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ARTICLE INFO ABSTRACT

Keywords: Rockfall frequency size distributions are used in Austria for the definition of a design block for the planning of
Rockfall technical rockfall protection. Rockfall size datasets are often incomplete. Here, we study fifteen catalogues of
Mapping methods rockfall size in Austria, Italy, and the USA to analyse the impact of the data collection and mapping methods on
Inve;m)ry the representativeness of the catalogues and on the estimates of frequency-size statistics. To describe and
Catalogue o compare the catalogues of rockfall size, we first use Empirical Cumulative Distribution Functions (ECDFs),
Frequency-size distributions . . . . . . .

Statistics followed by parametric distribution estimates in the form of Probability Density Functions (PDFs), and

Cumulative Distribution Functions (CDFs). We discuss the output of Kolmogorov-Smirnov tests, the position of
the frequency-size distribution rollover, and the p-value and the standard errors associated to the distribution
parameters estimates to determine the reliability of our model results. In addition, we analyse the variations in
the modelled CDFs for different percentiles of the frequency-size distributions to describe and discuss the re-
presentativeness of the rockfall catalogues. Our results show that different mapping strategies may affect the
estimates of frequency-size distribution of rock fall volume, a relevant information when evaluating the possible
impacts of rockfall processes. We conclude offering recommendations for rockfall mapping, and the use and of a
non-parametric statistical method being capable to deal with small datasets, which is very typical when dealing
with rockfall data. Such recommendations help for a correct dimensioning of designing rockfall mitigation

Design block

measures.

1. Introduction

A rockfall is a type of extremely rapid mass movement characterized
by a potentially long travel distance from the release (source) to the
deposition area. Local rock properties and slope geometry condition the
rockfall behaviour, making it difficult to prepare rockfall inventories
with consistent and comprehensive spatial and temporal information.
Methods used to collect information on rockfalls depend on the size and
complexity of the study area, and on the scope and the resources
available for the investigation, and include (i) field mapping, (ii) sys-
tematic search of archives, chronicles, newspapers and technical and
event reports, (iii) visual inspection and in-situ monitoring of rock
cliffs, (iv) interpretation of remote sensing imagery or photogrammetry,
and (v) rockfall dating techniques.

In the literature, different statistical methods were proposed to
analyse spatial, temporal, and size information of rockfalls. Implicitly
or explicitly, all methods require “completeness” and “representative-
ness” of the rockfall catalogues and series (Corominas et al., 2017a; De
Biagi et al., 2017b, De Biagi et al., 2017b; Malamud et al., 2004; Rossi
et al., 2010). However, determining the level of completeness or the
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representativeness of the catalogues and time series is not trivial, and
this can jeopardize the significance of the statistical analyses performed
on the rockfall records.

Published rockfall statistics are rare, covering mostly small areas
(slope scale) and short time periods, and are focused mainly on volume-
frequency analysis or for the definition of a “design block” (Agliardi
et al., 2009; Brunetti et al., 2009; Corominas et al., 2017a, 2017b;
Crosta et al., 2015; De Biagi et al., 2017b; Dussauge et al., 2003;
Dussauge-Peisser et al., 2002; Guzzetti et al., 1994; Lambert and
Bourrier, 2013; Lari et al., 2014; Macciotta, 2014; Malamud et al.,
2004).

In this work, we analyse 15 catalogues with information on the size
of rockfalls obtained using different mapping methods for seven study
areas in Austria, Italy, and the USA. We compare the rockfall in-
formation, and we discuss the impact of the different mapping methods
on the quality, representativeness, and completeness of the size dis-
tributions of the rockfalls.

Different statistical approaches are introduced and exploited to es-
timate frequency-size rock fall statistics. The advantages and limitations
of the different approaches are presented and discussed providing a
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guidance for their proper usage and promoting standard and compar-
able procedures to analyse frequency-size rock fall statistics for the
definition of a design block, which is a fundamental part when it comes
to the planning of technical rockfall protection measures.

2. Background
2.1. Definitions

In this work, we define a “primary rockfall” a rock that detaches from
a rock wall or rock outcrop by sliding, toppling or falling, and a “sec-
ondary rockfall” the remobilization of a previously deposited (rockfall)
boulder, typically on a slope. After detachment, a rock either falls along a
rock wall or moves along a slope by bouncing and flying along ballistic
trajectories, or by rolling and sliding. A rock may fragment into in-
dividual rockfall boulders impacting the ground and/or trees. The
rockfall boulders proceed independently down the slope without inter-
acting with another and having an effect on the propagation mechan-
isms. A rockfall boulder stops when it has lost enough energy.

The “rockfall release area” (“source”, “detachment”) is the area
where the rockfall initiates. The “transport area” (“propagation”,
“transit”) is the section between the “source” and the “deposition area”,
where most of the rockfall travel paths (trajectories) occur. The “de-
position area” (“accumulation”) is the area where most of the boulders
and fragments stop and deposit. In places, separation of the release,
transport and depositional area is uncertain, and the main processes
(detachment, propagation, stopping) coexist (Fig. 1). As an example,
along the transport area a number of boulders and fragments can come
to rest or can remobilised as “secondary rockfalls”, and in the deposi-
tional area individual boulders can travel shorter or longer distances.
The maximum rockfall runout lengths (“maximum runout”) is the
stopping location of rockfall boulders, typically marked by “outlying
rockfall boulders” in the valley floor (Fig. 1).

Information about rockfalls is stored in “inventories”, “catalogues”,
and “records”. These terms are often used synonymously in the litera-
ture. In this work, a “rockfall inventory” is a type of landslide inventory
(Guzzetti et al., 2012) that contains geographical and typological in-
formation on the source, transport, and deposition area of rockfalls.
Information about an individual rockfall or multiple rockfalls can be
extracted from the rockfall inventory database in the form of different
thematic “rockfall catalogues”.

In this work, (i) a “catalogue of rockfall sizes” is a list of volumes of
rockfalls or rockfall boulders, (ii) a “historical rockfall catalogue” lists

Outlying boulders/
maximum
rockfall runout

Fig. 1. Definition of the rockfall process terms. The separation of the release
(A), transport (B) and depositional area (C) is fuzzy, and the main processes
(detachment, propagation, stopping) coexist.
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the time of occurrence of rockfalls, and (iii) a “historical catalogue of
rockfall damage” is a list of information on the consequences of rock-
falls over time. For some rockfalls, detailed temporal and spatial in-
formation and consequences may be existent, thus a combination of
these catalogues is possible. A “historical rockfall record” or a “rockfall
time series” show rockfalls over time for a given region, detailed spatial
information is not always available.

We define a “rockfall scenario” as a potentially damaging rock block
(boulder) size (volume), and its consequences. According to ONR
24810:2017 (2017), a “design block” refers to the return period of a
block with a certain size (volume). “Rockfall magnitude” is used as a
synonym for the rockfall volume, velocity or destructiveness of a
rockfall, “rockfall intensity” is a proxy for rockfall magnitude, and is a
measure of the destructiveness of a rockfall (Bunce et al., 1997; Crosta
et al., 2015; Guzzetti et al., 2003; Hungr, 1997).

2.2. Quality of rockfall size catalogues

The collection of rockfall data is normally adjusted to the research
objectives and the project framework i.e., the financial and temporal
constraints, the project goals, and the size and settings of the study area.
The characteristics and quality of the resulting rockfall catalogue on
volumes depends on (i) the setting and characteristics of the study area
(e.g., topography, geology, land use, forest cover), (ii) the accuracy of
the base and thematic maps, (iii) the methods and techniques used, (iv)
the source(s) of information, (v) the time available for the investigation,
(vi) the experience of the investigators, and (vii) the available human,
technological and economic resources. Depending on the scale of in-
vestigation, the individual rockfall features - e.g., release area, impact
points, talus slopes and single deposited boulders — are represented by
points, lines, or polygons.

Possible criteria for the evaluation of the “quality” of a catalogue of
rockfall size can be related to the amount of data, level of detail and
variability of information. The level of comprehensiveness of the cat-
alogue can be described with “completeness” and the “representative-
ness” of the collected data and the variability of the geographical lo-
cation of the single of multiple features encompassed by a rockfall:
“Completeness” refers to the proportion of rockfalls contained in the
catalogue respect to the total number rockfalls which have occurred.
“Representativeness” refers to the degree of a given rock fall sample/
subset to reflect the entire rockfall catalogue from which it is derived
i.e., a representative rock fall sample should give unbiased statistical
inference of what the population is like. “Thematic variability” refers to
the amount of imprecision of the identification and classification of a
rockfall or a given rockfall feature. “Geographic variability” refers to
the amount of imprecision of the graphical representation of a rockfall
feature to the real geographic position on the ground in the study area.

2.3. Rockfalls statistics and applications

Frequency-size analysis of rockfalls can be performed using non-
parametric and parametric statistical approaches (Rossi et al., 2012,
2010) (Fig. 2).

Non-parametric approaches are based on the estimation of the fre-
quency, or density, of rockfalls using histogram-based or kernel-based
estimations. The methods may suffer from biases due to subjective
choices of the width, breaks, and ranges of the size classes (the “bins”,
for histogram-based estimations) and of the bandwidth (for kernel-
based estimations) (Fig. 2A). In many geological fields, histogram-based
estimations are preferred to analyse frequency-size statistics (Fig. 2A).
In our case, cumulating the histogram frequency count, and normal-
izing it by the total number of rockfalls in the record (Fig. 2B), we
obtain the Empirical Cumulative Distribution Function (ECDF), which
provides information on the probability to observe a rockfall smaller in
size (e.g., volume) than an established threshold. The ECDF can be used
to estimate the size of a rockfall corresponding to a given percentile
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Fig. 2. Overview about statistical analysis methods. (A) Frequency size distribution; (B) Empirical cumulative size distribution function; (C) Probability density
function of rockfall size- PDF, modelled as a double pareto; (D) Cumulative distribution function of size-CDF, modelled as a double pareto; (E) Probability density
function of rockfall size- PDF, modelled as an inverse gamma; (F) Cumulative distribution functions- CDF, modelled as an inverse gamma; see Rossi et al., 2012 and
appendix for equations.

e.g., the 95th percentile refers to 95% of the rockfalls smaller than a
given volume (i.e., ONR 24810:2017, 2017).
Parametric statistical approaches require the a-priori selection of the

(parametric) function to be used to model the Probability Density
Function (PDF) and the Cumulative Density Function (CDF) of a given
distribution. The three distribution functions (Pareto, Double Pareto,
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and Inverse Gamma) approximate the right tail of the empirical land-
slide size distribution (i.e., for the medium to very large sizes) with an
inverse power-law (Fig. 2 C,E). When the landslide size decreases, the
probability increases up to a maximum - the “rollover” — representing
the modal (most frequent) landslide size value. For sizes smaller than
the “rollover”, the probability decreases with the size.

The cumulative distribution functions (CDFs) can be obtained in-
tegrating the PDFs (Fig. 2 D,F). By definition, the integral of the PDF
has to be 1 (Rossi et al., 2012). Hence, the CDF varies between 0 and 1.
In this work, the PDF (Fig. 2 C,E) shows the probability to observing a
rockfall of a given volume P(vy), and the CDF (Fig. 2 D) shows the
probability to observing a rockfall smaller than a given threshold vo-
lume, P(Vy, < v). Similarly to non-parametric distribution estimation
i.e., the use of ECDF, CDF models can be used to estimate a rockfall
volume exceeding or not a given percentile i.e., key information for the
design of rockfall mitigation measures. Under the assumption that CDF
and ECDF models are estimated from a representative rockfall volume
sample, minor differences can be found in the derived percentile sta-
tistics.

3. Available data and analyses
3.1. Rockfall data sets

We used 15 catalogues listing rockfall volume in Austria, Italy, and
the USA, to analyse the impact of the mapping methods on the quality,
representativeness, and completeness of the size distribution of the
rockfalls. Some of the catalogues are parts of comprehensive rockfall
inventories comprising detailed information about other relevant
rockfall features. Different mapping methods and strategies were
adopted to collect the rockfall data in the different catalogues (Table 1).

3.2. Statistical analysis

We first use the Empirical Cumulative Distribution Functions
(ECDF) to describe the individual catalogues of rockfall volumes
(Fig. 2), and we then compare the results in terms of the impact of
different factors including the mapping method and the dominant rock
types. Factors influencing the volume and number of rockfalls include
(i) lithology and structural geologic settings, (ii) position of the rock-
falls on the slope, (iii) topographic factors, including slope geometry, or
the presence of lakes and rivers at the bottom of the slope, and (iv)
human-induced influences, including e.g., removal of boulders by local
habitants (Fig. 3).

To estimate the parameters of the PDF and the CDF for the different
catalogues, we used the statistical analysis tool developed by Rossi
(2014). The tool adapts three parameter Double Pareto (DPS) function
(Section 2.3) to analyse records of rockfall volumes. The selection of the
DPS instead of the other two distribution functions (DP and IG) was
based on the results of Kolmogorov-Smirnov (KS) tests, being the most
appropriate model to describe the data (Table 2).

In this work, we do not consider the use of the Pareto (P) dis-
tribution (Barry, 1983; Brunetti et al., 2009) or the Generalized Pareto
Distribution (GDP) (Barry, 2011; De Biagi et al., 2017a, 2017b), mostly
due to the fact that their parameter's estimation requires a filtering (i.e.,
removal) of small rockfall volumes, hence being unable to properly
characterize the size distribution and the related statistical estimations
in the excluded volume range. The three DPS parameters a, f, t con-
dition the shape of the probability distribution: a is the shape para-
meter that controls the slope of the large size tail. Larger a values
correspond to steeper large size tails, which refers to a reduced pro-
portion of large size values in the distribution above the rollover. The 3
parameter controls the slope of the small size tail and t controls in-
directly the rollover position. Larger 3 correspond to steeper small size
tails, which refers to a reduced proportion of small size values in the
distribution below the rollover. To evaluate the significance of the
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modelled parameters (a, 3, t), t-test was performed. In this test the t-
statistics is used and the corresponding p-value (Table 2) is compared to
different confidence levels to rank the significance of parameters. The
following significance codes rank the significance of the parameters,
from highly to not significant; [***] = p-value < 0.001, [***] = p-
value < 0.01, [***] = p-value < 0.05, [**] = p-value < 0.1, [] = p-
value = 0.1. This information is helpful in determining/testing the
correctness of the model choice in relation to the analysed dataset and
its possible representativeness. Commonly, under the assumption of
being using a representative dataset without measurements biases, in
the case of one or more parameters resulting not significant, one pos-
sible conclusion is that it is appropriate to use a simpler model (i.e. the
chosen model has too many parameters and the problem has been
overparametrized). Additionally, bootstrap resampling was performed
to evaluate the uncertainties associated to the probability density esti-
mates (grey shades in Fig. 2 C, E). We determined variations of the
(modelled) CDFs from the (empirical) ECDFs for three percentiles
(50th, 75th, 95th) of the frequency-size distributions to describe and
discuss the completeness/representativeness of the different datasets.
Such variation was calculated as (CDF — ECDF) / ECDF X 100 (See
Table 3).

In contrast to the non-parametric statistical approaches, the mod-
elled distributions enable the estimation of sizes outside the mapped
size-range of the ECDFs. In the comparison, we used CDF values cal-
culated using the model parameters summarized in Table 2 shown in
Fig. 4.

We determined the DPS model results analysing (i) the Kolmogorov-
Smirnov (KS) tests, (ii) the presence of a rollover in the modelled data,
and (iii) the values of the parameters ¢ controlling the transition be-
tween the tails, a controlling the slope of the large tail, and 3 con-
trolling the slope of the small tail, the corresponding standard errors
and their related significance. The KS-Test, failed if the p-value was
below 0.05 i.e., the selected significance level for the test. Standard
errors (s.e.) are compared to the estimated values, expressing them as a
percentage of the estimated values (s.e./estimated value) x 100); va-
lues of this index < 10% are assumed to be very good results, < 20%
medium good results and > 50% are results of poor quality.

In addition to the previous analysis, we investigated the sensitivity
of the CDF estimated from a selected catalogue to variations of sizes by
filtering the sizes below and above given thresholds (Fig. 5). Thus, the
resulting distributions give information about how sensitive the CDF
model is to the filtering (i.e. the removal, not mapping) of smaller
(Fig. 5A) or larger boulder (Fig. 5B) sizes.

4. Results

To identify the factors influencing the volume size distribution we
considered factors such as (i) lithology and the structural setting (cat-
alogues Cywm, Cgg, Com, Car, Cu, Cyv), (ii) the position of the rockfalls on
the slope (catalogues Cu4, Che and Cyy), (iii) topographic factors, in-
cluding slope geometry, and the presence of lakes and rivers at the
bottom of the slope (catalogues Cy» and Cy4), and (iv) possible human
influences, including e.g., removal of boulders by local habitants.

4.1. Empirical cumulative distribution functions of rockfall volume

The analysis of the ECDFs with respect to lithology (Fig. 3A and
Tables 1-3) showed that the hard and very hard rocks of catalogues
Com and Cyy form larger boulder sizes than the less hard rocks of the
other catalogues. Catalogue Cyy also contains data about very large
rockfalls and rock mass falls/rockslides, which were not considered in
the other mapping strategies. The comparison of different datasets of
carbonatic sedimentary rocks (Fig. 3B) revealed that variations in the
ECDFs within and among the catalogues is evident particularly for
larger percentiles. Considering the 80th percentile of all catalogues in
Fig. 3B, the volumes range from 0.5 m® (Cy;) to 50 m® (Cys), being
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Table 3
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Variations of CDF to the ECDF, considering the 50th, 75th and 95th percentile. Variations are calculated in percent (CDF-ECDF/ECDF*100).

Catalogue 50th percentile 75th percentile 95th percentile

CDF [m®]  ECDF [m®]  Variation to ECDF [%]  CDF [m®]  ECDF [m®]  Variation to ECDF [%]  CDF [m®]  ECDF [m®]  Variation to ECDF [%]
Cum 0.3 0.3 0.00 1.6 2.0 —20.00 32.0 22.0 45.45
Cgp 0.11 0.14 -21.43 0.4 0.4 0.00 3.1 2.1 55.00
Com 0.7 0.6 16.67 2.8 3.1 —-9.68 35 28.4 23.24
Cer 0.3 0.29 3.45 1.0 1.2 —-16.67 14.5 13.2 9.85
Cy 0.4 0.4 0.00 1.4 1.4 0.00 12.7 10.8 17.59
Cyv 22.0 20.0 10.00 99.0 200.0 —50.50 1600 201.4 694.44
Cin 0.3 0.36 —16.67 1.2 1.3 —-7.69 11.9 9.8 21.43
Chiz 0.3 0.31 —-3.23 0.9 0.92 -217 6.8 418 62.68
Cus 0.6 0.55 9.09 2.1 1.8 16.67 27.2 27.5 -1.23
Chia 0.5 0.48 4.17 1.1 1.0 10.00 4.4 3.39 29.79
Cuis 0.3 0.33 —9.09 0.9 0.87 3.45 7.1 5.6 26.79
Chie 0.2 0.15 33.33 0.3 0.4 —25.00 1.4 1.01 38.61
Criy 0.1 0.11 —-9.09 0.2 0.31 —35.48 0.8 0.49 63.27
Cega 0.2 0.24 —16.67 0.7 0.6 16.67 4.8 7.86 —38.93
Cpp1 0.2 0.19 5.26 0.5 0.5 0.00 3.0 2.1 42.86

even larger for higher percentiles. For small volumes, the differences
between the ECDFs are smaller. The analysis of the ECDF differences
allow a meaningful interpretation of the impact of the mapping
strategy.

4.2. Probability density and cumulative distribution functions of rockfall
volume

Fig. 4 shows the modelled probability density functions (PDF), and
the cumulative distribution functions (CDF) for all the considered cat-
alogues of rockfall sizes modelled using DPS. For details on the esti-
mated parameters see Tables 2 and 3.

We determined variations of the CDFs from ECDFs, for three per-
centiles (50th, 75th, 95th) of the frequency-size distributions, to de-
scribe and discuss the representativeness of the data sets (Table 3). For
most of the rock types, when we consider the high percentile values, the
CDFs (Fig. 4B, D, F, H) are higher than the ECDFs (Fig. 3A and B). This
evidence supports the conclusion that the empirical data may not re-
present correctly the extremes i.e., the largest volumes in the catalo-
gues. In these cases, modelled CDF should be preferred to ECDF based
estimations. Only for Cys; and Cgp, the CDF values are lower than the
ECDFs.

The subdivision of a study area in structural/geologic homogenous
domains (Fig. 4C and Fig. 4D) proved to have an effect on the fre-
quency-size distributions (Cy versus Cy;1-Cys). The orientation of joint
mass structure influence highly the topographic settings and the slope
form, and thus, often the rockfall size and runout lengths of rockfalls.
The large volumes in the Cys are the result of a nearly slope parallel
dipping (dip-slope situation) of the bedding of the carbonatic rocks. In
the case of Cy, the slope-ward dipping bedding planes result in vertical
cliffs, shorter runout-lengths and smaller rockfalls. The low probability
density values for large volume rockfalls in catalogues Cy and Cyy4 are
probably due to the fact that the large boulders were deposited directly
in the lake or torrent in the lower slope respectively and not mapped.
Furthermore, all catalogues do not contain data about boulders of large
rockfalls or rock mass collapses (rock mass fall/cliff fall), as it is the case
for Cyy. The latter is a dominant process in the area of catalogue Cys,
and in two sections of catalogue Cyj.

The analysis of the comparison of the inventories mapped by two
different investigators (Fig. 4E and Fig. 4F) indicates that the geo-
graphic position of the mapped boulders affects the frequency-size
distributions, significantly. This is due to the fact that larger boulders
have longer travel distances than smaller boulders. The higher per-
centage of larger sizes in catalogue Cyy4 is due to the fact that boulders
where mapped in the lower slope (maximum reach of past events) by
the first investigator, whereas the boulders catalogue Cyg were mapped

in the middle of the slope by the second investigator. This supports the
hypothesis that mapping strategies affect significantly the representa-
tiveness of catalogues of rock sizes. The difference in sizes are even
higher if only the young boulders (Cyy) are considered.

In turn, analysis of the mapping focus of two different investigators
(Fig. 4G and Fig. 4H) shows that both mapping strategies resulted in
similar mappings (Cps and Cgg,), if boulders < 0.02 m® are not con-
sidered (Cpp1). The high percentage of smaller boulders in Cpp; results
in the lack of a distinct rollover (Fig. 4A and B), which is also the case
for Cyym. Cpp1 and Cyy with the lowest volume values, compared to
those mapped in rest of the catalogues, not show a distinct rollover.
This possibly suggests how mapping strategy affect statistical inference
on size distribution. This may be important if the fragmentation of
rockfalls along the slope is mapped. Rock fragmentation can be very
high at the first impact at the base of the cliff of the rockfall (highest
loss of energy) which may result in small fragments, as well for the very
hard rocks of Cyy.

4.3. Variability of PDF and CDF

For most of the considered catalogues, results of the KS-Test
(Table 2) show p values > 0.05, supporting the conclusion that the DPS
is a model appropriate for the empirical rockfall volume distribution.
Only for catalogue Cyy the DPS model performed poorly, with a P = 0.
This reveals the sensitivity of the KS-test (which is known to be ap-
propriate for continuous data) to discrete data, as in the case for the Cyy
catalogue (Fig. 3A).

Comparing the position of the “rollover” for the examined datasets,
the most frequent boulder volume is in the range
0.04 < V. < 0.07 m®. Catalogues Com, Cgr and Cy have the lowest
rollover (0.2 m®) and catalogue Cys has the highest rollover (0.8 m>).
The catalogues Cgp and Cyy do not show a rollover in their frequency
size distribution.

The standard errors (s.e.), expressed as a percentage of the esti-
mated a values (slope of large sized rockfalls), reveal that the large size
boulders distributions of catalogues Cpp, Com, Ch, Cus, Cps1 With values
lower than 10%, are well described by the DPS model, whereas for
catalogues Cym, Cgr, Ch2, Cra, Cus, Cus, Ca2 the model is less accurate
(values lower than 20%) and being even more inaccurate in case of
catalogue Cy; (value greater than 30%). In contrast, the standard errors
expressed as a percentage of the estimated (3 value are much higher
than those estimated for a values, showing a less accurate model be-
haviour for small boulders sizes.

We determined variations of the CDFs from ECDFs, for three per-
centiles (50th, 75th, 95th) of the frequency-size distributions, to de-
scribe and discuss the representativeness of the data sets (Table 3). The
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Fig. 4. Impact of mapping strategy on probability densities of rockfall sizes (A, C, E, G) and cumulative distribution function of rockfall size (B, D, F, H). Dashed
curves in plots B, D, F, H show values of distribution function calculated outside the observed volume ranges approximating values of cumulative probability of 0 and
1. The three thin grey lines in the CDF plots (i.e., B, D, F, H) corresponding to 0.25 (25th percentile) 0.50 (50th percentile) and 0.95 (95th percentile).
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Fig. 5. Sensitivity of CDF estimations to variations in sizes: to not map small
sizes (small sizes below roll-over, removal of small boulders) (A) and to not map
large sizes (large sizes above roll-over, removal of large boulders) (B).

comparison of the CDFs with the ECDF (Table 3) show that most of the
variations between modelled and empirical percentiles are within a
(—/+) 50% range with respect to the empirical value.

As already previously highlighted, for most of the rock types when
considering high percentiles, CDF are higher than the ECDF (supporting
the conclusion that the empirical data may not represent correctly the
extremes i.e., the largest volumes in the catalogues. In these cases,
modelled CDF should be preferred to ECDF based estimations.

The sensitivity of the CDFs towards variations of minimum and
maximum mapped boulder sizes was tested by (i) removing the sizes
considering different thresholds below the roll-over (small sizes)
(Fig. 5A), and (ii) removing the sizes considering different thresholds
above the roll-over (large sizes) (Fig. 5B). The results show that the CDF

Engineering Geology 272 (2020) 105639

estimations in general have a low sensitivity to the removal (i.e. the
exclusion when mapping) of small sizes, whereas the sensitivity to the
removal of large sizes is high.

5. Discussion and conclusions

We analysed fifteen catalogues listing information on rockfall size in
Austria, Italy, and the USA with respect to the impact of mapping
strategy i.e., choice of mapping method and data source. Results
showed that specific factors have an impact on frequency-size dis-
tributions of the rockfalls. These factors should be considered when
planning and conducting data collection campaigns i.e., the definition
of a “boulder scenario” (or design block). The main results of this work
can be summarized as follows:

Comparing different rock types, the variations of the Empirical
Cumulative Distribution Functions (ECDFs) within and among the cat-
alogues become evident for larger percentiles. This is important when
using rockfall size percentiles for the definition of design blocks (i.e.,
ONR 24810). We recommend to use different percentiles (i.e., from
75th to 99th) to better portrait the statistical distribution of large size
rockfalls for a more robust stastistical hazard zoning and for a more
objective design of rockfall mitigation measures.

Catalogues Cyy and Cgg do not show a rollover. We maintain this is
a result of the comparably large number of small rockfalls (Cgp).
Catalogues Cys, Cue, Cuy and Cgpy show a large dispersion for small
rockfalls (B-values). This reveals the role of the mapping strategy,
which focused on the mapping of even very small boulders.

Comparing the position of the “rollover” for the datasets, it emerges
that the most frequent boulder size values for most of the catalogues are
between 0.04 and 0.07 m>. Catalogues with very small rockfall sizes
(< 0.002 m®) do not show a distinct rollover in the frequency-size
distribution. In such cases, the smallest is the most frequent boulder
size, and then it should be used in place of “rollover” position for the
definition of a block scenario.

Sensitivity analysis of the CDFs to variations of minimum and
maximum rockfall sizes (i.e. which in a catalogue/inventory depend by
the choice of the mapping strategy) reveals that the CDF estimations are
slightly sensitive to the exclusion of small size boulders, whereas the
sensitivity to the exclusion of large sizes is high.

The appropriateness of modelled rockfall size distributions was
analysed using KS-Test and considering the variability of the estimated
DPS distribution parameter (a, f3, t), s and the associated p-value. For
most rockfall catalogues, the KS-Test obtained considering the DPS
distribution function was passed, and the resulting distribution para-
meter proved significant. This finding supports the use of the DPS dis-
tribution to model rockfall size here and elsewhere.

Mapping the return periods of rockfall boulders in the field require a
large and representative dataset of rockfall sizes and an appropriate
selection of the mapping strategy. For most rock types, considering the
larger percentiles of the frequency size distributions, the modelled
Cumulative Distribution Functions (CDF) values are higher than the
ECDF values. We believe, that in these cases empirical data may not
represent correctly large sizes due to mapping issues and modelled CDF
should be preferred in place of ECDF based estimations, closing data
gaps.

Recommendations for the definition of mapping strategies arising
from these findings are:

e Selective mapping i.e., neglecting mapping of large (old) rockfalls
should be avoided. Topographic factors, such as lakes and rivers on
the bottom of the slope, or mapping of rockfalls in the middle of the
slopes may lead to an underestimation of large rockfall sizes. The
deposits of large rock mass falls/cliff falls should be analysed se-
parately.

o Site-specific rockfall surveys for single structures, or subdivision of
catalogues for specific analyses may result in a low number of
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rockfalls, possibly with a reduced volume range. In such cases, the
use of parametric distribution estimations using DPS functions, and
after having verified that KS-test is passed, may help providing more
robust volume statistics. In addition, the merging with other cata-
logues should be considered to ensure more robust size statistics
estimation, leading to better boulder scenarios.

Estimation of rockfall size in pre-defined size classes is not appro-
priate for probability density functions (PDF) and CDF models. Even
if ECDF can cope with the data, biases due to the mapping and
classification strategy exist.

As a final consideration, from a statistical perspective rockfall da-
tasets, as other geological records, should be considered always in-
complete. Incompleteness is not necessarily an issue if the datasets are
representative. Indeed, appropriate inferential approaches, like non-
parametric (i.e. ECDF-based) and parametric (i.e. using distribution
models) approaches, may provide meaningful statistics even from in-
complete but representative samples. Both inferential approaches pre-
sent advantages and limitations. While ECDF provides estimates within
the original sample size range, modelled CDFs are able to extend out-
side these bounds. Parametric models should be preferred because they
are easier to use to derive distribution related statistic, but also because
they provide an analytical framework helpful to analyse statistics dif-
ferences for rockfall sizes outside the observed size sample range.

Appendix A. Mathematical background

Engineering Geology 272 (2020) 105639

Inferential statistical parametric and non-parametric methods such as
included in the statistical tool by (Rossi, 2014) can be used and de-
veloped where missing, to be able to cope with small datasets and to
potentially close data gaps. Procedures to account data accuracy and to
evaluate the statistical significance and uncertainty of the results, need
to be always applied to obtain reliable rock fall statistics, regardless the
selected inferential approach. Under this view, information on the
mapping method used to collect rockfall data, the type of source in-
formation, and references to the sources of information should be part
of any rockfall database.
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In the following, mathematical formulations of the different distribution models used for parametric PDF and CDF estimations are provided.

Greater details can be found in Rossi et al. (2014).
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