PROBABILISTIC EVENT-BASED ROCKFALL MODELLING FOR DERIVING
CONTINUOUS INTENSITY-FREQUENCY CURVES IN THE IMPACT AREA
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ABSTRACT

We present a first attempt of probabilistic event-based rockfall simulations with RAMMS::Rockfall for deriving continuous intensity-frequency
curves at the base of the slope. The simulations are based on a probabilistic definition of rocks and their properties in the release area. The
combination of the simulations and the trajectory probabilities is used for determining the hazard at several return periods and for calculat-
ing continuous intensity-frequency curves. The results of this probabilistic rockfall hazard modelling are significantly different compared to

the current approaches, where all possible rocks with only a specific release volume are considered.

INTRODUCTION

In Switzerland, it is common practice to define rock volumes for selected return periods in the release area. These return periods are usually
30, 100, and 300 years, and sometimes also 10 years. For each of the given rock volumes, different rock shapes and rock orientations are
simulated for various release points in the release area. The analyses of these simulations (e.g. the 95% quantiles of rock kinetic energy) are
assigned the return period of the rock volume in the release area. In this paper, we call this the “current approach” of modelling rockfall

hazard. The probabilities at impact are assumed to be equal to the probabilities at release in the current approach.

Integrated risk management as postulated by PLANAT (2018) requires detailed information on intensities of natural hazards at impact. These
intensities are ideally provided continuously for all probabilities or return periods. Such comprehensive information on hazard and the as-
sociated risks (Kleinn et al., 2022) allows robust decision making and balancing of different interests. In the light of climate change, it is of
utmost importance to be able to define protective measures sustainably. We illustrate a possible modelling approach for a comprehensive

hazard analysis based on rockfall modelling. The same approach can be applied to avalanches and other hazards.

This modelling approach provides information on intensities and the associated probabilities at any location in the area of potential impact.
This information can be used for comprehensive risk analyses which serve as a basis for risk dialogue, for determining the accepted risk

together with stakeholders, and for the planning of protective measures.

For deriving intensities and probabilities at impact, we need to define a multitude of rock volumes, orientations, and shapes at release with
their associated probabilities. The simulation of these different rocks allows to derive continuous impact frequency curves at any given
location in the impact area. Such a modelling approach is similar to the probabilistic modelling, which is common practice in several fields
of natural hazards (Bates et al., 2023). Probabilistic Seismic Hazard Assessment (PSHA) is de-facto standard in assessing seismic hazard and

risks (Wiemer et al., 2023) and similar approaches are used in the reinsurance industry for modelling hazards and risks of numerous perils.

METHODS
The example used for illustrating these first attempts of probabilistic rockfall modelling compared to the current approach of hazard analysis

is based on a real topography with hypothetical rock properties.

In the current approach of hazard analysis, rock volumes are defined for different return periods in the release area. In our hypothetical

case, we assume rock volumes for four different return periods: 10, 30, 100, and 300 years (Table 1).

Return period [years] Volume [m3]

10 0.2
30 0.5
100 2.0
300 5.0

Table 1: Assumption of rock volumes at different return periods in the release area.
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For the current approach, several rock shapes, rock orientations and release points are simulated for each rock volume. In our case, these
are two rock shapes, 25 random rock orientations and 100 random release points. This results in 5’000 simulations being performed for each
rock volume. These simulation results are commonly analyzed by plotting the 95% quantile of rock kinetic energies at the grid scale. Such
simulations and analyses are performed for rock volumes of 30, 100, and 300 years of return period. The resulting grids are assigned the

same return period as the return period at release.

The simulation results of the probabilistic approach we propose allow the calculation of continuous intensity-frequency curves for any lo-
cation in the area of potential impact. We perform a large number of simulations, not only based on two rock shapes, 25 rock orientations,
and 100 release points, but also on ten different rock volumes. The total number of simulations therefore amounts to 50°000. The probability
of each simulated rock is derived from the probabilities of its release parameters (volume, location, shape, and orientation). The probabilities

of the simulated trajectories can be used for deriving intensities for the entire range of return periods at every grid cell.

To define the rock volume probabilities, the rock volumes and return periods in the release area can be approximated with a power law,
i.e. by a straight line when plotting the logarithm of the exceedance probabilities versus the logarithm of the rock volumes. We use the rock
volumes and return periods as they were defined before (Fig. 1). A power law distribution of rock volumes has been described by several
authors to be a reasonable description of rock volumes (Williams et al. 2019). To avoid unrealistic large rock volumes at very low probabili-
ties, we use a truncated power law, which has an upper limit of possible values. We define the upper limit to be five times the value of the

300-year rock volume, i.e. 25 m3 (Fig. 1).

0.1 o
z 3
3 .
[ —]
Q
e —
o
3 0.01 5
f :
© =
S .
(9] —
[0}
o —
ai
107° 3
Jo estimated rock volumes
“|—— power law
—— truncated power law
107 T T TTTTT T T T TTTTT1 T T T TTTTT1 T~ T T TTTTT
0.01 0.1 1 10 100

Rock Volume [m%]

Figure 1: Power law (blue line) fitted to the assumed rock volumes for different return periods (blue points) and truncated power law (red line) with a maximum volume of 25 m3 (vertical

red line).

The truncated power law can now be used to derive exceedance probabilities for any number of rock volumes. In our example, we define
ten bins of rock volumes from a minimum volume of 0.05 m3 to the maximum rock volume of 25 m3 with equal bin size in the logarithmic
volume scale (Fig. 2). We use the logarithmic mean of each bin as the representative rock volume. Using the differences in the exceedance

probabilities, we derive probabilities for the bins of rock volumes (Fig. 3).
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Figure 2: Definition of ten rock volume bins from a minimum volume (purple vertical line) to a maximum volume (red vertical line) with their representative volumes (crosses).
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Figure 3: Rock volume bins and their probabilities at release.

Besides the volume of the rocks, we can vary the location of the release, the orientation, and the shape of the rock. For these initial tests,
we assume the probabilities for location, orientation, and shape to be equal. The final probability of a rock trajectory consists of the product

of volume probability, location probability, shape probability, and orientation probability.

For the analyses in the area of potential impact, we use the trajectory probability and the simulated kinetic energy to derive kinetic energies
for various return periods. The maximum of the kinetic energy within the area of potential impact is extracted for each trajectory and these
values are sorted by decreasing kinetic energy. The exceedance probability (inverse of the return period) of the highest maximum kinetic
energy is equal to the trajectory probability. For all other values, the exceedance probability is calculated through the cumulative product of
the probabilities of such an intensity not occurring, using the respective trajectory probabilities. Such analyses are common in the reinsur-
ance industry. They can be performed at any location, on a grid, for individual polygons, or along lines. Polygons can represent buildings

or areas delineated for protective measures and lines can represent streets or train lines, which are crossed by the trajectories.

RESULTS AND DISCUSSION

The analysis of the current approach for rockfall hazard assessments consist of the 95% quantile of the kinetic energy of all trajectories of the
rock volume at a given return period. For our example, 5000 trajectories are analysed for these quantile grids for the return periods of 30,
100, and 300 years. These analyses show a wide spread of affected area covered for each of the three return periods (Fig. 4). The difference

in area covered by the trajectories is almost the same for all three return periods.
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Figure 4: Current approach of rock fall hazard assessment, where the 95% quantile of kinetic energies is calculated from all possible trajectories of 30-, 100-, and 300-year rock volumes

(from left to right).

Gridded analyses of the probabilistic approach at 30, 100, and 300 years return period for each grid cell (Fig. 5) show an increase in affected
area and an increase in maximum kinetic energies with increasing return periods. Areas of increased intensity can be identified in these
gridded analyses. Gridded results for other return periods or continuous intensity-frequency curves at any location can easily be extract-
ed from the simulation results. Continuous intensity-frequency curves can also be derived for an arbitrary polygon, e.g. where protective
measures are planned (Fig. 6). This continuous intensity-frequency curve is based on all trajectories crossing the polygon (Fig. 7). Such
intensity-frequency curves provide intensities for the entire range of return periods. Further resampling of the results allows an estimation

of the epistemic uncertainty or at least of parts thereof.
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Figure 5: Gridded kinetic energies at selected return periods (30, 100, and 300 years from left to right) extracted from the probabilistic modelling.

Figure 6: Polygon at the base of the slope, for which an intensity-frequency curve is derived (Figure 7).
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Figure 7: Intensity-frequency curve of rock kinetic energy calculated for the polygon (Figure 6) together with an uncertainty estimate (dashed lines) based on resampling of the results.
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CONCLUSIONS AND OUTLOOK

The first attempt of this probabilistic rockfall modelling approach has illustrated, that it is possible to disentangle the probabilities at impact
from the probabilities at release. Such a modelling approach provides more detailed results compared to the current approach of rockfall
hazard assessment, which is helpful for different applications. Since each of the probabilistic events is in itself physically consistent, these
events can not only be used for planning protective measures but also for informing emergency services and participants of risk dialogue
about the potential evolution of events. The probabilistic nature of the simulation results can serve as a basis for calculating continuous
loss-frequency curves for comprehensive risk assessments and for weighing up different interests. The approach of probabilistic modelling
can be applied to different hazards (e.g. avalanches or debris flow). The modelling approach is suitable for incorporating climate change

in the hazard assessment.

We will continue pursuing this modelling approach. This probabilistic modelling approach will be validated and checked for plausibility.

Sensitivity analyses should reveal information on the number of simulations needed for robustly determining the hazard.
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