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Abstract 

An artificial rainfall event was applied to a forested slope in 
Ruedlingen, northern Switzerland. The experiment triggered a landslide 
which resulted in mobilising about 130 m3 of debris. The event was 
monitored by a photogrammetric camera network in order to quantify 
spatial and temporal changes. A 4-camera arrangement was used for 
the image acquisition. The cameras operated at a data acquisition rate 
of 5 to 8 frames per second (fps) on average. The surface deformation 
was quantified by tracking the small (tennis) balls pegged into the 
ground. Image measurements were performed using the automated 
image matching methods, which was implemented in an in-house 
developed software package. 3D coordinates of the target points were 
estimated by running a customized type of bundle adjustment in batch 
computation mode. The average 3D point positioning precision of ±1·8 
cm was achieved.   

KEYWORDS: close range photogrammetry, landslide monitoring, 
high speed camera, network design, photogrammetric network 

simulation, camera synchronisation, point tracking, bundle adjustment 

INTRODUCTION 

THE UNDERSTANDING OF LANDSLIDE mechanisms is greatly facilitated when 
information on their horizontal and vertical displacements is available (Dewitte et 
al., 2008). Geotechnical sensors, such as piezometers, inclinometers, and 
extensometers have been used in great extend (Angeli et al., 2000; Ayalew et al., 
2005; Corsini et al., 2005), although they only provide 1D information.  
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Geodetic techniques can provide 2D and even 3D spatial information in point 
or surface forms. Remote sensing satellite imageries (Metternicht et al., 2005; 
Martha et al., 2010; Lodhi, 2011; Debella-Gilo and Kääb, 2012), Global 
Positioning Systems (Malet et al., 2002; Mora et al., 2003), motorized theodolites 
and electromagnetic distance meters (Petley et al., 2005), ground-based SAR 
interferometry (Tarchi et al., 2003), terrestrial laser scanning (Travelletti et al., 
2008; Pesci et al., 2011), unmanned aerial vehicles (Niethammer et al., 2012), 
airborne photogrammetry (Chadwick et al., 2005; Dewitte et al., 2008; Baldi et al., 
2008), airborne laser scanning (Bell et al., 2012) and high speed digital cameras 
(Dewez et al., 2010) have been utilized for the pre- and post-analysis of landslide 
events, risk assessment and long term monitoring tasks.  

The event of landslide must be monitored by a measurement system 
operating at a very high data acquisition rate when thorough understanding of 
landslide dynamics is researched. Digital close range photogrammetry is an 
optimal solution for such missions in terms of data frequency, coverage, resolution 
and accuracy. Ochiai et al. (2004) monitored an artificial rainfall induced landslide 
using close range photogrammetry. They have determined motion of the surface 
using the five stereo pairs of ten low resolution (640×480 pixels) CCD cameras.  

TRAMM (Triggering of Rapid Mass Movements in Steep Terrain) is an 
inter-disciplinary project conducted in cooperation of Swiss Federal Research 
Institute WSL, ETH Zurich, and EPF Lausanne. The primary goal of the project is 
to improve the quantification and predictability of hazardous mass movements 
including landslides, snow avalanches, and debris flows. The project aims to 
conduct laboratory and field experiments, spatial analyses of hill-slope failures, 
development of new modelling approaches and new measurement methodologies. 
The following research tasks are emphasized: spatial characterization of hazard 
prone slopes, improved understanding of triggering mechanisms and mass 
dynamics.  

The TRAMM project has six test sites. An artificial shallow landslide was 
generated at one of them near a small town in the north of Switzerland, 
Ruedlingen, and the mass dynamics were studied numerically. Parameters such as 
pore water pressure, volumetric water content, horizontal soil pressure, 
temperature, piezometric water level, surface and subsurface deformations were 
monitored during the sprinkling experiment (Askarinejad et al., 2010; Springman, 
et al., 2010).  

This paper covers the details of the (close range) photogrammetric image 
data processing work of the Ruedlingen experiment. The goal of the 
photogrammetric work is to quantify spatial and temporal changes of the landslide 
surface. Points were signalized with markers and their movement was tracked 
during the landslide, while their 3D coordinates were estimated at each instant of 
the image acquisition frequency. The photogrammetric work provides input of the 
geotechnical analysis for better understanding of the landslide characteristics, and 
also provides external data for validation of other field instruments.  

The first sprinkling experiment was conducted in autumn 2008 in which the 
failure had not occurred. Subsequently, the second experiment was planned and 
executed in spring 2009 which was resulted in a landslide. In the previous 
publication (Akca et al., 2011), characterization of the test site, the workflow and 
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12 well distributed ground control points (GCPs) were established on the 
surrounding stable trees. The 3D coordinates of the GCPs were measured with a 
Leica TCR407 Power reflectorless electronic theodolite with a standard deviation 
of ± 2·0 mm for the X, Y and ± 1·0 mm for the Z coordinates, respectively.  

The GCPs and the balls were illuminated using strong halogen lamps during 
night time. The radiometric settings (brightness, contrast, gain and exposure time) 
of the cameras were altered periodically for the day time and night time by our in-
house developed image acquisition software. The same software was also used for 
automatic shooting and storing the images.  

Calibration and Orientation 

A laboratory testfield calibration was performed on the cameras and their set 
up. The photogrammetric 3D calibration field at the Institute of Geodesy and 
Photogrammetry at ETH Zurich was used (Akca and Gruen, 2009). It is 3·4 m × 
2·0 m × 1·0 m in size (Fig. 8). The room has stable temperature (220 C) and 
humidity (40%) by means of air conditioning. The 3D coordinates of 87 well 
distributed control points were measured using a Leica Axyz system. The average 
theoretical precision values of the control points are ±0·03 mm, ±0·05 mm and 
±0·03 mm for the X, Y and Z axes, respectively. Note that the Y axis is the depth 
direction here.  

Nine images were taken for each of the four cameras from three locations 
(each of which has three stations, down, middle and up) in a convergent geometry 
mode. Six images were taken in normal mode and the remaining three images 
were rotated in order to de-correlate the interior and exterior orientation 
parameters.  

All tie point and control point measurements were carried out interactively 
using the least squares image matching method implemented in the BAAP 
software. The BAAP is a GUI based MS Windows software, and it was 
specifically designed for close range photogrammetric applications (Akca and 
Gruen, 2009). It was developed (in-house) using C++ Builder 5.0 integrated 
development environment (IDE). 
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The estimated additional parameters (APs) are given in Table 3. In all cases, 
the remaining APs (K2 and K3 coefficients of the radial distortion, affinity, shear, 
P1 and P2 coefficients of tangential distortion) were excluded from the bundle 
adjustment due to statistical significance and determinability problems. The small 
values of the theoretical precisions and algebraic correlations (less than 0·41 in all 
cases) of APs indicate the stability of the computations.  

TABLE III. Estimated additional parameters.  

Camera name x0 y0 K1 
 (mm) (mm)  
CAM1 −0·026   ±0·001 −0·155   ±0·001 −8.775 E-004   ±3.918 E-006 
CAM2    0·079   ±0·001 −0·175   ±0·001 −8.772 E-004   ±4.493 E-006 
CAM3    0·040   ±0·001    0·066   ±0·001 −2.756 E-004   ±3.695 E-006 
CAM4    0·122   ±0·001    0·098   ±0·001 −1.896 E-004   ±3.154 E-006 

 
The estimated camera calibration parameters were considered as constant 

over time in the following point positioning computations. Since the camera 
stations on two tall trees were not stable platforms and were moving with the 
wind, the exterior orientations (EOs) of the cameras were calculated for each 
camera/image frame individually, by use of the GCPs.  

The Landslide  

Image acquisition of the second sprinkling experiment was started on 
16.03.2009 at 3:28 pm and ended on 17.03.2009 at 11:58 am. The 
photogrammetric system worked continuously for 20 hours and 30 minutes, and 
collected approximately 2·5 million grey-level images of the scene (Fig.9). 
Although the cameras can provide 24–bit colour images, 8–bit grey scale images 
were acquired for faster data transmission and processing purposes. 

With the properly aligned sprinklers, the rainfall was adjusted to an average 
distribution of 15 mm/h. Uniform sprinkling was achieved with 3600 spray 
nozzles. Thanks to the high infiltration capacity, the fine mist penetrated into the 
soil quickly. Thus, any considerable surface runoff did not occur during the 
experiment. 

There was an instant response in the upper part of the field as the saturation 
degree increased, suctions dropped and then the water table rose over 5 hours to 
about 1·5 m below ground level, where it stayed for the next 10 hours. 15 hours 
after the rainfall had begun, at 3:00 am, the upper right quadrant started to creep 
downslope, with the rate increasing until 3:23 am (Fig. 10, 11 and 12). It took 36 
seconds to mobilize about 130 m3 of soil and roots, which travelled on a slightly 
leftward trajectory towards the tree stump in the lower part of the field, which re-
directed the flow to accelerate towards the bottom right, whereupon it took only 
12 seconds more to impact on the protection net (Springman et al., 2010). 

Post-processing, Target Tracking and Point Positioning 

The images were processed in three temporal frequency groups:  
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The wooden sticks of the tennis balls have a depth of 20−25 cm into the 
ground. They are used as targets and not for tracers on the surface that would 
represent debris particles in size or weight. The tennis balls are controlled by 
differential movements of 20−25 cm thick debris packages. The 3D movements 
are assumed to follow the landslide direction. Occasionally, 3D movements may 
point into any direction rather than downhill. Even size and installation of the 
wooden sticks would have influence on the observed movement. These small 
perturbations are minor and do not disturb the results significantly.  

CONCLUSIONS 

The Ruedlingen experiment is a sub-project within the framework of the 
TRAMM project. The express purpose is to trigger a rainfall induced landslide, 
having characterized the slope, and exposed it to continuous observation using 
high resolution cameras. A photogrammetric network was designed and installed. 
Photogrammetry is a cost-effective and accurate method for such tasks. In the 
experiment the photogrammetric monitoring system has a cost of CHF 13K 
including cameras, lenses, protection cases, NIC card and cables. The intellectual 
property of the developed software packages has to be considered separately.  

Planning and designing are the key steps when environmental conditions and 
project specifications have strict limitations. The simulations, performed by the in-
house developed PanCam routine, aided the design step. Different 
photogrammetric network options were simulated; the optimal one was chosen by 
considering the project requirements and the budget. In this way, just at the 
beginning of the project, the outputs of the final computations could be predicted 
and the hardware was purchased accordingly. 

Based on the simulation results, 4 IDS cameras with 1280×1024 CCD 
sensors were used. Although the factory specifications of the IDS cameras report a 
14 fps image acquisition rate, only a 5 to 8 fps acquisition rate was achieved 
during the experiments.   

Nevertheless, results of the photogrammetric processing fulfilled the project 
requirements largely because the landslide developed over a long period of time 
than an earlier example in Japan (Ochiai et al., 2004) which had failed and flowed 
within about 5 seconds.  

The surface deformation was quantified by tracking the small (tennis) balls 
pegged on the ground. The average 3D point-positioning precision of ±1.8 cm was 
achieved. The results of the photogrammetric work provide a better understanding 
of surface dynamics of landslides.  
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