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Abstract

Adequate management of a mountain forest that protects downslope areas against impacts of rockfall requires insight into
the dynamics of the hillslope environment. Therefore, we applied a combined approach, using field and modelling techniques,
to assess the determining factors for rockfall source areas, rockfall tracks and rockfall runout zones on a forested slope in
mountainous terrain. The first objective of this study was to understand why rockfall occurs in the study area. The second
objective was to translate the knowledge obtained in the field into a model that simulates rockfall dynamics on a forested slope
realistically. The third objective was to assess which hillslope characteristics primarily determine the distribution of active
rockfall tracks. To achieve these objectives, we made a geomorphological map of the whole study area, and we measured the
major discontinuity planes in the bedrock that are exposed in the rockfall source areas. Furthermore, a test site for simulation
modelling within the larger study area was defined in which both a forest and a hillslope inventory were carried out. The
available data and our developed rockfall simulation model allowed us to assess the slope characteristics that mainly determine
the distribution of areas affected by rockfall. We found that in decreasing order of importance, both standing and felled trees, the
surface roughness and rockfall resistant shrubs primarily determine the distribution of rockfall-affected areas. Simulation tests
without a forest cover produced similar rockfall runout zones as fossil rockfall events identified in the field. We believe that the
combined field and modelling approach is a prerequisite for understanding how forests can protect against rockfall.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction their houses as well as infrastructure (Jahn, 1988;
Motta and Haudemand, 2000). However, it is often

Many mountain forests protect against rockfall, unknown whether the protective function of a forest
which might pose serious risks to local inhabitants, covering an active rockfall slope is effective enough.

The protective function of the forests could decrease

as a result of the continuous disturbance caused by
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through time. This depends on the forest dynamics,
which are strongly affected by rockfall, since the
distribution as well as the frequency and magnitude
of rockfall events determine the development of a
forest covering the accumulation area of an active
rockfall source area. At the same time, the distribution
of trees on a forested rockfall slope affects the
distribution, frequency and magnitude of rockfall
events (Jahn, 1988). In other words, there is an
interaction between rockfall and forest cover. There-
fore, dynamics of a forested rockfall slope could only
be studied by focusing on both forest characteristics
and rockfall dynamics.

Until now, rockfall dynamics have mainly been
investigated by geotechnical measurements in rockfall
source areas (Wieczorek et al., 2000; Zvelebil and
Moser, 2001), talus slope inventories (Statham and
Francis, 1986; Evans and Hungr, 1993; Bull et al.,
1994; Wieczorek and Jéger, 1996; Jomelli and Fran-
cou, 2000; Hétu and Gray, 2000), experimental tests in
laboratories or on nonforested hillslopes (Kirkby and
Statham, 1975; Chau et al., 1998; Okura et al., 2000a)
and simulation modelling studies (Statham, 1976;
Bozzolo and Pamini, 1986; Azzoni et al., 1995;
Budetta and Santo, 1994; Okura et al., 2000b). Little
work has been done on the interaction between rock-
fall and protection forests. Within this study, we
applied a combined approach, using both field and
modelling techniques, to assess the determining fac-
tors for rockfall source areas, their tracks and runout
zones on a forested slope in mountainous terrain where
rockfall is highly active. As a basis for this study, we
formulated the following research questions:

1. Why do the rockfall source areas occur in the study
area?

2. Could the knowledge obtained in the field be
translated into a model that simulates realistic
rockfall dynamics on a forested slope?

3. Which environmental characteristics primarily
determine the distribution of areas affected by
active rockfall?

2. Study area

The area investigated in this study was the “Aufler-
bacher” forest, which is located near the village of

Gaschurn in the Montafon region in the western part of
Austria, between 47°8" and 46°50’ latitude and 9°41’
and 10°9" longitude. The altitude of the study area
ranges from 930 m above sea level in the valley floor
up to 1500 m above sea level. The forest in the area
covers a south—southwest exposed slope, which may
be divided in a source area, which has a mean slope
gradient of 60° and an accumulation area, which has a
mean slope gradient of 30°. The underlying geology,
which is metamorphic bedrock, consists of amphibo-
lites, mica schists and white/grayish ortho-(granite
bearing) gneisses. The resistant amphibolites and
gneisses were subject to strong glacial abrasion. There-
fore, steep cliff faces developed. These faces are
currently active rockfall source areas. In between the
steep cliff faces, three major denudation niches are
present, which are connected with distinct open tracks
in the forest (Fig. 1).

The forest covering the study area is a typical mixed
mountain forest, which is found on many vegetated
talus/debris cones in the montane zone in the European
Alps. The dominating species in the study area are
primarily Norway spruce (Picea abies) and, to a lesser
extent, sycamore (Acer pseudoplatanus), beech
(Fagus silvatica) and hazel (Corylus avellana). The
lower part of the study area is well accessible by two
forest roads, which have been constructed for forest
management practices (see Fig. 1).

3. Procedures

Fieldwork started with a reconnaissance and de-
tailed geomorphological mapping on the basis of the
mapping system described by De Graaff et al. (1987)
and Seijmonsbergen (1992), after identifying the main
landform units in the study area by interpreting false
colour stereographic aerial photographs. Printed col-
our-infrared (CIR) orthophotos from 1996 with a
resolution of 0.25 X 0.25 m, produced by the National
Austrian Mapping Agency (BEV), served as a basis
for mapping. The slope gradient and the exposition of
the slope face as well as the dip and dip direction of
the bedding planes and the most prominent joint sets
were measured at 33 different locations in the rockfall
source areas. These measurements were plotted in an
equal area projection (Hoek and Bray, 1981) to carry
out a Markland test (Markland, 1972; Hocking, 1976).



L.K.A. Dorren et al. / Geomorphology 57 (2004) 151-167 153

¥ L -
I (I
AR f

Fig. 1. Orthorectified pan-chromatic aerial photograph from 1987 showing the study area. The white outline demarcates the test site used for
simulation modelling within this study. The numbers indicate the three denudation niches and the associated transport channels.

This test was done to identify potential sliding surfa-
ces resulting from discontinuities in the bedrock in
relation to the orientation of the local topography.

In addition, we carried out a field inventory to
obtain a map of the spatial distribution of different
hillslope characteristics that potentially affect rockfall
tracks. Polygons representing terrain units with sim-
ilar properties were mapped. These polygons covered
an area varying from 10 to 7000 m?, depending on
the homogeneity of the terrain. For all these poly-
gons, we estimated or measured the following
parameters:

* The mean slope gradient (measured with an Abney
level).

¢ The percentage of the surface area covered by
bedrock (estimated).

* The granular composition of the material covering
the surface, estimated for the top 25 cm.
Percentages of contents were estimated for the

following fractional classes: <5 cm, 5—-20 cm and
>20 cm.

* The surface roughness, classified for three transects
with a length of 1, 5 and 20 m that were
representative for the polygon. For all the three
transects, the surface roughness was estimated as
type a, b or ¢ on the basis of Fig. 2. This resulted in
three roughness values for each polygon.

® The number of barriers created by felled trees. For
this, the number of felled trees, lying diagonally or
perpendicular to the slope direction over a straight,

A4

Fig. 2. Surface roughness over a transect length m expressed as type
a, b, orc.
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downslope line of 10 m that was representative for
the polygon, was counted.

* The percentage of surface area covered with
rockfall resistant shrubs with a height up to 5 m,
such as C. avellana, was estimated.

Furthermore, we carried out a detailed forest inven-
tory using the Winkelzihlprobe (Bitterlich, 1948),
which is also known as prism plot sampling or
probability proportional to size sampling. Within this
method, the probability of a tree being selected within
a sampling plot is proportional to the basal area of a
tree (Shiver and Borders, 1995). For this inventory, we
used a grid with cells of 30 X 50 m. This grid almost
completely covered the forested part of the test site
that was used for the simulation modelling study. It is
assumed that data obtained in the sampled areas in the
centres of the grid cells are valid for the whole grid
cell, which is justified if the Winkelzdhlprobe is used
and if data values are expressed per hectare (Shiver
and Borders, 1995). The inventory provided standard
forest parameters such as the number of trees per
hectare, the diameter at breast height (DBH), the basal
area and the height of the trees, and also the number of
scars on tree stems caused by heavy impacts of falling
rocks and the height of these damages on the tree
stems.

4. Fieldwork results
4.1. The source area

The slope gradient within the source area varies
between 50° and 90°. The mean values of all the
slope gradients and expositions as well as the dip and
dip direction measurements of the bedding planes and
the most prominent joint sets are given in Table 1. The

Table 1
Geological dip and dip direction measurements of the most
important measured planes in the rockfall source area

Plane type Dip Dip direction
(*slope gradient) (**exposition)
Slope face *72 4 14° **187 +30°
Bedding planes 31+12° 000 + 18°
J1 62 +16° 118 +24°
12 58 £ 18° 139 +21°

great circles of the planes defined by the mean values
given in Table 1 are shown in Fig. 3. The interior
dashed circle in Fig. 3 represents the friction angle
along discontinuities representative for the study area.
The friction angle value of 37° was calculated using
the uniaxial compressive strength (see Carson and
Kirkby, 1972), which was obtained from a uniaxial
compression test applied on three amphibolite sam-
ples and on one gneiss sample, in combination with
the Hoek—Brown criterion (Hoek and Brown, 1997).
The point of intersection of the two circles for joint
set 1 (J1) and joint set 2 (J2), which lies between the
friction angle circle and the great circle of the slope
face, indicates that these two joint planes create
potential wedge failures. Especially in combination
with the bedding plane that dips in opposing direction,
which creates the ‘roof” of potential falling rocks,
wedge-shaped blocks are easily produced (Fig. 3). As
shown in Table 1, the dip and dip direction values of
the two major joint sets and the slope face vary
considerably. This results in planar sliding at some
locations because the dip and dip direction of the
slope and the major joints are identical. We observed
in the field that the orientation of both joint sets (J1
and J2) and the orientation of the bedding planes
resulted in rocks breaking out at the bottom parts of
the steep cliff face. This leads to undercutting of the
slope face and subsequent migration of rockfall activ-
ity upslope. Fortunately, the joint spacing is generally
small and therefore mainly small rocks are produced
(largest rock diameter between 0.25 and 0.5 m).
Another factor, which also contributes to rockfall
activity in the study area, is the presence of large
tensional fissures in the area above the steep cliff face
(Fig. 4). These fissures indicate large-scale rock creep.
Parallel tensional rebound of the valley slope after
glaciation during Late Glacial and Early Holocene
conditions was probably the main cause of this. The
effect, however, is increased by the presence of mica
schist layers underneath the amphibolite and gneiss
bedrock layers. The mica schist layers act as weak
zones, which cause additional bulging forward and
toppling of the creeping bedrock into the valley. As a
consequence, the steep cliff face maintains its steep-
ness despite active mass wasting and therefore facil-
itates slope failures and resulting mass wasting.
Local inhabitants informed us that rockfall gener-
ally occurs in spring and after heavy rain, which was
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Fig. 3. (a) The lower hemisphere projection of an equal area net showing the great circles of the slope face, the bedding planes and the two most
prominent joint sets (J1 and J2). (b) Two-dimensional visualisation of the effect of the intersection of the bedding planes and the joint sets in the

rockfall source areas in the study area.

also observed during fieldwork. Unfortunately, the
inhabitants were not able to tell which source areas
particularly produce falling rocks. The transport chan-
nels visible in Fig. 1 suggest that the main rockfall
activity occurs within the denudation niches upslope
of the transport channels. We observed, however, that
the production of potential falling rocks in the study
area was not merely concentrated within the niches,
but all the steep cliff faces throughout the area acted as
rockfall source area. After we completed the geo-
morphological map, it was interesting to observe that
the largest tensional fissures are aligned with the
longitudinal direction of the denudation niches. This
suggests that the weaker zones that are responsible for
the development of the denudation niches have been
predetermined by tensional fissuring.

4.2. The accumulation area

The accumulation area is a steep talus cone with
a mean slope gradient of 38—40°. Distinct patterns

of recent accumulation, indicated by fresh scree,
were mainly found in depressions between the
largest talus cones and upslope of felled trees,
which were positioned diagonally on the slope to
act as barriers. The size of the recent accumulated
rocks, mainly consisting of amphibolites and some
gneisses, generally varied between 0.2 and 0.5 m
(diameter of largest rock axis). Smaller rocks and
fine material were only found in the transport
channels. Other than the areas with recent accumu-
lation, a rather uniform distribution of rocks was
found throughout the accumulation area, both with
respect to size and inferred deposition period, which
was assessed on the basis of moss cover and
vegetation cover. Nevertheless, occasional groups
of huge rocks (>2 m®) and lobe-like accumulation
forms consisting of nonsorted material were found.
All this accumulated material was covered with
moss and vegetation. These deposits indicate that
both debris flows and rock avalanches do occur. We
assume that the main sediment contributions to the
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Fig. 4. Cross section showing internal rock deformation due to active large-scale tensional fissuring in the area above the steep cliff faces. The
inset shows a part of the geomorphological map of the source area and the location of the cross section.

initial build up of the talus cone after deglaciation
were delivered by rock avalanches and debris flows
in a non- or scarcely vegetated environment.

The forest inventory was limited to an area that
covered the main part of the test site that was used for
simulation modelling. The composition of the forest
in the test site is shown in Table 2. Although syc-
amores occur less frequently than Norway spruces,
they are more resistant against rock impacts because
they have a very good wound healing capacity. How-
ever, the number of sycamores in the area remains
relatively low because Norway spruce is the dominant
tree species.

A large proportion of the trees in the test site are
in an ageing or even a breakdown phase, which
means that most frequently quite large trees were

found, but they were often old and heavily woun-
ded by rock impacts, especially the trees in the
upper part of the accumulation area. Bark and stem
damage may lead to heart rot, which reduces the
individual tree stability. As expected, the number of
heavily damaged trees is the largest close to the
rockfall source areas, and, generally, this number
decreases downslope.

In relation to the ageing and breakdown phase of
the forest in the test site, the lack of regeneration,
indicated by the absence of seedlings, is problematic
for the future protective function of the forest. This
is mainly the result of hunting management. For
quite a long period, hunters used the forest in the
study area as a winter-feeding station for ungulates,
which increased the browsing pressure considerably.
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Table 2
Forest composition in the study area
Tree name Species Coverage
in forest
(%)
Norway Picea abies 96
spruce
Sycamore Acer 3
pseudoplatanus
Beech Fagus <1
silvatica
Hazel Corylus <1
avellana
General Mean Std. dev. Minimum Maximum
information
Number of 201 137 0 660
trees/hectare
DBH (cm) 54 18 20 139

Several studies carried out in forests in the Euro-
pean Alps have shown that ungulate browsing
decreases the regeneration of forests (Ammer,
1996; Motta, 1996). In our study area, ungulate
browsing has resulted in a situation where regener-
ation is completely lacking.

5. GIS model development
5.1. Digital elevation model

As observed in the field, the topography deter-
mines the occurrence, the direction as well as the
velocity of a falling rock. Therefore, a digital
elevation model (DEM) is the most relevant dataset
for simulating rockfall. We derived a DEM with a
support of 2.5 x2.5 m from a Triangular Irregular
Network (TIN), which was produced from contour
lines with an equidistance of 5 m using the TOP-
OGRID module in ArcInfo 7.0 (ESRI, 2003). These
contour lines were created on the basis of a com-
bined dataset consisting of slope transects measured
in the field, a detailed geomorphological field map
(1:2000) and existing contour lines with an interval
of 20 m. Since the study area is fully covered with
forest, this method was more time-efficient than
using a tachymeter. In addition, the forest cover
caused problems for photogrammetric height meas-

urements using the available set of stereographic
aerial photographs.

5.2. Tree distribution map

To obtain a tree distribution map, firstly, the
regions of all the individual tree crowns in the study
area were detected on the basis of the colour-infrared
(CIR) orthophotos from 1996. In general, three
different methods are described in the literature for
detecting or delineating individual tree crowns from
high spatial resolution aerial images (see Hill and
Leckie, 1999). These are (1) detection of local
intensity maximum (Blazquez, 1989; Dralle and
Rudemo, 1996, 1997; Brandtberg and Walter, 1998;
Uuttera et al., 1998; Wulder et al., 2000), (2) con-
tour-based methods (Gougeon, 1995) and (3) tem-
plate-based matching (Larsen and Rudemo, 1998).
We firstly smoothed the orthophotos using a low
pass filter. Subsequent segmentation of the image
automatically delineated individual and clustered tree
crowns. In addition, nonforested arecas were seg-
mented into homogenous areas. Segmentation was
done in the software eCognition (Definiens-Imaging,
2003). Then, we used an object-based classification
on the basis of membership functions related to local
intensity maxima to classify all the segments in three
classes, namely, tree crowns, clustered tree crowns
and nontree crowns. This classification produced a
tree crown map with an overall accuracy of 89.8%
when compared with visually delineated tree crowns.
We combined the obtained tree crown map with the
forest inventory data to produce a tree distribution
map, which represented the locations of trees and
their DBH. The forest inventory provided data for 50
plots with a size of 30 X 50 m. These plots did not
cover the whole test site that was used for the
simulation modelling study. Therefore, the forest
inventory data had to be extrapolated to obtain data
for the remaining parts of the test site. For that,
linear regression between the amount of raster cells
classified as tree crowns in the tree crown map and
the number of trees per hectare obtained from the
forest inventory was used (R*=0.25). The DBH of
the trees covering the whole test site was uniformly
randomly chosen between the minimum and max-
imum DBH that were measured in the forest inven-
tory plots.



158 L.K.A. Dorren et al. / Geomorphology 57 (2004) 151-167

5.3. Rockfall simulation model

To simulate rocks that collide with tree stems, a
computer model is needed that is able to calculate the
motions of a falling rock realistically. Furthermore,
such a simulation model should take different spa-
tially distributed environmental characteristics into
account, which influence the velocity and the direc-
tion of falling rocks. Therefore, we developed a model
that combines a process-based and GIS-based model.
The two main components of the model are the
calculation of the falltrack of the rock and the calcu-
lation of the velocity of the falling rock. These
calculations all started from predefined rockfall source
areas.

Rockfall source areas were derived from the geo-
morphological field map. From each cell, defined as a
rockfall source area, a single falling rock was simu-
lated. The radius of this rock was 0.25 m, its initial
velocity in horizontal direction (VX) was 1 m/s and its
initial velocity in vertical direction (Vy) was — 1 m/s.
The initial fall height in the cells that were used as
rockfall start cells was set to 2 m. By doing this, we
defined that the cliff faces from which rockfall start
are at least 2 m high. With respect to the study area,
this is a realistic value when using a grid with
2.5 X 2.5 m cells.

The mean slope gradient within each cell is
derived from the DEM using the method described
by Zevenbergen and Thorne (1987). Furthermore,
the DEM was used for calculating the fall directions
from each raster cell in the test site. For the latter, a
modified multiple-flow algorithm (e.g. Quinn et al.,
1991; Wolock and McCabe, 1995; Tarboton, 1997)
is used, which is illustrated in Fig. 5. This method
calculates the fall directions for the whole raster
repeatedly for each simulation run by sampling the
fall direction for each cell from a probability dis-
tribution, which is determined by the summed
downslope gradient (SDG) from a central cell and
the fraction of all the individual cells downslope of
the central cell in the SDG. As a result, for each
simulation run, falling rocks could be directed in
different directions, which enables the simulation of
diverging fall patterns.

The velocity of the falling rock is calculated with
standard algorithms for a uniformly accelerated
parabolic movement through the air and with algo-

Fig. 5. (a) Example of a central cell (*) and its neighbouring cells
and (b) the result of the calculation of the probabilities of the
possible fall directions on the basis of the summed downslope
gradient (SDG) for the example shown in (a).

rithms modified from Pfeiffer and Bowen (1989)
that calculate the energy balance before and after a
collision (or bounce) on the slope surface. The
modifications are that the factor compensating for
the effect of the rockfall velocity on the elasticity of
the collision is left out, since the empirical constants
required for calculating this factor were not avail-
able for the study site. The model recalculates the
velocity in x and y direction before a bounce into a
tangential velocity (Vt;,), parallel to the slope sur-
face following

Vti, = Vysin(f5) + Vxcos(f) (1)

and a normal velocity (Vn;,, perpendicular to the
slope surface) following

Vni, = Vycos(f) — Vxsin(f) (2)

where Vy=velocity in y direction (m/s); f=slope
angle at the location of the bounce (°); and Vx=ve-
locity in x direction (m/s). The tangential velocity after
a bounce is then calculated with

Ve = \/ (R2(1a? + MVE))r 3

(I + MR?)

where Vt,,=tangential velocity after the bounce
(m/s); R=radius of the falling rock (m); /=moment
of inertia=2/5*MR* (kg m?); w=rotational velocity
(1/8)=(Vtoy of the previous bounce)/R; M=mass of
the falling rock (kg); Vt;,=tangential velocity before
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the bounce (m/s); and r,=tangential restitution coef-
ficient determining energy loss (—), which is mainly
determined by the vegetation cover and the roughness
of the slope surface. The normal velocity after a
bounce is calculated with

Vg = Vnjry (4)

where Vn,, =normal velocity after the bounce (m/s);
Vn;, =normal velocity before the bounce (m/s); and
rn=normal restitution coefficient determining energy
loss (—), which is mainly determined by the elasticity
of the surface material covering the slope.

During each bounce, the slope angle at the exact
location of the bounce is randomly decreased with an
angle that varied between 0° and 4°. We programmed
this to account for small-scale variability in the mean
slope gradient, as shown in Fig. 6, which is
‘smoothed-out’ in the slope maps. This procedure is
similar to the varying impact angle based on the
surface roughness as described by Pfeiffer and Bowen
(1989).

If the horizontal travelled distance of the rock
between two simulated bounces is less than the
diameter of the falling rock, the rock is considered
to be rolling. In that case, the rock is given a new
displacement over the slope surface equal to the
diameter of the rock. This prevents an infinite
amount of simulated bounces per raster cell (after
Pfeiffer and Bowen, 1989). Sequences of motion

Fig. 6. Photograph of the surface of a scree slope in the
accumulation area of the test site, showing the small-scale
variability in the mean slope gradient.

through the air followed by a bounce are repeated
until the velocity of the moving rock is equal to or
less than 0.5 m/s.

5.4. Coefficients of restitution

The slope characteristics that determine the elas-
ticity of the surface material and thus the normal
coefficient of restitution (r,) are the composition of
the material covering the surface and the vegetation
cover. The slope characteristics that together deter-
mine the tangential coefficient of restitution (r) are
the surface roughness, the vegetation cover (mainly
trees and large shrubs) and the number of felled
trees that are lying on the slope parallel to the
contour lines that act as barriers. Another factor
determining the tangential coefficient of restitution
is the radius of the falling rock itself, since for
larger rocks, the effective surface roughness is lower
than for smaller rocks.

Standing trees affect the velocity of a falling rock
as well because they act as barriers. Therefore, the
model simulates collisions between falling rocks and
standing trees. In case a collision occurs, this results in
decrease of the kinetic energy and consequently a
decrease of the velocity of the falling rock. The model
is able to calculate whether these collisions occur,
since the available tree distribution map defines the
positions of the trees. Furthermore, the position of the
falling rock is always known during simulation
because the model simulated rocks as falling through
the centre of the raster cells. If a collision between a
rock and a tree occurs, the fraction of energy loss due
to the collision is calculated on the basis of the
position of the rock relative to the centre of the tree
stem following

AE = \/1 B (O.SDBdH +R>2 ©)

where AE = fraction of energy loss due to an impact
against a tree stem (—); d=distance between the
centre of the rock and the centre of the tree stem
(m); DBH = diameter of the tree stem at breast height
(m); and R=radius of the falling rock (m). We
developed this formula assuming that a tree stem
absorbs a maximum amount of kinetic energy if a
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central collision between a rock and a tree stem
occurs. We did not make any distinctions between
the energy absorbed by different tree species because
of lack of data.

In reality, falling rocks could collide with trees at a
certain height above the surface. Subsequently, a rock
falls on the ground and gains new kinetic energy. This
process is incorporated in the model by limiting the
maximum energy loss to 99%. After the energy loss is
calculated, the translation and rotation energy is multi-
plied by the calculated fraction of energy loss. Next,
the resulting energies are transformed into a resultant
velocity. If a falling rock does not collide with a tree
stem, energy is lost because of a bounce on the slope
surface. The amount of energy loss is then defined by
r, and r.. To analyse the effect of these parameters on
the velocity before and after a bounce, a single bounce
was repeatedly simulated. During these simulations,
one single parameter was varied, while the other
parameters involved were given a constant value. This
was done for the r,, the r, the radius of the rock and
the mass of the rock.
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The outcomes of this test showed mainly that the
re and the radius of the rock affect the energy loss
during a bounce (Fig. 7). Since the bounce is the
most important part of the model that determines
the energy loss, the 7, and the radius of the rock are
the main parameters determining energy loss in the
model. The radius of the simulated falling rocks
was constant for all the model simulations (R=0.25
m); therefore, the 7, is the most important parameter
determining the deceleration of the simulated falling
rocks. The slope gradient is the most important
parameter determining the acceleration. The findings
mentioned above justified the choice to estimate the
r, on the basis of the mapped slope characteristics
in combination with literature data (Pfeiffer and
Bowen, 1989; van Dijke and van Westen, 1990;
Kobayashi et al., 1990; Giani, 1992; Azzoni et al.,
1995; Chau et al., 1998, 2002; MeiB3l, 1998). The r,
varied between estimated minimum and maximum
values, which were consistent with literature data.
The actual values of r, however, were determined
by the slope characteristics that were measured and
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Fig. 7. The effect of the 7, the r,,, the mass and the radius of the rock on the change of the velocity before and after a single bounce.
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estimated in the field. To determine the tangential
coefficient of restitution (ry), the following formula
was developed

7 = max — (range*fraction) (6)

where max =maximum r; value (—)=0.95; range=
range of r, values (—)=max — min; min=minimum
7. value (—)=0.01; and fraction=the fraction of the
r¢ that is attributed to the mapped slope character-
istics (—). This was calculated with the following
formula:

fraction = (SC;wSC; 4+ SCo,wSC; + ... + SC;wSC;)
/(WSC1 +wSCy + ...+ WSC[) (7)

where SC,;=slope characteristic i and wSC;=weight
of the slope characteristic i. As shown in Table 3,
different weights were addressed to each different
slope characteristic. Only the extreme weight set-
tings were tested to evaluate the effect of changing
proportions of the mapped slope characteristics. One
hundred simulation runs were carried out for eval-
uating a weight setting according to the Monte
Carlo method (Lewis and Orav, 1989). For each
simulation run, a new fall direction map was
calculated using the previously mentioned modified
multiple-flow algorithm. The mass and the radius of
the rock and the locations of the rockfall source
cells were similar for all the executed simulations.
A generalised diagram of all the described model
steps is presented in Fig. 8.

5.5. Validation

Data for validating the model results were both
provided by the detailed forest inventory data and the

Table 3
Weight settings for the slope characteristics determining the
tangential coefficient of restitution (r), which provided the best
results

Slope characteristic Weight Weight range
Wooden barriers/felled trees 10 1-10
Surface roughness 1 m 3 1-10

3 1-10
3 1-10
1 1-10

Surface roughness 5 m
Surface roughness 20 m
Rockfall resistant shrubs

Start

flight
through
ar

Flying over
current cell

"rock
still in air
at end of

cell?

in current
cell?,

Bouncing
in current cell

Fig. 8. Flow diagram showing the simulation of a single rock falling
from a start in the developed rockfall model.

geomorphological field map. Within the area covered
by the forest inventory, 18 squares of 25 X 25 m were
randomly selected, which were all situated within a
single forest inventory grid cell. For these 18 squares,
the tree volume per hectare and the number of scars
per hectare caused by rock impacts were measured.
These data were compared with the number of rock
impacts on trees as simulated by the model. For
standardisation purposes, both the validation data
(observed values) and the simulated data (predicted
values) within the 18 squares were expressed as
percentages of the summed values within all the
randomly selected squares. In detail, the observed
value represented the number of scars per tree volume
unit in a square expressed as percentage of the total
number of scars per tree volume unit in all squares.
Here, the number of scars per tree volume unit was the
number of scars per hectare caused by rock impacts
divided by the tree volume within the square. The
predicted value represented the number of impacts in
a square expressed as percentage of the summed
number of impacts in all squares. For all the model
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Table 4
Results produced by the model with optimal weight settings for the
7 as shown in Table 3

Validation data ME MSE R?
Damaged trees 0.0 0.24 -
Mapped recent rock accumulations - - 0.74

outcomes, the mean error (ME) and the mean squared
error (MSE) were calculated following

ME=15(p - 0) )

n i=1

n

MSE = -3 (P, - 0" ©)
ni3

where 7 is the number of observations, P; is the
modelled or predicted value in raster cell i and O; is
the observed value in raster cell i.

In addition to the size distribution of rocks through-
out the test site, the geomorphological map also

debris flow material
[F7H cliff face
[ fine scree
coarse scree

[_1 source area

I recent accumulation

included the locations of recent scree and rock accu-
mulation areas throughout the test site. This could be
determined first by the absence of mosses and vege-
tation covering the accumulated material and second
by the relative age of the deposits as inferred from the
slope morphology. Within all the validation squares
described in the previous paragraph, it is evaluated
whether a cell modelled as an end location of a falling
rock was also mapped as a recent accumulation area.
This provides a Boolean dataset with a modelled and a
mapped value (rockfall accumulation: value=1, if not:
value=0) for every cell within all validation squares.
On the basis of this dataset, the R is calculated.

6. Simulation model results

The developed model produced rockfall runout
zones that ranged from the source areas to the upper
half of the accumulation area. This pattern was
identical for each tested weight setting for the slope

[ source area

Il modelled end location of rocks

Fig. 9. (a) The geomorphological map of the test site. (b) Map showing the active or recent accumulation areas, as derived from the
geomorphological map and field observations. (¢) Map showing the simulated end locations or accumulation areas after 100 simulation runs
using the optimal settings and a rock radius of 0.25 m. The white outlined squares are the validation squares.
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characteristics determining 7. During fieldwork, it
was observed that most of the falling rocks stop
within the upper part of the accumulation area. Only
some rocks fall down the transport channel and reach
the upper forest road. The developed model confirms
this as the number of rocks reaching the upper forest
road was less than 5% of the total number of falling
rocks in all the simulations. In that sense, all the
simulations produced comparable results. Changing
the weight setting for the slope characteristics deter-
mining the r did, however, result in significant
variation in the extent and location of local accumu-
lation areas throughout the upper half of the accumu-
lation area. Validation of the model results with the
data on damaged trees and mapped recent rock
accumulations showed that the best results were
produced if the settings shown in Table 3 were used.
This resulted in an R? of 0.74 for the correlation
between the mapped and modelled accumulation
areas, and this setting produced the lowest mean
squared error (MSE=0.24) between the spatial dis-
tribution of modelled impacts and the spatial distri-
bution of the number of scars on tree stems (Table 4).

The optimal weight settings shown in Table 3 assign
a high importance to the number of wooden barriers in a
homogeneous terrain unit. Within this setting, wooden
barriers are more than three times more important than
the surface roughness measured on the 1-, 5- and 20-m
transects. Different weights for these three surface
roughness values were also tested, but optimal results
are produced if their weights are equivalent. These
results also indicate that rockfall resistant shrubs are
least important for decelerating falling rocks.

Fig. 9 shows the field mapped geomorphological
map of the test site (Fig. 9a), the derived recent scree
accumulation map (Fig. 9b) and the result of the
simulation during which the optimal weight settings
were used (Fig. 9c). A black coloured cell shown in
Fig. 9¢ indicates that, at least during one simulation, a
rock stopped within that cell. Thus, it is also possible
that a larger number of rocks stopped in that cell. This
map only visualises the accumulation patterns,
whereas the frequency map (not presented here)
showed that most rocks stopped in the upper part of
the accumulation area, where the dense black cloud is
visible in Fig. 9c. Thus, only a few simulated rocks

Fig. 10. (a) Map showing the simulated end locations or accumulation areas using the optimal settings, a rock radius of 0.25 m and the current
forest cover; (b) idem., only with 50% less tree density; (c) same simulation, only without forest cover. All the graphs are the result of 100

simulation runs.
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reached the upper forest road, which is shown in the
geomorphological map (Fig. 9a).

To analyse the change of the rockfall hazard if the
protection forest continues to deteriorate, the simula-
tion model, which seemed to predict current accumu-
lation patterns satisfactorily, was used to test scenarios
with a random tree distribution with 50% fewer trees
(case B) and with no trees covering the site at all (case
C). The results of these simulations show that the
amount of rocks reaching the valley is still zero in
case B (Fig. 10b). A distinct difference is that more
rocks reach the upper forest road. In case C, however,
many rocks reached the lower boundary of the test site
(Fig. 10c). There, the velocities of the rocks were still
approximately 20 m/s.

7. Discussion

The protection forest that covers the study area is
almost continuously under attack by rockfall, but
especially during the spring and after heavy rain.
Therefore, we consider water infiltrating in joints
and frost shattering as the main trigger for rockfall
in the study area. The primary cause, however, that
rockfall source areas occur in the study area is because
of the effect of glaciations during the Pleistocene
glacial periods. Glacial erosion of competent geo-
logical formations resulted in oversteepened slopes.
Postglacial relaxation of these slopes led to the devel-
opment of tensional fissures and rock creep, which
causes additional destabilisation of the original slopes.
The steep slope gradient in combination with the
unfavourable dips and dip directions of the major
joint sets and the bedding planes in the study area
leads to breaking out of mainly relatively small rocks
(largest diameter between 0.25 and 0.5 m). Rocks in
the bottom parts of the cliff face break out first;
subsequently, this process slowly migrates up along
the cliff face. This preferentially occurs in relation to
the tensional fissures along the steep valley slopes.

At the intersection of the cliff face and the largest
fissures, three major denudation niches have devel-
oped. From these niches, large amounts of detached
material have been removed, deposited and conse-
quently forming large talus slopes. In the lower zone,
below the lower forest road, many fossil rock accu-
mulations were found. This suggests that these accu-

mulations were largely built up during a nonforested
period. In the Alps, the Late Glacial or even the Early
Holocene is known for its intense frost shattering, lack
of forests and unstable (rock) slopes (Flint, 1971; De
Graaff et al.,, 1989). The rock material probably
moved downslope as rock avalanches, debris flows
and rockfall.

The accumulation area below the denudation
niches consists of large identifiable talus cones that
gradually fuse into one another down the accumula-
tion slope. At present, the rockfall activity within the
denudation niches is comparable to the other steep
cliff faces on the nondissected mountain face between
the large denudation niches. The latter currently
produce rocks that fall down and fill up local depres-
sions between the larger talus cones in the upper part
of the study area. Rocks originating from the large
denudation niches fall down the slope into the forest
and stop in local accumulation areas where the surface
roughness is high because of previously deposited
large rocks. Another observed feature is that rocks
accumulate behind standing trees or felled trees that
lie diagonally or perpendicular to the slope direction.
Small rocks are deposited in the upper part of the
accumulation area or even in the transport channel of
the niches. Occasionally, rocks originating from the
niches fall all the way down the existing transport
channels, which have been denuded of trees by both
snow avalanches and rockfalls, underneath the denu-
dation niches.

Our simulation model, which was developed using
the obtained field knowledge, confirmed the above-
mentioned observations for the modelling test site.
This model showed that, in decreasing order of
importance, firstly, standing and felled trees, secondly,
the surface roughness and, thirdly, the rockfall resist-
ant shrubs are the determining factors for the distri-
bution of rockfall-affected areas in our test site. As
mentioned before, only a relatively small number of
rocks fall through the transport channel, but rocks that
do so gain a high velocity because the surface rough-
ness in the channel is low and trees or shrubs are
absent. The latter is due to the fact that falling rocks
destroy seedlings. In addition, snow creep and snow
avalanches starting in the denudation niches also
contribute to restriction of growth or even removal
of seedlings. An increased tree density, both in the
transport channel and in the source area, could reduce
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the impact of all these disturbing processes. In short,
the degradation of the protection forest in the area
underneath the denudation niches is a self-reinforcing
process, which needs to be reversed.

Both the simulation results and field observations
showed that many falling rocks stop within the upper-
forested part of the accumulation area. Though, a
point of attention is the lack of regeneration of the
forest, which is needed to provide backup and ensure
protection in the future. If this situation does not
improve and the forest continues to break down, a
similar self-reinforcing process is to be expected in the
whole study area as in the earlier-mentioned transport
channels underneath the denudation niches. We simu-
lated these situations by using, firstly, 50% of the
current forest density and, secondly, by simulating no
forest cover at all. The results showed that a reduction
of the tree density by 50% increases the rockfall
hazard to some extent, but an absence of the forest
cover resulted in rocks reaching the main valley and
thus significantly increased the rockfall hazard. Again,
to prevent this situation, the primary forest manage-
ment goals in the area should be to increase the
regeneration and to create opportunities for trees to
cover the transport channel. To achieve the latter,
temporary protective measures against rockfall have
to be taken in the denudation niches such as the
construction of wooden barriers by placing felled trees
slightly diagonal to the slope direction. By doing this,
the velocity of falling rocks will be reduced, but
transport will continue in a more controlled manner.
This prevents accumulation of rock material on the
slope, in contrast to most technical rockfall protection
constructions. Another advantage is that the decaying
felled trees provide excellent seedbeds for seedlings,
which could stimulate regeneration. Promotion of
regeneration is the second important forest manage-
ment goal in the area. Hunting management has a
large responsibility in this as well because this can
protect seedlings against excessive browsing.

The model developed in this study simulated rock-
fall for a static, given situation both regarding the state
of the forest and the slope characteristics. Progress
could be made by coupling rockfall simulation and
forest growth in a dynamic model. Such a model
would be more suitable to test forest management
interventions and its effect on the future protective
function of the forest. The dynamic rockfall model

should incorporate changes of surface characteristics
due to deposition of material, like an increase in the
surface roughness. Furthermore, the same model
could calculate damages on trees. This could be taken
into account in the dynamic forest growth model in
which regeneration, growth and breakdown are simu-
lated. This would change the initial tree distribution
and therefore indirectly the distribution of active
rockfall tracks. To simulate tree damages caused by
rockfall impacts more accurately, a better character-
isation of the mechanical behaviour of a tree after a
rock impact is needed in the developed model. The
experimental data required for this characterisation are
currently lacking and need to be investigated.

Regarding the coefficients of restitution in our
model, stochastic simulation enables us to model
realistic value ranges. An example is the Monte Carlo
simulation, where minimum and maximum values of
the coefficients of restitution are determined by the
outcome of a dynamic coupled forest growth—rockfall
model, in which the spatial covariance between the
surface roughness and the distribution of both stand-
ing and lying trees is represented.

8. Conclusions

The slope gradient, the various geological forma-
tions and their geotechnical properties of the bedrock
are the main controlling factor for rockfall in the study
area. The potential rockfall source areas were mapped
at 1:2000 and used in the developed rockfall simu-
lation model. The results showed that the current
accumulation patterns throughout the study area could
be modelled accurately. On the basis of a developed
formula for estimating the tangential coefficient of
restitution and the model tests, we conclude that, in
decreasing order of importance, standing and felled
lying trees, the surface roughness and rockfall resist-
ant shrubs primarily determine the distribution of
rockfall-affected areas in the test site used for simu-
lation modelling within the study area. Deposits of
older events such as rock avalanches, debris flows as
well as rockfall were identified and mapped in the
lowest parts of the accumulation area. Model simu-
lation of the current field situation produced consid-
erable shorter rockfall runout zones due to the
protective function of the forest. The simulation test
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without a forest cover produced rockfall similar run-
out zones as the older rockfall events. The tests
showed that these events occurred under different
conditions than the current ones. We assume that the
lowest deposits in the accumulation area are related to
events that occurred in the Late Glacial or Early
Holocene. Finally, we believe that a combined field
research and modelling approach as applied in this
study is a prerequisite for better understanding the
dynamics of rockfall on a forested slope. For a better
understanding of the feedbacks between rockfall and
forest growth, for example, to predict the long-term
effects of forest management interventions, we rec-
ommend the development of a dynamic rockfall—
forest growth model.
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