammetry is an optical method which allows determination of the geometric properties
of objects in order to metrically reconstruct them by means of measuring and interpreting
photographic images, using Image-based Modelling (IBM) (Remondino & El-Hakim, 2006).
There are two types of photogrammetry, depending on the position of the measuring
equipment:
1. terrestrial, which refers to terrestrial photogrammetry and it refers to measurements
from a fixed terrestrial location,
2. aerial photogrammetry, which refers to measurement made from an aircraft and is
usually oriented vertically to the ground.
Figure 4 shows the basic principle of photogrammetry. The 3D coordinates of a slope are
determined from digital images taken of the same slope from different angles. It is necessary
to collect at least two images of a slope, since the 3D coordinates are determined from at least
two corresponding rays which are defined by perspective centre and each image point,
showing spatial direction to the corresponding object point (Monnet et al., 2010). The
advantage compared to LiDAR is that it directly provides colour image which enables to create
textured 3D model.

Figure 4: Basic principle of photogrammetry (Clemson Institute, 2014)
The equipment includes high resolution digital cameras, a tripod and markers which need to
be attached to the slope as reference points. It is relatively inexpensive equipment, easy to
handle which enables to take a large number of photographs in a short time. In terms of cost,
photogrammetry equipment is less expensive than LiDAR, but photogrammetry software can
sometimes be very expensive depending on the data that need to be collected by such
method. Today, there are many photogrammetry softwares that are designed for extracting
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structural properties of the slopes, such as number of trays and orientations of discontinuities.
Those parameters also are basic input parameter in most of the rock fall hazard rating
systems. Also, by comparing images taken in different times, displacement and deformations
can be detected.
In order to create a three-dimensional model of the terrain or a structure, a considerable
number of photographs of the area must be taken, with longitudinal and transverse
overlapping between the photographs. The principal objective of the computer program is to
link these photographs into a single whole, and to generate a point cloud using the following
steps:
1. identify similarities between the photos,
2. derive the SfM (Structure from Motion) algorithm,
3. make geo-references,
4. finalise the process and make image changes as needed.
2.3.1.1 Identifying similarities between photos
According to (Snavely, 2008) the first step toward creating a 3D model involves finding
common 2D pixels between the photographs taken. Each set of pixels found to be
correspondent during comparison of several photographs enables creation of one 3D point in
space (Figure 5). Pixels are linked by finding and linking structures on a pair of photographs,
which are then linked with the same structures on other photographs, thus creating the model
on the basis of which a point cloud is generated using an appropriate algorithm.

Figure 5: Correspondence of pixels from various photographs
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Assuming that F(I) denotes a set of structures found on photograph I, the system considers
every part of the structure f∈F(I) for each pair of photographs I and J and looks for its closest
surroundings fnn∈F(I) (Eq. 1).
𝑓𝑛𝑛 =

arg min
‖𝑓 − 𝑓′𝑑 ‖2
𝑓′ ∈ 𝐹(𝐽) 𝑑

(1)

After all image pairs have been linked, then the links are established between a larger number
of images. For instance, if the structure f1∈F(I1) corresponds to the structure f2∈F(I2) and
structure f3∈F(I3), they are all grouped into a set {f1, f2, f3}. These sets are established by testing
each structure f in every image, and the procedure lasts until all structures corresponding to
one another are found in all photographs.
2.3.1.2 Derivation of SfM (Structure from Motion) algorithm
The next step involves implementation of the SfM algorithm through which the geometry of
the structure is estimated based on the sets of points defined in the previous step. This
estimation is done by finding three-dimensional coordinates of points which, when linked
through perspective projection equations, correspond the best to the sets that have been
marked (Snavely, 2008; Mahović, 2010). For each set of points, j the geometry is defined
through three-dimensional points, Xj. The parameter qij from Eq. 2 represents measured
positions of bands (survey lines) j on the photograph, which is most often unknown as not all
bands are visible on all photographs. The problem is solved by finding common solutions for
the camera and parameters in the studied area in order to define the best possible positions
of bands. For n views and m bands, the objective function g assumes the following form:
𝑔(𝐶, 𝑋) = ∑𝑛𝑖=1 ∑𝑚
𝑗=1 𝑤𝑖𝑗 ‖𝑞𝑖𝑗 − 𝑃(𝐶𝑖 , 𝑋𝑗 ‖

2

(2)

where: wij is the variable indicator.
If wij = 1 then the camera "observes" the set j. The expression qij - P(Ci,Xj) is known as the
projection error of a set j in the camera (see Figure 6). According to Figure 5, if a threedimensional point Xj is projected to the camera Ci, then the projection error represents the
difference in distance between the projected point P(Ci,Xj) and the observed point qij, and the
objective function g represents the sum of squares of projection errors "weighted" by the
variable indicator. The principal aim of the SfM algorithm is to find the parameters of the
camera and studied area that minimise this objective function (Mahović, 2010).
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Figure 6: Projection error (Niethammer, 2012)
Images obtained from the air should have a considerable number of common points, which
means that a specific distance between projection centres should exist during photograph
taking so that two or more photographs can be assembled into a three-dimensional object
(Pomaska, 2009). When taking photographs, care must be taken about the required
longitudinal and transverse overlapping, which amounts to 60% for the longitudinal and 30%
for the transverse overlapping. The model is additionally improved by further processing of
sets through the SfM algorithm (the process that recognises obvious point linking errors and
eliminates them from the model, so that they do not affect the final result), and by conversion
of the camera’s focal length (parameters needed for conversion are the focal length, CCD
sensor size, and photograph size in pixels).
2.3.1.3 Georeferencing
The SfM algorithm shows the coordinates of points in the coordinate system in which the flight
has been planned, which is most often the WGS84 coordinate system as the reference
coordinate system for GPS satellites, with the start in the centre of the Earth’s masses.
Although such a representation is good for visualisation of a given area, it has to be
georeferenced if it is to be placed on a map or plan of an official coordinate system. Once a
minimum of three identical points are known in both systems (camera based local system, and
national or global systems) then the use can also be made of the seven-point Helmert
transformation of coordinates, according to Eq. 3.
𝑋𝐺𝐿𝑂𝐵𝐴𝐿𝑁𝐼 = 𝑐 + µ𝑅𝑋𝐿𝑂𝐾𝐴𝐿𝑁𝐼

(3)

where:
XGLOBALNI

- point coordinates in the national or international coordinate system

XLOKALNI

- point coordinates in the system created in the SfM algorithm

µ

- scale factor

R - rotation matrix
𝑐1
c = [𝑐2 ]
𝑐3

- translation vector
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2.3.1.4 Final processing and corrections
After the georeferencing, some additional steps can also be taken to improve output results.
In order to remove the so called "false points", caused by inadequate linking or poorly
presented geometry, the points visible on less than three photographs have to be eliminated.
After that, in order to clean the geometry of points, the photos that register less than 16 points
are defined, and then these points are also eliminated from the model development process.
The SfM algorithm functions properly if all photos, when included in the model development
process, are in the relationship in which they were at the moment of exposition (oriented as
either "portrait" or "landscape"). An additional analysis is needed to determine whether a
photograph has been inadequately oriented.

Figure 7: Results of photogrammetric measurement (Car et al., 2016)
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2.3.2

Airborne LiDAR

LiDAR is an emerging three dimensional mapping technology that employs a laser and a
rotating mirror or housing to rapidly scan and make image volumes of surficial areas such as:
rock slopes and outcrops, buildings, bridges and other natural and man-made objects in
different fields. There are two LiDAR types depending on the position of measuring equipment:
1. Terrestrial or ground based LiDAR (TLS), which refers to the tripod-based
measurements and
2. Airborne LiDAR (ALS), which refers to measurements made in the air.
3D laser scanners work by emitting an immense number of laser beams on a selected surface
and recording the reflection of the beam in order to accurately determine the distance to the
reflected object. In this way, a 3D point cloud is created which represents an image of the rock
slope face. The rotating mirrors or rotation of the housing allow millions of measurements to
be made in just a few minutes depending on the type of scanner. Immediately after one pulse
is received and measured, the scanner transmits another optical pulse slightly horizontal (or
vertical – depending on the scanner) to the previous pulse using a rotating mirror or rotation
of the housing. This process is repeated thousands of times per second, thus generating
distance values for millions of points on a reflected slope. From the distance and the
orientation of the laser pulse, the xyz coordinates associated with each reflected pulse can be
determined. In addition, the intensity of the returned pulse is determined. In general, light
coloured objects and closer objects give a higher reflection compared with darker objects and
objects farther away. Together, the xyz coordinates and associated intensity values for millions
of data points outputted by the laser make up the “point cloud” (Kemeny & Turner, 2008;
Review, 2012). A point cloud is the basic output from a 3D laser scanner. The most generic
point cloud file format is a 3D coordinate file. The point clouds are then processed to extract
geotechnical information, which includes discontinuity orientation, length, spacing, roughness,
and block size. The first step in point cloud processing is to orient the point cloud into the real
world coordinate system, based on data taken in the field.
Most of the laser scanners are also equipped with high-resolution cameras, thus providing
digital images of the scanned slope which can be draped onto the point cloud to provide a 3D
colour digital terrain model, DTM. The main advantages of this technology are high accuracy,
high resolution (mm to cm order) and very high data acquisition speed (Review, 2012).
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Figure 8: Digital terrain model (DTM) based on laser scanning, Veyrier-du-Lac, France
(Monnet et al., 2010)
According to Jaboyedoff et al. (2012), the application of laser scanning in rock fall engineering
can be divided into four types: detection and characterization of rock falls, hazard assessment
and susceptibility, rock fall modelling and rock fall monitoring. To detect and characterize rock
falls, precise maps of surface need to be collected. Airborne LiDAR (ALS) has shown to be a
good tool for precise mapping of a large area, but still it is an extremely costly technique. It
enables structural analysis at regional scale without entering the dangerous zone beneath a
slope in a much faster and safer way, compared to the traditional methods. It is also very
useful for hazard assessment since it enables determination of input parameters for rock fall
hazard rating systems, such as joint orientation and boulder volumes. It enables accurate
estimates of volumes and positions of unstable boulders to be obtained as input parameters
for any rock falls trajectory simulation, which enables determination of the influence area. Also,
by repetitive measurement of rock slope face, 3D images are compared to previous images
with precise incremental movements to cover a large area of slope face, and not just one
block, which can be obtained in due time, by usage of an available software.

Figure 9: Airborne laser scanning (ALS) principle (Gajski, 2007)
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The ALS principle is that the aircraft or unmanned aerial vehicle, with the attached scanner,
overflows the area to be surveyed. To capture the entire surface of the surveyed area, it is
necessary to determine the area width in advance, depending on the viewing angle of the
scanner and the flight altitude, and, if necessary, scroll the area several times with the required
number of sequences (Figure 9).
In order to cover the entire measured area and ensure alignment of all sequences in a certain
block regarding height and position, overlapping has to be made between adjacent sequences
(Gajski, 2007). A polar method is used to determine the spatial coordinates of a given
measured point. Unlike laser scanning from the ground (TLS), the ALS scanner is used for
precise mapping of a larger area, enabling structured analysis at a regional level without
entering a dangerous zone in a much faster and safer way. Input parameters such as
discontinuity orientation, block size, geometry curve and block position for landslide risk
assessment with RHR (Rock fall Hazard Rating System) can also be determined (Libric et al.,
2014).
ALS can be used in situations where key points are inaccessible or difficult to access, for areas
that due to high temperatures or adverse concentrations of harmful gases are not suitable for
human presence, while surveys can be done without stopping or disrupting traffic. However,
its price is still very high and professional staff are needed not only for conducting
measurement and processing but also for aircraft or helicopter management. Instead of an
airplane or a helicopter to capture footage, unmanned aerial vehicles can be used for remote
exploration which can reduce the scope of fieldwork, save time and money. Using unmanned
aerial vehicles can greatly complement, improve, and even completely replace the classic way
of mapping, measuring volume, cross sections and other parameters required for engineering
analysis.
It must be emphasized that the advantage of LiDAR, as opposed to photogrammetry, is in
scanning a slope that has vegetation. LiDAR light can penetrate through small openings
between the slope and its vegetation to provide information of the rock underneath. On the
other hand, obtaining a good result of photogrammetry depends on the available natural light
available behind vegetation as it is affected by changes in light in different directions due to
basic principle of photogrammetry to take multiple images of the same scene from different
locations.
2.3.3

Point cloud

The final result of the above procedure is the point cloud that consists of a set of points in a
given coordinate system. In the three-dimensional coordinate system, these points are defined
by X, Y and Z coordinates, and they most often represent the external surface of an object. In
addition to coordinates, the point cloud also contains the data about the lighting, time of
survey, and colour of every point within the cloud. An example of the point cloud is shown in
Figure 10 for the Mali Čardak quarry site near Perušić.
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Figure 10: Point cloud at the Mali Čardak Quarry near Perušić
2.3.4

Use of 3D models for engineering purposes

Upon arrival at the studied site, a map of the wider area to be surveyed (Figure 11) is
downloaded onto a mobile phone or tablet that is wirelessly connected to the unmanned aerial
vehicles, and through which we are able to see the image shown by the camera in real time.

Figure 11: Site map downloaded to a smart phone or tablet
The following has to be defined on the downloaded map: exact and fully detailed dimensions
of the area to be mapped, flight zone orientation, flight altitude, and the flying speed if the
survey concerns topographic content that is relatively flat (horizontal terrain). All parameters
needed for an independent flight of the unmanned aerial vehicle are thus defined, and the
flying device can start collecting the data. The selection of these parameters automatically
generates the flight schedule, and the points at which the camera carried by the unmanned
device will take photographs are programmed in advance. At the end of the survey, the
unmanned device independently returns to the starting position. If the inclination of the ground
at the site of the survey is considerable, i.e. if the terrain is vertical and steep, the free flight

17

D1.4 Report on the use of remote monitoring for slope stability assessments
DESTination RAIL – Decision Support Tool for Rail Infrastructure Managers

mode is adopted, and photographs are taken based on the predefined horizontal and vertical
changes in position of the camera that is linked to the GPS antenna of the unmanned device.
The experience and knowledge of the unmanned device operator is highly significant when
this mode of survey is applied. Once the survey is completed, the geo-located photographs,
along with the other parameters needed for orientation of photos at the moment of exposition,
are transferred to the photograph processing software. The transfer (downloading) of such
images into the photograph processing software results in the representation of the unmanned
device flight, showing also the position of each photograph taken during the survey (see Figure
12).

Figure 12: Area traversed by the unmanned aerial vehicle and photo-taking positions
An example of the survey of the Doljani railway cutting at KM 80+830 of the railway line R201
Zaprešić – Čakovec, between the train stations Novi Marof and Turčin, where one part of the
line was affected by landslide, is shown in Figure 12. The methodology for obtaining a 3D
model from photographs, and for defining cross-sections and volumes, is defined below on
the example of the above mentioned cutting. The computer program used in this particular
case is Pix4Dmapper, which has been specifically developed for processing photographs
collected by unmanned aerial vehicles (Pix4D SA).
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Figure 13: Interactive procedure for evaluating condition of transport infrastructure
(www.secureinair.nl)
One of potential advantages of the use of unmanned aerial vehicles lies in the possibility of
making an interactive evaluation of the situation at a particular transport infrastructure segment
(Jurić-Kačunič et al., 2015). In this case, as shown in Figure 13, an operator guiding the
unmanned device has to be present on the site of survey. Using the display, the operator is
able to see at every instant the image photographed by the unmanned devices, and can share
this information in real time with people at other locations (offices, cabinets, laboratories), so
that they can also see the images taken by the drone. Thus, several persons actively
participate in the survey of the slope or potential rockfall, the advantage being that the persons
siting in the office can be much more focused and able to analyse the site in greater detail and
better identify the problem, and instruct the on-site operator about additional images to be
taken. This is much more effective than the case when the operator has to do all these
activities by himself: operate the drone, take photographs, and observe and respond to
potential problems at the site of survey.
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Figure 14: Orthophoto map based on photos taken by unmanned aerial vehicle
Depending on the computer processor’s size and its graphical performances, the mentioned
3D terrain representation can be obtained after a relatively short processing time in form of a
point cloud or orthophoto map (Figure 14).

Figure 15: Defining cross-sections at Doljani cutting
The point cloud and orthophoto map, which are fully measurable, can be used to define crosssections (Figure 15) and calculate volumes (Figure 16) that can be transferred to CAD
programs, which are readily used in most professions conducting mapping and design
activities.
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Figure 16: Calculating volumes at Doljani cutting
After transfer to the CAD or GIS program, surfaces can be generated very simply from point
clouds using the TN (triangulated irregular network) algorithm, and contour lines can be
generated at equidistance as desired by the user (see Figure 17).

Figure 17: Doljani cutting contour lines obtained by TIN model

2.4 Application of UAS on railway infrastructure
2.4.1

Case studies in Croatia

In the following sections several case studies are described whereby a remote sensing method
involving Unmanned Aerial Vehicle type DJI Phantom 2 Vision+ and Pix4Dmapper software
was used to perform measurement, mapping and surveying in Croatia by University of Zagreb.
Pix4Dmapper Pro is a software that automatically processes the images that were taken from
the air using unmanned aircraft, or from the ground with digital camera. It uses technology that
works on the principle of recognizing the image content (pixels) in order to make a complete
3D model of the subject (see Figure 18). The software is completely adaptable to all types of
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cameras and image processing results can be converted and used by any GIS or CAD
applications.
Pix4Dmapper Pro can be used in many different branches of industry and science, such as
mining, agriculture, geodesy, civil engineering, management of natural resources and
emergency services, and allows the following:






line and polyline measurement (break lines), making longitudinal and cross sections,
contour drawing, measuring areas and volumes directly in the model and their export
to other different formats.
generating 3D point cloud, true orthomosaic and orthophoto maps, 3D textured
models, DSM (Digital Surface Model), NDVI Maps (normalized difference vegetation
index) from vertical and oblique aerial or terrestrial photos.
it uses a fully automated flow of data processing and calibration of each photo in order
to achieve a satisfactory level of accuracy, but also the "Rapid Check mode" for
checking the quality of recording directly on the field.

Figure 18: Pix4Dmapper Pro user interface
The DJI Phantom 2 Vision + UAV has four propellers (quadcopter) and is equipped with a
small camera attached to the bottom that can record high-resolution images or high-definition
video (Figure 19). It also comes with many other features for recording digital imagery. A user
can control the device using a remote control connected to almost every smartphone, where
live video from the drone’s camera can be streamed. By using images supplied to the
smartphone, pilots can navigate the drone even when it is out of a direct line of sight.
The UAV features a stabilised camera mount called a gimbal. Motors on each of its three axes
allow the camera to remain steady as the drone moves. For example, if the drone rolls
clockwise, the gimbal automatically rotates the camera a corresponding amount counter
clockwise to help produce a smooth photo or video.
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Figure 19: Parts of DJI Phantom 2 Vision+ (http://www.dji.com/product/phantom-2vision-plus)
2.4.1.1 Volume measurements of rockfalls using UAV
Between stations Jurdani and Matulji in Croatia on the railway line M203 is a location of
potential rock fall that was photographed with the UAV DJI Phantom 2 Vision+ (Car et al.,
2016). In this case, 69 pictures were taken, and later used in mapping software Pix4Dmapper
Pro. A combination of the UAV and mapping software is a powerful tool which can generate
data for all computer programs that are used for rock fall simulations, e.g. Rocfall
(https://www.rocscience.com/rocscience/products/rocfall).
Rocfall is a computer program that performs a probabilistic simulation of rock falls or landslides
and can be used for designing barriers and testing their effectiveness. Rocfall is based on
input data (slope geometry, characteristics of slope materials, block size, block starting
position and starting speed) and calculates the trajectory of a block and as output data gives
speed, position and kinetic energy of the block. Output form also gives a histogram showing
distribution of velocity, kinetic energy and stepping height of the blocks in relation to any
location along the slope profile. Upon arrival at the location the first step is to prepare the flight
of the aircraft, which is done by connecting a smartphone with the UAV through a wireless
connection, and subsequently uploading the map of the location to the smartphone. To
prepare a flight it is needed to set up dimensions of mapping area in Pix4D capture application,
flight orientation and altitude, as well as drone airspeed. In this particular case, the flight was
carried out in “free flight mission” mode which means that one set of parameters had to be
added. Horizontal and vertical changes of camera position through GPS (Global Positioning
System) were set in the way that when the camera moves by 2 meters, it will automatically
take a photo and save a GPS coordinate of the photo position (see Figure 20).
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Figure 20: Screen shot of the map location “Jurdani” from smartphone
By uploading such geocoded images taken from air in Pix4Dmapper Pro it displays the flight
path and position of each photo that was taken (Figure 21).

Figure 21: Screen shot of Pix4D mapper Pro with positions where images were taken
Photo processing, generating point cloud and orthophoto map takes place automatically by
SFM algorithm (Structure From Motion) (Xiang&Cheong, 2001) by Pix4Dmapper Pro.
Depending on the power of the processor and graphics performance of a computer after some
time software generates orthophoto map and Digital Surface Model (DSM) (Figure 22) and 3D
view of the terrain in the form of a point cloud (Figure 23).
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Figure 22: Orthophoto map (1) and Digital Surface Model (DSM) (2) of Jurdani location
generated by Pix4Dmapper Pro from photos taken from air

Figure 23: Point cloud generated by Pix4Dmapper Pro of Jurdani location
The result of this is a generated point cloud and orthophoto map that is fully measurable at
every part of the created model. It thus allow a user to produce longitudinal and cross sections
(Figure 24), contour drawing, measuring areas and volumes directly in the point cloud model
(Figure 25) and their export to other different CAD format (Computer Added Design) that are
used in most professions related for mapping and design.
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Figure 24: Example of cross section generated in Pix4Dmapper Pro of Jurdani
location

Figure 25: Volume generated in Pix4Dmapper Pro of Jurdani location
2.4.1.2 Application of UAV for Landslide Mapping
Notch Doljan is situated at the location km 80+830, railway track R201 Zaprešić – Čakovec
between railway stations Novi Marof – Turčin, in Croatia (Car et al., 2016). A landslide
occurred on the right side of the notch. The section of this railway track is situated for the most
of its length in distinctly mountainous area and in different elevations, mainly in unfavourable
characteristics of the soil (marl-clay) (Figure 26). The purpose of the project was to develop a
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remediation and reparation design in this location that would ensure permanent stability of the
notch.

Figure 26: Picture of landslide taken from DJI Phantom 2 Vision+
As in the previous case study the first step upon the arrival at the location is to prepare the
autonomous flight of the aircraft, which is done by connecting a smartphone with the drone
through wireless connection, and upload the map of the location to the smartphone.

Figure 27: Loaded map on a smartphone or tablet
To prepare the autonomous flight dimensions of the mapping area need to be set up, as well
as flight orientation, altitude and drone airspeed. With these certain parameters defined in the
application Pix4Dcapture for smartphones, autonomous flight can start and the application is
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automatically generating the flight plan, and the positions at which the camera will take photos
(Figure 27). The drone is now ready to take flight which is done with a push of a button.
When the pictures are obtained, the drone returns to the position from where it started (home
point). Upon returning, downloading of geocoded photos and all necessary parameters
needed for orientation of images as they were at the time of exposure on the smart phone or
tablet computer, begins.
By uploading the geocoded images taken from air in Pix4Dmapper, flight path and the position
of each photo that was taken (Figure 28) are displayed.
Photo processing, generating the point cloud and orthophoto map take place automatically by
the SfM algorithm using Pix4Dmapper. Depending on the power of the processor and graphics
performance of a computer, after some time the software generates an orthophoto map and
a Digital Surface Model (DSM) (Figure 29), and a 3D view of the terrain in the form of a point
cloud (Figure 30).

Figure 28: Flight plan and positions where images were taken

Figure 29: Orthophoto map and Digital Surface Model (DSM) generated by
Pix4Dmapper from photos taken from air

28

D1.4 Report on the use of remote monitoring for slope stability assessments
DESTination RAIL – Decision Support Tool for Rail Infrastructure Managers

Figure 30: Point cloud generated by Pix4Dmapper from photos taken from air
The result of this way generated point cloud and orthophoto maps is their full measurability.
This allows us to produce longitudinal and cross sections (Figure 31), contour drawing,
measuring areas and volumes directly in the point cloud model (Figure 32), and to export them
to other different CAD format (Computer Added Design) that are used in most professions
related for mapping and design.

29

D1.4 Report on the use of remote monitoring for slope stability assessments
DESTination RAIL – Decision Support Tool for Rail Infrastructure Managers

Figure 31: Cross section generated in Pix4Dmapper

Figure 32: Volume generated in Pix4Dmapper
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2.4.1.3 Application of UAV for landslide remediation measures
Doljan is situated in the Northern part of Croatia, which has a high to very high landslide
susceptibility class (Jurić-Kačunić et al., 2017). Notch Doljan is situated in km 80+320, railway
track R201 Zaprešić – Čakovec between railway stations Novi Marof – Turčin. Due to the
heavy rainfall season, on the right side of the Doljan notch a landslide appeared. Sliding
material is currently activated, moving in larger quantities and has a tendency to slide towards
the railway line.
Geological and geotechnical research (see Figure 33) concluded that the main cause of sliding
is inadequate regulation of drainage water from the slopes of the notch. The surface zone
demonstrated predominantly clay material with very high plasticity and very low permeability.

Figure 33: Engineering geological mapping
The rate of leakage is extremely small, which causes a significant increase in pore pressure
and a decrease in shear strength, reaching the upper limits of the stability of the slope. The
purpose of the project was to develop remediation and reparation design in that location, which
would ensure permanent stability of the notch.
Upon arrival at the location the first step is connecting the drone with a smartphone through
wireless connection and uploading the map of the location to smartphone in purpose of getting
prepared autonomous flight of aircraft. To prepare autonomous flight it is needed to set up
dimensions of mapping area, flight orientation and altitude as well as drone airspeed. After the
pictures are taken, the drone returns to the home point and begins uploading georeferenced
photos with all necessary parameters needed for orientation of images as they were at the
time of exposure on the smart phone or tablet computer. By uploading such georeferenced
images taken from air in Pix4Dmapper it displays flight path and the position of each photo
that was taken (see Figure 34).
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Figure 34: (a) Picture of landslide taken from DJI Phantom 2 Vison+; (b) flight plan and
positions where images were taken
Photo processing, as well as generating the point cloud and orthophoto map takes place
automatically using Pix4Dmapper. The software generates the orthophoto map, a Digital
Surface Model (DSM) and a 3D view of the terrain in the form of a point cloud. This generated
orthophoto map and point cloud allows us to produce cross sections (see Figure 35), contour
drawings, measuring areas and volumes (see Figure 36), directly in the point cloud model and
export to other different CAD and GIS file formats.

Figure 35: Defining cross-sections at Doljani cutting
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Figure 36: Volume generated in Pix4Dmapper
By analysing several remediation measures, it was concluded that an optimal solution was to
design a stone type embankment that would ensure adequate drainage of rainwater, with final
finishing with hydro seeding. There are three phases in remediation of the instability. The first
phase includes the bulk excavation and removal of material present in the field. The second
phase includes the filling of the stone material to the height of the berm, and then final and
third stage is filling with stone material to the final height.

Figure 37: Cross section after remediation measures
2.4.1.4 Remote surveying of flood protection embankment
A part of the river Sava embankment in Zagreb, Croatia was chosen for a test field which is
shown in Figure 38 (Car et al., 2017).
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Figure 38: Aerial view of Sava embankment and position of testing area
Upon arrival at the location the first step was to prepare autonomous flight mission for UAS by
defining area of surveying (Car et al., 2016). The procedure required setting up parameters
for flight that included the following: height of flight, angle of the camera view, longitudinal and
side overlapping of the images and drone speed. All these parameters are important for
determining GSD (Ground Sample Distance) of the future model. GSD is the distance between
two consecutive pixel centres measured on the ground. The bigger the value of the image
GSD, the lower the spatial resolution of the image and the less visible details. The GSD is
related to the flight height: the higher the altitude of the flight, the bigger is GSD value. The
whole procedure is done in interactive application installed on the tablet computer, and the
one used in this case is “Pix4Dcapture” (see Figure 39).

Figure 39: Application screen for setting up flight mission
After setting up the flight mission, this UAS is ready for take-off. Before the flight it is very
important to collect local meteorological information and weather conditions. Generally, it is
good to choose a sunny day without wind for the flight operations.
A total of 117 images were taken at the test field. All images were geo-located at the time of
exposure and overall area covered by flight was 3.69 hectares, which was enough to conduct
a quality analysis of the embankment. Images taken from UAS were imported to Pix4D mapper
and were processed using the default options. One of the first noticeable things after
processing the images was so called “Uncalibrated Cameras”. The reason for this was that
the software could not find enough matches on neighbouring images to create the
stereoscopic effect and, consequently, was not able to create 3D points. Fourteen of the
images were created above the water (see Figure 40) and as the water was moving it changed
its surface making it impossible to create points. The total processing time was 1.5 hours, and
the flight preparation and flight time were 30 minutes. The achieved GSD was 2.26 cm,
creating 7.304.850 number of 3D points shown in Figure 41. It was possible to create 3D
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polylines, surfaces (Figure 42a), volume calculations (Figure 42b) and orthoplanes, which all
can be exported to other types of formats such as *.dxf, *.shp, *.dgn and *.kml. The generation
of DSM and DTM is also possible using an editor called “Mosaic editor” in Pix4D mapper. The
difference between those two is in filtering out the surface data and leaving only terrain “DTM”
(Figure 43a), or leaving all the surface data creating “DSM” (Figure 43b). Furthermore, a digital
orthophoto map was created using all of the pictures obtained, which were combined into a
single high resolution map (see Figure 44).

Figure 40: Uncalibrated Cameras visible in red

Figure 41: Point cloud containing 7,304,850 3D points
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Figure 42: a) 3D polyline and surface & b) Volume calculation

Figure 43: a) Digital Terrain Model DTM & b) Digital Surface Model DSM
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Figure 44: High resolution orthophoto map of testing area
2.4.2

Case studies in Norway

The Norwegian Geotechnical Institute (NGI) has an RPAS which is used for documenting
areas which are difficult to reach, such as steep rock faces, and snow avalanche terrain. The
software and equipment utilised by NGI includes;



Equipment: DJI Phantom 3 Professional
Software: Agisoft PhotoScan, InnovMetric Polyworks, MeshLab, Cloud Compare

2.4.2.1 Rock slope monitoring and volume calculations
The RPAS was used with a normal optical camera. The optical imagery is used to generate a
DEM (Figure 45 and Figure 46). A new model is made after a relevant time interval, depending
on the expected magnitude of movement and change detection between two or multiple
models is applied thereafter.
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Figure 45: Optical imagery captured by a RPAS-mounted camera as assembled within
Agisoft PhotoScan a photogrammetric image processing software. (Figure: Copyright
© by NGI)

Figure 46: DEM derived from optical imagery captured by a RPAS-mounted camera.
Visualization in MeshLab. (Figure: Copyright © by NGI)
RPAS have the following benefits:


Can be used to reach difficult areas



Can be fitted with cameras, LiDAR or other equipment



Low cost equipment (as compared to all other mentioned techniques)

RPAS have the following limitations:


Optical methods have limited accuracy dependent on number of ground control points.
With sufficient ground control points accuracy is expected to be better than 10 cm.
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Low range when flown with "Visual Line of Sight" (VLOS) permission. Maximum 120
meters above ground and maximum 300 meters from pilot (dependent on the size of
the drone)

2.5 Use of unmanned aerial vehicles at the European and worldwide
transport infrastructure network
Despite various approaches to legislation relating to the use of unmanned aerial vehicles in
Europe and in other parts of the world, the use of such unmanned devices for the survey of
the road and railway infrastructure network has been increasing considerably in recent years.
Niethammer et al. (2012) used an unmanned aerial vehicle equipped with a digital camera to
monitor slow movement of the Super-Sauze landslide in France, and demonstrated its
competitive edge compared to other methods for remote mapping of landslides. A similar use
is presented by Carvalaj et al. (2011) for surveying a landslide along the motorway
embankment in the region of Almeria in Spain. The use of drones on a motorway rehabilitation
project in Friedewald, Germany, is presented by Siebert and Teizer (2014). Kovačević et al.
(2014), presented the use of unmanned aerial vehicles in the design of rockfall and landslide
improvements along national road and railway infrastructure.
The Dutch railway company ProRail (www.secureinair.nl) uses unmanned aerial vehicles
equipped with infrared sensors to check operation of the heating system used on their railway
switches. Network Rail, the company that operates railway network in the United Kingdom,
signed in 2014 a general agreement with four companies for survey services based on the
use of unmanned aerial vehicles in order to improve maintenance of railway lines, increase
efficiency of its employees, and reduce the quantity of work at elevations, which was required
quite frequently. In addition, images obtained during this survey are used to regularly update
the maps collected in the scope of the ORBIS project (Offering Rail Better Information
Services) (www.railtechnologymagazine.com), which will enable formation of 3D models and
derivation of cross-sections from the survey images, as described in more detail in the
following Section. An interesting use comes from Germany where the national rail company
Deutsche Bahn (www.spiegel.de) decided to use unmanned aerial vehicles in the struggle
against graffiti along its infrastructure. The French railway company SNCF (www.personaldrones.net) has been studying possible use of unmanned aerial vehicles for preventing copper
theft from cables along railway lines.
The Federal Aviation Administration (FAA) (Karan et al., 2014) plays a significant role in the
study of possible uses for unmanned aerial vehicles in the US transport infrastructure.
Relevant studies and investigations made in several states such as Arkansas (Frierson, 2013),
Georgia (Irizarry & Johnson, 2014), North Carolina (Estes, 2014), Ohio (Judson, 2013), Utah
(Barfuss et al., 2012), Washington (McCormack, 2008), and West Virginia (Gu, 2009) have
been financed through state departments for transportation (SDOT).
The largest North American railway company Union Pacific, which operates about 52,000 km
of railway lines (www.bloomberg), is considering the possibility of using unmanned aerial
vehicles that would precede human intervention, and hence optimise inspection of railway
infrastructure by pointing to significant occurrences. On the other hand, the second largest
North American railway company, BNSF Railway Co., which operates practically the same
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number of kilometres of railways as the Union Pacific, has gone a step further by obtaining in
March 2015 the approval of the Federal Aviation Administration (FAA) for the use of unmanned
aerial vehicles over a three-year period, for inspection of infrastructure and railway works
(www.railwayage.com ).

2.6 Advantages and limitations of unmanned aerial vehicles
The use of unmanned aerial vehicles presents a number of advantages the most notable being
the possibility of adjustment to various needs of the users, possibility of analysing and
surveying difficult to access areas and, in case of breakdown or fall of the unmanned device,
the life of the pilot is not put to danger. Some possible drawbacks are high production and
maintenance costs, high costs in the case of loss or breakdown of the device, and the fact that
it cannot be used in adverse weather conditions. In addition, an error in operation of the
unmanned device can result in a fall which, in addition to damage to objects on the ground,
can result in fatal accidents. Good quality photogrammetric surveys can presently be made by
low-budget unmanned aerial vehicles equipped with cameras. Positive features such as great
flexibility with regard to accuracy of survey results, and high level of efficiency and automation,
point to the selection of the photogrammetric method, which has been standardly used for a
number of years. Photogrammetric surveying has become accessible to a large number of
users due to availability of low-budget unmanned aerial vehicles equipped with digital
cameras. Although these flying devices undoubtedly have a high measuring potential, it should
be noted that they have primarily been developed for recreational flight and making films,
videos and photographs for personal use, without any terrain measurement aspirations. The
survey using low-budget unmanned systems in sets and blocks, with the corresponding
longitudinal and transverse overlapping between individual photographs, results in
photographs that are subsequently processed according to photogrammetric principles, as
additionally enhanced with algorithms that can take into account limitations present in low
budget unmanned aerial vehicles. The measurement can be made using the image correlation
method, which enables automatic determination of similar details in the overlap between the
neighbouring photographs and, hence, a photogrammetric reconstruction. Reliability of
photogrammetric measurements in the zones with a hardly distinguishable texture, such as
gravels and grass, can be increased through radiometric manipulation of digital images. This
results in a three-dimensional calculation model for a transport infrastructure segment and its
immediate vicinity. Recent studies are aimed at determining the accuracy of the use of
unmanned aerial vehicles in the large-area mapping applications, and in determining volume
of soil material deposits and open cast mines, have proven to be of particular significance.
Draeyer and Strecha (2014), and Strecha (2014) have established that the use of unmanned
aerial vehicles for measuring the volume of soil material deposits is by 2-3% more accurate
compared to GNS (Global Navigation Satellite System) and 0.1 % compared to LiDAR (Light
Detection and Ranging). Cryderman et al. (2014) have conducted similar investigations and,
when measuring volume of soil material, they obtained an accuracy that is 0.75% higher
compared to GNSS. Wang et al. (2014) have compared volume measurements for an open
cast mine as obtained by an unmanned aerial vehicle and LiDAR, and the comparison resulted
in a difference of 1.5%.
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3 Remote monitoring of earthworks
3.1 Introduction
Task 1.4 ‘Monitoring of earthworks’ of the Destination Project was led by UZ (Sveuciliste U
Zagrebu Gradevinski Fakultet, UniZag GF) from Croatia. This task has developed remote
monitoring protocols to obtain key input data for probabilistic based stability models (WP2),
which in turn inform the decision support tool (WP3). NGI have provided expertise in the use
of satellite remote sensing for detection of movement, and have performed in-situ testing
including MASW and CPT.
This section focuses on the use of remote monitoring for slope stability assessments and
describes NGI's experience with remote monitoring for railways, roads, unstable rock slopes,
rock scree slopes and snow avalanches.
NGI has experience with the following methods of remote monitoring of earthworks:




Interferometric synthetic aperture radar (InSAR)
Ground based interferometric real aperture radar (GB-InRAR)
Light Detection and Ranging (LiDAR)

Interferometric Synthetic Aperture Radar (InSAR) utilises synthetic aperture radar (SAR) data
from satellites. The ground based interferometric real aperture radar (GB-InRAR) system uses
the same technology, but with data obtained from a stationary ground position. Light Detection
and Ranging (LiDAR) instruments are typically used from the ground to monitor for example
rock slopes, but can also be mounted on moving vehicles or Remotely Piloted Aircraft Systems
(RPAS). RPAS can also be provided with other monitoring equipment, such as optical
cameras (operating in the visible spectre, thermal, or hyperspectral). These methods are
described in the following sections and examples are presented where these techniques have
been successfully employed.

3.2 Interferometric synthetic aperture radar
Interferometric Synthetic Aperture Radar (InSAR) can be used to identify and measure the
magnitude of displacements of landsides, rock fall, subsidence, and settlement. The
technology was first employed by Italian experts in the 1990s (e.g., Massonnet et al., 1993;
Massonnet and Feigl, 1998), who demonstrated that radar satellites can be used to detect
movement of the ground at millimetre scale. Today, this established method is a precise and
cost-effective tool for quantifying ground movements without the need for advanced
geotechnical measurement equipment or expensive field investigations.
InSAR uses the difference in radar signals between data acquisitions to detect movements
over time (see Figure 47). Displacement in both ground and built-up structures can be
measured, allowing for applications such as monitoring of soil settlement, ground subsidence,
or infrastructure, related to mining or the onshore oil and gas industries. The technique can
also be utilized for risk or environmental assessments, in addition to local and regional
geohazards studies. Unlike other remote sensing devices, SAR sensors are independent of
weather conditions and illumination.
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The use of InSAR allows for the identification of hotspots, which in turns allows for more
informed planning and design of further in-situ measurements.

Figure 47: InSAR principles. (Figure: http://treuropa.com)
There are two main processing methods to establish average settlement velocities from a time
series of InSAR images: SBAS (Small Baseline Subset Algorithm, first described by Berardino
et al., 2002) and PS (Permanent Scatterers aka Persistent Scatterer/ Interferometric Point
Target Analysis; e.g. Ferretti et al., 2000, 2001; Hooper at al., 2003, 2007; Werner et al., 2003).
The main difference is that SBAS focuses on reflectors spread out over the whole image point,
while PS needs a very small and pronounced reflector within each point. The consequence of
this is that SBAS is often more suited for natural terrain, while PS is often more suited in urban
areas with more focused results.
SAR satellites orbit the Earth in orbits that are called polar orbits - that means that they go
over both of Earth's Polar Regions, the Arctic and Antarctic. The ascending mode is when the
satellite is traveling south to north over the Earth's surface. The descending mode is when the
satellite is traveling from north to south over the Earth's surface. When the satellite is in
ascending and descending mode, its line-of-sight (LOS) and look angle is different. Hence the
terrain faces are covered with different quality depending on the mode. The combined analysis
of ascending and descending mode can, therefore, give additional information about the
direction of the movement.
InSAR-related activities at NGI have focused on ground settlements in built-up areas and on
dams, regional subsidence analyses, and landslide detection and monitoring.
The following software and data are in use at NGI:




GAMMA SAR and Interferometry Software (Gamma Remote Sensing AG)
SARscape software (sarmap SA)
Data: ERS, ENVISAT, ALOS, Radarsat-2, TerraSAR-X, Cosmo-SkyMed, Sentinel-1
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Areas of research and developing ongoing include:







Settlement and subsidence in urban and rural areas, both within and outside of Norway
Settlements of dams and large structures
Detection of landslides and terrain deformations, and monitoring and measurement of
movements
Processing and analysis of very high resolution SAR data, such as TSX Staring
Spotlight
Processing and analysis of medium resolution SAR data such as Radarsat-2 and
Sentinel-1
Assess potential to use the InSAR method for monitoring of tailings and tailing dams

InSAR has the following benefits:











Can register settlements over a larger surface, not only in fixed points
Independent of weather and illumination
Monitoring of large areas with high precision (mm)
Monitoring without contact to target
Effective for areas that are difficult to reach
InSAR has the following limitations:
Sensitive to change in surface conditions (vegetation, snow)
Geometrical distortions (layover, foreshortening)
Need data from approximately 20 time intervals, 1/per month.
Cost: A lot of data are free for R&D purposes. For commercial applications, especially
the newer very high resolution data (e.g., TerraSAR-X) is quite costly, in the range of
1200 to 2000 Euro/scene depending on the mode and the amount of purchased
scenes.

As long as the surface monitored is free from vegetation or snow, the method can be applied.
Due to the angle of measurement, horizontal surfaces can get the best results. Since it can
take up to two years to get sufficient data for proper processing, surveys need planning ahead.
3.2.1

Use of InSAR for subsidence and settlement monitoring

InSAR is often used to investigate and monitor mining areas, dams, and other man-made
structures. NGI has used InSAR to investigate subsidence due to groundwater extraction in
Vietnam, settlements of the Svartevatn dam in southern Norway and settlement issues in
some of the major Norwegian cities, such as Drammen and Oslo.
Presented here are the results of an InSAR study (Vöge et al., 2012) at Svartevatn dam in
south west Norway, an earth-rockfill dam. Displacements at dams are traditionally measured
by geodetic methods. The aim of NGI's study was to test the applicability of SAR interferometry
to monitor small scale deformations on one of the biggest rock-filled dams in Norway, the
Svartevatn dam.
Svartevatn dam (Figure 48) is an earth-rock-filled dam built between 1973 and 1976. Between
2011 and 2014 it was undergoing substantial upgrading and reinforcement. The dam is located
at 900 m a.s.l. and holds the uppermost and largest reservoir of the Sira-Kvina Hydroelectrical
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Scheme in Western Norway. It has a height of 129 m, a crest length of 400 m and a total
volume of 4.7 hm3 (DiBiagio et al., 1982).

Figure 48: Aerial photograph of the Svartevatn dam. (Photograph Copyright © by SiraKvina kraftselskap – sirakvina.no)
A set of 76 (descending mode) and 59 (ascending mode) ERS1/2 scenes covering the period
1992-2000 were acquired from ESA via a Category-I scientific proposal. In the ascending
mode scenes Svartevatn dam is located near the eastern edge; in the descending mode
scenes, it is located near the scene’s centre. While ascending mode scenes are acquired with
a look direction approximately towards the east/southeast, the look direction of descending
mode scenes is approximately west/northwest.
The displacement estimation was carried out with the SBAS algorithm, using the software
GSAR (Larsen et al., 2005; Lauknes et al., 2010). Interferograms were calculated for all
possible combinations of the image stacks that were below user-defined limits of temporal and
spatial baselines. Today, NGI uses the SARscape software (Holecz et al., 2014) and the
GAMMA SAR and Interferometry Software (Wegmüller and Werner, 1997; Wegmüller, 1998).
Figure 49 shows displacements in the area around the reservoir derived from 23 ascending
mode scenes using the SBAS algorithm. The yellow and turquoise colours indicate the
absence of statistically relevant displacements around the reservoir. Only the dam itself shows
a clear velocity signal indicated in red.
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Figure 49: Colour-coded ground velocity around the Svartevatn reservoir in line-ofsight (LOS; 23 incident angle) as derived from 23 ERS SAR scenes in ascending mode
between 1992 and 2000. The dam is located at the reservoirs southernmost tip.
(Satellite data: Copyright © by European Space Agency)
The resolution of the satellite is sufficient to see the detailed distribution pattern of the
displacements over the dam. Figure 50 shows a zoom-in over the dam. The same overall
pattern of a symmetric displacement at the centre of the dam crown is seen as with geodetic
displacement measurements. The maximum displacement velocity can be observed near the
centre of the crest with a value of approximately 3 mm/year.
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Figure 50: Deformation analysis of the Svartevatn dam, based on the InSAR
technique, shows a settlement rate of approximately 3 mm/year at the centre of the
dam. Satellite scans were taken by the ERS satellite between 1992 and 2000. (Satellite
data: Copyright © by European Space Agency. Background: aerial photograph from
‘Norge i bilder’ - Statens Kartverk, WMS access)
Some pixels with estimated velocities can be observed in the lake east of the dam. This is due
to layover, an effect from the SAR acquisition geometry in combination with steep slopes. This
results in multiple possible solutions for the range-Doppler equation. Newer software versions
are masking layover areas already in the pixel selection step in order to avoid such kind of
misplaced pixels.
NGI's results showed that SAR interferometry allows mapping of very local displacements at
the dam as well as displacements on a regional scale around the reservoir. Due to the steep
slope of the dam and a generally steep topography around it, the quality of the results strongly
depends on the acquisition geometry.
Bjørvika, Oslo – settlements
Presented here are results from an NGI project documenting the settlements that have
happened during a period of intensive city development that has been going on in the later
years in the central part of Oslo, Bjørvika (NGI, 2015).
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For the survey area NGI has access to InSAR data from the Canadian satellite Radarsat-2.
Through a multiuse agreement with Norwegian Space Centre and the satellite owner, NGI had
the opportunity to use data from November 2008 to July 2015. Three different image series of
InSAR data were acquired, details regarding resolution and time periods are given in Table 1.
Table 1
Mode
S7

S1

F4N

Available InSAR data
Resolution Direction
Angle Time period
Standard
descending 45°
November 2008 –
20m x 20m
July 2015
(continues)
Standard
ascending
23°
November 2008 –
20m x 20m
July 2015
(continues)
Fine
descending 44°
April 2014 – July
7m x 7m
2015 (continues)

Number of images
77

76

18

Since vertical deformations are of most interest within this project it does not matter if the data
is acquired in descending or ascending mode. However, processing of both data sets can be
used to compare and ensure consistent results.
In standard mode the Radarsat-2 images have a resolution of roughly 20 x 20 m, which means
that one data point represents an area of roughly 400 m2. In other words, it cannot be expected
to catch settlement differences over very small distances or to compare absolute values in
specific points with physical measurements. Even though the fine mode has a higher
resolution, the standard mode data are currently better suited to present the overall settlement
development, because the longer available time period leads to more reliable processing
results.
Figure 51 shows settlement velocities established with the two different processing methods
SBAS and PS from the Radarsat-2 data set in standard mode (S7). The distribution of
settlement velocities coincide very well.
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Figure 51: Settlement velocities between November 2008 and July 2015 from
Radarsat-2 standard mode (S7) produced with SBAS (circles) and with PS (triangles).
The size of the symbols indicates the reliability of the result: the larger the symbol,
the more reliable the measurement. The area near "the Barcode" was under
construction during these years, and thus lacks constant backscattering. (Satellite
data: Copyright © by MDA/NSC/KSAT 2008-2015)
The SBAS results in Figure 51 show a good coverage of data points over almost the whole
area. Only the areas with the greatest amount of construction work in the relevant time period
are areas with missing data. Construction activities have a big effect on InSAR results, thus
signals from different points in time can often not be correlated. To indicate the measurement
quality for each data point, the symbol sizes in the figure are scaled proportionally with the
coherence of the InSAR measurements. This means that small symbols indicate low quality
results (with respect to settlement velocity) and large symbols indicate high quality results.
The PS results in Figure 51 also show a good coverage of data points in the areas with
buildings, but the coverage over the railway tracks is less than for SBAS. The reason for this
is that the goal of the PS method is to identify the strongest small reflectors. These exist on
buildings, but not in the track area.
The observed average InSAR settlement velocities in the time period 2008 to 2015 are up to
15 mm/year. Ground based measurements show (pointwise) settlement velocity values that
are 3 to 4 times as high, with extreme values up to 10 times higher. This difference can have
multiple causes:


"Standard mode" resolution is roughly 20 x 20 m, which means that all results (data
points) represent an average of an area of roughly 400 m2.
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3.2.2

Different filter functions are used in the InSAR processing to improve the signal quality.
This leads to a further smoothening of the data.
If the settlement velocity difference in the time frame for an InSAR image pair (normally
maximum 1 year between the images) is too large, the results can be wrong. Since
InSAR is based on measurements of radar signal phase, it is only possible to get
unambiguous measurements of settlement smaller than the wave length. In most
cases this is solved with phase unwrapping, where phase changes over the whole
image is analyzed and phases are corrected, which "skips" past a wave length (5.6 cm
for Radarsat-2).
Use of InSAR for landslides detection and monitoring

InSAR techniques are useful tools for estimating the magnitude of the movement of landslides,
especially when the slide area is very large. GPS and other measurement techniques can
measure this as well, but only at a limited number of discrete points and are often much costlier
in comparison. Radar images give a good overview of areas in motion, and can provide
measurements over many years, provided that images are available. By using images from a
sensor with a short wavelength and by using 25 or more scenes, one can obtain a long and
precise time series of the region's movement in two dimensions.
Landslides detection and monitoring
NGI has performed a study of several landslide-prone areas in the Indian Himalayas (Vöge et
al., 2015). The aim of the study was to investigate the potential of two-pass differential InSAR,
and advanced DInSAR techniques, such as SBAS and PS, in order to detect and monitor the
temporal behaviour of surface deformations in selected areas of the Garhwal and Kumaon
Himalaya. Here, only the results from the surroundings of the town of Nainital are presented.
There were three SAR image stacks of considerable size available for the Nainital area. For
all image stacks, Nainital is located near the centre of the footprint, which is ideal in terms of
filter application during the interferometry workflows. One EnviSAT plus one ERS image stack
were acquired in descending mode (both Track 248). An additional EnviSAT image stack was
acquired in ascending mode (Track 12).
Figure 52 shows the mean velocity map around Nainital Lake resulting from an SBAS analysis
of EnviSAT Track 248 image stack (August 2008 to August 2010). The map shows a good
amount of coherent pixels around the lake. Most of the coherent areas show a mean velocity
of -2.5 to +1.5 mm/year and are, thus, considered as stable. Along the mountain slopes
northeast of the lake, however, we can identify a large area of deformation. Deformation rates
reach up to over -35 mm/year.
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Figure 52: Mean velocity map for the EnviSAT Track 248 image stack for Nainital
processed with SBAS. Insert: Velocity time series (mm/year) from August 2008 to
August 2010. (Background data: Esri, DigitalGlobe, GeoEye, i-cubed, USDA, USGS,
AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo and the GIS User Community)
The EnviSAT 248 image stack was also processed with the PS technique. As mentioned
above, the PS-method performs in general better in urban and nearby areas, where the
number of small but strong (persistent) scatters is higher than in natural terrain. Thus, in
general, we would expect to obtain better results for the city of Nainital as compared to the
SBAS algorithm. However, as the EnviSAT 248 image stack only contains 15 images from
2008-2010, there were hardly enough images for a successful PS processing. Figure 53
shows the mean velocity map of the Nainital area based on PS processing.
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Figure 53: Mean velocity map for the EnviSAT Track 248 image stack for Nainital
processed with PSInSAR. (Background data: Esri, DigitalGlobe, GeoEye, i-cubed,
USDA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo and the GIS User
Community)
The digital elevation model applied here is the SRTM (Shuttle Radar Topography Mission; cf.
http://www2.jpl.nasa.gov/srtm/). As expected, the PS density is higher over the city of Nainital
and along the urbanized eastern bank of Nainital Lake. The velocities over the built-up area
are relatively consistent and vary between -2.5 and +2.5 mm/year. Outside the urban areas,
the PS density is poor and most of the identified PS have to be regarded as noise. Therefore,
and in contrast to the SBAS results, no clear deformation pattern is identifiable in the slopes
above the cities.
In Nainital, an area with considerable ground deformation could be identified and confined with
the help of the SBAS workflow. The results allow displacement estimations along most of the
relevant mountain slopes northeast of the Lake, where a clear and rather large deformation
area could be identified with an average deformation rate of about 20 mm/year (see Figure
52).
Three factors were most challenging for the interferometric processing: a) the strong
topography in the Himalayan mountain range: particularly the PSInSAR workflow had been
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strongly affected and was generally only able to provide displacement estimates where
topography was moderate, b) The strong vegetation: the subtropical climate and the resulting
dense vegetation caused decorrelation in most nonurban areas, and c) the available image
stacks in the ESA archive were mostly too short. In particular, for the PSInSAR workflow most
of the stacks did not fulfil the minimum requirement of about 20 images. Additionally, most of
the stacks contain rather large data gaps.

3.3 Ground-based interferometric radar monitoring
Ground based interferometric real aperture radar (GB-InRAR) is related to InSAR, and is used
for detailed measurements of settlements and displacements of the ground surface and
constructions.
As for satellite based InSAR, the difference in radar signal between data acquisitions is used
to detect movements over time. A ground-based radar has, opposed to satellite based method,
a fixed location for all measurements of an object, so that there is no contribution from the
terrain to the radar signal. In this way the measurement errors are reduced, and enables the
use of all the data over a long period of time.
The technology has been in use since the early 2000s, and is a useful supplement for different
monitoring systems or as isolated monitoring of, for example, exposed rock faces. Repeated
campaigns over a certain time period can quantify both the magnitude and movement pattern
in unstable rock faces or subsidence/settlements. The radar can also be used for continuous
monitoring of unstable rock faces, so that possible movement accelerations can be detected
and warned.
Currently NGI uses its ground-based interferometric radar system, a GAMMA portable radar
interferometer (GPRI) mainly for the detection of displacement in steep rock slopes. The
objective is to identify areas of displacement, quantify the magnitude of displacement and to
monitor possible accelerations. It is also possible to use such systems to monitor infrastructure
and other types of constructions.

Figure 54: GAMMA portable radar interferometer (GPRI), Hagaløkka, Oslo.
(Photograph Copyright © by NGI/Andreas A. Pfaffhuber)
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NGI uses the portable real aperture FMCW radar interferometer GAMMA Portable Radar
Interferometer (GPRI) for displacement measurements and height mapping. It is developed
and built by GAMMA Remote Sensing AG, and the main technical characteristics of the
instrument (http://www.gamma-rs.ch/rud/microwave-hardware/gpri.html) are:









Frequency: 17.2 GHz (wavelength: 0.0176 m)
Acquisition time: < 20 min for 70 degrees
Operational range: 0.1 to 4 km
Antenna aperture: 0.4 x 60 degrees
Range resolution (look direction): 0.75 m
Azimuth resolution (perpendicular to the look direction): 6.9 m at 1 km, 13.9 m at 2 km
Precision: < 2 mm along look direction
transmit and 2 receive antennas

Ground-based interferometric radar has the following benefits:





Can register settlements over a larger surface, not only in fixed points
Flexible (can control amount of measurements compared to InSAR with satellite data)
Accuracy (1 mm)
Less errors due to fixed position

Ground-based interferometric radar has the following limitations:




3.3.1

Stationary
Target area must be visible from a safe, accessible location
Limited vertical look-angle (especially relevant for rock wall monitoring: "shadowing"
behind terraces and ledges)
Use of GB-InRAR for slope stability monitoring

NGI monitors several exposed highway sections along one of the main highways in Western
Norway on the basis of a multi-annual contract. The sites are monitored twice a year, allowing
for change detection analysis being carried out each half year (usually spring and autumn).
The results are conveyed to the road authorities within two weeks after completed field survey.
Figure 55 visualizes the result for one of the potential rock wall areas based on a change
detection between 2014 and 2015. In this period, there was one area detected with indication
for significant movement in the surveyed area shown below.
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Figure 55: GPRI result draped over a digital elevation model derived from RPAS
captured imagery. Green areas are considered stable; red areas show movement. The
white circle marks a potential deformation area in the rock wall. The yellow circle
marks an area of block accumulation (blue) and block evacuation (red) in the talus
cone below the rock wall. (Figure Copyright © by NGI)

3.4 LiDAR
LiDAR (Light Detection and Ranging) is a remote sensing technology that enables rapid and
accurate development of true 3-dimensional images and digital elevation models (DEMs).
The technology is based on calculating the duration between an emitted laser signal and the
reflected returned signal (time of flight scanner) or calculating phase difference between in the
laser signal (phase based). Through advanced and precise movement of internal mirrors and
servos, state-of-the-art LiDAR equipment can measure up one million unique points per
second.
Time-of-flight laser scanners are typically used on long distances and precision is among other
factors dependent on the accuracy of the internal clock that times the laser beam. Range
accuracy for a long range LiDAR is typically within one centimetre. Time of flight lasers are
ideal for measuring rock faces and snow covers at distances up to some kilometres.
Phase-based laser scanners are used at shorter range and have in general a much higher
precision than time-of-flight laser scanners. Phase based scanners are mostly used for
mapping manmade structures like buildings and industrial installations.
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LiDAR equipment is commonly used either ground-based, i.e. terrestrial laser scanning (TLS)
or from airplanes, i.e. airborne laser scanning (ALS). Mobile platforms such as cars and trains
can also be employed.
NGI's state-of-the-art expertise comprises:







Collection and processing of LiDAR data in on-ground and underground projects
Georeferencing, draping and structural geology analyses of LiDAR-scans
Temporal change detection of buildings and rockfaces
Settlement detection
Calculation of shotcrete thickness in tunnels
Integration of LiDAR data in ArcGIS and CAD environments

The LiDAR related services at NGI includes:







Large scale landslide and rockfall mapping and monitoring
o Identification of potential rockfall zones
Evaluation of snow avalanche failure areas and avalanche paths
Volume calculation of:
o Failed masses
o Unstable masses
Building deformation monitoring and calculations during construction and renovation
Data collection and processing for drill and blast tunnelling:
o Discontinuity measurements
o CAD vs. actual
o Overbreak/Underbreak
o Clearance
o Tunnel progression
o Water leakage into the tunnel
o Distribution and spacing of rockbolts
o Shotcrete thickness mapping and evaluation

Relevant software and equipment utilised by NGI:



Equipment: Optech ILRIS-LR, FARO Focus 3D
Software: InnovMetric PolyWorks, ArcGIS, FARO Scene

NGI conducts operational engineering work and R&D work using two terrestrial LiDAR
instruments: a long-range Optech ILRIS-LR and a short-range FARO Focus 3D.
The Optech ILRIS-LR scanner (as shown in Figure 56) is a long range time-of-flight based
scanner capable of generating data at distances of 3000 meters, however the speed of
collection is limited to 10 000 points per second. This technology is ideally suited for slope
monitoring and evaluation (specifically landslide, rockfall and snow avalanches).
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Figure 56: Optech ILRIS-LR. (Photograph Copyright © by NGI)
The FARO Focus is a high-speed phase based scanner that collects data at a speed of 1
million points per second, the range of equipment is however limited to 120 meters. This
technology is ideal for construction and tunnelling environments (Figure 57) where data
collection time is limited and objects of interest are generally situated near accessible scanning
locations. The FARO scanner is also ideal for measurements and analyses of deformations
and cracks in buildings (Figure 58).

Figure 57: FARO Focus 120 in action during a tunnel drilling project. (Photograph
Copyright © by NGI)
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Figure 58: Building front scanned with a FARO Focus 120. The colours visualize the
fronts deviation from a vertical plane: red = no deviation; purple = deviation of 20 cm.
(Figure Copyright © by NGI)
Figure 59 show the most dominant sets of planes present in a tunnel and thickness of applied
shotcrete, both features calculated with the NGI-developed software PlaneDetect (cf. Lato and
Vöge, 2012; Vöge et al., 2013).

57

D1.4 Report on the use of remote monitoring for slope stability assessments
DESTination RAIL – Decision Support Tool for Rail Infrastructure Managers

Figure 59: above: 3-Dimensional views of the LiDAR mesh with all discontinuities
mapped by PlaneDetect colored by set (Figure from Vöge et al., 2013); below:
shotcrete thickness superimposed onto LiDAR mesh rock model (Figure modified
from Fekete et al., 2010).
LiDAR has the following benefits:




Easy and rapid data acquisition
Rapid and accurate development of true 3-dimensional images
Can register settlements over a larger surface, not only in fixed points

LiDAR has the following limitations:



3.4.1

Limited accuracy (7 mm for long range in lab conditions and 2 mm for short range)
Requires measurements from the same position at repeated time intervals
The described methods are quite labour-intensive in their analysing phase
Identification of potential rockfall zones

During the last couple of years, NGI has used LiDAR – often together with gigapixel
photography – to identify and monitor potential rockfall areas in various projects. Here, we
exemplify the applied methodology with results from two projects carried out in Rjukan, Central
Norway, and an area in Western Norway. Identification of potential rockfall source areas in
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that area was conducted using traditional field-based visual inspections as well as digital
analysis of 3-dimensional (3D) terrestrial LiDAR scans and gigapixel photography.
Gigapixel photography is a technique that enables the creation of extremely high resolution
panoramic images using a conventional DSLR camera. The panoramic images once created
enable the visualization of the entire slope in great detail with the ability to zoom into the image
to see individual blocks. The gigapixel images are an excellent tool for mapping active rock
fall source zones through the identification of unweathered rock surfaces, which are generally
indicative of a recent rock fall activity.
The two remote sensing techniques, TLS and gigapixel photography enable detailed mapping
of potential rock fall source zones not possible using conventional tools.
The calculation of recent rockfall volumes is a subjective process in which the gigapixel
photography data is inspected to delineate source zone regions. The delineated regions are
then mapped onto the TLS data, the source zone dimensions are measured, and a volume is
approximately calculated (Figure 60).

Figure 60: Photograph of the Rjukan valley rockmass (a) and resultant LiDAR model
(b) of the potentially unstable rockfall zone. (Figure: Lato and Vöge, 2012; NGI, 2010)
The analysis conducted using TLS and gigapixel photographic data have two sources of
computational error. The first is geo location: the geo referencing of the TLS data is conducted
using rough markings, not traditional survey control markers. The error associated with the
alignment is estimated to be between 5 – 10 meters. As such, the true location of the rock fall
source zones should be perceived as a general region, and not an exact location.
The second source of computational error is the TLS data itself. The 3D data that comprises
the surface model has an accuracy of approximately 0.1 meters. This source of error will have
minor implications of the calculation of potential rock fall volume and does not affect the
analysis performed by using the TLS data.
The analysis of the TLS and gigapixel photographs for potential rockfall source zones, and
active rockfall source zones resulted in the identification of 19 locations, see Figure 61. The
mapping of the more obvious source zones (Locations 1-10) is the result of a ‘first-pass’
analysis of the gigapixel imagery. The mapping of the less obvious source zones (Locations
S1-S9) is the result of a very detailed investigation of the gigapixel and TLS data.
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Figure 61: Potential rockfall source zones: blue indicate clearly defined blocks
(Location 1-10), yellow indicates secondary source zones of less clearly defined
blocks (Location S1-S10). (Figure: NGI, 2013)
3.4.2

Measurement of settlements related to construction pits

In relation to the construction of a metro line in Oslo, LiDAR scanning was used to document
the settlements due the construction works close to the excavation site (NGI, 2014). 30-40
LiDAR scans were performed in both May and November 2014, georeferenced from the
targets surveyed. The measurements were used to calculate the settlements and were in good
agreement with settlement measurements from fixed points, see Figure 62.
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Figure 62: Ground settlements, up to 20 mm between May and November close to a
metro excavation site in Oslo, Norway (NGI, 2014)
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4 Summary
Table 2 summarizes the advantages and limitations of the methods described in this report,
the table is based on information assembled in SafeLand (2010, 2011, 2012). The described
methods are best suited for the detection, fast characterization, rapid mapping and long term
monitoring of displacements where the displacement rates are slow.
Table 2

Summary of methods (SafeLand, 2010, 2011, 2012)

Method
InSAR

Advantages
Can register settlements over a
large surface, not only in fixed
points, with high precision
(mm)
Independent of weather and
illumination
Ability to monitor movements over
a long period
Monitoring without contact to
target, no cost of installation
and
maintenance
of
equipment on the ground
Effective for areas that are difficult
to reach, such as urban areas
Historical record: images available
since 1991
Cost-effective and a lot of data are
free for R&D purposes

Limitations
Sensitive to change in surface
conditions (vegetation, snow)
Geometrical distortions (layover,
foreshortening)
Requires a large set of images, data
from approximately 20 time
intervals
Low temporal resolution (1/per
month). Not suitable for fast
movements.
Post processing is needed
1D
LOS
measurements
of
displacements, requires several
modes or additional information
such as digital elevation model to
retrieve 3D displacements
For
commercial
applications,
especially the newer very high
resolution data is quite costly

GBInRAR

Can register settlements over a
larger surface, not only in
fixed points
Flexible (can control amount of
measurements compared to
InSAR with satellite data)
High accuracy (mm)
Range up to 3000 m
Less errors due to fixed position,
very high temporal resolution
Ability to monitor movements over
a long period, near real-time,
suitable for early warning
systems.
Easy and rapid data acquisition,
high flexibility (i.e. easy set-up
and portability)
Rapid and accurate development
of true 3-dimensional images
Can register settlements over a
larger surface, not only in
fixed points, good coverage
on steep slopes

Stationary, heavy setup required for
real-time monitoring
Target area must be visible from a
safe, accessible location (line of
sight)
Limited vertical look-angle (especially
relevant for rock wall monitoring:
"shadowing" behind terraces and
ledges)
Loss of coherence in vegetated
areas. Post processing is
needed.

LiDAR

Limited accuracy (7 mm for long
range in lab conditions and 2 mm
for short range)
Requires measurements from the
same position at repeated time
intervals
Intervisibility is required (optical line of
sight)
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RPAS

Rapid and flexible deployment of
sensor
platforms
(reach
difficult to access areas and
can be outfitted with cameras,
LiDAR or other equipment)
Very high resolution images
Low costs
Image registration without ground
control points possible

Post processing is needed (aligning,
filtering, etc.) and the described
methods are quite labourintensive in their analysing phase
Optical methods have limited
accuracy dependent on number
of ground control points. With
sufficient ground control points
accuracy is expected to be better
than 10 cm.
Limited coverage when flown with
"Visual Line of Sight" (VLOS)
permission.
Maximum 120
meters above ground and
maximum 300 meters from pilot
(dependent on the size of the
drone)

Photog Directly provides colour image Photogrammetry software’s can
ramme
which enables to create
sometimes be very expensive
try
textured 3D model.
depending on data that need
Photogrammetry equipment is
to be collected by such
less expensive than LiDAR.
method.
Large
number
of Limitations regarding the fact that
photogrammetry software
photogrammetry
cannot
which are designed for
detect rock or soil beneath
extracting
structural
vegetation or snow.
properties of the slopes Affected and dependant on
which can then be used as
changes in light in different
basic input parameter in
directions.
most of the rockfall hazard
rating systems.
Comparing images taken in
different
times,
displacement
and
deformations
can
be
detected
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5 Conclusion
The use of UAVs can greatly broaden, improve, and even fully replace traditional methods for
mapping, and for determining volumes, cross sections, contour lines and other parameters
that are needed for engineering analyses. Their use is especially appropriate in case of steep
and high cuttings and other hardly accessible sites where implementation of traditional survey
procedures can sometimes prove hazardous. In this report the application of the methodology
to detect hot-spots and in the forensic analysis of a number of rock and soil slope failures in
Croatia with the investigations being performed as part of the Destination Rail project were
presented. The advantages of the approach over traditional methods were elucidated. Despite
the advantages of UAVs, some limitations do apply and regulation is increasing. Therefore,
the application of a wide range of mapping techniques and their application across of
applications of concern to ground movement across the globe are presented.
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Glossary
ALS
CPT
DEM
DInSAR
DSLR
ERS, ENVISAT, ALOS, Radarsat-2,
TerraSAR-X, Cosmo-SkyMed,
Sentinel-1
FARO Focus 3D
GPR
GPRI
GB-InRAR
InSAR
LiDAR
LOS
MASW
Optech ILRIS-LR
PS
SAR
SBAS
TLS
RPAS
UAS
UAV

Airborne laser scanning
Cone Penetration Test
Digital elevation model
Differential InSAR
Digital single-lens reflex (camera)

Different types of SAR data

Short-range LiDAR scanner
Ground-penetrating radar
GAMMA Portable Radar Interferometer
Ground-based
Aperture Radar

Interferometric

Real

Interferometric Synthetic Aperture Radar
Light Detection And Ranging
Line-of-sight
Multichannel Analysis of Surface Waves
Long-range LiDAR scanner
Persistent Scatterer (InSAR)
Synthetic Aperture Radar
Small Baseline Subset Algorithm (In-SAR)
Terrestrial laser scanning
Remotely Piloted Aircraft Systems
Unmanned Aerial System
Unmanned Aerial Vehicle
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