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Abstract. The presence of trees along the slope and block
fragmentation at impact strongly affect rockfall dynamics
and hazard as a consequence. However, these phenomena are
rarely simulated explicitly in rockfall studies. We performed
rockfall simulations by using the 3D rockfall simulator Hy-
Stone, modeling both the presence of trees and fragmenta-
tion through specific algorithms implemented in the code. By
comparing these simulations with a more classical approach
that attempts to account implicitly for such phenomena in the
model parameters and by using a new probabilistic rockfall
hazard analysis (PRHA) method, we were able to quantify
the impact of these phenomena on the design of countermea-
sures and on hazard.

We demonstrated that hazard changes significantly when
accounting explicitly for these phenomena and that a classi-
cal implicit approach usually overestimates both the hazard
level and the 95th percentile of kinetic energy, leading to an
oversizing of mitigation measures.

1 Introduction

Rockfalls are widespread in mountain ranges, coastal cliffs,
volcanos, riverbanks, and slope cuts, and they are a threat to
people, structures and infrastructure, and lifelines (Crosta et
al., 2015). Although rockfalls generally have a limited size,
they are extremely rapid processes that exhibit high kinetic
energies, long runout, and damaging capability (Corominas
et al., 2017). Rockfall hazard and risk assessment (Coromi-

nas et al., 2005; Agliardi et al., 2009; Lari et al., 2014; Wang
et al., 2014; Farvacque et al., 2019, 2021; Hantz et al., 2021)
and the design of defensive works (Volkwein et al., 2009) re-
quire numerical modeling of rockfalls to assess the dynam-
ics of the blocks (i.e., velocity, kinetic energy, and bouncing
height) and the lateral and longitudinal spreading (Crosta and
Agliardi, 2003). In Italy, for example, the design of rock-
fall barriers is based on the use of the 95th percentiles of
the blocks’ height in flight and their kinetic energy, obtained
from numerical models (UNI 11211; Volkwein et al., 2011).
Since rockfall dynamics depend on block geometry, slope to-
pography, surficial geology, vegetation, and some peculiar
rockfall behaviors (e.g., dynamic fragmentation), the relia-
bility of analyses and the efficiency of rockfall protections
depend on the correct account for all these variables (Crosta
et al., 2015). Both the characteristics of the slope (e.g., to-
pography, material properties, and presence of forests) and
the type of rockfall (e.g., whether it is fragmental) must be
taken into account during modeling because they contribute
to the overall extent of rockfall potential and hazard zonation
in mountain areas (Frattini et al., 2012). Both these character-
istics can modify the trajectories, the extent and the dynam-
ics of the rockfall events, the frequency, and the probability
of impact.

Forests provide important protection against rockfall in
steep mountain terrain, defending structures and infrastruc-
ture (Berger et al., 2002; Dorren et al., 2004a; Perret et al.,
2004). Thanks to this nature-based solution, maintenance and
installation costs of technical protection measures, such as
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embankments or nets, are financially bearable or can even be
avoided at many places due to the reduction in rockfall re-
bound heights and impact energies by previous impacts on
trees (Grét-Regamey et al., 2008; Hiyhi et al., 2015; Get-
zner et al., 2017; Moos and Dorren, 2022). Although this
protective effect is evident in hazard assessment processes
because it supports decisions on risk prevention measures, it
is often accounted for only in implicit terms by adopting a
set of modified restitution coefficients (Pfeiffer and Bowen,
1989; Azzoni et al., 1995). Less frequently, the presence of
trees is simulated explicitly by using numerical modeling ap-
proaches (Dorren et al., 2006; Stoffel et al., 2006; Berger and
Dorren, 2007; Bigot et al., 2009; Jancke et al., 2009; Ram-
mer et al., 2010; Leine et al., 2014; Radtke et al., 2014; Ka-
jdiz et al., 2015; Dupire et al., 2016; Moos et al., 2018; Toe
et al., 2018).

When stiff and strong rock blocks hit a hard impact sub-
stratum or other blocks of comparable size like a talus de-
posit, they may fragment and explode (Crosta et al., 2015).
The rockfall fragmentation process is defined as the sepa-
ration of the initial rock mass into smaller pieces generally
upon the first impact on the ground (Evans and Hungr, 1993),
and the resultant fragments propagate downslope following
trajectories and new dynamics (especially in terms of ki-
netic energy and height) compared to the source block. This
definition covers both the disaggregation of the block frag-
ments delimited by pre-existing discontinuities in the initial
mass and the generation of new fragments due to the break-
age of intact rock (Corominas et al., 2012; Ruiz-Carulla,
2018). Block fragmentation is generally at the origin of ex-
treme behaviors, major damage, and accidents and can inter-
act strongly with protection structures (Nocilla et al., 2009;
Corominas et al., 2019). Even if fragmentation during rock-
fall is recognized as fundamental in risk analysis (Corominas
et al., 2012), a complete understanding of the process dur-
ing rockfall has not been achieved so far, remaining a phe-
nomenon largely neglected during numerical modeling. Only
a few numerical codes allow modeling propagation that ex-
plicitly takes into account fragmentation (Crosta et al., 2003;
Frattini et al., 2012; Matas et al., 2017; Ruiz-Carulla, 2018).
When missing an explicit algorithm, the modeling of rock-
falls with fragmentation can be done with two alternative
approaches: either the model is calibrated to replicate the
spreading of the event, including the most distal fragments,
or the model is calibrated to replicate only the main deposit,
neglecting the most distal blocks. The first approach leads to
hazard overestimation and the second to hazard underestima-
tion.

The aim of this paper is to quantify rockfall hazard when
accounting for the presence of trees and fragmentation with
an explicit simulation approach (i.e., using a specific model)
and to evaluate the differences with a classical approach that
does not simulate explicitly such phenomena. The simulator
Hy-Stone (Crosta and Agliardi, 2003, 2004, 2018b), which
allows us to model both the presence of forest and fragmenta-
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tion, and a new revised probabilistic rockfall hazard analysis
(PRHA) are adopted to quantify the impact of these phenom-
ena on the design of countermeasures and on hazard.

2 Methods
2.1 Rockfall analysis
2.1.1 Hy-Stone (HS)

The analysis of rockfall propagation was performed by
means of Hy-Stone, a 3D rockfall simulator that reproduces
the block motion from the dynamics equations (Crosta and
Agliard, 2004; Frattini et al., 2012; Dattola et al., 2021) us-
ing a triangulated vector topography derived from digital ter-
rain models (DTMs). The model allows us to simulate blocks
with the shape of spheres, cylinders, ellipsoids, and discs.
The stochastic nature of rockfall processes is accommodated
by slope morphology and roughness and by the random sam-
pling of most parameters from different probability density
distributions (e.g., uniform, normal, exponential). The block
trajectories are computed by splitting them in a succession
of elementary motions: free fly, rolling, sliding, and im-
pacts/bouncing. When the impact process is concerned, Hy-
Stone has many different models comprising the constant
and not-constant restitution coefficients (Pfeiffer and Bowen,
1989) and the elasto-visco-plastic model initially formulated
by di Prisco and Vecchiotti (2006) and subsequently ex-
tended by introducing rotation and prismatic blocks (Dattola
et al., 2021). Specific submodels explicitly account for the
interactions between blocks and countermeasures or struc-
tures, between blocks and trees, and fragmentation (Frattini
etal., 2012).

2.1.2 Tree-impact submodel

The block—forest interaction is modeled through a stochas-
tic tree-impact submodel. Tree height, trunk diameter, ab-
sorbable energy, and density (as number of trees per 10 m?)
are used as input to calculate at each cell a probability of
impact that depends on the tree density, tree size, block size,
and, in the case of impact, a loss of block kinetic energy and a
lateral deviation of the trajectories (Frattini et al., 2012). The
block kinetic energy lost by impact on tree stems is great-
est for central impacts and decreases according to a Gaus-
sian distribution away from the stem axis, while the angular
deflection of the block on impact is assumed to vary accord-
ing to the type of impact (central, lateral, scour) (Dorren et
al., 2004b).

2.1.3 Fragmentation submodel
Hy-Stone can simulate the splitting up of a block in frag-

ments moving independently from each other. The fragmen-
tation occurs at impact when the kinetic energy of a block ex-
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ceeds a limit energy defined by Yashima et al. (1987) based
on the Weibull distribution. The Yashima expression is

2
2\ 3 3mw—5 5/3
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where Ey jim 1s the limit energy, v is the Poisson coefficient,
E is the Young modulus, R is the radius of the parent block,
W is a reference volume, oy is the strength at the reference
volume, and m, is the Weibull distribution parameter. Coef-
ficients By and Cy are computed according to the following
expressions:

1
Exiim = 0.153fo<
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Therefore, the threshold fragmentation energy depends on
the geomechanical properties of the block and its volume (the
larger the block, the lower the fragmentation energy). Once
the fragmentation criterion is satisfied, a distribution of frag-
ments is generated according to a power-law distribution:

D n
R(D) = (D—> , ®)

where R (D) is the fragment size distribution, D is the frag-
ment diameter, Dy, is the maximum fragment diameter, and n
is a model parameter. The maximum fragment size is a fixed
fraction of the parent block size. The number of fragments is
computed according to the mass conservation (the total frag-
ment mass must be about the mass of the parent block) and
the above distribution, and the energy of each fragment is
calculated by means of the following expression:
k,tr of

Ef" = B(mg)™, ©)
in which m¢; is fragment mass, E?”itr is the translational ki-
netic energy of the fragment, and oy is a model parameter. 8
is computed by imposing the translational energy conserva-
tion. Once the kinetic energy of a fragment is known, the in-
verse formula gives the fragment ejection velocity modulus.
Fragment ejection velocity direction is computed stochasti-
cally within a cone whose aperture is a model parameter.
Frattini et al. (2012) showed that block fragmentation has an
effect on the runout extent and on the spatial distribution of
velocities and heights of the flying rocks. The largest frag-
ments, however, display a behavior that is more similar to
that of the parent blocks.
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2.2 Rockfall hazard assessment

To assess rockfall hazard, we propose a new revised PRHA
(probabilistic rockfall hazard analysis), based on Lari et
al. (2014), to build rockfall hazard curves starting from a
set of block-volume scenario simulations. This methodology
owes its idea on Cornell’s (1968) probabilistic seismic haz-
ard analysis (PSHA), which considers all possible earthquake
scenarios to provide the exceedance probability of a certain
level of ground motion at a site within a defined time frame.
For each block-volume scenario, s, the probability of exceed-
ing a certain value of intensity (i.e., the reach of a specific
value of kinetic energy), for each position along the slope (z)
is
oo

Py (Ex > Ex) = / ps (Ex) dEx, (7)
I

where p;(Ey) is the probability density function of kinetic
energy at the position z for the scenario s. Multiplying the ex-
ceedance probability by the annual frequency of occurrence
(f5), we obtain the annual rate at which i is exceeded, Fj
(Ex > Eyx):

Fs (Ex > Ex) = fs - Py(Ex > Ey). (3

The annual frequency of occurrence (fy) of each scenario
combines the onset frequency ( f,) and the transit frequency
(ft.s) at a certain position and for the specific scenario:

fS:fO,s'ft,s- 9

The onset frequency (f, s) of blocks with a certain volume,
Vs, can be expressed in terms of magnitude—frequency rela-
tionships (Hungr et al., 1999; Dussauge-Peisser et al., 2002;
Rosser et al., 2007).

fos =NV =aV?, (10)

where N (V) is the cumulative number of individual blocks
with volume larger than V; for the scenarios s, and parameter
a depends on both the area extent and the overall susceptibil-
ity of the cliff, whereas the power law exponent, b, mainly
depends on lithology and geological structure (Hungr et al.,
1999). To properly account for the frequency of individual
blocks that propagate on the slope, it is necessary to combine
the volume—frequency relationship of rockfall events with the
volume—frequency relationship of blocks (Hantz et al., 2018;
Hantz et al., 2020). The first relationship can be developed
from surveyed historical events (e.g., Dussauge-Peisser et al.,
2002; Chau et al., 2003; Guzzetti et al., 2003; Guthrie and
Evans, 2004; Malamud et al., 2004) and provides annual fre-
quencies of released rockfall volumes. However, these vol-
umes should not be used for hazard analysis because single
rockfall events disaggregate or fragment (Ruiz-Carulla et al.,
2017) soon after the detachment and during propagation into
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a distribution of smaller individual blocks. On the other hand,
the volume—frequency relationship of blocks can be derived
from the rock mass fracture network or directly from already
stopped blocks, both in the talus (Ruiz-Carulla et al., 2017),
along roads (Hungr et al., 1999) and caught by rockfall nets
within a certain range of time (Matasci et al., 2015; Moos
and Dorren, 2022). However, these distributions usually lack
the temporal frame that allows us to correctly estimate the
annual frequency. The combination of the two distributions
can be achieved by calculating the total volume of the event
(integrating the first distribution) and by calculating the a pa-
rameter of the second distribution by assuming the total vol-
ume to be equal to the first one (Hantz et al., 2018).

The transit relative frequency (f;) can be calculated for
the rockfall simulation and corresponds to the ratio between
the number of potential paths passing through a position (z;)
and the total number of simulated paths from the rockfall
trajectories (fior):

Jrs = (t—s> (11)
tiot

For rockfall scenarios with different magnitude that occur
in a certain position along the slope, the total annual rate at
which i is exceeded, Fiot (Ex > Fk), is derived from the sum
of these scenarios, s:

Fiot (Ek > Ek) = Zi\]:] F (Ek > Fk)

N
:ZfsPs(Ek > Ey). (12)

s=1

By assuming a homogeneous, stationary Poisson process for
the occurrence of the events (Crovelli, 2000), the probability
of exceeding each intensity i in the next 7 years from this
annual rate, Ppojss, 18

Pooiss (Ex > Ex, T) =1 — ¢ fu T, (13)

This represents the hazard curve at each position along
the slope.

With respect to Lari et al. (2014), the revised PRHA
method adopts a more flexible non-parametric approach for
the kinetic energy probability distribution. Moreover, the
new PRHA implements the approach proposed by Hantz et
al. (2018, 2020) for the calculation of the onset frequency
(fo), using the frequency-size distribution of the blocks ob-
served along the talus to downscale the magnitude—frequency
distribution of larger study areas.

2.3 Demonstration case studies

The application of potential rockfall scenarios was per-
formed at the two representative sites that were recently af-
fected by rockfall events in the Aosta Valley region (Western
Italian Alps) showing a significant role of forest and frag-
mentation at Saint Oyen and Roisan (Fig. 1). During both the
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events, the rockfalls impacted roads and buildings, thus re-
quiring a practical implementation of hazard assessment (for
zonation) and the design of protection barriers (for mitiga-
tion).

Saint Oyen and Roisan are located in the Western Alps,
within the Austroalpine—Pennidic collisional prism, con-
sisting of overburden layers formed by continental crust
and fragments of oceanic lithosphere, strongly reworked
by the Alpine tectono-metamorphic processes (Dal Piaz et
al., 2016).

In the Saint Oyen case study (45°48'59.0”N,
7°12/21.0” E), about 17500m>® of Ruitor micascists
detached in March 2020 and reached a service road and the
playing field in the lower part of the slope, passing through
a mature fir forest. The presence of the forest significantly
influenced the block distribution along the slope, increasing
the lateral dispersion of trajectories and reducing their
mobility. The case study is well documented by UAV flights
conducted by the regional authority soon after the events,
allowing for a detailed mapping of arrested blocks on the
slope. We adopted this case study to investigate the role of
forest, which has been fundamental for the rockfall dynamic,
as observed in the field. Although minor fragmentation may
have occurred during the event, we neglected it during the
simulation to focus on tree impact only.

Less than 10km away, at Roisan (45°47'49.3"N,
7°18'49.0” E), about 1050 m> of Arolla gneiss toppled in Oc-
tober 2019 and impacted after 20 m of free fall (Polino et al.,
2015) against a bench. While the main body of the rockfall
stopped in a relatively flat area close to the source area, two
blocks reached the foot of the slope causing the interruption
of a municipal road. The event is documented by a post-event
UAV flight and by a detailed field survey of the blocks. For
this case study, the presence of forest was minor due to the
size and age of the trees, and it has been neglected in order
to reveal better the role of fragmentation.

3 Analysis and results

For both case studies, we firstly back-calibrated the model
parameters on the rockfall events in order to simulate sev-
eral volume scenarios from local-scale rockfall source areas
(with and without the use of specific algorithms for tree im-
pact and fragmentation) to quantify the differences in terms
of dynamics, spreading and rockfall hazard. We simulated
all the scenarios by using spherical blocks and a 3D topog-
raphy derived from the available 1 x 1 m lidar DTM of the
Aosta Valley region. The characteristics of each simulation,
the number of simulated blocks, and the parameters adopted
when using the two algorithms are reported Tables S1, S2,
and S3 in the Supplement.
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Figure 1. (a) Location of the two case studies in the Aosta Valley region. The other panels show the back calibration of the rockfall events:
(a) and (b) simulation of Saint-Oyen rockfall (a) with parameters modified to account for the forest (SO_HS) and (b) by adopting the Hy-
Stone tree-impact algorithm (SO_HSee); (¢) and (d) simulation of Roisan rockfall (¢) with parameters modified to implicitly account for the
possibility of fragmentation (R_HS) and (d) by adopting the Hy-Stone fragmentation algorithm (R_HStr,g). Panel (e) shows the calibration
R_HSgport Obtained by neglecting the most distal blocks: this approach simulates only the blocks that stopped in the main deposit without

crossing the paved road.

3.1 Calibration by back-analysis

The calibration of model parameters was obtained by fitting
the longitudinal and lateral extent of rockfall trajectories and
deposits by using the Hy-Stone model with and without tree
impact and fragmentation. In particular, we simulated the fol-
lowing scenarios (Fig. 1).

— SO_HS (Saint-Oyen tree impact implicit). The values of
parameters are set to account for the forest, e.g., increas-
ing rolling friction and reducing the tangential resti-
tution coefficient. This is the most classical approach
adopted in the practice to “simulate” the effect of forest
with an implicit approach.

— SO_HSee (Saint-Oyen tree impact explicit). The values
of parameters are calibrated by adopting the Hy-Stone
tree-impact algorithm that explicitly simulates the effect
of forest; in this case, the motion parameters used in the
simulation do not account for the forest.

— R_HS (Roisan fragmentation implicit). The values of
parameters are set to allow the model to replicate the
spreading of the event, including the most distal blocks,

https://doi.org/10.5194/nhess-23-2349-2023

implicitly accounting for the possibility of fragmenta-
tion.

— R_HSfrag (Roisan fragmentation explicit). The values
of parameters are calibrated by adopting the Hy-Stone
fragmentation algorithm that explicitly simulates the
distal blocks as fragments.

For Roisan, we experimented a different calibration strat-
egy that replicates the spreading of the main deposit only
(R_HSghort), neglecting most distal blocks (Fig. le). Al-
though this strategy is physically correct to simulate non-
fragmenting blocks, it provides an overall spreading that
strongly underestimates the possible reach distance of frag-
ments and the hazard level, accordingly.

For Saint-Oyen, both the simulations (SO_HS,
SO_HSyee) provide a good match with the main de-
posit of the 2020 event (Fig. 1a and b), with a slightly larger
spreading when using the tree-impact algorithm, consistently
with the fact that the impact with trees adds a component of
lateral dispersion to the trajectories.

For Roisan, we can observe a good match between the lon-
gitudinal and lateral extent of the main deposit from the 2019
event and the simulations (R_HS, R_HS¢,s) but we observe

Nat. Hazards Earth Syst. Sci., 23, 2349-2363, 2023
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Table 1. Values of normal (e) and tangential restitution (et) coef-
ficients and of the friction coefficient () for the different slope
materials used in the rockfall numerical simulations for the Saint-
Oyen case study.

Material en[-] e[-] s [-]
Outcropping rock 85 85 0.3
Coarse bare debris 65 70 0.55
Fine bare debris 55 65 0.45
Slope debris plus damaged forest™® 64 71 0.5
Slope debris plus undamaged forest™ 75 80 0.4
Alluvial deposit 55 74 0.4
Paved road 70 77 0.3
Unpaved road 60 70 0.3
Buildings 20 10 1

* Only for the explicit approach (HSree)-

an overestimation of the blocks reaching the paved road (18
blocks modeled, while just 2 blocks during the event) when
the fragmentation algorithm is not used (Fig. 1c). The com-
parison with simulated stopping points shows that the model
without fragmentation is able to reach the maximum distance
but not in the right location, since trajectories are strongly
controlled by topography. This does not happen with the
fragmentation algorithm, which is able to replicate the right
position of the distal blocks in the meadow (Fig. 1d).

In addition, the volume distribution is also considered.
To this purpose the in situ block size distribution (IBSD)
at the cliff considered in the previous numerical simula-
tions was obtained previously by the geological survey of
the Aosta Valley by means of a terrestrial laser scanner sur-
vey. In Fig. S1 a comparison of the rock block size distribu-
tion (RBSD) obtained with the orthophotos at the toe of the
slope and the distributions obtained with the scenario R_HS,
R_HSfpae is shown. The comparison reveals a good agree-
ment, since the curves are parallel to each other, although the
Hy-Stone distributions overestimate the in situ one.

Tables 1 and 2 report the values of normal and tangential
restitution coefficients and of the friction coefficient for the
different slope materials used in the rockfall numerical sim-
ulations in the cases of SO_HS and R_HS. Tables S1 and S2
in the Supplement report the parameters of tree-impact and
fragmentation algorithms used in the cases of SO_HSyee
and R_HS,g.

3.2 Effect of tree-impact and fragmentation submodels
on Kinetic energy

To quantify the effect of explicitly simulating tree impact and
fragmentation in rockfall modeling, we performed simula-
tions for five scenarios in which the released volumes are
changed (Table 3), using the modeling parameters that were
back-calibrated from the events as previously described. The

Nat. Hazards Earth Syst. Sci., 23, 2349-2363, 2023

C. Lanfranconi et al.: Effect of forest and fragmentation in probabilistic rockfall hazard

Table 2. Values of normal (ey) and tangential restitution (ey) coef-
ficients and of the friction coefficient (us) for the different slope
materials used in the rockfall numerical simulations for the Roisan
case study.

Material en [l el-] w5l

HS HS HS
Outcropping rock 75 85 0.2
Sub-cropping rock 60 70 0.3
Slope debris in HS model 60 65 0.4
Slope debris in HS gy model 50 60 0.5
Paved road 75 85 0.2
Unpaved road 55 65 0.3
Alluvial deposit 40 50 0.35

Table 3. Volume scenarios for hazard analysis.

Roisan —  Saint-Oyen —

Range of onset onset

Scenario  volume [m3] frequency fo  frequency fo
S1 0.001-0.01 9 67
S2 0.01-0.1 0.6 4.0
S3 0.1-1 0.03 0.24
S4 01-10 0.002 0.015
S5 10-100 0.0001 0.0009

volume scenarios range from 0.001 to 100 m? to encompass
the block sizes surveyed on the field at the two sites.

For the spatial analysis, we divided the slope into a 10 x
10 m square lattice, and we calculated statistics of kinetic en-
ergy within each square.

3.2.1 Effect of tree-impact submodel

Figure 2 shows the 95th percentile of the blocks’ kinetic en-
ergy in each 10 m square considering the first and fifth sce-
nario with and without the forest submodel. This statistic
variable has been chosen since it is frequently used for de-
signing defensive works (UNI 11211; Macciotta et al., 2015;
Lambert et al., 2021). In the case of low-volume blocks, the
simulation without the tree-impact submodel (Fig. 2a) shows
a central sector characterized by the highest kinetic energies
(from 2500kJ up to over 10000kJ for the 95th percentile)
and a distal zone characterized by lower values. Trajectories
are able to reach the base of the slope, the unpaved road,
buildings, and playing field and pass over the location of the
outermost blocks of the 2020 event. When using the tree-
impact submodel (Fig. 2b), the number of trajectories pass-
ing through the central sector of the slope decreases dramat-
ically. The trajectories that reach the base of the slope are
concentrated in the area affected by the 2020 event where the
forest is damaged. These trajectories reach only the unpaved
road, with associated 95th percentile kinetic energy values

https://doi.org/10.5194/nhess-23-2349-2023
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Figure 2. Distribution of kinetic energies of blocks along the slope
in the Saint-Oyen case study. The value of each cell corresponds
to the 95th percentile of the kinetic energy of the blocks passing
through that cell. Panel (a) scenario S1 (small blocks) HS, (b) sce-
nario S1 (small blocks) HS¢ree, (€) scenario S5 (large blocks) HS,
and (d) scenario S5 HStree (large blocks).

of less than 2500 J. For large blocks (fifth scenario), the ki-
netic energy is high enough to nullify the effect of forest, and
the two analyses without and with tree-impact submodels be-
come similar (Fig. 2c and d).

From these results, it is evident that the use of the tree im-
pact submodel is relevant in the case of low-volume blocks,
for which the simulated trees are able to interrupt most of the
computed trajectories and in any case to decrease the kinetic
energies. On the contrary, tree-impact analysis is almost ir-
relevant for high-volume blocks.

Analyzing the distribution of kinetic energies along the
road and the number of blocks at the foot of the slope with-
out (HS) and with (HSe) the tree impact submodel, we sys-
tematically observe lower values of energy for the HS anal-
yses (Fig. 3). Indeed, in these models, the effect of the for-
est is simulated by reducing the restitution coefficients and
increasing friction coefficient, calibrated on the range of ki-
netic energies of the event. However, this coefficient mod-
ification is independent of the block mass of the simulated
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Figure 3. Boxplots of kinetic energy values recorded for each sce-
nario (S1 to S5) at the foot of the slope in the Saint-Oyen case study.
The associated 95th percentile value is highlighted by the red star.
The total number of simulated blocks for each scenario is 995.

blocks, and, therefore, it is not possible to observe the scale
effect revealed in the HS. analyses.

When the kinetic energies are lower than both the cali-
brated kinetic energies and the kinetic absorption energies of
the trees (scenarios S1 and S2), the classical HS approach
overestimates the runout (see the large number of blocks in-
tersecting the road after crossing the forest in Fig. 2a). In-
stead, the HSe algorithm intercepts, slows, and stops the
least energetic blocks, allowing only the most energetic to
reach the lower part of the slope. As a result, few transits
are obtained but with much higher kinetic energies due to the
filtering effect of the forest (Fig. 3).

In contrast, when the kinetic energies grow beyond the
calibration range (scenarios S4 and S5), the classical HS
approach continues to apply the forest effect (through the
modified parameters) even though the kinetic energies are
well above the tree absorption energies, underestimating the
runout (the number of blocks intercepting the road remains
about the same as in the low-energy scenarios) and the ki-
netic energies (Fig. 3). For the HS.,s analyses in these sce-
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narios, S4 through S5, show higher kinetic energies and a
high number of transits (compared to the lower-volume sce-
narios) because the effect of the trees becomes negligible, as
it should be (Fig. 3).

In the intermediate S3 scenario, greater congruence be-
tween the two approaches HS and HSy. is observed (Fig. 3)
because the simulated volumes are similar to the calibration
range (between 0.001 and 34 m3).

3.2.2 Effect of fragmentation submodel

Figure 4 shows the 95th percentile of the blocks’ kinetic en-
ergy in each 10 m square grid with and without the adoption
of the fragmentation submodel considering the first and fifth
scenarios. The behavior of the analyses with small or large
block volumes is extremely different. In the case of low-
volume blocks, the adoption of the fragmentation algorithm
is almost negligible because blocks are too small to undergo
fragmentation. In Fig. 4a the highest 95th percentile values of
kinetic energy for the first scenario and without fragmenta-
tion are concentrated in the area located just below the mod-
eled source and at the highest escarpment, and only four tra-
jectories characterized by values up to 3 kJ reach and cross
the paved road. In Fig. 4b we observe that the highest 95th
percentile values considering the fragmentation are concen-
trated in the area close to the cliff, but only one trajectory
passes the road, characterized by the 95th percentile of ki-
netic energy being much lower (up to 1.5kJ).

For larger blocks (S5 scenario), the difference with and
without fragmentation is much more significant because
more blocks are fragmented (612 out of 2646, 23 %). In
Fig. 4c without fragmentation the runout achieved by blocks
does not exceed that of Fig. 4a but with much larger values
associated with the 95th percentile of kinetic energy reached
all over the slope. The area located just below the modeled
source and in the highest escarpment is characterized by ki-
netic energy values greater than 50 000 kJ at the intersection
with the unpaved road. Values remain high also at the inter-
section with the paved road. In Fig. 4d in which the frag-
mentation is considered there is an increase in the number of
blocks crossing the roads, a consequent spread of trajecto-
ries with longer runouts (more than those actually achieved
during the event) and a decrease in kinetic energy due to
block fragmentation. On the unpaved road, the values asso-
ciated with the 95th percentile drop to 50 000 kJ, and where
the event boulder stopped it decreases to 8000 kJ. At the in-
tersection with the paved road, percentile values are more
frequently lower than 15000kJ except in an isolated section
where they reach 50 000 kJ and over.

Analyzing the distribution of kinetic energies along the
paved road at the foot of the slope without (HS) and with
(HSfrag) the fragmentation submodel, we systematically ob-
serve higher values of energy for the HS analyses (Fig. 5).
Although during the event very few blocks crossed the paved
road and only two of them reached the meadow at the foot
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Figure 4. Distribution of kinetic energy of blocks along the slope in
the Roisan case study. The value of each cell corresponds to the 95th
percentile of the kinetic energy of the blocks passing through that
cell. Panel (a) scenario S1 (small blocks) HS, (b) scenario S1 (small
blocks) HSfrag, (c) scenario S5 (large blocks) HS, and (d) scenario
S5 (large blocks) HSfrag-

of the slope, the calibration of the model without fragmenta-
tion was accomplished by adjusting the parameters in order
to reach the maximum runout. This causes a strong overes-
timation of the number of blocks crossing the paved road,
a general overestimation of the landslide runout, and there-
fore also an overestimation of the kinetic energies at the ele-
ment at risk. As already said for the Saint-Oyen case study,
the runout in the HS models is almost independent from the
block mass. Therefore, the number of transits is roughly con-
stant in all five scenarios.

Instead, in the HSf,; approach, the kinetic energy at the
element at risk is systematically lower because the model
is calibrated to allow only ejected fragments (characterized
by much lower volumes with respect to original blocks) to
reach and cross the paved road as occurred during the event.
The number of fragments reaching the road increases signif-
icantly through different volume scenarios (from S1 to S5).
This depends on the relationship between block size and frac-
ture energy (Yashima et al., 1987); according to this relation-
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Figure 5. Boxplots of kinetic energy values recorded along the road
at the foot of the slope in the Roisan case study. The associated 95th
percentile value is highlighted by the red star. The total number of
simulated blocks is 2646.

ship, the fracture energy scales with the radius of the block
by an exponent that depends on the Weibull’s coefficient of
uniformity and is always lower than 3, which is the scaling
of the kinetic energy with radius. Hence, the larger the block
is, the higher the probability of fracturing is for a certain ve-
locity.

The two approaches HS and HSy;,e provide similar results
in the S4 scenario (characterized by simulated volumes that
are similar to the calibration range, between 0.5 and 23 m?)
both in terms of number of blocks intersecting the road and
in terms of kinetic energies: compared to all other scenarios,
less than an order of magnitude separates the two 95th per-
centile values of kinetic energy.

3.3 Rockfall hazard

As explained in the Methods section, the assessment of rock-
fall hazard requires the onset frequencies fp s for each mag-
nitude scenario, the transit frequency fi s, and the distribu-
tion of kinetic energy in each position along the slope. For
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Figure 6. The two magnitude—frequency relationships of 306 rock-
fall events collected in the Aosta Valley region (blue empty squares)
and the 25 events from the Buthier catchment (black triangles).

the calibration of onset frequency parameters (Eq. 10), we
adopted the methodology of Hantz et al. (2018), who related
the magnitude—frequency relationship of all rockfall events
within a fixed site with the size-frequency relationship of
blocks along the talus for a specific event at the same site.

We obtained the magnitude—frequency relationship by an-
alyzing the available rockfall database of the Aosta Valley
region, which includes 306 events with volume information
(Fig. 6). Among them, only 25 belong to the same catch-
ment of the case studies (Buthier catchment; Fig. 6). Since
this subsample appears to be insufficient to characterize the
magnitude—frequency curve, especially for smaller volumes
that are not recorded, we therefore adopted the entire inven-
tory that we fitted with a maximum likelihood approach, ob-
taining a good power-law fitting (R? = 0.99) for rockfalls
larger than 10 m>, with a scaling exponent of 0.56. We be-
lieve that this parameter value is reliable also for the Buthier
catchment, since the fitting curve has the same slope as larger
rockfall volumes (with a volume greater than 500 m?) within
the subsample. Therefore, this parameter b is adopted for the
two case studies.

For the parameter a, we used the size-frequency relation-
ship of blocks along the talus obtained by image analysis.
Figure 7 shows an excellent power-law fitting (R? = 0.99)
for blocks larger than 0.2 m?, with a scaling exponent b equal
to 1.22. Eventually, by relating the magnitude—frequency size
frequency and accounting for the potential unstable area of
both case studies, we obtained an a value of 0.0072 and of
0.0021 for Saint-Oyen and Roisan, respectively. The result-
ing onset frequencies for the different volume scenarios are
reported in Table 3 for both case studies.
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Figure 7. The size-frequency relationship of blocks along the talus
obtained by image analysis for the Saint-Oyen event.

Both transit frequency (fis) and the distribution of the
kinetic energy come from the rockfall simulation trajecto-
ries sampled within 10 x 10m cells. In order to character-
ize the kinetic energy distribution, we tested the hypothesis
adopted by Lari et al. (2014), who assumed the logarithm of
the kinetic energy to be normally distributed, and obtained
the kinetic energy probability density ps (Ex) by using the
mean and standard deviation statistics. The Kolmogorov—
Smirnov’s test (Fig. 8) shows that the normality is not re-
jected for more than 50 % of the 10 x 10 m cells when using
Hy-Stone without additional algorithms. However, this per-
centage is lower when using the tree-impact and fragmenta-
tion algorithms, suggesting that a non-parametric approach
should be adopted when the level of complexity increases.

By combining the various scenarios and taking into ac-
count their associated probabilities (Eq. 12), we constructed
the hazard curves (by Eq. 13), which show the probability of
exceeding a certain level of intensity in 50 years. Figure 9
shows hazard curves only for some representative cells. We
can assert that they do not always have a logarithmic distri-
bution and that some curves (not here reported) do not reach
the exceedance probability of 0.1 due to a very low transit
frequency. Subsequently, for each location along the slope
and for each model analysis (SO_HS, SO_HSe, R_HS, and
R_HSfrag), we computed from each hazard curve, fixing the
exceedance probability in 50 years at 10 % as done by Lari
et al. (2014), the corresponding kinetic energy which is used
to represent the hazard through a hazard map (Fig. 10).

Compared to the SO_HS model (Fig. 10a), in SO_HSce
(Fig. 10b) the hazard decreases because kinetic energy is
significantly lowered, except with respect to the two sectors
most affected by the event (see calibration in Fig. 1) where
it remains similar (Fig. 10a and b). The total area involved
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Figure 9. Example of hazard curves characterized by a non-
logarithmic trend, calculated in five cells of the R_HS model.

remains about the same, although with slightly lower runout.
However, if only the areas with Ek > 1kJ are considered,
hazard decreases significantly along the road at the foot of
the slope.

For the Roisan case study, compared to the R_HS model,
in R_HS¢,e the hazard decreases because the kinetic energy
is significantly lowered, but note that the area involved in-
creases (Fig. 10c and d). Analyzing the distribution of the
hazard values (Fig. 11) at the foot of the slope obtained by
the different approaches without and with the tree impact
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Figure 10. Hazard map for (a) Saint-Oyen SO_HS model,
(b) Saint-Oyen SO_HStee model, (¢) Roisan R_HS model, and
(d) Roisan R_HSg,; model. The hazard is quantified as the kinetic
energy associated with a 10 % probability in 50 years.

and fragmentation algorithms, we observe an overestimation
of the potential hazard in both case studies. In the Roisan
case study, the overestimation is particularly high because the
chance to fragment the blocks into smaller fragments greatly
reduces the kinetic energy of those. Moreover, the distribu-
tion is less sparse because the only blocks with an energy
value higher than the minimum energy value (1 kJ) that are
able to reach the foot of the slope are few and localized in a
10 m corridor.

4 Discussion

When hazard and risk need to be assessed, having a re-
peatable procedure and possibly a unique result is required.
This study demonstrates that different modeling approaches
can influence both the hazard analysis and the design of
countermeasures but also points out the problems involved
in advanced modeling, leading to necessary discussions on
the topic.
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Figure 11. Boxplot of the kinetic energy associated with a 10 %
probability in 50 years for Saint-Oyen (blue boxplots on the left)
and Roisan (red boxplots on the right) case studies, recorded along
the road at the foot of the slope (dashed line in Fig. 10).

4.1 Tree impact

The classical approach for modeling rockfall propagating
along forested slopes is based on the modification of resti-
tution and friction coefficients, calibrated on the extent of
block propagation. This study shows that the adoption of
this set of modified restitution coefficients provides a cor-
rect replication of the maximum lateral spreading and lon-
gitudinal runout but inaccurate energy of blocks. In fact, the
modification of the restitution coefficients is independent of
the size of the blocks and can slow down even those blocks
that are large enough to be actually unaffected by the pres-
ence of the forest. This leads to an overestimation of rockfall
runout and of the number of blocks reaching the elements
at risk. When the protective role played by the forest is ex-
plicitly simulated (HSe), the hazard decreases due to the
forest protection, but the high percentiles of kinetic energy
become higher. This occurs because the trees stop the blocks
with lower kinetic energy, generating a filtering effect of the
larger blocks, leading to the risk of considering, paradoxi-
cally, the presence of the forest as more dangerous. These
considerations open an important discussion on the opportu-
nity to design the defensive works only based on percentiles
of the kinetic energy.

4.2 Fragmentation

In the case of rockfalls characterized by fragmentation, the
classical approach for calibrating the model with this events
is based on a conservative adjustment of the parameters in
order to reach the maximum runout of single fragments. We
demonstrate that this approach leads to a strong overestima-
tion of the number of transits (Fig. 4), the overall landslide
runout, the kinetic energy of blocks impacting the elements
at risk (Fig. 5), and the hazard (Fig. 10). On the other side,
the alternative approach to replicate only the main deposit,
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neglecting the most distal blocks, would result in an underes-
timation of all these quantities (Fig. S5 in the Supplement).
Therefore, regardless of whether deciding to simulate only
the blocks that have stopped in the main deposit (Fig. le)
or to extend the trajectories to the maximum fragment extent
(Fig. 1c), this study demonstrates that the result is fundamen-
tally incorrect, especially for the design of defensive works.
On the other side, the explicit modeling of fragmentation is
still challenging from both a theoretical point of view (Ruiz-
Carulla et al., 2017; Shen et al., 2017; Guccione et al., 2022)
and a practical point of view due to the difficulty in calibrat-
ing the geotechnical parameters that control fragmentation.
This adds further uncertainty in the analysis of rockfall dy-
namics and hazard.

The results of hazard computation when using the frag-
mentation show a decrease in the hazard. However, as in the
case of forest, this results from the fact that more importance
is given to the kinetic energy of the blocks and not the fre-
quency. Is it correct to infer that the hazard decreases, mostly
due to the decrease in kinetic energy, even if the frequency
increases and the trajectories are much more dispersed? Our
belief is that this inference is not entirely accurate since the
area affected by rockfalls is larger, even if blocks are smaller.
This discussion leaves room for future new studies.

4.3 Probabilistic rockfall hazard

The PRHA approach allows us to quantify rockfall hazard
in terms of hazard curves, thus describing the probability of
exceeding a certain level of hazard. For each magnitude sce-
nario, the approach overcomes the need of selecting a statis-
tic of the kinetic energy at a certain position along the slope
(Agliardi et al., 2009; Farvacque et al., 2021) and allows us
to consider the full energy distribution within a certain grid
cell. With respect to Lari et al. (2014), the revised PRHA
method presents two improvements: (i) the adoption a more
flexible non-parametric approach for the kinetic energy prob-
ability distribution, instead of assuming a log-normal distri-
bution, that we demonstrate in this paper to be frequently vi-
olated if tree impacts and fragmentation subsist (Fig. 8); and
(i1) the implementation of the approach proposed by Hantz
et al. (2016, 2019) for the calculation of the onset frequency
(fo.s)- This approach allows us to relate the onset frequency
estimated from historical catalogues with the frequency-size
distribution of blocks along the slope. In fact, the large vol-
umes recorded in the catalogues typically disaggregate into a
population of blocks as soon as they impact on the slope. This
disaggregation occurs due to the presence of pre-existing
joints and fractures of a jointed rock mass (Ruiz-Carulla et
al., 2017) and does not correspond to a fragmentation. The
adoption of the Hantz et al. (2016, 2019) approach places
emphasis on the block size distribution along the slope, both
to define the design volumes (Melzner et al., 2020) and to
support the correct definition of the onset frequency.
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5 Conclusions

The insight drawn from this study leads us to the following
conclusions:

— If we do not explicitly simulate forest, we underestimate
the protective role of trees and consequently overesti-
mate the hazard. On the other hand, the 95th percentile
of the simulated kinetic energy of the blocks is higher
when adopting the tree-impact algorithm because of the
filtering effect performed by trees.

— If we do not explicitly simulate the fragmentation phe-
nomenon, we overestimate the hazard in terms of energy
values but underestimate the spreading of blocks during
the events. The 95th percentile of kinetic energy along
the element at risk is significantly lower when adopting
the fragmentation algorithm.

— We obtained non-log-normal distributions of the ki-
netic energy values, so we adopted a non-parametric ap-
proach that we demonstrate to be suitable for the hazard
analysis. We highlight how PRHA fits different method-
ological models, and we quantify how much explicitly
simulating both the interaction with forest and the frag-
mentation process leads to more accurate hazard map-
ping.

— As already mentioned in the Discussion, we pointed out
the need to simulate a distribution of blocks that is rep-
resentative of what already occurred as being so far the
most likely because the dimensioning of the mitigation
works is centered on the expected and simulated kinetic
energies of the blocks. We also used the frequency-size
distribution of the blocks along the talus to downscale
the magnitude—frequency distribution of the study area,
as proposed by Hantz et al. (2018), to simulate different
volume class scenarios.

— This study highlights the strong dependency of the 95th
percentile of kinetic energy on the adopted modeling ap-
proach, showing the fluctuations in this value and thus
the uncertainty related to the use of this parameter for
hazard analysis.
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