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Abstract: The work in this paper illustrates an experimental application for geosciences by coupling
new and low cost photogrammetric techniques: Gigapixel and Structure-from-Motion (SfM).
Gigapixel photography is a digital image composed of billions of pixels (≥1000 megapixels) obtained
from a conventional Digital single-lens reflex camera (DSLR), whereas the SfM technique obtains
three-dimensional (3D) information from two-dimensional (2D) image sequences. The field test was
carried out at the Ingelsberg slope (Bad Hofgastein, Austria), which hosts one of the most dangerous
landslides in the Salzburg Land. The stereographic analysis carried out on the preliminary 3D model,
integrated with Ground Based Synthetic Aperture Radar Interferometry (GBInSAR) data, allowed us
to obtain the main fractures and discontinuities of the unstable rock mass.
Keywords: remote sensing; Gigapixel photogrammetry; Structure-from-Motion; landslide

1. Introduction
The use of photography always was a key part of most geological fieldwork. It is used to
document landscape changes for image analysis over time, and it is also fundamental for illustrating
key geological features. Moreover, nowadays numerous representations of geological information
exist, most of them are in 2D images (e.g., geological maps), and only a few are in 3D images
(e.g., block diagrams). One of the challenges in geological mapping consists of collecting more
accurate data and integrating all the geological information to build better 3D models [1]. The use of
terrestrial remote techniques with high-resolution 3D images for geological mapping and monitoring
is largely tested even if not yet widely used. More specifically, the LiDAR (Light Detection
And Ranging) represents a valid and fast solution for rock mass characterization [2]. The use
of such new instruments has some practical limitations: it requires highly qualified personnel
able to interpret data, as well as an important economic investment due to the high cost of
the equipment. In recent years, technological development has allowed the use of new images
called Gigapixel—digital images composed of billions of pixels or more (equal to or greater than
1000 megapixels). Modern digital single-lens reflex (DSLR) cameras generally use sensors with
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more than 20 million pixels (20 megapixels), thus no commercial camera is able to directly create
a Gigapixel image, but using new technologies and instruments (e.g., GigaPan) similar result can
be achieved. Within the geosciences community, there are very few papers dealing with testing and
validating Gigapixel surveying especially in complex geological environments [3]. The terrestrial and
close-range photogrammetry is used for 3D reconstruction in urban environments, and for cultural
heritage in archaeological sites [4–6]. The digital stereo-photogrammetry technique—coupled with
innovative technology (e.g., GBInSAR)—has been recently gaining ground for geological mapping,
structural evaluation, and rockfall hazard assessment [7–10]. The use of these techniques is important
in geotechnical monitoring sites, where a reliable 3D model is required. In such cases, the relative high
resolution of the obtained 3D model could significantly increase the quality of monitoring, in terms of
spatial resolution and correct geocoding of data, as well as improving the general understanding and
interpretation of the observed scenario. This approach is particularly useful in complex landslides,
as in the alpine terrain where most landslides occur in remote and inaccessible areas. Under these
conditions, for safety reasons only a very limited portion of the rock mass can be surveyed by
traditional geo-mechanical investigation, and remote surveys are preferred for acquiring information
on the unstable slope [2]. The present work integrates photogrammetric surveys through the use
of Gigapixel images with data from a GBInSAR monitoring campaign aiming to provide a robust
three-dimensional model useful to investigate the main fractures and discontinuities of an unstable
rock mass. For these purposes, a case study of the Ingelsberg slope (Salzburg Land, Austria) was
considered, where in the period 2013–2016 both GBInSAR and Gigapixel photogrammetry campaigns
were performed [11–13].
2. Materials and Methods
2.1. The Case Study of Ingelsberg Landslide
The experimental application was carried out in the Ingelsberg slope where one of the most
dangerous landslides of the Salzburg Bundesland is located (Figure 1). The landslide, covering an
area of about 4 hectares (volume of about 120,000 m3 ), is placed in the Gastein valley within the
municipality of Bad Hofgastein, in Salzburg Bundesland (47◦ 100 53.8” N; 13◦ 060 40.0” E). The B167
Gastein Bundesstraße national road and the Tauernbahn railway line are located within the potential
run out area for large rockfall, some dwellings are at the toe of the landslide area. The unstable
zone is in the middle of Alpine region at an altitude of 1100–1500 m a.s.l., which is very prone to
snowfalls, particularly during autumn/winter periods. From a geological point of view, the area
around Bad Hofgastein is located in the Glockner nappe (within the Tauern window) belonging to
the Penninic Unit [14]. The Ingelsberg slope is characterized by the outcropping of highly weathered
anti-dip layered metamorphic rocks (green and calc-mica schists), having different geo-mechanical
characteristics (Figure 1). At least three main sectors with similar characteristics can be identified along
the slope (e.g., similar lithology, response to rainfall and snow, type of movement, etc.): the slope is
composed of a source area in the upper part where the rock mass is prone to failures (Head Area),
stable rock walls, and areas of debris accumulation. Talus produced from the Head Area accumulates
along two main channels and is periodically moved because of heavy rainfalls or melting snow.
The Ingelsberg slope was monitored for about 16 months (2013–2014 period) by means of the GBInSAR
technique coupled with some extensometers (placed in the landslide Head Area, Figure 1), and three
cameras useful to record the landslides occurrence and movement. Further details on the monitoring
system are available from [15] and [13]. Apart from the detection of a landslide event that occurred
on 29 April 2013, the monitoring campaign allowed us to develop some hypotheses about triggering
factors and kinematics of the landslide. As reported by [13], the rockfall was probably triggered
by factors such as rapid snow melting (added to first spring rainfall events) combined with rock
thermal expansion. Toppling has been proposed as the main movement governing rock mass failure.
Despite the interruption of monitoring in July 2014, the information obtained have been useful for
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constraining the results from the GigaPan campaign carried out in May 2016, the findings of which
will
be presented in Section 3.
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mission. Essentially, the GigaPan system acquires in sequence—by using a robotic head—hundreds
of images partially overlapping, avoiding parallax errors. Thanks to a proper stitching of images,
the reconstruction of an exceptionally detailed 2D Gigapixel image is possible.
GigaPan products can be applied in geological mapping as an extremely useful tool for
documentation, detection, and evaluation of geological features such as landslides (e.g., [6–10]).
Although this method has many advantages (short installation time, low cost instrument, and fast
acquisition), compared with other images sources—such us Unmanned Aerial Vehicle (UAV)—it
shows some disadvantages as the presence of shaded areas in the acquired images, due to its
ground-based nature.

Figure 2. Block diagram showing techniques and steps used for rock mass characterization.

Gigapan was created in 2008 by a research collaboration between NASA and Carnegie Mellon
University, to develop a very high-resolution imaging technique for use in the Mars Exploration

GBInSAR was placed at the base of the slope, about 1.2 km away from the Head Area (Figure 1): it is
an active microwave acquisition sensor that provides its own illumination and measures the
reflected signal (temporal resolution of 5 min). GBInSAR provides a remotely sensed measurement
of ground displacements, with sub-millimeter accuracy, and is able to supply a deformation map of
the slope,2019,
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Figure 2. Block diagram showing techniques and steps used for rock mass characterization.
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camera locations and Ground Control Points (GCPs) along the slope. In the case of Ingelsberg,
the GigaPan survey was carried out on May 2016 using four observation points located at about
1000 m distance from the landslide slope. A Nikon D800 with a 400 mm lens camera were used.
The images were acquired in raw format at the maximum available resolution of 36.3 Megapixel:
every single image was composed of 7360 × 4912 pixels on a FF (Full Frame) sensor of 35.9 × 24 mm
size. Therefore, the pixel size on the sensor was 0.00488 mm. The camera’s sensitivity was set up at
400 ISO (International Organization of Standard); with the available light (a sunny day at the end of
May 2016, at about noon) the shutter speed was set at 1/800 s and the aperture at f/5.6. The images
were then converted and saved in TIFF format with no compression, to preserve the original resolution
and quality. The image-overlapping ratio in horizontal and vertical direction varied from 60% to 80%
of the image side.
Equation (1) illustrates the computation of the mean value of the GSD (Ground Sampling Distance,
corresponding to the pixel size on the objects) on the landslide Head Area, considering the mean object
distance (H = 1000 m) and the lens focal length (f = 0.400 m).
GSD = f/H = (4.88 × 10−6 × 1000)/0.400 = 0.012 m

(1)

Processing of the digital images and the 3D reconstruction were performed with the Agisoft
PhotoScan software, based on the Structure from Motion (SfM) technique [20–23]. SfM is
a photogrammetric method used for creating three-dimensional models of an object or terrain
portion from a high number of overlapping two-dimensional photographs taken from many locations
and orientations to reconstruct the three-dimensional object geometry. SfM algorithms arise from
analytical photogrammetry and have greatly evolved thanks to the implementation of computer
vision methods. The analytical principles of photogrammetry (based on the geometric principles of
collinearity, coplanarity of projective rays, and camera inner calibration) are flanked by the typical
algorithms of the robotic vision, which permit the analysis and correlation of digital images in fast and
automatic ways. The name “Structure-from-Motion” means that by moving and acquiring images of
an object from different positions, it is possible to reconstruct its three-dimensions structure.
The first product of SfM processing is a dense 3D Point Cloud, that is a very high number
(millions) of object points, whose 3D coordinates have been determined in an external reference
frame. A large variety of products can be generated from a point cloud: three-dimensional models
formed by polygonal facets, DEMs (digital elevation models), orthophotos, vectors, or raster maps.
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SfM software implement modules for some of the analysis described, or alternatively it is possible to
use external cloud point management software (CAD, GIS), paying attention to the exchange formats.
The integration of SfM technique with a very high-resolution Gigapixel images as input represents
a new step in photogrammetry studies applied for geologic purposes, and further tests should be
encouraged. In the case of the Ingelsberg slope, the 3D dense point cloud generated by SfM analysis
was imported in the DSE open-source software [17], which is programmed in MATLAB environment,
for extracting geo-mechanical parameters of the rock mass. In summary, this method aims to identify
surfaces
outcropping
in aREVIEW
rock slope by using—as input data—a 3D point cloud. Thanks to
the
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contrary, the processing software on the rock surfaces individuated numerous tie points. Tie points
are points recognized as the same point in two or more images. Figure 4 shows the dense point
clouds generated by SfM processing, with a focus on the tie points (in blue) detected in the landslide
Head Area, with a centimeter-level density. Using the dense point cloud, a 3D model of the slope
was
generated (Figure 5), which was useful for performing rock mass characterization, limited to
the
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governed by K1 joints (Figure 6c). K1 fractures played a key role in a rockfall that occurred on 29
April 2013 (at 17:00), which detached a volume of ~20–40 m3 of rocks from the Head Area. The event
was recorded by the Camera Berg (see Figure 1 for location): in detail, the opening of the main K1
fracture (Figure 6c), located 10 m behind the Head Area, led to the toppling of the rock mass from
the Head Area with a gradual shift of its center of mass, inducing the sliding and falling of blocks
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K1 fractures played a key role in a rockfall that occurred on 29 April 2013 (at 17:00), which detached
a volume of ~20–40 m3 of rocks from the Head Area. The event was recorded by the Camera Berg
(see Figure 1 for location): in detail, the opening of the main K1 fracture (Figure 6c), located 10 m
behind the Head Area, led to the toppling of the rock mass from the Head Area with a gradual shift
of its center of mass, inducing the sliding and falling of blocks facing the slope (along K3 fractures).
As shown in Figure 7, the displacement data from GBInSAR and extensometer placed behind the Head
Area confirmed the interpretation on movements rising from the interpretation of Gigapixel images.
During the pre- and post- rockfall events that occurred on 29 April 2013, the behavior of rock mass
in the Head Area was strictly affected by the opening of K1 fractures (see the extensometer trend):
the rock mass moved along the radar line of sight (Figure 1) toward the radar, while the extensometer
recorded the opening of K1 fractures. Further details on interpretation of GBInSAR and extensometers
data are given
by2018,
[13,15].
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4. Discussion and Conclusions

According to the classification in [25], the Ingelsberg landslide is a complex landside where
The work in this paper, based on the integration of data from different techniques and methods,
different movements coexist (rock topple, slide and fall).
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standards. (e.g.,
In order
produce
more reliable monitoring).
interpretations of
theproposed
Gigapixel technique
onenables
unstable a detailed
different purposes
aimed
at knowledge
The
approach
schistoid rocks, further tests and research should be performed especially when other independent
comparison between independent data recorded on the rock mass in the landslide Head Area, even if
monitoring data are present.

the acquisitions deferred in time. The structural constraints found in this study, provide significant
insight regarding the overall slope behavior and failure tendencies. These results are extremely
useful in the design of landslide mitigation actions—especially in mountain regions where several
critical elements can coexist—and also to enhance monitoring plans and evaluate possible structural
and non-structural solutions aimed at ensuring appropriate safety standards. In order produce more
reliable interpretations of the Gigapixel technique on unstable schistoid rocks, further tests and research
should be performed especially when other independent monitoring data are present.
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