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ABSTRACT

Rockfalls are slope instabilities very frequent and harmful in mountainous areas. They cause damage in
infrastructures (roads and railways), buildings, vehicles and people. Several tests were carried out to understand
better these events. The field activities comprised real scale tests and the characterization of natural events in
the N-E of Spain, mainly in the Pyrenees range. Moreover, in order to understand the behaviour of the blocks
during the fall real scale tests were carried out. We dropped a total of 124 rock blocs under controlled conditions.
Prior to the block release and during their propagation downslope, several geomatic techniques were used to
monitor the volumes, shapes and trajectories of the original blocks and their fragments (due to breakage); it is
worth to highlight the videogrammetry to determine the trajectories of the blocks. In order to survey the natural
rock walls, source of the rockfalls, the so-called massive data capture by photogrammetry (both terrestrial and
UAV-drone with image and video) and Terrestrial Laser Scanning (TLS) have been used, in this way the different
techniques can be compared. Finally, for the monitoring of some rock cliffs, with recurrent rockfalls, the TLS was
used, trying to catch some precursory displacements that may help in the risk management of the areas at the
bottom. In our contribution, the aforementioned geomatic techniques (videogrammetry, photogrammetry —
terrestrial or aerial --, and TLS) are combined and compared, highlighting the pros and cons of the different

methods and their applications according to environmental conditions.

I. INTRODUCTION

In the last decades geomatics techniques are being
widely applied in geological and geomorphological
applications.

The data and techniques cover a wide range: the use
of historical photographs obtained in cartographic
photogrammetric flights (Bennett et al., 2012),
photogrammetry from airplane and UAV (Unnamed
Aerial Vehicle) (Eisenbeif et al., 2005) (Aicardi et al.,
2017) (Tziavou et al., 2018) (Niethammer et al., 2012;
Stumpf et al., 2013), satellite images (Liberti et al., 2009)
or with laser scanning, terrestrial (TLS) or aerial (ALS)
(Jaboyedoff et al., 2012) (Bremer and Sass, 2012) (Gigli
et al., 2014), figure 1. Each of the techniques presents
small variations in their own methodology and
instrumentation, for example, the capture of
stereoscopic images can be done by taking photographs
or video and then extracting the frames with the
appropriate overlapping to build a 3D model.

Likewise, each one of these techniques presents
advantages and disadvantages, both of completion and
accuracy of models, as well as differences in time and
cost of execution. The geomatics terrestrial techniques
of 3D data capture, photogrammetric or LiDAR (Light
Detection and Ranging), present the same
disadvantages; the most important is the occlusion of

part of the elements that are hidden by others due to
the perspective. This is solved with an aerial shot that
until relatively recently supposed a significant increase
in the economic cost, but nowadays they are widely
extended with the use of UAV platforms for the
transport of cameras and laser scanner sensors.

Geomatic techniques allow accurate 3D models
without having to get too close to the study area, which
is very useful as they are often unstable and dangerous
areas. We must bear in mind that the farther we are, the
lower quality the resulting model will be. Nowadays
these techniques are present in most of the studies.

The majority of the obtained models are used to
measure volume changes or displaced mass after an
event. In this paper, we focus in rockfalls, showing the
comparison of different techniques for the
characterization of the rock mass and the use of some
methodologies to analyse the behaviours of the blocks
during the fall in controlled in-situ test.

Due to the nature of this kind of phenomena,
techniques that capture data from the nadir position,
(aerial photogrammetry, high altitude ALS or satellite
image) are not useful to detect and measure the source
zones since they are vertical rock walls (only partially
visible from the nadir).

Additionally, the rock escarpment models may
provide information of the existence of cracks and
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joints, which control the rockfalls occurrence and
volume, i.e. to characterize the predominant failure
mechanism from the analysis of detachment scars and
holes in the surface of the cliff.

Figure 1. Different geomatic techniques and platforms to
capture 3D information (modified from Janeras et al., 2018a).

Information about the trajectories of the blocks
during the fall and the kinetic energy of these blocks,
(and/or their fragments in case of breakage) could be
obtained from the information gathered during the in-
situ test. To describe the trajectories, it is necessary to
have a previous DTM as a reference.

All this knowledge allows establishing future remedial
measures (prevention and/or protection).

In next sections we will describe the photogrammetric
techniques, with photos and video, used not only for the
characterization of the rock walls but also for the block
tracking during the field experiments. Moreover, we will
describe the use of TLS to detect premonitory
deformations of rockfalls or to estimate the detached
rock volume.

Il. TESTSITE

The real scale tests shown in this paper were carried
out in different sites, regarding the technique and
methodology to employ.

The photogrammetric tests using photography and
video were carried out in quarries.

Test site 1 Test site 2 Test site 3
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Figure 2. Sections of the different test site in quarries.

Also the drop tests were carried out in several
quarries in order to have controlled conditions. The
lithology was different in each case; this matters when
the blocks impact directly over the bedrock. The section
in each quarry was slightly different, as shown in figure
2. The blocks were granite, massive limestones and
dacites and the fall heights were around 16 m, 28 m and
25 m respectively. This value includes the height of the
mechanical loader that rose the block for the dropping
(Gili et al., 2016).

I1l. METHODOLOGY

The different techniques described in this section
were used in the fragmentation test and in the survey
for obtaining the DTM.

A. Videogrammetry

As we have mentioned above, one of the objectives of
the project was to improve the knowledge of rock
fragmentation.

To be more specific about what we want to study the
following questions could be asked: how often does the
fragmentation happen? Do limits of energy exist that
guarantee the fragmentation of a block? What are the
values of the coefficient of restitution in a specific
substrate?

To check these issues, a total of 124 blocks were
dropped in three different quarries, with volumes
ranging from 0.2 to 4.3 m3.

Before the dropping, a photogrammetric survey for
each block was carried out. The coordinates of several
targets were used for the computation of external
orientation parameters in the photogrammetric
process.

The trajectories during the fall were recorded with
three high speed video-cameras synchronized using a
flash light.

The centre of mass of each block, extracted from the
block photogrammetric survey, was projected into the
image to follow the body during its propagation
downslope, enabling the extraction of dynamic and
kinematic parameters.

In order to compute the inertial tensor vector the
method described in Blow and Binstock (2004) was
used. Once the block position can be computed in
terrain coordinates, figure 3, in each moment, the
velocity in the trajectory can be computed considering
the time between images shots. With the frames before
and after the impact the initial and final velocity is
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computed, and also the restitution coefficients for the
point of impact (Asteriou et. al., 2012). Since the mass
of the block is known we computed the kinetic energy
before and after the impact and so the energy lost
during the impact may be established.

‘\v

Figure 3. Sitel, Block 1 3D model, where the centre of mass is
positioned from four points of view.

This geometric information (terrain, block, gravity
centre, structure) is very important for the modelling of
trajectories and fragmentation patterns. Using
convergent video capture, after the scene is orientated
from targets, the positions of the block (and its
fragments) along the trajectory can be triangulated,
obtaining velocities (figure 4 shows the components of
velocity), acceleration, energy, etc (Prades et al., 2017).
For example, the impact velocities against the floor have
a range between 12.5 to 16.9 m/s, depending the
specific scenario.
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Figure 4. Example of the velocity components (m/s) function
of time (s).

B. Photogrammetry: image or video

The use of unmanned aerial vehicles (UAV) to capture
the images has made easier and cheaper the aerial
photogrammetric process. In this way the occlusions,
due to the relief or vegetation, are avoided.

The photographic cover can be planned easily and the
photographs taken faster than using an aeroplane.
Moreover, the possibility of taking oblique and nadiral
photographs allows covering the terrain even if it is
escarped. Another advantage is the proximity to the
object since the captured detail is sufficient for the
geological analysis. Additionally, large focal length can
be used since the UAV camera has a very stable
behaviour thanks to the gimbal.

In parallel the use of SfM algorithms (Structure from
Motion) to obtain 3D models has allowed the use of
non-metric and low-cost cameras with accurate results
in geological applications. Moreover, these cameras
allow capturing videos with enough quality to build 3D
models from their frames.

Several studies show the comparison between results
obtained using different techniques (Lato et al., 2015),
different cameras taking as ground truth the TLS model
(Thoeni et al., 2014) or different software (Gémez-
Gutiérrez et al., 2015). Figure 5 shows the models
obtained using photogrammetry and TLS of the Olorda
quarry.

In this study, we have analysed the differences among
models using different cameras and taking photography
and video from UAV and from ground. The differences
were established not only in geometry, but also we have
analysed the quality from the point of view of
completeness.

Two similar cases are shown, first a rockwall with
dimensions of 100 m in length, 80 m depth and a height
difference of 75 m. In the second, the dimensions were
of 200 m length and a height from 10 to 70 m.

In the terrestrial photogrammetry case, the camera
was a Canon EOS 450D, with a 3/2 CMOS sensor of 12.2
Mpx (4272x2848) and a lens SIGMA Aspherical with
fixed focal length 24 mm and aperture f/1.8 EX DG. To
avoid the effect of the sun illumination in the images
(shadows, excessive contrasts, hidden details...) the
HDR technique (High Dynamic Range) was used.

The aerial coverage was taken from a quadcopter DJI
Inspire 1 Pro 4K with a camera, cardan/gimbal system
and a GNSS receiver. The camera is a Zenmuse X5 model
FC550 with a sensor 4/3 CMOS of 16 Mpx (4608x3456),
the lens is DJI MFT model with focal length 15 mm,
aperture f/1.7 and aspherical lens (ASPH). Moreover, it
has the possibility to capture 4K video (4096x2160) that
in this case was used to 23 fps and a field of view (FOV)
of 94°,

In the first study area, the images were taken from an
average height of 30 m for the photogrammetric survey
and from 26 to 32 m in the case of video, so the scale is
between 1/2250 and 1/1700. In the second case the
average distance in the photographic capture was of
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48 m for the picture and 52 m for the video, so the
photographic scale was in the range of 1/3200 and
1/3500, respectively.

Control points appear in all the acquired images. They
were targets, when possible, or well identified natural
points. These points are essential, not only for the geo-
referencing, but also to correct alignment errors among
point clouds that form the model (Thoeni et al., 2014).

In both cases, the photogrammetric process was
carried out with Agisoft (Agisoft, 2016). Individual and
combined models were built. In this last set, the models
were computed using a terrestrial and aerial
photographs coverage, and a terrestrial photographs
and video coverage.

Figure 5. From top to bottom, picture, photogrammetric
model and TLS model of the Olorda quarry

The characteristics of the models are shown in table 1
and 2, for the case zones 1 and 2, respectively.

Table 1. Case 1. Characteristics of the models Terrestrial (T),
Aerial Photogrammetry (AP), Aerial Video (V) and their
combinations.

T AP \ T+AP T+V
N2 Images 91 316 323 407 414
GSD (m) 0.005 0.008 0.006 0.008 0.006
MDT

(Pts/m?) 2476 1074 1698 1013 1964
G X (m) 0.005 0.004 0.010 0.009 0.013
G Y(m) 0.011 0.013 0.005 0.013 0.011
G Z(m) 0.011 0.012 0.016 0.010 0.020

Table 2. Case 2. Characteristics of the models Terrestrial
(T), Aerial Photogrammetry (AP), Aerial Video (V) and their
combinations.

T AP V 4k T+AP

Ne Images 107 669 186 776
GSD (m) %‘01 0.013 3'01 0.012
N@ points 8.35 18.32 7.60 26.18

MDT M M M M

o x(m) 2'01 0.015 c;.oo 0.019
oy (m) 2‘01 0.017 3’01 0.020
cz(m) 2‘02 0.031 %’01 0.027

Techniques comparison

On the one hand, the aerial images avoid the
occlusion in some areas. On the other hand, the use of
terrestrial images allows the clearest identification of
the control points since the photographs were taken
from the same point of view that the points which were
measured with total station.

In the terrestrial photographic case, with the use of
the HDR technique an improvement in the quality of the
image was observed as well as a greater number of
correlated points.

Regarding the use of 4K video, it can be concluded
that it would be at the same level of quality as the
conventional photographic shot for most of the cases.
The obtained models have the same resolution and
precision after extracting the frames with adequate
overlap from these videos.

The model obtained from terrestrial photogrammetry
is not complete due to the occlusions. In order to
improve the completeness a complementary survey
from a UAV platform can be done.

Eventually, the model obtained with TLS is similar to
the terrestrial photogrammetric one, with a more
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homogenous resolution, since in the photogrammetric
model we can find areas where the correlation is not
possible.

The ideal way of obtaining models with these
techniques would be the combined use of a terrestrial
technique and the aerial survey with UAV platform. In
this way, the non-accessible areas are completed.
Regards the costs, photogrammetry is more
competitive than laser scanning techniques.

C. Terrestrial Laser Scanning

The TLS is another of the techniques widely used in
the landslide and rockfalls monitoring. Although always
advisable (to obtain a high resolution and precision for
instance), to be physically close to the slope, according
to the circumstances, may be impossible, difficult
and/or dangerous.

Periodic campaigns are carried out to monitor multi-
temporal variations and deformations. These
campaigns have a double purpose. On one hand, the
detection of rockfalls comparing point clouds. On the
other hand, the rock wall deformation that can indicate
future movements. With the TLS we obtained point
clouds, from which we can perform differential analysis
that will lead to the estimation of volume loss,
deformations or small movements triggering collapse
(fig. 6). Moreover, the differences among the models,
mainly if the measurement is in continuous mode, can
give us warnings on current deformations, which can be
the precursor of an approaching avalanche (Adam et al.,
2014).

Models comparison

“Large” distance ww=s Activity == M-F === QRA
increase Curve Quantitative
Order i risk analysis
“Small” distance === Inestability === Risk == EWS
decrease Management Early warning
Order mm systems

Figure 6. TLS role in Rockfall Detection and Deformation

Sign of Applications

Two examples are shown in table 3. In both of them a
sensor ILRIS-3D Optech was used. In the first case, small
deformations cannot be detected. In the second one
these changes enabled detection in some areas.

The first case is a protected natural space located in
the central lberian Range, NE Spain, a NW-SE trending
alpine intraplate fold belt. The limestone and dolomite
rocks outcropping at the river gorge are highly resistant
materials that form vertical slopes of more than a
hundred meters high (Corominas et al. 2019).

The study area was scanned the first time in 2017 and
since then up to present (February 2019) it has been
monitored twice per year to follow its evolution and
activity. The total length of the scanned wall is 1 km with
a height from 40 m to 100 m. The scanning distance
varies from 100m to 150 m with Ground Sample

Distance (GSD) of 2.7 cm. The cliff has been divided into
sectors, which present homogeneous conditions
(bedding orientation) related to the stability.

The processing steps were: removal of the vegetation;
alignment of each cloud with respect the first data set
with the iterative closest point (ICP) algorithm (Chen
and Medioni, 1991); identification and masking of
areas-of-change; reapplication of the ICP algorithm;
and, finally, calculation of differences between two
consecutive campaigns.

In this case, it has been possible to detect and
calculate the volume of rockfalls (figure 7) but
precursory movements were not detected. Perhaps the
displacements were smaller than the precision of the
monitoring setup; or the blocks under movement fell
before the next campaign arrived.

Figure?7. TLS, Case 1. Left: picture of a rockfall detected
between two campaigns. Right: volume loss of 28 m3 (purple)
and displacement of the rock (red).

The rockfall volume of each block detached has been
calculated comparing the 3D point clouds of two
successive campaigns. The results obtained for this case
study supplement the magnitude-frequency (M-F)
relation of rockfall events at the site. All this information
is the input data to carry out the quantitative risk
analysis (QRA), (Corominas et al. 2019).

To calculate the probability of the rockfall event
reaching the exposed humans and infrastructures, the
GIS-based code RockGIS was used. This program,
developed by the group, simulates stochastically the
trajectories of the blocks taking into account their
fragmentation (Matas et al. 2017). The input data for
RockGIS are the land use map and the digital surface
model (DSM), the rockfall sources and their volumes
obtained from the TLS point cloud.

The second case corresponds to Montserrat
Mountain (Catalonia, Spain), a huge conglomerate
massif where monitoring surveys have been carried out
since 2007 with a variety of techniques. As a concurrent
example for this contribution, Figure 8 shows different
pictures depicting a progressive failure detected with
TLS.
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Previous event

Figure 8. TLS, Case 2. Degotalls wall. Rockfall sequence
interpreted as a progressive failure causing partial
detachments, which were detected with TLS (May 2007 and
December 2009) (modified from Janeras et al. 2018b).

The use of different techniques in the campaigns
sometimes can cause interferences among them. For
example, the prisms for the measurement with total
station interfere the normal operation of the TLS
because the huge change in reflectivity mask the ground
around the prism; eventually, the TLS sensor may be
damaged due to the high intensity on the laser return.

In this Case 2, the average scanning distance was
250 m. In order to cover the intended cliffs, 10 stations
and 22 scans were need. After the data acquisition, the
points were reclassified using the software CANUPO
(Brodu and Lague, 2012), in order to remove the
vegetation. Then, the point clouds were merged and
registered (Janeras et al. 2017).

Table 3. Characteristics of the TLS Case 1 and 2.

Casel Case 2
. Limestone and
Lithology dolomite Conglomerate
Sectolr to be 15 7
monitored
Number of 5 Up to 4/year (total
campaigns 25 in Degotalls)
Years 2017-2019 2007-2019
Detection
instabilities 2-3cm 1-2cm

After the point cloud registration, the multi-temporal
comparison can be done (figure 9), taking one of them
as a reference. In order to improve the results, the
Nearest Neighbour filter is used, in this way the value
for the detectable deformation becomes of 1 cm, close
to the noise of the measurement. In this Case 2, it was
possible to detect precursory movements of rockfalls in
two blocks, both of them in the “Degotalls” sector, with
initial displacements larger than 2 cm (Fig.9).

(wo) yuswaoedsiq

Figure 9. Case 2. Degotalls wall. Result of TLS monitoring.
Example of movement detection comparing TLS campaigns.

IV. CONCLUSION

Geomatic techniques can be used both for continuous
monitoring and for measurement after an event.

All these techniques allow us to obtain models with
enough quality for geological applications. The
combined use of methodologies allows us to cover a
wide spectrum, both dynamic and static. For this reason
they are useful in all the steps of a rockfalls analysis,
from the measurement to establish the static conditions
of the rock wall until the rockfall deposit.

The use of drones allows easy access to difficult and
dangerous areas, obtaining 3D models even in areas
with escarped terrain thanks to the versatility of the
camera and gimbal.

Moreover, the use of high-speed video cameras has
enabled the capture of high-quality information of
inestimable value for the subsequent analysis of block
launch events and their possible fragmentation in the
real scale tests.
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