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Abstract: There is an increasing need for quantitative rockfall hazard and risk assessment that 

requires a precise definition of the terms and concepts used for this particular type of landslide. 

This paper suggests to use terms that appear to be the more logic and explicit as possible, and 

describes methods to derive some of the main hazard and risk descriptors. The terms and concepts 

presented concern the rockfall process (failure, propagation, fragmentation, modelling) and the 

hazard and risk descriptors, distinguishing the cases of localized hazards and diffused hazards. For 

a localized hazard, the failure probability of the considered rock compartment in a given period of 

time has to be assessed and the probability for a given element at risk to be impacted with a given 

energy must be derived combining the failure probability, the propagation probability and the 

exposure of the element. For a diffuse hazard that is characterized by a failure frequency, the 

number of rockfalls reaching the element at risk per unit of time and with a given energy (reach 

frequency) can be derived. However, when the element at risk is not replaced or repaired, the 

probability that it is impacted by at least one rockfall must be considered. 
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1. Introduction 

A definition of terms used for landslide susceptibility, hazard and risk zoning and a framework 

for landslide risk management was given by [1] in the guidelines for landslide susceptibility, hazard 

and risk zoning for land use planning on behalf of the JTC-1 Joint Technical Committee on 

Landslides and Engineered Slopes (joint ISSMGE, ISRM and IAEG Technical Committee), but the 

definitions and concepts need to be detailed and completed for practical use in quantitative rockfall 

hazard and risk assessment. No international specific guidelines exist for rockfall hazard and risk, 

but states of the art were presented by [2-5]. 

2. The rockfall process  

The most widely used classification system of landslides is the one derived from the Varnes 

classification [6], which was slightly modified by [7] and more recently by [8]. Excluding slope 

deformation, five types of rock movements are described by [8]: rock fall; rock topple; rock slide; 

rock spread; rock avalanche. A rock fall is defined as the "detachment, fall, rolling, and bouncing of 

rock fragments. It may occur singly or in clusters, but there is little dynamic interaction between the 

most mobile moving fragments, which interact mainly with the substrate (path). Fragment 

deformation is unimportant, although fragments can break during impacts." A rock avalanche is 

defined as an "extremely rapid, massive, flow-like motion of fragmented rock from a large rock slide 

or rock fall." As there is a continuous transition between rock falls and rock avalanches by a 
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progressive increase of volume, both have been included in the scope of this article. But for the sake 

of simplicity, we will use the term "rock fall". 

[9] divided flow-like movements (where particles interact with each other and travel as 

deforming mass) into dry granular flows and granular flows with special mobilization phenomena, 

which have usually a bigger size but it is difficult to establish a fixed boundary. Their excessive 

mobility could be the result, for instance, of undrained loading. 

Note that the two nouns of "rock fall" are separated according to the general principle of the 

Varnes classification (the first noun describes the material and the second describes the type of 

movement), but the term "rockfall" is often used by engineers [10]. Thus, we will use "rockfall" 

within the rest of this article. 

2.1. Failure 

The detachment can be defined as a movement which results in a complete loss of contact of a 

rock compartment with the surface by which it was in contact with the cliff. The detachment (or 

release) results from a failure process by which the rock compartment begins to move. This failure 

usually occurs by a sliding or a toppling mechanism, but tensile, bending, and buckling failures 

may also play a role. According to the principle of the Varnes classification, a composite term can 

be used to describe both the failure mechanism and the transport process (examples: rock topple – rock 

fall, rock slide – rock fall, rock slide – rock avalanche). The mechanical analysis of slide and topple was 

described for example by [11] and [12]. The term of "rock compartment" is preferred to "rock mass", 

which refers to a larger rock volume in rock engineering. Non-structurally-controlled failures occur 

when the rock mass strength is exceeded and result in the movement of a rock compartment that slides 

on the rest of the rock mass. 

When a rock compartment is prone to fall, it can be qualified as potentially unstable. When it 

slowly moves before the detachment of the rock compartment, it can be qualified as unstable and 

called an instability. After a rockfall, the surface by which the fallen rock compartment was in contact 

with the cliff (and which is often well visible), is called the scar or the source area or the release area of 

the rockfall. The deposited material is called the deposit or debris. When the deposit forms a 

continuous layer, it is known as talus. Its slope is usually lower than 40°. 

2.2. Fragmentation 

Usually, a potentially unstable rock compartment is initially made of a number of blocks, which 

are delineated by cohesionless discontinuities but it can include cohesive or non-persistent 

discontinuities with rock bridges. The sizes of these blocks are characterized by the in situ block size 

distribution (IBSD) that was introduced by [13]. Note that the non-persistence of the discontinuities 

and the existence of rock bridges can lead to an underestimation of the size of the initial blocks. 

When falling, an initial block can break in several smaller blocks during the impacts on the 

substrate or with other blocks. The final distribution of the fragments is called the rockfall block size 

distribution (RBSD). [14] proposed a terminology to describe the fragmentation processes occurring 

during a rockfall: The fragmentation of a rock compartment results from the disaggregation that 

occurs during the failure process (Figure 1) and the breakage (dynamic fragmentation) that occurs 

during the impacts of the rock fragments between each other or on the substrate. The fragmentation of 

a potentially unstable rock compartment should be considered in the hazard analysis [15]. 

 

Figure 1. The in-situ rock compartments (a) disaggregate into individual blocks (b). 
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2.3. Rockfall modelling 

Fragmental rockfalls may be analyzed by simulating the propagation of one single block that 

interacts only with the substrate (single block methods, [16]) or by including a fragmentation law 

[17-18]. Rock mass falls can be analyzed by modelling each rock fragment (multi-block methods, 

including discrete element methods, [19]) or as a granular flow remaining in a fairly continuous 

contact with the flow bed [9]. The methods that model explicitly the rock fragments may or not model 

the breakage. The simplest methods allow to run a lot of simulations in a probabilistic approach. 

A simplified energetic approach can also be used, with the concept of reach angle that express the 

energy loss during the propagation. The energy line represents the energy (divided by the weight) of a 

rock mass as a function of the horizontal displacement along the rockfall path. Theoretically, it starts 

from the gravity center of the rock mass before its detachment. The energy consists of potential energy 

and kinetic energy. The energy line decreases along the rockfall path due to the energy that is lost 

when the rock fragments rebound, roll or slide on the ground. Thus, its inclination reflects the energy 

loss per unit of horizontal displacement. When a rock mass reaches the intersection of the energy line 

with the topography, the energy consists only of its potential energy and then it stops. 

For sliding, it can be shown that the energy line is inclined at an angle equal to the dynamic 

friction angle of the interface between the rock and the ground [20]. For bouncing or rolling, its 

inclination cannot be related to a simple mechanical parameter. The reach angle was assessed 

empirically. For practical reasons, the empirical reach angle or Fahrböschung of a rockfall [21] has 

been defined from the highest point of the rockfall scar to the stopping point of the longest run-out 

boulder [22]. [22] suggest an alternative angle, the shadow angle, which is defined from the apex of the 

talus slope to the outer margin of the rockfall shadow. The rockfall shadow is the area downslope of 

the talus slope, which is covered discontinuously by scattered large boulders that have rolled or 

bounced beyond the base of the talus. This alternative approach supposes a profile such as most of the 

kinetic energy is absorbed during the first impact on the talus slope. The effect of rockfall activity is 

integrated over time by considering the longest boulder run-out in a given rockfall shadow. Note that 

the reach angle and the shadow angle as defined originally are related respectively to a rockfall event 

and a rockfall area, and represent a minimum of the angles that can be measured for individual 

boulders. The statistical analysis of the individual boulder reach (or shadow) angles allows a 

probabilistic analysis of the propagation [23]. 

3. Rockfall hazard 

The definition of hazard given by [1] is: "A condition with the potential for causing an 

undesirable consequence. The description of landslide hazard should include the location, volume 

(or area), classification and velocity of the potential landslides and any resultant detached material, 

and the probability of their occurrence within a given period of time." Note that this definition of the 

hazard is larger than the previous definition [24], as the probability is no more identified to the 

hazard but is only a component. 

For rockfalls, the condition with the potential for causing an undesirable consequence is the 

arrival of rock material, and the parameters that directly determine the consequence are the volume, 

the trajectory and the velocity of the rock fragments. They depend on the location and geometry of 

the prone to fall rock compartments and on the characteristics of the propagation zone.  The 

description of rockfall hazard at a given location should ideally include the probabilities (or the 

frequencies) of a rock fragment reaching this location within a given period of time and with a 

minimum volume, velocity or energy, and height. Different periods of times and other parameters 

can be considered. When an element at risk is on the top of a cliff, the condition is just the release of a 

rock compartment that support the element at risk. When the time frame is explicitly not taken into 

account, the rockfall hazard is not fully described and the analysis is called a susceptibility analysis 1. 

Comprehensive hazard and susceptibility analysis can be qualitative or quantitative. 

According to the type of study, two approaches can be taken: a localized hazard approach, 

where the prone to fall (or potentially unstable) rock compartments are localized and described, and 

a diffuse (or global) approach, where it is assumed that a rock compartment may fall from any point 
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of a homogenous source area. According to the approach taken, the way to obtain the probability of 

a rock fragment reaching a location within a given period of time and the concepts used are 

different. 

3.1. Frequency and probability 

Following [25] and [26], one may assume that in a homogenous area where a lot of independent 

rock compartments are at different evolutionary stages, the occurrence of rockfalls is stationary at a 

yearly scale and is described by a Poisson law. Note that at a daily scale, the dates of the rockfalls are 

not independent because several rockfalls can be triggered by the same meteorological episode. The 

probability that N rockfalls occur (failure probability) during a reference period of length t, on a cliff 

where the failure frequency is λ is: 

, 
(1) 

and the probability that one or more rockfall occurs is: 

. 
(2) 

If λt is small, this probability can be approximated by λt. The same formulae can be applied to 

the rockfall reach probability, where λ is the rockfall reach frequency. Unlike for rockfall events, the 

Poisson law cannot be applied to the arrival of rock fragments at a yearly scale, because they fall in 

clusters. 

3.2. Localized hazard 

For a prone to fall rock fragment to reach a point within a given period of time (event C), it must 

be released from the source area (event A) and propagate (or travel) from the source to the point 

considered (event B). So, the probability of the event C is the probability of the event A multiplied by 

the probability of the event B, given the event A has occurred [27-29]: 

. (3) 

Different expressions have been used to name these probabilities (or the frequencies). For PA, 

the expressions failure probability [15], onset probability [3,30], rockfall probability [2] and release 

probability have been used. For PB, the expressions propagation probability [15,31,32], transit or 

impact probability [30], reach probability [33] and travel probability [34] have been used. For PC, the 

expressions impact probability [22,35] passage probability [30], reach probability [36], occurrence 

probability [3], rockfall probability [37] have been used. As reaching (or passing through) a point for 

a rock compartment needs to be released (or fail) and to propagate (or travel) down to this point, we 

suggest to use the following expressions: Failure probability or release probability for the event A; 

Propagation probability or travel probability for the event B; Reach or passage probability for the 

event C. Note that the expressions probability of occurrence and onset probability are too general 

because the occurrence or onset may refer to different events (failure, impact). 

In the context of a risk analysis, [36] used the expression of impact probability to describe the 

probability of an element at risk to be impacted by a rockfall. This probability is different from the 

reach probability if the element at risk is mobile, as its exposure is included. 

According to the expressions suggested to name the different probabilities, Equation (3) can be 

rewritten: 

, (4) 

where Pr is the reach probability, Pf is the failure probability and Pp is the propagation probability.  

In the present state of knowledge, no validated mechanical approach is able to quantitatively 

determine the failure probability of a potentially unstable rock compartment in a given period of 
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time, and it is usually assessed by expert judgement. An example of quantitative assessment by 

expert judgement is given by [38]. When localized hazards belong to a homogenous area where the 

overall failure frequency has been estimated, the failure probabilities estimated by expert judgement 

can be constrained by the overall frequency [39,40]. For monitored unstable compartments, the 

analysis of accelerating creep sometimes allows to predict the time of failure. Different prediction 

methods and case studies are described for large rockslides by [41-44]. 

The propagation probability of a rock fragment or a whole rock compartment can be 

determined using the reach angle or simulating its trajectory (possibly simulating fragmentation and 

interactions). It is the proportion of simulations that reach the considered point, cell or line [45]. An 

in-situ rock compartment is made up of blocks with an in-situ block size distribution (IBSD) that 

determines the volumes of the blocks to be launched (or the number of blocks for different volume 

classes). A deterministic simulation of a rockfall can give the number of blocks that reach each cell of 

the slope, their volume, energy and passing height. In a probabilistic analysis, several rockfall are 

simulated, allowing to assess the probability for a cell of the slope to be reached by at least one block 

or any number of blocks, possibly for different classes of volume, energy or passing height (for 

example, [46]). 

When the interaction between blocks is negligible, single block methods (one block launched 

per simulation) can be used (possibly with fragmentation). Probabilistic methods give the 

probability Ppi that at least one fragment reaches a point, given that a single block i has been released. 

The probability Pp that at least one fragment reaches a point, given that the whole compartment has 

fallen is: 

, 
(5) 

where N is the number of fragments making up the fallen compartment. If the probabilities Ppi of the 

blocks are small, Pp can be approximated by: 

. 
(6) 

If in addition the rock fragments have the same propagation probability Ppi, Pp can be 

approximated by [15]: 

. (7) 

When there are N independent prone to fall rock compartments, each of them having a reach 

probability Pri, the reach probability Pr is given by: 

. (8) 

3.3. Diffuse hazard 

An element at risk exposed to a diffuse hazard may be impacted periodically by a rockfall. That 

is why a diffuse hazard is usually assessed by a reach temporal frequency that is obtained from a 

rockfall inventory (or data base) covering a known period. This inventory may identify rockfall 

events having occurred in a given area or rock fragments deposited in an area of interest. As the 

frequency is strongly dependent on the volume, an inventory should include the volume of each 

event or fragment. Note that the concept of temporal frequency is not suitable to describe a localized 

hazard because the release of a given rock compartment occurs once only. However, in some cases a 

big localized compartment that have a failure probability, can be viewed also as a homogenous area 

where falls of smaller blocks represent a diffuse hazard. 

3.3.1. Frequency 
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A temporal frequency is a number of occurrences per unit of time. It can be divided by an area 

(cliff area for example) or a length (cliff length or road length for example), giving a spatial-temporal 

frequency. When the qualifiers "temporal" and "spatial-temporal" are not used, a confusion is 

possible with the term "frequency" used in the statistical sense, which does not refer to time. 

Different temporal (or spatial-temporal) frequencies can be used: 

- Failure frequency or rockfall release frequency: The number of rock compartments that 

detach from a given source area, per unit of time (and per unit of area for the spatial-temporal 

frequency). The spatial-temporal release frequency allows to compare the activity of different cliff 

areas [47,48]. 

- Fragment release frequency: The number of rock fragments that detach from a given source 

area, per unit of time (and per unit of area for the spatial-temporal frequency). [35] proposed a 

method to derive the fragment release frequency from the failure frequency. 

- Event reach frequency: The number of rock fall events that reach or fly over a given location, 

per unit of time (and per unit of length for the spatial-temporal frequency). In other words, the 

number of rock fall events, at least one fragment of which reaches the given location. The 

spatial-temporal reach frequency allows to derive the reach frequency at any location according to 

its width, measured perpendicular to the movement direction [22]. 

- Fragment reach frequency: The number of rock fragments that reach or fly over a given area 

or location, per unit of time (and per unit of length for the spatial-temporal frequency). 

- Fragment landing frequency [22,34]: The number of rock fragments that stop in a given area, 

per unit of time (and per unit of area for the spatial-temporal frequency). 

Remark: The fragment reach frequency is higher than the event reach frequency, particularly 

when breakage occurs [45]. Which one of these frequencies is the most relevant, depends on the type 

of consequence that is considered. As pointed out by [49], the reach frequency can be obtained either 

directly from an inventory of the rockfall events or fragments having reached the considered area 

during an observation period, or indirectly by combining a release frequency analysis and a 

propagation analysis. 

3.3.2. Rockfall event inventory 

The volume of a rockfall event can be assessed by measuring the deposited fragments after the 

event or by comparing digital models of the cliff before and after the event. [50], showed that the 

event volumes may change depending on the observation window. A single scar identified between 

two measurements can be the result of not a single event but multiple successive smaller events. This 

implies that a rockfall event must be defined by a time interval. 

Different definitions of a rockfall event can be proposed. From a mechanical point of view, it 

can be defined as the fall, rolling, and bouncing of rock fragments resulting from the detachment 

and the fragmentation of the same rock compartment, or resulting from the same triggering factor. 

From a practical point of view, it can be defined as the fall, rolling, and bouncing of rock fragments 

whose times of occurrence cannot be distinguished according to the detection method. In the case of 

a continuous monitoring (seismic or topographic) or when there are witnesses, the time interval of 

an event can be defined to the second or the minute. In the case of a discontinuous monitoring, the 

precision is the measure interval. It ensues that distinct events (from a mechanical point of view) 

may be mixed in a unique event. 

3.3.3. Rockfall fragment inventory 

A rock fragment inventory allows to assess the fragment landing frequency. [22] assessed this 

frequency by counting boulders in strip-like areas along the contour lines and then derived the 

boulder reach frequency by integrating the landing frequency over an influence area. [51] suggest to 

count boulders in homogenous strip-like areas along the reach or shadow angle contours rather than 

elevation contours, defining the reach angle from the cliff crest. A rock fragment inventory can help 

to define a design volume. 
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3.3.4. Volume-frequency relation 

As the frequency is strongly dependent on the volume (and of the energy for the reach 

frequency), the volume (or energy)-frequency relation is usually analyzed by showing the 

cumulative (or non-cumulative) frequency as a function of the minimal volume considered (or of the 

volume interval). The relation between the energy and the reach frequency (or return period) can be 

called the hazard curve [52]. [30] considered also the fly height, introducing a Rockfall Hazard 

Vector whose components are the reach frequency, the maximum velocity and the maximum fly 

height. 

The relation between the volume and the rockfall (or fragment) release frequency is often fitted 

by a mathematical law, most often a power law (for example, [53,54]). The extrapolation of this law 

allows to estimate the frequency for volumes outside the range of the observed volumes, but in the 

domain of validity of the law. The question arises of the maximal possible volume of a rockfall event 

(or a rock fragment) to be considered in the hazard assessment, which is usually higher than the 

maximal observed volume. It has been discussed [55]. 

3.3.5. Derivation of the reach frequency from the release frequency through propagation analysis 

In the case of a diffuse hazard, a rockfall of unknown volume can start from any point of a 

homogenous release area. The spatial temporal rockfall release frequency depends on the rockfall 

volume and the observed or modelled volume-frequency relation determines the volumes of the 

compartments that must be released from each source cell of the digital cliff model to simulate the 

rockfalls occurring in a given fictive period (simulated period), assuming a constant release 

frequency (Figure 1a). This period should be long enough for a sufficient number of rockfalls to be 

simulated in each source cell for each volume class. In practice, as the periods needed for different 

volume classes are different (periods needed for big rockfalls are longer), the reach frequencies are 

often determined separately for different volume classes and then are summed to obtain the total 

reach frequency. For a given rockfall volume class having a failure frequency per cell λfc, the length 

Ts of the simulated period is the number of rockfalls simulated per source cell Nsc divided by λfc: 

. 
(9) 

For a rockfall volume class, an in-situ rock compartment is made up of blocks with an in-situ 

block size distribution (IBSD) that determines the number of blocks to be launched for this volume 

class to simulate one rockfall event (Figure 1b). For a given rockfall volume class, the simulations can 

give different parameters for each cell of the slope. 

The total number of blocks passing through the cell (Nbc) divided by the length of the simulated 

period (Ts) gives the fragment reach frequency per cell: 

. 
(10) 

Note that the arrivals of a fragment are not independent events as a unique rockfall event often 

produces many fragments. The number of simulations with Nbc ≥ 1 (Nsc1) divided by the length of the 

simulated period (Ts) gives the event reach frequency per cell. 

. 
(11) 

The proportion Nsc1/Nsc is the probability of propagation in a cell, given that a rockfall start from 

each source cell. Note that the frequencies per cell depends on the cell size and must be divided by 

the cell width to derive a usable spatial-temporal reach frequency. 

Considering an event release frequency λf for a given source area comprising Nc cells, Ts can be 

written: 
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. 
(12) 

In this case, the fragment and event reach frequencies can be written: 

, 
(13) 

, 
(14) 

with Nb the number of blocks passing through a line of interest and Ns1 the number of simulations 

with Nb ≥ 1. These reach frequencies can also be determined considering a minimal value of the 

fragment volume or energy or a minimal value of the energy of all blocks passing through the cell. 

The maximum kinetic energy or the maximum passing height of each block passing through a cell 

can be calculated and their distribution functions can be displayed. 

Figure 2 shows a simple illustration of the method. The source area is divided in two cells (Nc = 

2). The failure frequency per cell (λfc) is 1 event per year. Two simulations are carried out for the two 

cells (Nsc = 2), simulating a 2 year-period (Ts = 2 years). Each rockfall event produces 3 blocks. 

Another presentation of diffuse rockfall hazard assessment is given in this special issue by [56]. 

 

Figure 2. Simulation of 2 years of rockfalls from 2 source cells and annual frequencies obtained. 

4. Rockfall risk 

The definition of risk given by [1] is: "A measure of the probability and severity of an adverse 

effect to health, property or the environment. Risk is often estimated by the product of probability of 

a phenomenon of a given magnitude times the consequences. However, a more general 

interpretation of risk involves a comparison of the probability and consequences in a non-product 

form. For Quantitative Risk Assessment the use of the landslide intensity is recommended." Besides 

the product of probability times the consequences, the risk can be described by the annual 

probability of different levels of loss [1,57]. 
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In the case of rockfalls, the risk is often analyzed considering different volumes and energies, 

which have different probabilities (or frequencies). A method for rockfall quantitative risk 

assessment is described by [2]. The main concepts are recalled below. 

4.1. Localized hazard 

4.1.1. Trivial case of a unique block without fragmentation 

The risk for a given element at risk at a given location can be expressed: 

. (15) 

Pr is the reach probability for the period of interest, of a location whose width is the width of the 

element at risk plus the width of a rock fragment if a lumped mass model is used for rockfall 

modelling. 

Pt is the temporal probability of the element at risk. This probability is 1 for a static element at 

risk. For a moving element at risk (person or vehicle), it is the proportion of the time when it is in the 

considered location. For a vehicle moving perpendicularly to the trajectory of the block, the 

exposure is 53 58: 

. 
(16) 

Lm is the length of the vehicle, Vm is its velocity, Wb is the width of the block and Fv is the 

passage frequency of the vehicle considered. If the societal risk is considered, Fv is the traffic 

(number of vehicles per time unit). 

V is the vulnerability or lethality of the element at risk or its degree of loss (a number between 0 

and 1). It depends mainly of the energy of the block. The relation between the energy and the 

vulnerability can be called the vulnerability curve 36. 

C is the value of the element at risk. 

4.1.2. Case of a rock compartment with fragmentation 

In this case, the element at risk can be impacted by several blocks with different energies. The 

more relevant reach probability to consider is the probability that the total energy of the blocks 

reaching the considered location belongs to an energy class. The risks corresponding to different 

energies can be added because the corresponding events are exclusive for a unique rock 

compartment. The total risk is: 

. 
(17) 

Pr(Ej) is the probability that the total energy of the blocks reaching the considered location belongs to 

the interval (Ej,Ej+1), V(Ej) is the vulnerability of the element at risk for this energy interval. 

4.1.3. Case of several rock compartments 

In this case, the element at risk may be damaged several times and the relevant risk depends on 

whether it is soon replaced or repaired when a damage occurs (its value remains constant) or it is not 

repaired (its value has decreased) or it is removed. If the rockfall events are independent of each 

other and if the element at risk is replaced or repaired when a damage occurs, the damages can 

cumulate and the risks corresponding to the different compartments can be added [24]. It ensues 

that the risk can be higher than the value of the element at risk. 

At the opposite, if only the first damage is considered (the element at risk is removed or 

abandoned), the risks corresponding to the different compartments cannot be added (otherwise the 

total risk could be higher than the value of the element at risk). In this case, the probability for each 
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class of energy (and corresponding vulnerability and damage) can be determined. For the energy 

class j, it is: 

. 
(18) 

N is the number of potential rockfalls, Prij is the probability that the compartment i reaches the 

considered location with an energy of class j and Pt is the temporal probability of the element at risk 

at the considered location. The risks corresponding to the different classes of energy cannot be 

added as in Equation (16) because the corresponding events are not exclusive (a compartment can 

produce an energy of class j and another one can produce an energy of a different class). The total 

risk is: 

. 
(19) 

When the reach probabilities or the temporal probabilities are sufficiently low (less than 0.01 

according to [59]), the risks corresponding to different compartments or to different energy classes 

can be added, simplifying Equations (18) and (19). The case of non-independent events was 

discussed by [24]. 

4.2. Diffuse hazard 

Two approaches can be used according to the risk management policy. When the element at 

risk is replaced or repaired after being damaged, the event reach frequency should be considered to 

estimate the annualized loss (for example, when a road remains open after a car has been hit or when 

a protective structure is repaired). When the element at risk is not replaced or repaired, the 

probability that it is impacted by at least one rockfall should be considered (for example, when an 

impacted house is not rebuilt). Note that if the annual frequency is small, it is close to the annual 

probability. In what follows, we will consider the event reach frequency. The reach frequency can be 

determined either for a location whose width is the width of the element at risk [36] plus the width 

of a rock fragment if a lumped mass model is used for rockfall modelling, or for a wider area of 

interest [60,58]. In this case, the hazard is homogenized and the more critical locations may not be 

detected. 

In the first case, the annual risk (or annualized loss) for a given element at risk in the considered 

location is: 

. 
(20) 

λr is the frequency of the events for which the total energy of all the blocks reaching the considered 

location belongs to the interval (Ej,Ej+1). Alternatively, volume intervals can also be considered. Pt is 

the temporal probability of the element at risk to be in the considered location (Equation 17). V(E j) is 

the vulnerability of the element at risk for this energy interval. 

In the second case, the temporal probability for a vehicle is: 

, 
(21) 

where Wa is the width of the area of interest. As the reach frequency refers to an area of interest that 

is much wider than the element at risk, the probability that a rockfall reaching this area impacts the 

element at risk must be introduced [60].  [60] and [58] named this probability the spatial 

probability (of an event reaching the element at risk given that it occurs in the area of interest). It can 

be expressed as: 

, 
(22) 
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We is the width of an event in the area of interest. Note that [60] neglected the length of the element 

at risk. For a vehicle crossing the whole area of interest, the risk is then: 

. (23) 

The product PtPs can be called the temporal spatial probability or the exposure. 

[45] pointed out that the rockfall front may be continuous or consists of scattered blocks. In the 

latter case, the width of an event must be replaced by the sum of the widths of the scattered blocks. 

4.3. Different types of risk 

Different types of risk can be considered 1. 

• Individual risk to life (or individual human risk): "The annual probability that a particular life 

will be lost". 

• Societal risk to life (or societal human risk): "The risk of multiple fatalities or injuries in society 

as a whole", which can be expressed as the annual number of deaths. 

• Non-human societal risk concerns "financial, environmental, and other losses". The elements at 

risk can be "buildings and engineering works, economic activities, public services utilities, 

infrastructure and environmental features in the area potentially affected by landslides". 

5. Conclusions 

A lot of concepts and descriptors can be used for a quantitative characterization of rockfall 

hazard and risk, according to the context of the study (level of detail, data available, nature of the 

element at risk, purpose of the analysis, risk management). In this paper, various concepts and 

descriptors are precisely defined and methods for quantitative hazard and risk assessment are 

suggested. 

For localized hazards, a theoretical approach for quantitative hazard and risk assessment is 

described, even though the assessment of the failure probability must be based on expert judgement. 

For a diffuse hazard, quantitative hazard and risk assessment is usually based on a rockfall 

inventory that gives a failure frequency, which is then combined with a propagation analysis to 

derive the temporal frequency for a given location to be reached or for a given element at risk to be 

impacted. 

The relevant method to assess the risk depends on whether the element at risk is soon replaced 

or repaired when a damage occurs (its value remains constant) or it is not repaired (its value has 

decreased) or it is removed. 
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