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Abstract. When calculating the risk of railway or road users

of being killed by a natural hazard, one has to calculate a

temporal spatial probability, i.e. the probability of a vehicle

being in the path of the falling mass when the mass falls, or

the expected number of affected vehicles in case such of an

event. To calculate this, different methods are used in the lit-

erature, and, most of the time, they consider only the dimen-

sions of the falling mass or the dimensions of the vehicles.

Some authors do however consider both dimensions at the

same time, and the use of their approach is recommended.

Finally, a method considering an impact on the front of the

vehicle is discussed.

1 Introduction

Natural hazards impacting on transportation corridors can

cause traffic disruption, with direct and indirect economic

consequences, and affect the users by direct impact on ve-

hicles (hereafter refereed to as direct impact) or by impact of

the user with deposited material.

When the indirect consequences (e.g. economical cost

of the road closure) are taken into account, they generally

largely outweigh the direct consequences. However, indirect

consequences have no influence on the individual risk, which

is often used as an acceptability criterion (e.g. Ho and Ko,

2009). Therefore, the impact of vehicles with falling or de-

posited material is worth attention. On the other hand, ac-

cording to Pantelidis (2011), direct impact of a landslide on

a moving vehicle is by far less likely than the impact of a ve-

hicle with the landslide material deposited on the road. Nev-

ertheless, using an inappropriate formulation to calculate the

direct impact probability might still have a noticeable effect

on the total risk assessment.

This paper reviews the approaches used to calculate the

direct impact probability given that an event occurs. This is

usually called temporal spatial probability (e.g. Fell et al.,

2005, 2008; Ferlisi et al., 2012; Corominas and Mavrouli,

2013), although, depending on the hypothesis and formula-

tion, it is expressed as an expected number of vehicles rather

than a formal probability. It has to be mentioned that some

methods also consider traffic jam situations, or account for

the possibility of a warning system or for the driver to see

the event in advance and to respond by braking. These sit-

uations are however beyond the scope of this article, where

we concentrate on the category named “impact of a falling

rock on a moving vehicle” by Bunce et al. (1997), keeping in

mind that the calculation applies also to other falling or flow-

ing material such as for debris flow or snow avalanches. For

this review, the approaches are divided into three categories,

namely, neglecting the event dimension (Sect. 2.1), neglect-

ing the vehicle dimension (Sect. 2.2) and, finally, taking both

dimensions into account (Sect. 2.3).
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2 Temporal spatial probability of moving vehicles

2.1 Approaches neglecting the events dimension

Most of the quantitative risk analyses for moving vehicles

published in the literature concern rockfalls. To calculate the

probability of a falling block hitting a car or a train, Eq. (1)

is generally used (e.g. Bunce et al., 1997; Fell et al., 2005;

Ferlisi et al., 2012; Mignelli et al., 2012; Corominas and

Mavrouli, 2013; Wang et al., 2014; Macciotta et al., 2015):

PST =
fV×LV

vV

, (1)

where (correspondence of the variables names used in this

paper with those adopted in some of the cited works can be

found in Appendix B)

– PST is the temporal spatial probability of a vehicle be-

ing in the path of the rock when it falls, neglecting the

rock dimensions and considering a single lane with no

vehicle overlap;

– fV is the traffic density expressed in number of vehi-

cles per time unit (e.g. average annual daily traffic, with

proper unit conversion);

– LV is the length of the vehicle;

– vV is the mean vehicle velocity.

The aim of this equation is to calculate, as the block falls,

the probability of a car being present at the instantaneous

position of the block’s centre of mass. The simplification of

using the geometric centre of the block is valid only for LV

significantly larger than the size of the falling block, which

is usually the case for trains, but might become an oversim-

plification for cars. In this case, PST is formally a probabil-

ity, since a value of 1 would mean that cars move bumper to

bumper.

The approach proposed by Peila and Guardini (2008) and

used by Budetta et al. (2015) falls in the same category, al-

though it takes into account the length of the hazard zone

and the vehicle length. However, if we multiply their spatial

probability by their temporal probability and by the vehicle

frequency, we obtain

LV

LH

×
LH

vV

× fV =
LV× fV

vV

, (2)

where LH is the length of road included in the hazard zone.

The simplification is then similar to Eq. (1). It has to be

noted that Peila and Guardini (2008) use a binomial distri-

bution to calculate the probability of one or more impacts,

using the rockfall frequency as the number of experiments,

and the spatial probability as the probability of success. We

neglected this transformation here in order to keep the rock-

fall frequency out of the calculation, but the general idea is

the same. This method is modified from Crosta et al. (2001).

Areal objects Linear objects

Intensity map
(hazard zone)

Area actually affected 
(event)

PS = (WE1 + WE2) / LH

WE1

PS = SE / SH

SE SH

WE2

LH

= WE  / LH 

Figure 1. Calculation of the spatial occurrence probability (PS) as

used in the Swiss methodology. This probability corresponds to the

proportion defined in the hazard map which is actually affected in

the case of an event (left panel), or to the proportion of the length

which is affected (modified from Bründl et al., 2015).

2.2 Approaches neglecting the vehicle dimension

In the following, we present two examples of methods ne-

glecting the vehicle dimension: one is applied in Switzerland

and the other is known as the average vehicle risk method.

2.2.1 Approach used in Switzerland

Risk analysis in Switzerland has been standardised by the

requirement for the regional authorities to produce hazard

maps (Raetzo et al., 2002), and by the attribution of sub-

sidies for protective measures based on standardised cost–

benefit analyses using intensity maps prepared during the

procedure of hazard mapping (Bründl et al., 2009). System-

atic risk assessment is also performed for highways (Dorren

et al., 2009) and for railways (Bründl et al., 2012).

The procedure used to design hazard maps consists in es-

tablishing scenarios for three different return periods, namely

30, 100 and 300 years. The return period is defined for the

source area, and intensity maps are built for each scenario,

in order to identify the spatial distribution of the potential

intensities. The conditional probability of the source mate-

rial reaching any downslope location is considered only in

a Boolean way, which means that the entire endangered area

is considered as having the same probability of being af-

fected. The three intensity maps are then combined to build

the hazard, keeping the highest hazard level obtained by plot-

ting the intensity–frequency combinations in a matrix. This

last step is performed for land-use planning, but when it

comes to risk analysis, intensity maps are used. Since inten-

sity maps are characterised by the return period of the source

and the total extension of the endangered area (generally con-

sidered as being equiprobable, which simplifies the calcula-

tion), the concept of spatial occurrence probability is intro-

duced. This parameter aims to calculate the proportion of the

area defined in the intensity map (or of the length if the object

at risk is linear), which is actually affected in the case of an

event (Fig. 1), or, roughly, the probability of a given location

being affected in the scenario.
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Risk is then calculated for each scenario – before being

summed to obtain the total risk – using the following formula

(modified from Bründl et al., 2009):

R = f ×PS×P
∗

ST×NP× λ, (3)

where f is the frequency of the scenario; PS is the spatial

occurrence probability, which is defined in Eq. (4); P ∗ST is

the temporal spatial term, i.e. the number of expected cars in

the portion of the road included in the hazard map (of length

LH), and is defined in Eq. (5); NP is the mean number of

persons per vehicle and λ is their vulnerability.

The spatial occurrence probability of the event is then

PS =
WE

LH

, (4)

with WE being the actual width of the event on the road (i.e.

the length of the road actually affected by the event) and LH

the length of the road included in the intensity map (i.e. the

hazard zone, Fig. 1). The temporal spatial term is given by

P ∗ST =
fV×LH

vV

. (5)

Multiplying Eq. (5) by (4), we can rewrite the temporal

spatial term as follows:

PST = P
∗

ST×PS =
fV×WE

vV

, (6)

which represents the probability of the geometric centre

of a moving vehicle being located in the section covered by

the event (WE). This approach is then valid only forWE much

larger thanLV. However, this is often not the case since rock-

falls (with smallWE) are often a problem along roads or rail-

ways. Few technical papers in the literature use this approach

(e.g. Dorren et al., 2009; Voumard et al., 2013, as a compari-

son with the risk that they calculate using a traffic simulator),

but it is commonly used in practice. Zischg et al. (2005) use

this formulation for snow avalanches impacting cars, which,

in this case, is an acceptable simplification since WE is gen-

erally large for snow avalanches.

With this approach, P ∗ST and PST are formally not proba-

bilities, since several cars can be in the affected section si-

multaneously. It is indeed the expected number of affected

cars.

2.2.2 The average vehicle risk method

A similar approach, neglecting the dimension of the vehicle,

is the average vehicle risk (AVR) method used in the Rock-

fall Hazard Rating System (RHRS) (Pierson and Van Vickle,

1993; Budetta, 2002, 2004; Pierson, 2012). Although the

RHRS is not intended to quantitatively assess the risk, the

AVR criterion corresponds to a temporal spatial probability

and is calculated as follows:

PST =
fV×LH

vV

, (7)

where PST corresponds to the variable AVR of the original

methodology, except that it is not expressed here in percent.

This method uses LH, which is the length of the hazard sec-

tion (slope length in the original methodology), and neglects

both the the vehicle dimension (LV) and the event dimension

(WE). In this formulation, PST often takes a value above 1,

meaning that on average, more than one car is expected in

the studied section.

Although this method is mostly used as an index rather

than as a quantity, its use might lead to inexact results. In-

deed, in Pierson and Van Vickle (1993) and Budetta (2004),

the rating includes a frequency, which, for similar suscepti-

bilities, is dependent on the considered slope length. At the

same time, PST also reflects the slope length, which means

that this parameter is considered twice in the classification.

On the other hand, Ferlisi et al. (2012) modified the RHRS

by using a frequency normalised to a unit slope length, which

means that the section length is reflected only in PST, which

is then coherent.

2.3 Approaches using both dimensions

2.3.1 Methods considering an impact on the side of the

vehicle

Few authors in the literature use both event size and vehicle

length for a more complete risk assessment. Hantz (2011)

uses a risk calculation, where the block size varies accord-

ing to a power law, and the target dimension is set to 0.5 m,

corresponding to a hiker’s “length”. Michoud et al. (2012)

also use the dimensions of the cars (4 m) and of the falling

rocks. Borter (1999), in the original Swiss risk methodology,

takes into account both the dimension of the falling mass and

the length of the vehicle when estimating the risk for a train.

This approach has been integrated recently in the official risk

calculator EconoMe for trains traffic (Bründl et al., 2015),

but the approach presented in Sect. 2.2.1 is still used for road

traffic. This approach has also been presented by Hazzard

(1998, p. 185). In these studies, the temporal spatial proba-

bility is calculated as follows:

PST =
fV× (WE+LV)

vV

. (8)

The reason for the addition of WE and LV is illustrated in

Fig. 2. PST is then independent of the length of the hazard

area LH. It has to be mentioned that this equation will give

inexact results in the case of a multiple path event, as the one

presented in Fig. 1. Indeed, to be exact, the vehicle length

should be added to the width of every path, which is not the

case if the total width of the event is used. Cloutier (2014)

also uses the two dimensions, but the equation differs by con-

sidering, in addition, the braking time and the time since the

last clearance (to account for the impact of deposited mate-

rial), which is beyond the scope of this review.
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WE LV

t = 0 t =
WE + LV

vV

Figure 2. Temporal spatial probability considering both vehicle and

event size. Every vehicle located between the left and the right posi-

tion will be affected by the rockfall, which means that the temporal

spatial probability will depend on the time needed to travel the dis-

tance WE+LV, as denoted in Eq. (8). Another way to see this is

that a block will affect a car if its centre falls closer to (1/2)WE in

front or behind the car.

In addition, Borter (1999) proposes calculating the number

of affected people on a train using the length of the event and

the total number of passengers on the train (N total
P ):

Naffected
P =

N total
P ×WE

LV

. (9)

Naffected
P then replaces NP in the risk calculation (Eq. 3).

Indeed, for long vehicles, many passengers might be located

in a section of the vehicle that is not impacted and are there-

fore not expected to be affected. The passengers’ “length”

could also be added to the event’s width in this equation,

similarly to the addition of the event’s width to the vehicle’s

length in PST (Eq. 8) or to the hiker’s length in Hantz (2011),

to account for the fact that a passenger with a geometric cen-

tre close to the path of the falling mass could actually be

partly on its path. This is however a detail with respect to

the fact that this last equation does not take the potential de-

railment of the train into account (see Cloutier, 2014), which

could affect the passengers on a section of the train longer

than the section directly affected by the falling material.

2.3.2 Methods considering an impact on the side and

front of the vehicle

The most complete method is probably the one proposed by

Roberds (2005), who uses a complex conditional probability

model. The part of the model concerning the direct impact

probability consists in calculating the probability of a falling

mass passing between uniformly spaced vehicles, and taking

its complement to 1. The calculation is done as follows:

PST = 1−

[
LS− (LE+WV)

vV

vE

]
−WE

LS+LV

, (10)

where the vehicle V is characterised by a length LV, a width

WV and a velocity vV, while the falling mass is characterised

LS

LV

WV

WE

LE

LS+LV0

vE vV

LS

Figure 3. Parameters of the cars (in grey) and the falling mass (in

black) used for the calculations in Roberds’ (2005) method. The

origin of the abscissa axis is located at the rear of the front car. The

length of the hazard zone is not indicated in this figure because it

does not influence the calculation.

by a length LE (perpendicular to the vehicle length), a width

WE and a velocity vE. LS is the spacing between the vehi-

cles and depends on the traffic density (Fig. 3). With this ap-

proach, the possibility for a car to collide frontally with an

event occurring is taken into account (see Appendix A). The

limitation of this method consists in considering that vehicles

are uniformly spaced, but the impact probability is actually

higher if they are not. Indeed, since LS is present in the nu-

merator and in the denominator, and since the numerator is

always smaller than the denominator, a negative change in

LS (denoted 1LS) will result in a positive change in PST

(denoted1PST) larger, in absolute values, than the1PST re-

sulting from an equivalent positive 1LS. Therefore, on aver-

age, PST with LS varying around a mean L̄S will be larger

than PST resulting from a constant LS = L̄S.

3 Synthetic examples

Two examples of risk calculation using the different meth-

ods are given in Tables 1 and 2, respectively, for cars and for

trains. The risk is calculated only for direct impacts. In the

case of rockfalls affecting cars, the temporal spatial proba-

bility using Eq. (1), which is widely used in the literature, is

around 18 % lower than if both dimensions are used (Eq. 8)

and 43 % lower than considering an impact on the side and

front (Eq. 10). Neglecting the size of the vehicle (Eq. 6) gives

a PST farther from the expected value (obtained with Eq. 10).

For cars, the difference in PST is directly reflected on the risk

estimation.

When it comes to trains, the temporal spatial probabil-

ity is largely inferior with Eq. (6). However, if Naffected
P is

used when needed, the risk estimations are quite similar to

the different methods. We consider that Naffected
P is needed

whenever LV is taken into account. Indeed, if LV is not used

(Eq. 6), PST considers the vehicle as being dimensionless.

Therefore, PST in Eq. (6) is somehow already the probability

of a train user being affected.

Nat. Hazards Earth Syst. Sci., 16, 995–1004, 2016 www.nat-hazards-earth-syst-sci.net/16/995/2016/
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Table 1. Example of risk calculation for car passengers (direct impact only). Parameters are shown only when used in the calculation.

In addition to the parameters presented in the text, the risk is calculated using the vulnerability of the car passengers (V ) and the hazard

frequency (H ).

Parameter Dimension Eq. (1) Eq. (6) Eq. (8) Eq. (10)

fV (vehicles day−1) 5000 5000 5000 5000

LV (m) 4.5 – 4.5 4.5

WV (m) – – – 2

vV (km h−1) 80 80 80 80

WE (m) – 1 1 1

LE (m) – – – 1

vE (km h−1) – – – 100

LS (m) – – – 379.5

PST (–) 1.17× 10−2 2.60× 10−3 1.43× 10−2 2.06× 10−2

H (yr−1) 0.1 0.1 0.1 0.1

V (–) 0.5 0.5 0.5 0.5

NP (persons) 1.76 1.76 1.76 1.76

R (persons yr−1) 1.03× 10−3 2.29× 10−4 1.26× 10−3 1.81× 10−3

Table 2. Example of risk calculation for train passengers (direct impact only). Parameters are shown only when used in the calculation.

In addition to the parameters presented in the text, the risk is calculated using the vulnerability of the car passengers (V ) and the hazard

frequency (H ).

Parameter Dimension Eq. (1) Eq. (6) Eq. (8) Eq. (10)

fV (vehicles day−1) 30 30 30 30

LV (m) 200 – 200 200

WV (m) – – – 2

vV (km h−1) 150 150 150 150

WE (m) – 1 1 1

LE (m) – – – 1

vE (km h−1) – – – 100

LS (m) – – – 1.20× 105

PST (–) 1.67× 10−3 8.33× 10−6 1.68× 10−3 1.71× 10−3

H (yr−1) 0.1 0.1 0.1 0.1

V (–) 0.5 0.5 0.5 0.5

N total
P (persons) 175 175 175 175

Naffected
P (persons) 0.9 – 0.9 0.9

R (persons yr−1) 7.29× 10−5 7.29× 10−5 7.33× 10−5 7.49× 10−5
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4 Discussion and conclusions

Although risk resulting from direct impact of the event with

a moving vehicle is generally lower than the risk of a moving

vehicle hitting debris deposited on its way, it is not negligi-

ble. As a consequence, neglecting the dimension of the event

or the dimension of the vehicle when calculating the direct

impact risk might lead to an inexact result if the neglected di-

mension is not significantly lower than the other one. There-

fore, we recommend using Eq. (8) rather than Eqs. (1) and

(6), in order to avoid significant errors. Although, as shown

in Table 2, the difference in risk evaluation for the passen-

gers might be reduced to a reasonable level by using a suit-

able method to calculate the number of affected people, an

incorrect PST could also affect other consequence scenarios,

such as train derailment. Indeed, if PST is used to calculate

the probability of a road or railway closure after a vehicle has

been hit by a falling mass (disregarding whether a passenger

has been affected or not), then the method used to calculate

PST really matters (considering that the closure will be longer

if a train has to be removed from the track than if the track

only needs to be cleared of fallen material). In addition, the

calculation ofNaffected
P (Eq. 9) highlights the fact that the rest

of the risk calculation has to be coherent with the calculation

of PST. Indeed, if PST is the probability of a vehicle being hit

by a falling mass, since some passengers might be in a part of

the train that is not affected, then whether (1) the vulnerabil-

ity is the conditional probability of a passenger dying if any

part of the vehicle is affected (and might therefore be very

low), or (2) the vulnerability is the conditional probability of

a passenger dying if the part of the vehicle where he or she is

located is affected, as a consequence, the number of people

NP should be computed with Eq. (9).

More in-depth analysis could be performed using the ap-

proach presented in Eq. (10), which takes into account the

possibility of a frontal impact with a moving vehicle. How-

ever, this approach needs many parameters that are not al-

ways easy to assess, and the results are different if the spac-

ing between the cars is not constant. Moreover, this latter

method considers the impact of a vehicle with a falling mass

crossing the road, but, in many situations, the falling mass

will stop on the road or on the railway, causing much higher

risk. This is particularly critical for trains because they have

limited chances of avoiding contact if rockfall debris is on

the rail track and if the train operators are not informed of

the situation ahead. Indeed, trains have large stopping dis-

tances (particularly freight trains) and cannot manoeuvre to

avoid debris.

To conclude, it is important to understand that the present

communication only aims at discussing the spatial interac-

tion of two moving objects, namely the falling mass and the

vehicle, and that other scenarios, such as the impact with de-

posited material or the economic consequences of a road or

railway closure, should be analysed in addition if applicable.
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Appendix A: Demonstration of Roberds’ (2005)

approach

Consider a mass of debris of length LE and widthWE falling

on a road with a velocity vE (Fig. 3). On the road, vehicles

of length LV and width WV are moving with a velocity vV,

and are separated from each other by a constant distance LS.

The time needed by the falling mass to completely cross the

vehicle’s trajectory is

t =
WV+LE

vE

. (A1)

During this time, the vehicles will move forward by the

distance:

d = vV× t = vV×
(WV+LE)

vE

= (WV+LE)×
vV

vE

. (A2)

If we consider that the vehicles in Fig. 3 are static, the

leftmost abscissa where the moving mass can cross the road

equals

x0 =
1

2
WE. (A3)

This coordinate equals half of the debris width, since the

reference system of the debris is located at its centre.

With static vehicles, the rightmost abscissa x1 would beLS

minus half of the width of the falling mass, similarly to x0.

However, since the vehicles are moving, the distance trav-

elled by the car during the time spent by the falling mass

crossing the road (d) needs to be removed.

x1 = LS− d −
1

2
WE (A4)

= LS−

(
(WV+LE)×

vV

vE

)
−

1

2
WE (A5)

Therefore, the distance on the abscissa which is available

for the block to cross without affecting a car is

1x = x1− x0 (A6)

= LS−

(
(WV+LE)×

vV

vE

)
−

1

2
WE−

1

2
WE (A7)

= LS−

(
(WV+LE)×

vV

vE

)
−WE. (A8)

The probability of the block crossing the road without af-

fecting a car PST is the proportion of favourable abscissa1x

compared to the total distance LS+LV. Therefore, the prob-

ability of the block affecting a car PST is the complement of

PST:

PST = 1−PST (A9)

= 1−

[
LS− (LE+WV)

vV

vE

]
−WE

LS+LV

. (A10)
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Appendix B: Variable names

A table of correspondence of the variable names in the liter-

ature is given in Table B1.

Table B1. Correspondence of selected variables names used in this paper with the original methodologies. PST is the temporal spatial

probability, fV the vehicle frequency, LV the length of the vehicles, vV their velocity, WE the width of the event, PS the spatial occurrence

probability of the event in the Swiss methodology, P ∗
ST

is the temporal spatial term of the Swiss methodology and LH the length of the

hazard zone

Name in this paper

PST fV
a LV vV WE PS P ∗

ST
LH

Bunce et al. (1997) P(S :H) Nv LV VV – – – –

Dorren et al. (2009) Nc AHT – Vmax slide width Pso – –

Bründl et al. (2009) – MDT – v – p(s) p(et) g

Pierson (1991) AVR ADT – posted speed limit – – – slope length

Borter (1999, p. 76) pPr FZ LZ v g prA – –

Roberds (2005) P 41 λV VL Vv DW – – –

Peila and Guardini (2008) P(A)tot
b Nv/a Lv Vv – – – Lp

a The correction factors applied to fV are not considered here.
b The original variable considers the number of falling blocks in addition.
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