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Rockfall causes a large number of accidents and fatalities in steep environments. A realistic quantification of
rockfall risk is thus crucial for an effective prevention of damages and loss of lives. The estimation of rockfall and
block volumes for different return periods thereby remains a major challenge. In this paper, we present a
straightforward rockfall frequency model (RFM: Rockfall Frequency Model) and its application at 8 different sites
at 7 locations in the Swiss Alps. The RFM assumes that the magnitude-frequency relationships of rockfall events
and blocks follow a power law. The parameters of this distribution are estimated based on a simple classification
of rock structures and on field inventories. Beside the block volume frequency, which is very sensitive to the
consideration of large rockfall events, the frequency of rockfalls with at least one block with a minimum volume,
is determined. The block size distributions measured in this study were well captured by power laws. The rockfall
and block volumes calculated with the RFM were generally slightly higher than the scenarios of the official
hazard assessments. The uncertainty analysis, however, revealed a high variability of the release scenarios with
respect to the parameters of the RFM, increasing with the return period. Both, the rockfall volumes and the block
volumes, are particularly sensitive to the estimated exponent of the power law distribution of the rockfall events.
Nevertheless, the proposed RFM provides an objective and transparent approach to derive magnitude-frequency
relationships of rockfall events and individual blocks even if historical inventories are missing or insufficient and
is thus a promising alternative to merely expert-based approaches.

1. Introduction

one or several scenarios which represent estimates of different event
magnitudes (release volumes) and return periods, based on geological

Rockfall is a frequent natural hazard in steep, mountainous envi-
ronments endangering settlements and infrastructure (Guzzetti, 2000;
Loew et al., 2021). Its occurrence is affected by many uncertainties and
thus hardly predictable. For this reason, together with the generally high
impact intensities, rockfall causes high costs compared to other land-
slide types (Arnold and Dorren, 2015; Ferrari et al., 2016). A realistic
quantification of rockfall risk is crucial for an effective and efficient
prevention of economic damages and loss of lives. Although rockfall
trajectory models allow for an increasingly precise calculation of rock-
fall runout zones and the kinetic energies of blocks (Agliardi and Crosta,
2003; Bourrier et al., 2009; Dorren et al., 2006; Christen et al., 2012),
the estimation of realistic block and event volumes as well as their
release frequencies remain a major challenge. They are often based on
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surveys of the rock cliff and (scarce) inventory data. In the past, a few
analyses of rockfall frequencies based on long-term historical in-
ventories have been published (e.g., Hungr et al., 1999; Dussauge-
Peisser et al., 2002; Eckert et al., 2020; Melzner et al., 2020). De Biagi
et al. (2017) combined the analysis of available historical data with a
survey of detached blocks in a probabilistic method to determine the
rockfall magnitude-frequency relationship. The problem with inventory
data is that i) observation periods are often short and thus the statistical
representativeness is questionable (Hantz et al., 2020) and that ii) they
are usually registered at the element at risk and often only in case of
damages and, thus, rather represent the occurrence frequency at the
element at risk than the release frequency. However, release frequencies
are required to realistically quantify the rockfall risk for a specific
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element at risk and for a variation of propagation settings (e.g., with or
without protection measures) (Lari et al., 2014; Moos et al., 2018). Other
approaches are based on the analysis of remotely sensed data (e.g.,
Guerin et al., 2014; van Veen et al., 2018; Umili et al., 2020) or den-
drogeomorphological analyses (Mainieri et al., 2019; Stoffel et al.,
2005). Farvacque et al. (2021) proposed a method to estimate rockfall
release frequency combining field-based data from rockfall protection
barriers and tree-ring records of past rockfall activity with process-based
modeling approaches. They found a good agreement between release
frequencies determined from tree-ring analyses and obtained from rock
deposits in the protection barriers. However, the mentioned approaches
are often very cost- and time-intensive and/or rely on a large amount of
(often unavailable) data and are, thus, not applicable in current practice.
Engineering consultancies in charge of hazard assessments are generally
limited in time and resources and thus rely on straightforward ap-
proaches and methods to determine rockfall release frequencies. These,
however, often sacrifice in accuracy and objectivity.

Based on the analysis of the rockfall frequency and magnitude in a
range of rock cliffs, Hantz et al. (2020) and Loew et al. (2021) proposed a
power law based model for the determination of rockfall magnitude-
frequency relationships aiming at a more objective approach for prac-
titioners. It assumes that both, the releasing masses of rockfall events as
well as the individual blocks of a rockfall event resulting from first
fracturing follow a power law distribution. The parameters of these
distributions are determined using a simple classification of rock struc-
ture in combination with field measurements of blocks. In this study, we
applied and tested the proposed rockfall frequency model (RFM) at 8
different sites at 7 locations in the Swiss Alps. The calculated frequencies
of rockfall events and the derived block volumes were compared to
release scenarios of official hazard assessments. Additionally, the
sensitivity and uncertainty of the derived rockfall scenarios regarding
the parameters of the RFM were assessed.

2. Rockfall frequency model

The frequency of the detachment of rockfall events (hereafter called
“release frequency™) is subject to a wide range of uncertainties and can
hardly be predicted in a deterministic way. Thus, statistical models are
often used to approximate the onset frequency of a rockfall event of a
given size. Power law distributions have been proven to fit well the
magnitude-frequency relationship of the released rockfall events and the
released blocks, respectively (Hungr et al., 1999; Dussauge-Peisser et al.,
2002). The spatio-temporal release frequency of rockfall events (intro-
duced by Hantz et al., 2003a) can be expressed as:

Fu(V) =A, V2 (€Y

Fs(V) is the number of rockfall events releasing per year and hectare.
A represents the activity of the rock cliff and corresponds to the fre-
quency of rockfall events with a volume > 1 m® per hectare of the rock
cliff. B characterizes the volume distribution and depends on the
geological structure. It mainly varies between 0.4 and 0.8 (Brunetti
et al., 2009). Eq. 1 applies up to a maximum possible rockfall volume,
which depends on the size and the geological structure of the rock cliff.

By multiplying Fg with the surface S of the rock cliff, we get the
temporal frequency of the considered cliff Fy(V):

F,(V)=SxA,VE (2)

The volume of a rockfall can be determined by comparing the pre-
failure and post-failure surfaces in the cliff or by estimating the vol-
ume of the deposit of an event. A rockfall event is defined as the
detachment of a rock volume between two different points in time. Van
Veen et al. (2017) and Williams et al. (2019) pointed out that neigh-
boring events occurring within a single monitoring interval are often
recorded as one. Thus, the volumes of the rockfalls occurred in a cliff and
their distribution depend on the monitoring interval, which must be
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considered by the users of a rockfall volume-frequency relation.

A rockfall event is generally composed of fragments. The volume
distribution of these single blocks can also be approximated with a
power law distribution (e.g., Hantz et al., 2016; Ruiz-Carulla et al.,
2017; Moos et al., 2018):

fuv) =agw™ ©)]

where f; is the release frequency of blocks per year and hectare. The
parameter a corresponds to the number of blocks larger than 1 m3 per
year and hectare. The uniformity parameter b is generally larger than
the parameter B of the event distribution (between 0.5 and 1.5; Mavrouli
et al., 2015).

2.1. Frequency distribution of blocks

By integrating the volume-frequency relationship of the rockfall
events over the frequency with consideration of a maximum possible
rockfall volume, the retreat rate R of the cliff can be calculated (Eq. 4;
Hantz et al., 2003b, 2020). The latter describes the total eroded volume
of a cliff per time and surface of the cliff (in mmyr™1). It is usually
assessed based on inventory data (e.g., Allen et al., 2011), comparisons
of historical and recent photographs (e.g., Ravanel and Deline, 2010) or
laser scanning (e.g., Mohadjer et al., 2020).

Ay (1-B) AyB —-B)

R= (1 — B)VMAX - (1 _B)V}E/;IN (4)

Vmin is the minimum considered volume and Vjjax the maximum
possible volume. By considering a maximum possible rockfall volume,
rare events are taken into account (assuming the power law is valid up to
this volume). Analogously, the retreat rate can be calculated from the
volume-frequency relationship of the block volumes:

, a, _ agb _
R~ ©

With vpax being the maximum possible block volume and vy the
minimum considered block volume. The integration of the block vol-
umes is not always convergent for a volume of 0 m® (because b can be
bigger than 1) and, thus, minimum block and event volumes have to be
determined. In case the parameters Ay, B, Vyax and b are known, the
parameter ag can be calculated by equating the two retreat rates:

R(1—D)

ast = W (6)

Vmax  — b";)r;zf )

The above explained model allows for characterizing the frequency
distribution of block volumes. It is an “overall frequency” including the
blocks theoretically falling during all potential rockfall events. It is
obvious that the large number of blocks in the very big and rare events
strongly influence the block volume frequency. This exemplifies that
block releases are not independent events, and their onset probability
cannot be modelled using a Poisson or binomial distribution (Hantz
et al., 2021).

2.2. Frequency of rockfall events and maximum block volumes

Besides the overall release frequency of blocks, the frequency of
rockfall events including at least one block of a given minimum volume
or, inversely, the maximum block volume for a given rockfall frequency
are of particular interest in hazard management. For this, it is necessary
to determine the maximum probable block volume (and the number of
blocks of this volume) as a function of the rockfall event volume.

The volume V of a rockfall event can be obtained by integrating the
volumes of the individual blocks between a minimum volume vy and
the maximum possible volume vysx (regardless of V; Eq. 7). The mini-
mum block volume must be strictly positive since the integral would not
converge for b > 1 if vy = 0. Thus, we assume that the rockfall volumes
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are estimated by counting only the blocks with volumes bigger than
VMIN-

__ a4 awn__4ab
V= 1- b)"MAx 1- b)"MlN @
For a given rockfall volume V and a known b value, the parameter a
is:
V(l-b
PR AT 8)

Vi — bvik

By calculating the parameter a for a given rockfall volume V and b
value, the block volume distribution can be known. If n(vyax) > 1, the
number of blocks with volume vyax in the rockfall event is the integer
part of a*v}\l/’[AX. If n(vyax) < 1, the biggest occurring block has a volume
Vmax(V) = al’ b, which is lower than vysx (Fig. 1).

In hazard and risk analysis, rockfall and block volumes are usually
required for a set of scenarios of different return periods (or fre-
quencies). The rockfall volume of a given frequency F; can be calculated
based on the rockfall frequency distribution (Eq. 2):

Ast*S\ /%
vie) - (M52
t

Note that V(Fy) is a function of B that is decreasing if (As+*S/Fp > 1 or
increasing if (As*S/Fy) < 1. It must be checked that V(F, is smaller than
the maximum possible rockfall volume (Vjzax).

For the rockfall volume of frequency F, the number of blocks of vyjax
(in case n(vpax) > 1) or the volume of the largest occurring block vyax
(in case n(vpax) < 1) can then be calculated. In this study, we calculated
event and block volumes for four return periods of 10 yrs. (F; = 1/10),
30 yrs. (F;=1/30), 100 yrs. (F; = 1/100) and 300 yrs. (F; = 1/300).

9

3. Methods
3.1. Parameter estimation

3.1.1. Maximum possible rockfall volume and maximum block volume
The maximum possible volume of a rockfall V4 has to be consid-
ered if the rockfall volume-frequency relationship is extrapolated to rare
events. It depends on the size of the rock wall (height, width), its
morphology (slope angle and aspect) and on the structure of the rock
mass (dips, dip direction, size and spacing of the discontinuities).
Corominas et al. (2018) presented two standard approaches to assess the
maximum possible (or credible) rockfall event, which can be bigger than
the largest event of a potentially available historical inventory. The first
one (inductive) consists in searching morphological evidence of passed
rockfall events (deposits and scars left at the source). It allows for
considering a period that is longer than the one covered by the historical
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inventory, but which is nevertheless limited. The second approach
(deductive) consists in defining the maximum rockfall volume from the
available data on the topography and internal structure of the rock cliff.
The structure can be considered either statistically (identification of
discontinuity sets) or deterministically (identification of individual po-
tential sliding planes). Examples are given in Jaboyedoff et al. (2009),
Mavrouli et al. (2015), Corominas et al. (2018) and Jaboyedoff et al.
(2020).

Here we propose a simple method based on Hoek and Bray (1981) to
be used when the geological structure is barely known. The model as-
sumes a critical plane (or wedge) that outcrops at the base of the slope
and a simplified geometry of the slope to determine the maximum
possible volume of a slide. The critical sliding surface can be determined
from a structural analysis of the rock mass (Fig. 2a). When there is no
structural analysis, we assume that sliding may occur on a plane having
the minimum dip (to maximize the sliding volume), but which is suffi-
cient for sliding to occur (Fig. 2b). We propose values of this “minimum
slide dip” based on the surface condition of the potential sliding plane
(or wedge) as defined by Hoek and Marinos (2000), Marinos and Hoek
(2001) and Hoek et al. (2005) (Table 1). It can be adjusted based on
expert judgment. It is important to note that for sliding planes with low
dips (10°- 20°), the hypothesis of an infinite extension is too conserva-
tive because a tension crack usually bounds the sliding mass. The width
of the biggest possible slide is assumed to equal the rock wall height,
since a plane slide is rarely much wider than height (Frayssines and
Hantz, 2006). Rockfall may also result from a topple. However, it can be
assumed that the maximum rockfall volume resulting from a topple is
smaller than the maximum rockfall volume resulting from a slide. It has
to be noted that the simple method proposed here is conservative and
may also include rockslides in the scenarios. The latter typically show
another behavior compared to rockfall and, thus, should be treated
separately in risk assessments. However, the maximum event volume
predominantly influences the overall block frequency in the proposed
model (Eq. 4-6), but it does not influence the calculation of the rockfall
event volumes of a given return period and the associated number of
blocks (Eq. 8-9) as it was applied in this study.

The maximum block volume was estimated by expert judgment
based on the block volume samples measured in the field and inventory
data of past rockfall events. It could also be estimated based on the
structure of the rock mass (Mavrouli et al., 2015).

3.1.2. Parameters Ag and B

The parameter Ay shows the activity of the cliff and B determines the
uniformity of the rockfall volume distribution and depends on the rock
wall structure. It was determined following the classification proposed
by Hantz et al. (2020), who analyzed the rockfall frequency in anaclinal
limestone cliffs and a gneissic cliff in non-permafrost areas of the Alps.
The rockfall frequencies in these cliffs were at such a low level that very

Vsl Rockfall volume (V)
g2 Volume of the biggest block
3 (Vmax) depending on V
3 \ Y max
p ks}
ET < Number of blocks with maximum
= 3 possible volume Vg
> £
=}
Zz
Viax + 1
. : Return
' J period (T)

T(Viax)

Fig. 1. Schematic characterization of the rockfall volume (V), the volume of the biggest block (viay) and the number of blocks with the maximum possible volume
(vmax) in a rockfall as a function of the return period T. Note: These do not depend on Vyax when T < T(Vyax).
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“———_ Maximum possible

rockfall volume
cliff height H vou

Sliding plane with the
minimum slide dip

Slide dip

Fig. 2. The potential sliding plane is determined from a structural analysis if available (a). In this study, the sliding plane with the minimum slide dip was considered
since no structural analysis was available. The minimum slide dip was determined according to the surface conditions (Table 1).

Table 1

Determination of the minimum slide dip according to a categorization of the
surface conditions (based on Hoek and Marinos (2000), Marinos and Hoek
(2001), Hoek et al. (2005)).

Surface conditions Minimum slide

dip
Very good (very rough, fresh and unweathered surfaces) 40°
Good (rough, slightly weathered, iron stained surfaces) 35°
Fair (smooth, moderately weathered and altered surfaces) 30°
Poor (slickensided, highly weathered surfaces with compact 20°

coatings or fillings or angular fragments)
Very poor (slickensided, highly weathered surfaces with soft clay ~ 10°
coatings or fillings)

STRUCTURE

O
w

INTACT OR MASSIVE - intact
rock specimens or massive in
situ rock with few widely spaced
discontinuities

o
3

BLOCKY - well interlocked un-
disturbed rock mass consisting
of cubical blocks formed by three
intersecting discontinuity sets

0.7

[>77] VERY BLOCKY- interlocked,
77 partially disturbed mass with
e 7| multi-faceted angular blocks

formed by 4 or more joint sets

BLOCKY/DISTURBED/SEAMY
- folded with angular blocks
formed by many intersecting
discontinuity sets. Persistence
of bedding planes or schistosity

DISINTEGRATED - poorly inter-
locked, heavily broken rock mass
with mixture of angular and
rounded rock pieces

=
©

—
-_—

<—= DECREASING INTERLOCKING OF ROCK PIECES

w

= LAMINATED/SHEARED - Lack
/ of blockiness due to close spacing
//‘ { gﬁ of weak schistosity or shear planes

Fig. 3. Estimation of parameter B based on a classification of the rock struc-
ture. The associated uncertainty is estimated to one class width (+/— 0.2) based

on Hantz et al. (2020). The structure types are derived from Hoek (2007).
Figure adapted based on Hoek (2007) and Hantz et al. (2020).

few neighboring events were recorded as one with a monitoring interval
of one year. In the classification, six main structure types are distin-
guished (Fig. 3). The parameter A, depends on the spacing of the main
joint set of the rock wall (Hantz et al., 2020). The analyses of inventory
data imply that a metric distance of the spacing corresponds to a Ag
value between 0.01 and 0.1 and a decimetric distance to a Ay value
between 0.1 and 1. Ay can be estimated using the following equation
(Hantz et al., 2020):

A, = 10780107 (10)
whereas s is the average spacing of the main joint set in the rock wall.

3.1.3. Parameter b

The uniformity parameter b of the block volume distribution was
determined based on block volume samples collected in the field. For
each case study site, we sampled blocks along transects in the deposition
area. Depending on the size of the deposition area, one or several down-
slope transects following the mean trend of trajectories with a length of
20 m were determined, aiming at a realistic representation of the block
size distribution including areas with smaller and larger blocks
(following Ruiz-Carulla et al., 2015; Fig. 4). Along this transect, all
blocks with a volume > 0.05 m? were measured for a transect width of 2
m. To calculate the volume of a block, we measured three edges of the
block and determined a correction factor (f) for the block volume
compared to a perfect cube. For Orvin and Tasch, we used already
available block samples from a recent study (Moos et al., 2018). We then
fitted a power law distribution to the measured volumes based on least
squares to derive parameter b. The degree of precision of the estimates of
the parameter b was determined through a bootstrap analysis (Ben-
goubou-Valérius and Gibert, 2013; De Biagi et al., 2017). We fitted the
parameter b for 10’000 bootstrap samples of the block volumes and
determined the 95%-confidence intervals of the estimates.

3.2. Test sites
The RFM was elaborated and tested for eight rock cliffs at seven lo-

cations in Switzerland (Fig. 5). The sites were selected based on the
following criteria:

/

Deposition Distribution Tr. 1

=]
N

Distribution Tr. 2

Transects

Distribution Tr. n

Fig. 4. Block size distributions were determined based on block samples along
transects in the deposition area. Blocks with a volume > 0.05 m®
were measured.
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Flaschg

Bodio g

Morcote

Fig. 5. Overview of the test sites. In Flasch, two different rock cliffs were analyzed.

i) The rock cliffs have different lithologies;
ii) There are block deposits on the slope;
iii) There are existing official hazard assessments available and if
possible, inventory data on past events.

Three of the sites are in the canton of Valais (Swiss Western Alps),
one in the canton of Bern (Jura), one in the canton of Grisons (Swiss
Eastern Alps) and two in the canton of Ticino (Swiss Southern Alps). The
main characteristics and available data are summarized in Table 2. The
scenarios of the official hazard assessment are mainly expert based with
large differences in the underlying data basis. Images of the release areas
can be found in Appendix A.

3.3. Sensitivity and uncertainty analysis

We quantified the uncertainty and sensitivity regarding the param-
eters Ag, B, b, Viyax and vyax and the surface of the cliff S for the

Table 2

calculated release scenarios based on a Monte Carlo approach. We
determined the following “error margins” for the parameters based on
expert judgment:

A variation by a factor 2 (1/2*Ag; - 2*Agp).

B: variation by +/— 0.2 (one class width; Fig. 3).

S: Variation by +/— 20%.

b: variation between lower and upper bound of the bootstrap con-
fidence intervals (see section 2.3.3).

vmax: variation by +/— 30%.

Vmax: variation by — 50% (calculated Vi, is regarded as the upper
possible limit).

At each iteration of the Monte Carlo analysis, parameter values were
randomly sampled from these ranges following a uniform distribution
and the rockfall volume (V(Fy)) and the maximum block volume vy,qyx (F)
were calculated. This was repeated 10,000 times. Finally, we calculated
the mean, median and standard deviation of the derived rockfall event
and block volumes.

Description of the test sites used in this study with the estimated spacing of the main joint set (s) and the block/event scenarios of the official hazard assessments.

Site Main lithology Cliff surface S [ha] estimated spacing Block/event scenarios of the official hazard Other sources than official hazard analyses
and average cliff of the main joint s assessments with return period (1 = 10 yrs.; 2
height [m] [m] = 30 yrs.; 3 = 100 yrs., 4 = 300 yrs)
Bodio Ortho gneiss 9.4/80 0.3-0.4 0.4m®(1); 3.0 m® (2); 20 m® (3); 270 m® (4) -
Flasch 1 Siliceous 21.9/50 0.1-0.2 10.3m® (1); 15 m® (2); 21 m® (3); 256 m® (4) -
limestone
Flasch 2  Limestone 3.7/50 0.1-0.2 1.125 m® (1); 2.25 m® (2); 5m® (3); 256 m® -
breccia “4)
Morcote  Ortho gneiss 0.3/20 0.2-0.3 Hazard assessment without release scenarios -
Nax Dolomite 3.7/100 0.1-0.2 0.3m>(1); 0.3m*®(2); 2-4m>(3); 2-4m*(4) -
Orvin Bioclastic 1.7/100 0.3-0.4 0.5m3 (1); 1.2 m® (2); 4 m® (3); 9 m® (4) Release frequencies derived from
limestone dendrogeomorphological analyses (Moos et al.,
2018)
Simplon  Ortho gneiss 8.3/100 0.3-0.4 0.1 m®(1); 0.5 m® (2); 150 m® (3); 150 m® (4) -
Tésch Amphibolite/ 17 /100 0.2-0.3 5-10 m® (1); 5-10 m® (2); 10-20 m* (3) Release frequencies derived from

gneiss

dendrogeomorphological analyses and deposits in
rockfall barriers (Moos et al., 2018)
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To determine the contribution of each parameter to the overall
output uncertainty, we used the least square linearization (LSL; Lei and
Schilling (1996)). LSL splits output uncertainty into its sources based on
a multiple regression between the parameter deviation from the mean
and the output (Verbeeck et al., 2006). It enables calculating uncertainty
coefficients of all parameters, based on which they can be ranked
regarding their influence on the overall output uncertainty.

3.4. Comparison to hazard scenarios

A major challenge of implementing the RFM is its validation since
data on past events is generally missing or of insufficient quantity or
quality. The rockfall release scenarios determined in this study were
compared to i) release scenarios of official hazard analyses determined
by engineering consultancies; ii) release frequencies determined based
on a combination of dendrogeomorphological analyses and rockfall
deposits published in a recent study for the sites Orvin and Tasch (Moos
et al., 2018). The available data and applicable validation approaches
per site are summarized in Table 2.

4. Results
4.1. Parameter estimations

The parameter Ay was estimated between 0.05 yr’1 ha™! (Bodio;
Table 3) and 0.3 yr_1 ha~! (Flasch 1 & 2; Nax). The parameter B ranged
between 0.5 (Bodio) and 0.9 (Nax). The maximum possible volumes
were estimated between 8000 m> (Morcote) and 680’000 m3 (Nax;
Table 3).

The block size distributions of all sites were well captured by the
power law distributions (R? between 0.82 and 0.98). The fitted b values
vary between 0.69 (Bodio; Table 3 and Fig. 6) and 1.69 (Nax). The un-
certainty associated with the b estimates, as represented by the bootstrap
confidence intervals in Table 3, substantially increases with decreasing
block sample size (e.g., Morcote and Nax). There seems to be a tendency
that b values are higher for limestone and dolomite compared to gneiss.
Furthermore, b tends to increase with increasing B (Fig. 7).

4.2. Release scenarios

The calculated block and event scenarios are reported in Table 4 and
Fig. 8-10 for the different return periods. For the small return periods,
the block sizes are usually in a comparable range with the scenarios of
the official hazard assessment, but generally slightly larger. The differ-
ence increases with the return period (Fig. 8). For all sites, the standard

Table 3

Estimated values per site for the parameters Ay, B, b, viax and Vyax of the RFM.
for parameter b The 95% bootstrap confidence interval (conf.b) and the block
sample size (n) is given in brackets.

Site Ag [yr’1 B Vmax b (conf.b) (n) VMAX
ha™] [m’] [m’]

Bodio 0.05 0.5  290'000 0.69 (0.63, 0.79) 300
(70)

Flasch1 0.3 0.8 70000 0.77 (0.71, 0.84) 50
(50)

Flasch 2 0.3 0.8 70’000 1.45 (1.40, 1.50) 20
(118)

Morcote 0.2 0.8 8000 0.93 (0.73,1.07) (5) 20

Nax 0.3 0.9 680000 1.69 (1.59, 1.92) 20
21

Orvin 0.1 0.8 570000 1.05 (0.99, 1.10) 20
(209)

Simplon 0.1 0.7 570000 0.93 (0.89, 0.98) 50
(82)

Tasch 0.15 0.8 570000 1.04 (1.01, 1.07) 50
(1313)
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deviations calculated by means of the Monte Carlo simulations are
relatively high, indicating a large parameter sensitivity (Table 4). The
variability of the event and block volumes also substantially increases
with the return period (Figs. 9 & 10). For certain sites, the maximum
possible block volume is already reached for return periods of 30-100
years, leading to an “asymptotic” trend in Fig. 10 (e.g., Flasch 1 or
Bodio). Tthe highest sensitivity of the block volumes was found to
parameter B and partially the parameter Ay as well as the cliff size for
return periods of 100 and 300 years. The event volumes are also most
sensitive to parameter B except for the sites of Morcote and Orvin
(Fig. 11).

5. Discussion and conclusion

Determining realistic rockfall release frequencies is crucial for an
adequate assessment of rockfall risk. Practitioners derive rockfall release
scenarios often rather subjectively and uniform approaches and con-
cepts are generally missing. The rockfall frequency model (RFM) applied
in this study provides an objective and transparent approach to derive
magnitude-frequency relationships of rockfall events and individual
blocks even if historical inventories are missing or insufficient. It also
allows for the determination of the frequency of rockfalls with at least
one block with a minimum volume. It is a promising alternative to
merely expert-based approaches for the following reasons: i) It requires
only few parameters that are estimated based on simple schemes. This is
a perfect precondition for its practical implementation; ii) the RFM as-
sumes that the magnitude-frequency relationships for rockfall events
and the individual blocks of an event can be characterized by a power
law distribution. A wide range of studies evidence that this assumption is
rather realistic (e.g., Hungr et al., 1999; Dussauge-Peisser et al., 2002;
Ruiz-Carulla et al., 2015; Hantz et al., 2016), implying that the resulting
frequencies are reliable. The comparison to the official hazard assess-
ments in this study showed that this is not necessarily the case for the
expert-based rockfall scenarios, where volume distributions were
partially rather arbitrary; iii) the RFM provides an explicit quantifica-
tion of the release frequency, whereas approaches based on inventories
at the element at risk (e.g., De Biagi et al., 2017) only allow for the
determination of the occurrence frequency at the elements at risk.
Knowing the release frequency enables evaluating rockfall risk for
different propagation scenarios, which is particularly relevant for haz-
ard and risk assessments evaluating protection measures.

The block volume distributions of all study sites were well repre-
sented by power law distributions, indicating the scale invariant char-
acter of rock fragmentation (Turcotte, 1986). The fitted b values lay in a
range that is similar to the range reported by Hantz et al. (2020) (0.47,
1.37), except the b value for Nax that is significantly higher (1.69). This
suggests that dolomite gives a more uniform block volume distribution
than the other rocks reported by Hantz et al. (2020). Two sites (Nax,
Flasch 1) have higher b values compared to the range (0.63-1.29) ob-
tained by Lanfranconi et al. (2020), who also found a different trend in
the lithology dependence. The value of the parameter b depends mainly
on the geology of the cliff, and fragmentation is often caused by frac-
turing along pre-existing weak joint planes (e.g., Lin et al., 2022).
Additionally, the fall height of the blocks plays a role (De Blasio and
Crosta, 2015; Ruiz Carulla et al., 2016). Surprising is the large difference
of the b values of the two neighboring sites Flasch 1 (b = 0.77) and 2 (b
= 1.45). They, however, differ in their lithology, which could explain
the differing fragmentation behavior. While Flasch 1 is composed of
siliceous limestone (with partly marly rocks), Flasch 2 is composed of
limestone breccia and marly rocks. Furthermore, the block sample size
of Flasch 1 is distinctly smaller than for Flasch 2, which could have led to
a bias in the estimation.

The method used in this study for taking block samples in the field is
a simplification of the approach proposed by Ruiz-Carulla et al. (2015).
It is little time-consuming, easy to implement and requires only a couple
of hours per site, depending on the site characteristics and accessibility
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Fig. 6. Block volume distributions of the sampled blocks per site (with logarithmic axes), fitted linear regression (red) with coefficients and the bootstrapped
regression models (grey). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

and assuming that a sufficient number of deposited blocks is available.
The comparison of fitted b values for different transects at two sites
(Appendix B) exemplifies that the representativeness of the selected
transects for the total block size distribution is more important than the
number of measured blocks. It is thus difficult to indicate a minimum
number of blocks to be measured. In case of large screes, measuring
multiple transects representing different homogeneous deposition zones
(cf. Ruiz-Carulla et al., 2015) is required. The comparison of the b and B
values indicates a positive relationship between the two parameters,
meaning that an increasing fracturing of the rock mass (increasing B)
also results in a stronger fragmentation of the released volumes. Pur-
suing the systematic assessment of b values for other sites and for
different geologies will possibly underpin potential relationships

between the parameters and the main geological units.

The temporal frequencies and the volumes for different return pe-
riods depend on the release area and they increase with the considered
cliff width. The comparison with the scenarios of the hazard assessments
shows that the latter not always considered or underestimated the in-
fluence of the cliff size, since the difference between the RFM scenarios
and the scenarios of the hazard assessments increase with increasing cliff
size. The temporal frequencies and the volumes for different return
periods depend on the height and the width of the considered cliff.
Usually, the entire height of the cliff has to be considered, whereas the
width to consider depends on the element at risk, which is not neces-
sarily affected by the entire width of the cliff. For example, it may be the
length of a road that run under the cliff. The occurrence frequency for



C. Moos et al.

Nax
[
1.51 Flasch 2
€]
® dolomite
a 1.2 .
_ gneiss
Orvin .
P ® limestone
0.9
® Flasch 1
05 06 07 08 09

B

Fig. 7. Uniformity parameters for blocks (b) and rockfalls (B) of the 8 sites per
main geological unit (dolomite, gneiss, limestone).

different block volumes at the element at risk finally depends on their
spatio-temporal release frequencies and their probabilities of reaching
the element at risk (e.g., Corominas et al., 2005; Hantz et al., 2016,
2017, 2021; Moos et al., 2018).

In case the RFM takes rare events into account or if the long-term
erosion rate of a cliff shall be estimated, it is further necessary to esti-
mate a maximum possible rockfall volume. We here used a rather simple
approach since little data on the cliff structure was available. Mavrouli
and Corominas (2020) proposed a probabilistic methodology to assess
the penetration of sliding planes into the slope, which is expected to
deliver more precise results.

The sensitivity and uncertainty analysis revealed a high variability of
the release scenarios with respect to the parameters of the RFM,
increasing with the return period. Both, the rockfall event volumes and
the block volumes, are particularly sensitive to the parameter B. Only
the sites of Morcote and Orvin had the largest uncertainty coefficients
for the parameter A for return periods between 10 and 100 yrs. This can
be explained by the relatively small cliff sizes of these sites and thus an
increasing V(Fp) with increasing B for small return periods (see Eq. 9 and
Appendix C).

Variations in the range of one or half a class width in the structure
classification scheme for the determination of parameter B can result in
large variations of the rockfall or block volume, especially for rare
events (return period >100 yrs.; Appendix C). A more unambiguous and
simple applicable method to determine parameter B is required for a
practical implementation of the RFM. Additionally, the B parameters
have to be further tested for their validity, since the classification
scheme was developed based on inventory data from different sites in
France, mainly limestone cliffs (Hantz et al., 2020) and might not be
equally valid for the considered sites.

The main drawback of the here proposed rockfall frequency model is
the difficulty to validate it properly since long-term measurements of
release frequencies are generally rare. The expert-based release sce-
narios used for comparison in this study are themselves subject to many
uncertainties and thus cannot be regarded as “true value”. A comparison
to inventory data is also difficult since the rarely available data series are
generally short and incomplete. Furthermore, information on block/
event volumes is often unprecise (i.e., only estimated in classes or un-
clear whether block or event volume). Finally, rockfall inventories
usually cover only events in the deposition area (or even only events that
caused damages) and are thus rather representative for the occurrence
frequency at the element at risk and not the release frequency. Never-
theless, the RFM is a promising and straightforward method to deter-
mine rockfall release scenarios where inventory data is scarce. Further
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Table 4

Calculated rockfall release volumes (V(Fy)) for the four considered return pe-
riods (a=10yrs, b= 30 yrs, c = 100 yrs, d = 300 yrs), number of blocks with the
maximum possible block volume and the maximum block volume for the
respective rockfall release volumes, with medians and standard deviations
calculated based on the Monte Carlo simulation. The last column shows the
block volume scenarios estimated in the official hazard assessments (Viazarq) and
determined based on other sources (for Orvin and Tasch).

Site V(F)/ n(Viax)/ Vimax(F)/ Vhazard [m°]
median/sd median/sd median/sd [m®] (other sources)
[m?]
a)
Bodio 22/29/182 0/0/0.2 1/2/43 0.4
Flasch 1 187/226/512 1/1/3 50/42/15 10
Flasch 2 20/25/28 0/0/0 1/2/1 1.125
Morcote  0.5/0.7/0.3 0/0/0 0.1/0.1/0.1 -
Nax 15/18/14 0/0/0 0.8/0.9/0.4 0.3
Orvin 2/3/1 0/0/0 0.3/0.3/0.2 0.5 (1.4)
Simplon  21/26/41 0/0.1/0.1 3/4/6 0.1
Tasch 57/71/108 0/0.2/0.3 7/8/11 7.5 (50)
b)
Bodio 199/264/ 0/0.3/7 32/48/43 3
4694
Flasch1  738/882/ 4/5/16 50/49/9 15
2900
Flasch 2 81/94/169 0/0.1/0.2 4/4/4 2.25
Morcote ~ 2/3/2 0/0/0 0.3/0.3/0.2 -
Nax 49/59/65 0/0/0 2/2/1 0.3
Orvin 8/10/8 0/0/0 1/1/1 1.2 (7.9
Simplon  99/125/339 0/0.4/1 15/19/18 0.5
Tasch 226/280/628 0/1/2 25/31/17 7.5 (50)
)
Bodio 2210/2883/ 2/3/33 300/264/101 20
13,787
Flasch1  3326/3921/ 18/22/114 50/50/9 21
9423
Flasch 2 360/428/ 0/0.5/1 10/12/12 5
1138
Morcote  13/12/10 0/0.1/0.1 2/2/2 -
Nax 187/227/355 0/0/0 4/4/3 -
Orvin 35/41/55 0/0.3/0.4 4/5/6 3 (46)
Simplon  552/682/ 2/2/12 50/46/13 5
5993
Téasch 1019/1238/ 2/3/10 50/47/11 15 (50)
5599
d)
Bodio 19,881/ 22/301/ 300/297/54 270
26,033/ 12,203
46,474
Flasch1 13,133/ 72/88/685 50/50/9 256 (event)
15,857/
10,682
Flasch 2 14,223/1716/  2/2/8 20/18/4 256 (event)
6150
Morcote  62/45/60 0/1/1 11/8/7
Nax 635/755/ 0/0.2/0.6 8/8/5
1667
Orvin 136/164/322 0/1/2 15/18/16 9 (50)
Simplon  2649/3249/ 9/11/99 50/50/9 5
137'686
Tasch 4023/4882/ 9/11/59 50/50/9 —(50)
143’000

testing at a wide variety of sites and for long-term observations (in the
best case) could help increasing its robustness.
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Appendix A. Rock cliffs of the 8 study sites
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Carlo simulation.
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Fig. A.1: Photographs of the rock cliffs at the 8 study sites.

Appendix B. Comparison of fitted block size distributions based on multiple transects
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Appendix C. Rockfall event volume as function of the RFM parameters based on the Monte-Carlo simulation
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