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Potentials of monitoring rock fall hazards by GPR: considering
as example the results of Salzburg

Abstract A part of the IUGS-UNESCO research project "Landslide
Hazard Assessment and Cultural Heritage" (IGCP-Project No. 425)
includes testing the application of geophysical methods for assessing
hazard risks to people and cultural assets. In this work, Austria contributed with a study on the assessment of rock-fall hazards. As the
Old Town of Salzburg is a prime example of such hazards, systematic
GPR-measurements were made on major rock surfaces. The aim of
the exploration with GPR was to assess the potential of the method
for monitoring rock walls. That is, whether structures in the rock
mass which could become important when considering the risk of a
rock fall, can be imaged. To manage this problem successfully, moving the antenna over the rough rock surface was made as regular as
possible. The effects of vegetation lifting the antenna from the rock
surface and of overhanging regions could not be avoided. Due to the
loss of coupling of the antenna and the change of radiation pattern,
some interference of the records occurred. Thus, only after processing
could it become clear which reflections came from within the rock.
A three-dimensional survey of discontinuities in the rock requires
accurate mapping of the rock surface by photogrammetric methods,
to get a digital terrain model for the analysis of the GPR records.
The results of repeated measurements have proved to be of essential
relevance. They have shown that it is possible to reveal changes with
time. For the interpretation of such observations, modeling is a very
useful tool.
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Motivation
Mountains, objects of cultural value, and human living space often lie
in close association. Such a scenario has developed in Salzburg, where
the Old Town lies directly adjacent to the rock walls of Mönchsberg and
Festungsberg, which are in part vertical. In 1997, this unique synthesis
of mountains and centuries old urban living space was designated as
a world cultural heritage site by UNESCO.
However, mountains also pose a threat, especially if they lie in the
anthroposphere. Rock falls threaten both human life and historical
buildings. In 1669, a disastrous rock fall in Salzburg occurred in the
area between Mönchsberg and the River Salzach, as a result of which
about 220 people lost their lives and at least 13 houses and 2 churches
were destroyed. This disaster is described in detail in several historical
documents (Martin 1922, Fig. 1, 1669).
In order to reduce this risk in the future, the institution of Salzburg’s
"Bergputzer" was founded and because of the continuing danger this
service has continued to operate up to the present day. Currently, the
rock walls and reinforces were inspected or areas of loose material
removed. This regular checking of the rock walls has proved to be a
very efficient method for protecting both people and town.
A part of the IUGS-UNESCO research project "Landslide Hazard
Assessment and Cultural Heritage" (IGCP-Project No. 425) includes

testing the application of geophysical methods for assessing hazard
risks to people and cultural assets. In this work, Austria contributed
with a study on the assessment of rock-fall hazards.
As the Old Town of Salzburg is a prime example of such hazards,
systematic GPR-measurements were made on major rock surfaces, in
cooperation with Salzburg’s "Bergputzer".
Exploration areas
Figure 2 shows the areas examined at Festungsberg, Rainberg, and
Mönchsberg, as seen from Gaisberg. The Mönchsberg, which is about
70 m high, comprises delta-fill conglomerates ("Nagelfluh") deposited
in the Riß-Würm interglacial period and probably lying at a shallow
depth on soft sediments: nearly all the sides of the hill form steep faces.
Although it generally has only a weak binding medium, the geotechnical behavior of Nagelfluh is essentially very stable (Horninger, 1975).
Discontinuity planes include mainly steep joints striking NE to NW
and generally flat bedding surfaces, dipping gently WNW.
The joints that are more or less parallel to the rock faces are of
special significance, since they were probably the cause of historical
rock falls. For instance, in the SE end wall of a former quarry above
the northern portal of the Neutor, traces of steep joints can be clearly
seen and were the reason for an extensive investigation during the
construction of an underground car park within the Mönchsberg
(Horninger, 1975). These traces were the motivation for the present
study, using GPR.
The Rainberg is also composed of Nagelfluh and in principle should
have the same geotechnical behavior. However, a remarkable difference in weathering can clearly be seen; at Mönchsberg, some layers
show considerable erosional phenomena but this is only rarely seen at
Rainberg. An exploration area on the NE side of Rainberg was chosen
where the rock wall rises about 50 m above the site of the former
Sternbrauerei brewery.
The Festungsberg consists of limestone and dolomite. A rock wall,
forming a steep face up to 25 m high and directly under the Nonntal
monastery, which appears to be at risk, was chosen for exploration.
Methodology
General
With GPR, which has found a great range of applications, a wave
method with the highest possible resolution is suitable for structural
exploration in rocks. The system employs electromagnetic waves in
combination with the pulse echo method. Very short pulses (center
frequencies of 100–1000 MHz were mainly used) are radiated by a
transmitter antenna into the subsurface. From boundaries at which
there are electromagnetic property contrasts (e.g. joints), the pulses
are reflected back to a receiver antenna at the surface. As the antennae,
typically mounted with a short constant offset in a box, are moved
along a survey line, a series of scans are collected. These scans, when
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Fig. 1 Lucas Schnitzer: View of Salzburg
1669/70, copper engraving by Paulus Fürst.
In this view, the rock fall of 16 July 1669 is
annotated in the red box by the letters EF

Fig. 2 Festungsberg, Rainberg, and
Mönchsberg with exploration areas (view
from Gaisberg)

positioned side-by-side and combined with marks indicating the current position of the antenna, form a display profile of the subsurface.
Attenuation of radar signals and thus the exploration depth is determined by the electrical conductivity of the subsurface. Consequently,
moisture plays a decisive role in exploration depth. Attenuation increases with frequency and thus reduces the exploration depth. On
the other hand, the resolution increases due to the smaller wavelength (in the aforementioned frequency range, it varies between a
few decimeters and a few centimeters). In practice, when choosing
a center frequency a compromise between exploration depth and
resolution must be found.
Preparatory work
In the run-up to the measurements at the rock walls, experiments with
different center frequencies and orientations of the antennae were
88
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carried out at easily accessible locations at the base of Mönchsberg
and in the Neutor tunnel. During this work, exploration depths and
the effects of antenna orientation in relation to the bedding were
assessed. The tests indicated that a 100 MHz antenna (GSSI Type 3207,
shielded) should be used for the measurements. The first profiles were
carried out NW of Neutor, where traces of steep joints are visible on
the rock surface.
At the same time, a reliable method for lowering the antenna device
down the outcrop by rope whilst recording the respective positions
of the antenna as regularly as possible was established (Fig. 3).
The GPR records showed notable regular reflections whose origin
was not initially understood. However, after the data had been
migrated and spectral analysis applied, it became clear that these
reflections arose on the air side of the antenna. This superposition of
reflections originating from outside the rock with those from inside

as a result of which the shielding looses its efficiency. This problem
was unavoidable and has affected all the measurements.
Systematic survey of major rock walls
A three-dimensional survey of discontinuities in rock requires systematic recording by closely spaced parallel profiles. Such a measuring
program was achieved with 39 profiles on a rock surface of 3,500 m2
NW of the Neutor (Fig. 4), chosen due to its exposed situation in the
Old Town. The profiles had a mean separation of 2.5 m, with record
lengths of 300 ns, equivalent to an exploration depth of about 15 m.
Other significant recording parameters were 1,024 samples/scan, 16
bits/sample, 16 scans/s. The 100 MHz antenna was mounted on a
plastic sledge to obtain better smoothness of running on the rough
surface of the rock, with the dipole axis of the antenna orientated
approximately normal to bedding.
For monitoring the motion of the antenna and for correlating
details of the rock surface with antenna position, each operation was
documented on video. In this way, a rock surface of about 3,500 m2
could be effectively fully examined.
Processing
All records were initially stored in a portable device and later transferred to a computer for further processing. After scaling, each record
was transformed into SEG-Y format and processed with ProMax 2D
software. In order to reduce data volume, the available traces were
stacked at a distance of 0.2 m. As a result, the signal-to-noise ratio
could be enhanced. To emphasize the reflections to be evaluated, all
records were submitted to the following processing steps: AGC (window length 100 ns), bandpass filter (40–70–200–300 MHz), minimum
phase deconvolution (window length 40 ns), spectral shapening (40–
70–200–300 MHz) and f-k filter (apparent velocity 0.15 m/ns for
suppressing air waves). Such prepared time sections were displayed
in their correct positional arrangement when compared.
Fig. 3 Roping down a 100 MHz antenna at Mönchsberg

was unexpected for a shielded antenna. The effect mainly occurs
due to a take-off of the antenna from the rock surface, caused by
vegetation or by overhanging regions of the rock mass. The loss of
coupling of the antenna changes the radiation pattern considerably,

Modeling
An important question in the exploration of rock walls is how joints
are displayed in relation to their fracture width. Model calculations
show decreasing reflection amplitudes when the fracture width decreases. Figure 5 shows synthetic reflection data for a downward
wedging out joint (width reaches 0 at position 0.0 m). On the left

Fig. 4 Measurement lines in the
exploration area at Mönchsberg
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Fig. 5 Synthetic reflexion data for a down wedging out joint opening: left, joint opening filled
with air; right, joint opening filled with water

Fig. 7 Processed records of line 18 and line 20; left, picking of individual reflexion arrivals;
right, evaluation of mean amplitudes for a certain depth range

side are the synthetic results shown for when the joint opening is
air-filled and on the right side when it is water filled. These clearly
show that a positive contrast in dielectricity (permittivity) causes a
wider reflection wavelet with an opposite polarity (the examples were
calculated for a center frequency of 100 MHz).

and edges, using a 1 m×1 m mesh and digitizing the GPR profiles.
With these data, the program SCOP interpolated the surface of the
rock and produced a regular mesh of 0.25 m×0.25 m. Figure 6 shows
the digital terrain model of the exploration area, together with the
GPR profiles.

Photogrammetric survey
Full use of radar data in a three-dimensional representation requires a
digital terrain model of the rock wall. Stereo photographs were taken
and with the program ORIENT (available at the Institute for Photogrammetry and Remote Sensing, Vienna University of Technology)
the stereo model was correctly orientated. The determination of the
surface of the rock wall was carried out by digitizing niches, troughs

Results and interpretation

Fig. 6 Digital terrain model of the
exploration area at Mönchsberg
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Exploration area Mönchsberg
The records of profile 7–12 and 14–28 show reflections running approximately parallel to the surface, which obviously belong together.
Figure 7 shows the processed records of profiles 18 and 20, which are
converted to relative depths with a reliable mean velocity (determined

Fig. 8 Discontinuity in the rock in common
with the relief of the rock wall surface (color
scale: depth of discontinuity)

Fig. 9 Relative mean amplitudes for a
depth range 1.5–5 m (color scale)

at an accessible place nearby) and in consideration of the relief of the
wall. The results of all profiles indicate a coherent area, representing
a discontinuity in the rock. Figure 8 shows this discontinuity has an
extent of about 350 m2 , in common with the relief of the rock wall.
These reflections lie in a region where the surface clearly shows a
bulge.
An alternative analytical method is the calculation of a mean amplitude for each trace in the time range 30–100 ns, which corresponds
to a depth range of about 1.5–5 m (Fig. 7). For it a processing is used,
which improves the signal-to-noise ratio and standardizes the amplitudes. So in the time range 30–100 ns the mean value is computed.
It is a relative number, which shows a high value, if the reflection
strength in a trace is high and a low value, if there is just noise. This
procedure is applied on all traces and the result can be mapped for
the whole exploration area. It is appropriate, when the rock is heavily
fractured and thus reflections can only be observed in pieces. Here the
results of such analysis are given in comparison with those described
before. Figure 9 shows relative mean amplitudes, combined with the
relief of the rock wall. If the high amplitudes at the base of the rock
wall, which are mainly caused by reflections outside the rock mass,
are excluded, the reflectivity is again concentrated in the middle of
the exploration area.

The existence of such a discontinuity indicates a situation, which
could become extremely important for the slope stability. Consequently, it was important to establish whether repeated measurements
would reveal any changes with time. Thus, measurements were repeated after one and a half years on some lines. Figure 10 shows the
results for profile 16. On the left side is the record of the first measurement done in autumn (1999), on the right side the comparable
record from spring in the year after next (2001) with the same time to
depth conversion as in Fig. 7. The plot mode used was the same as in
the synthetic record (Fig. 5). To enable comparing the signals no AGC
was applied. This shows that the records are very similar records, with
no visible change in extent of the discontinuity. However, the wavelet
is somewhat different; it has the same polarity (due to a positive contrast in dielectricity) but the negative start of the wavelet in the spring
record seems more distinctive. This effect, which is not thought to
imply any development of the discontinuity, is caused by seasonal
variations in moisture.

Exploration area Festungsberg
The measurements at Mönchsberg showed the basic possibilities of
GPR for monitoring rock walls. However, they have also shown the
Landslides 3 . 2005
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Fig. 10 Evaluation of records of line 16 for
different seasons: left, first measurement in
autumn 1999; right, repetition measurement
in spring 2001

Fig. 12 Exploration area Festungsberg – relative mean amplitudes for a depth range 1.5–5 m
(color scale); gray: relief; black: reinforcement

Fig. 11 Exploration area Festungsberg – area reinforced with rock bolts

92

Landslides 3 . 2005

preconditions essential for an efficient application and the difficulties
which exist for measuring and interpretation. To transfer the previous experience to a geologically different site in the urban area of
Salzburg, a rock wall at the Festungsberg was chosen for examination.
A part of this steep face, consisting of limestone and dolomite, was
previously reinforced by bolts. These measures were taken to prevent
uncontrollable movements (Fig. 11) because of the appearance of the
rock, because of water escape and the upper part began to settle.

Fig. 13 Exploration area Rainberg

On 16 profiles, with a mean distance of 2 m, GPR records were
taken, covering a rock surface of about 750 m2 . Making the required
stereo photographs for the digital terrain model was difficult due
to a multi-storey house comes up to the rock face and covers it.
The procedures for measurement and processing conformed to those
carried out in the previous explorations.
The results show major differences. The reflexions from the rock
correspond to the appearance of the rock surface with more or less
fractures. Corresponding reflexions on adjacent profiles are difficult
to observe. As a result, the mean amplitudes were evaluated for a
depth range of only 1.5–5 m.
Figure 12 shows the mean relative amplitudes for this range in a
smoothed form, in common with the relief of the rock wall. Moreover,
the position of the rock bolts can be seen in this figure. Maxima in the
amplitudes can be partially correlated with the relief and the highest

amplitudes were found out in the area of reinforcement. Thus, the
GPR data here have imaged the state of loosening of the rock.
Exploration area Rainberg
The project was concluded with a systematic exploration of the Rainberg rock wall. The exploration area, on the NE side, rises about 50 m
above the site of the former brewery Sternbrauerei (Fig. 13).
Overall, 46 profiles with a mean distance of 2 m were measured,
partly in spring and partly in the autumn, with a total rock surface of
about 4,000 m2 covered. In three profiles, spring measurements were
repeated in the autumn.
A joint analysis of all the profiles showed corresponding reflexions
in only a few profiles in the eastern part of the exploration area.
From this, reflexion discontinuity areas could be imaged. Again, mean
amplitudes for a depth range 1.5–5 m were evaluated. In Fig. 14, the

Fig. 14 Exploration area Rainberg –
relative mean amplitudes for a depth range
1.5–5 m (color scale)
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mean relative amplitudes in a smoothed form are shown relative to
the relief of the rock wall. Apart from the high amplitudes at the
base of the rock wall, which are not caused by reflections inside
the rock mass, the areas of increased reflectivity correspond with
the discontinuity areas. The repeated measurements did not show
any evidence for changes with time. Although the appearance of
the rock in the western part of the exploration area suggested that
discontinuities existed, rather than in the eastern part, GPR did not
provide any evidence of this. The difference in the erosional state of
the conglomerate between Mönchsberg and Rainberg seems to be the
reason that at the Rainberg no discontinuities of a comparable extent
were found.
Conclusions
The aim of the exploration with GPR was to assess the potential of
the method for monitoring rock walls. That is, whether structures in
the rock mass which could become important when considering the
risk of a rock fall can be imaged.
To manage this problem successfully, moving the antenna over the
rough rock surface was made as regular as possible. As far as possible,
with skillful procedures when roping down the antenna, the problem
was solved. The effects of vegetation lifting the antenna from the rock
surface and of overhanging regions could not be avoided. Due to the
loss of coupling of the antenna and the change of radiation pattern,
some interference of the records occurred. Thus, only after processing
could it become clear which reflexions came from within the rock.
A three-dimensional survey of discontinuities in the rock requires
systematic recording by profiles separated by only a short distance.
With this methodology, accurate mapping of the rock surface by photogrammetric methods was necessary to get a digital terrain model
for analysis of the GPR records.
The results of repeated measurements have proved to be of essential
relevance. They have shown that the method is well suited for yielding
reproducible results under complex conditions. Consequently, it is
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possible to reveal changes with time. For the interpretation of such
observations, modeling is a very useful tool.
In the course of the last part of the project, the previous findings
and approaches could be proved again. Using the method is now
advisable as a matter of routine when, within the scope of required
accuracy, an economic solution is possible.
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