We thank the referee #1 for their time to go through our manuscript and for the insightful and useful
comments to improve our manuscript. Below we chronologically list the questions of the referee -
referee comment (RC) and our answers - author comments (AC):

Specific comments:

RC1: Suggestion: Extend the start of the introduction; line 25-32. Identify and describe the gaps that
this paper is addressing. Introduce a new main section called Background; containing the subsections
"Multi-hazard risk assessment", "Deterministic risk concept"”, "Uncertainties within risk assessment"
and "Deterministic vs. probabilistic risk". Include/Move the "Obijective" subsection before the
suggested "Background section".

AC1: We followed your suggestion and structured the article accordingly. We introduced a background
section and extended the introduction section.

RC2: Line 12-13: "Due to a variety of variables and data needed for risk computation, a considerable
degree of epistemic uncertainty results." : Please clarify this sentence. Why do the need for a variety
of variables and data lead to epistemic uncertainty?

AC2: We revised this part of the abstract to make it more understandable.

Abstract. Mountain hazard risk analysis for transport infrastructure is regularly based on deterministic approaches.
Standard risk assessment approaches for roads need a variety of variables and data for risk computation, however
without considering potential input data uncertainty. Consequently, input data needed for risk assessment is
normally processed as discrete mean values without scatter, or as an individual deterministic value from expert
judgement if no statistical data is available. To overcome this gap, we used a probabilistic approach to analyse the
effect of input data uncertainty on the results, taking a mountain road in the Eastern European Alps as case study.
The uncertainty of the input data is expressed with potential bandwidths using two different distribution functions.
The risk assessment included risk for persons, property risk and risk for non-operational availability exposed to a
multi-hazard environment (torrent processes, snow avalanches, rock fall). The study focuses on the epistemic
uncertainty of the risk terms (exposure situations, vulnerability factors, monetary values) ignoring potential
sources of variation within of hazard analysis. Reliable quantiles of the calculated probability density distributions
attributed to the aggregated road risk due to the impact of multiple-mountain hazards were compared to the
deterministic results from the standard guidelines on road safety. The results based on our case study demonstrate
that with common deterministic approaches risk might be underestimated in comparison to a probabilistic risk
modelling setup, mainly due to epistemic uncertainties of the input data. The study provides added value to further
develop standardized road safety guidelines and may therefore be of particular importance for road authorities and

political decision-makers.

RC3: Line 14-16: "To overcome this gap, we used a probabilistic approach to express the potential
bandwidth of input data with two different distribution functions, taking a mountain road in the
Eastern European Alps as case study." a) A bit unprecise formulation, | think. A Probabilistic approach
is applied to analyse how the uncertainty in the input data affects the result. The uncertainty in the
input data is expressed with a potential band width and two different distribution functions. b) It
should also be specified, in general terms for which type of input data uncertainty is included (e.g.
exposure, vulnerability and monetary values) and for which they are not included (e.g. hazard C2
NHESSD Interactive comment Printer-friendly version Discussion paper intensities).



AC3: We clarify this in the abstract.

RC4: Line 16-18: " The risk assessment included the damage potential of road infrastructure and traffic
exposed to a multi-hazard environment (torrent processes, snow avalanches, rock fall). : Refer to terms
used later in document: Risk for persons, Property risk and Risk for operational availability

AC4: We clarify this in the abstract.

RC5: Line 21-22: "The results demonstrate that with common deterministic approaches risk is
underestimated in comparison to a probabilistic risk modelling setup, mainly due to epistemic
uncertainties of the input data." : This conclusion is very surprising. It should be clear that this is only
valid for the current study and not generally valid when comparing deterministic and probabilistic
results. Usually, conservative values for the input parameters are applied in a deterministic approach
to account for the uncertainties —and to provide conservative results. Alternatively, the expected value
of the input parameters could be used and the results from the deterministic approach would give the
expected value from the probabilistic approach. The validity and explanations for this conclusion
should be discussed in the paper.

AC5: We clarify this in the abstract and extended the discussion with this paragraph: Even if conservative
risk values are used in a deterministic setup, a potential scatter (upper and lower bounds) remains, which leads
within a probabilistic calculation through aggregation of the partial risk elements and sub-results to a right-skewed
distribution according to the skewness of input variables. Since risk values of our study are in most cases
asymmetric with primarily positive skews, the deterministic result migrates during aggregation to the left side of
the PDF.

RC6: Line 22-23: "The study provides added value to further develop standardized road safety
guidelines and may therefore be of particular importance for road authorities and political decision-
makers. : Include in the discussion some thoughts on the application of the results, e.g. how could
information about uncertainty in the results be applied within future work to improve the current road
safety guidelines.

AC6: We already discussed the applicability for improvement road safety guidelines. We gave an
additional example for further improvement by implementing a VaR concept to include more
information for decision making on road safety issues.

RC7: Line 32: "In contrast, there is still a gap in multi-hazard risk assessments for road infrastructure."
a) In which way is this paper also addressing this gap? b) | suggest also to include some introducing
text, identifying gaps regarding treatment of uncertainty, to motivate for the coming sub-sections on
the topic c) Are there special challenges regarding uncertainties for multi-hazard assessment?

AC8: We clarified this issue and structured the introduction accordingly.

RC8: Line 151-159 "Objective" a) The content of the "Objective" subsection should address the scope
of the study, referring to the identified gaps described in the introduction, i.e. both related to multi
hazard assessment and treatment of uncertainties. b) Include: is the multi-hazard risk method in this
paper a spatially oriented and a thematicallydefined method.

AC8: We followed your suggestion and structured the article accordingly. We introduced a background
section and extended the introduction section.

RC9: Line 217-219: "Due to the catchment characteristics of the torrents two different indicator
processes were assigned for assessing the hazard effect, depending on the two occurrence intervals.
Therefore, the occurrence interval served as a proxy for the process type." : | didn’t understand this.
Could you please clarify/give an example?



AC9: To clarify this in more detail we changed the sentence into: “Therefore, the occurrence interval
served as a proxy for the process type since we assumed for the frequently occurring events (p = 0.1)
the hazard type “flash floods with sediment transport” and for the medium scale recurrence intervals
(p = 0.033) debris flow processes.”

RC10: Line 213- 224: : Should some of the content be moved to the description of the case study area?

AC10: In the revised version of the document we moved the sentence: “As shown in Fig. 2, the road
segment is affected by three avalanche paths, four torrent catchments and one rockfall area.” As well
as the passage “The four torrent catchments have steep alluvial fans on the valley basin. The road
segment is located at the base of these fans or the road is slightly notched in the torrential cone and
passes the channels either with bridges or with culverts. The rockfall area is situated in the west district
of the road segment (Fig. 2). Approximately two third of the study area is affected from rock fall
processes either as single blocks or by multiple blocks.” to the study area chapter.

RC11: Line 301-302: "These values were either defined from statistical data, expert judgement or from
existing literature." : As these values are important for the results; some more documentation on how
they were chosen or found should be included, i.e which statistics, literature is applied — or what is the
reasoning behind the expert judgment.

AC11: In the Appendix Tables A6 to A9 the source of each variables is quoted in Tables A6 to A9 in the
Appendix. We extended the quotation for | / m / u bounds in the source column. The choice of the
variable range in Tables A6 to A9 in the Appendix is case study specific and cannot be transferred to
other studies without careful validation.

RC12: Line 335 -337: " In reality, risk parameters commonly have a natural boundary. Therefore,
estimating min/max values instead of standard deviation is more realistic or feasible as there is in most
cases no data available to express the mean variation. : Justify the use of natural boundaries in this
context and what the natural boundaries of risk parameters could be; f.ex. Vulnerability is always
between 0 and 1. However; why would there be other natural upper boundaries than 1 in vulnerability;
for specific intensities?

AC12: We supplemented the text with an example of vulnerability factors with boundaries ranging
from 0 (no loss) to 1 (total loss).

RC 13: Appendix: Tables A6 — A9 : Explain symbols for non-SI units (d, y, n, etc.)

AC13: The symbols for non-SI-Units will be explained and added in the headings of each table in the
revised version of the manuscript.



We kindly would like to thank referee #2 for his/her efforts to evaluate our manuscript and for the insightful and
useful comments. Below we chronologically list the questions of the referee — referee comment (RC) and our
answers — author comments (AC):

2 Specific comments
2.1 Multi-hazard risk assessment

(RC1): The section of multi-hazard risk assessment is very short and therefore only addresses
some aspects of this complex topic. I would have expected that this section would
show more clearly where are the main gaps and how this paper addresses these gaps.
The last sentence targets the difference of results of deterministic vs probabilistic approaches and would
therefore fit better in one of the following paragraphs.

(ACI1): We have deliberately kept this paragraph short and only focused on multi-hazard risk assessment for
roads. We cited relevant publications of different hazard processes associated with road risk in the introduction.
However, we will restructure the introduction in a revised version of the manuscript so that the overall gap that
will be addressed in the manuscript becomes clearer.

2.2 Deterministic risk concept

(RC2): In the paragraph lines 75-83 please explain the inconsistencies you mention (line 79—
80). What means inconsistent in this context?

(AC2): We will change the term inconsistencies with “bias” and will add “(either over- or underestimation
dependent on the scale of input variables)* to make this sentence clearer.

(RC3): You are right that papers quantifying uncertainties are underrepresented and you cite
a paper from 2006. However, meanwhile there are probably much more available. To
name only a few, which come to my mind (may be only to show what’s missing):

* Rheinberger, C.M., Briind, M. and Rhyner, J. (2009) Dealing with the White
Death: Avalanche Risk Management for Traffic Routes. Risk Analysis 29(1),
76-94.

e Schaub, Y. and Brindl, M. (2010) Zur Sensitivitit der Risikoberechnung und

Massnahmenbewertung von Naturgefahren. Schweizerische Zeitschrift fir das
Forstwesen 161(2), 27-35.
* Briindl, M. (2012) EconoMe-Develop - a software tool for assessing natural hazard risk and economic
optimisation of mitigation measures. International Snow

Science Workshop ISSW, Anchorage, Alaska, pp. 639-643.

If you have done an extensive search on this aspect, it’s ok; otherwise I would appreciate to see some papers on
uncertainty assessment cited

(AC3): In the current manuscript version, we cited relevant literature in the section “Uncertainties within risk
assessment” and we agree that the paper mentioned by the referee is a bit outdated. We will update the text body
with newest scholarly works so that the sentence could read as follows: “Therefore, loss assessment for natural
hazard risk is associated with high uncertainty (Spackovd et al., 2014 and Spackovd, 2016) and studies
quantifying uncertainties of the expected consequences are underrepresented (Grét-Regamey and Straub, 2006),
especially regarding natural hazards impacts on roads (Schlogl et al., 2019). For the assessment of an optimal
mitigation strategy for an avalanche-prone road Rheinberger et al. (2009) considers parameter uncertainty by
assuming a joint (symmetric) deviation of +5% for all input values to construct a confidence interval for the
baseline risk. The assessment of uncertainty of natural hazard risk is therefore frequently represented by
sensitivity analyses to show the sensitivity of a shift in input values on the results. Thus, the use of confidence
intervals allows a discrete calculation of risk with different model setups. In our study, we quantify the potential
uncertainties within road risk assessment using a stochastic risk assessment approach by consideration of the
probability distribution of input data”.



2.3 Deterministic vs. probabilistic risk

(RC4): 1 think, in this section different aspects are discussed, which are not necessarily related
to a comparison of deterministic vs probabilistic approaches. [ suggest to structure it
more clearer. You write in line 126 . . . a defined value (point value) for probability . . . In my experience,
return  period intervals, eg. for a 1 on 10 - 30 years event, are used.
Are these point values?

(AC4): We thank the referee for this valuable comment. Obviously, the content can be misunderstood, so, in a
revised version of the manuscript we will restructure the chapter. The return periods are intervals, but they are
mathematically addressed as point values. In our study we only focused on frequent events a 1 in 10 year event
and a 1 in 30 year event. In both concepts the probability of occurrence was treated as point values. We totally
agree that in a fully probabilistic concept also the probability of occurrence should also be expressed in a
probabilistic way. However, since the hazard analysis (with deterministic design events to assess the hazard
intensities as a function of the return interval) was part of prior technical studies, further considerations were
outside of the study design. This topic might be addressed in a subsequent study.

We will also address this limitation in the conclusion as follows: “Thus, the probability of occurrence of the
hazard processes was mathematically processed as point value within the probabilistic design since the hazard
analyses (with deterministic design events to assess the hazard intensities as a function of the return interval)
was part of prior technical studies. Further considerations of a probabilistic modelling of the frequency of the
events were outside of the study design and might be addresses in subsequent studies”.

(RCS5): In line 127-129 you write that risk from multiple risks are summed up, which result in
an expected average loss. Despite that the term “individual risk” is wusually wused for
the risk an individual person 1is exposed to (below or above a threshold), this depends
how risk is depicted from different processes. Risk can be depicted for each of the
processes and for each of the return period intervals (if we speak of return period,
which is not the case for non-returning processes such as rockfall). Also the next topic
in the bullet point list (“high probability-low consequence . . . ”) is not necessarily a topic
of a deterministic vs. a probabilistic approach but of weighting, which is known as
risk aversion affect (which is controversially discussed especially in the natural hazard
community). In the third bullet point, the term “Value at Risk” is mentioned, which
should be better explained. Overall, [ have the impression that different aspect are
mixed and could be structured better.

(ACS): We agree and will change the term “individual risk” to “single risk” to prevent possible misinterpretation
with respect to collective versus individual risk (risk of persons).

We will further extend the first bullet point with the risk aversion discussion as follows:

“A deterministic method gives equal weight to those risks that have a low probability of occurrence and high
impact and to those risks that have a high probability of occurrence and low impact by using a simple
multiplication of probability and impact, a topic which is also known as risk aversion affect and controversially
discussed in the literature (e.g., Wachinger et al, 2013, Lechowska, 2018) .

We will also extend the last bullet point with an explanation of the value at risk as follows: “The VaR is a

measure of risk in economics and describes the probability of loss within a time unit, which is expressed as a

specified quantile of the loss distribution (Cottin and Déhler, 2013)”.

In table 1 some things are unclear to me:

(RC6): First row: you write that in a probabilistic assessment of risk one number for the probability of
occurrence is required. Deriving the probability of  occurrence as part of
the hazard analysis is a very critical for a risk analysis if not the most important.
In my opinion, the largest uncertainty is probably here (see Schaub and Briindl,
2010, citation above) and a probabilistic method should therefore also handle the
uncertainty of the probability of occurrence in order to be really probabilistic. May



be you could mention this somewhere in the introduction; its mentioned at the
end of the conclusion section.

(AC6): We totally agree with that but we did not model the probability of occurrence in our study in a
probabilistic way. In the reversed version of the manuscript we will additionally mention this in the introduction
and in the conclusion as you intended to make this more understandable for the readers.

In the introduction we will address this as follows: “Thus, the probability of occurrence of the hazard event was
not assess in a probabilistic way. Since deriving the likelihood of occurrence as part of the hazard analysis is
crucial for risk analysis, a high source of uncertainty is attributed to this factor (Schaub and Briindl, 2010) .

We will expand this sentence in table 1 as follows: “The probabilistic assessment of risk requires at least one
number or — for an entirely probabilistic modelling — a PDF for the probability of occurrence and several values
for the impact (e.g., minimum, most likely and maximum) expressed as distribution functions, therefore including
uncertainty”.

(RC7): Second row: Mathematical addition in deterministic method: this depends how you aggregate and depict
the risks. It is not necessarily the way you describe it here.
Upper and lower boundaries are possible.

(ACT): That’s correct, but usually in deterministic risk assessments risk is calculated with standard (single
values) and the calculation can bei supplemented with upper and lower bounds to show the sensitivity of the
input on the results. This is mostly done by a sensitivity analysis with different model setups which are per se
deterministic calculations. This differs from probabilistic analysis where each input variable is treated with a
distribution.

We will extend the row with this sentence: “The deterministic calculation can bei supplemented with upper and
lower bounds (different model setups) to show the sensitivity of the input on the results using a sensitivity
analysis, which are per se separate deterministic calculations”.

(RC8): Third row: To my knowledge, the result of a risk analysis is risk, expressed either
in monetary terms per time unit, e.g. FEuro per year or number of fatalities or
injured persons per year. If you differentiate  different scenarios, e.g.  occurrence
probability 0.1, 0.033, etc., youll get several numbers, which however can be
added following conventions (e.g. cumulative-complementary probability).

(ACRB): We are sorry for this confusion, the referee is right. We will clarify this by including an exemplifying
statement such as “(monetary value or fatality per time unit)” and will further address this issue in the bullet
points.

(RCY): In figure 1 the differences between probabilistic and deterministic approach does not
become clear to me. The way, risk is calculated is the same, but for the probabilistic
approach with a distribution of a parameter, whereas in a deterministic approach, a
single parameter is used. This is not clearly shown in the graph. Instead of “Process
specific risk classes” you could name the column processes and process areas. What
does not come out, how risk from individual process areas are handled (added). In the
upper left graph (PDF) the wunit “kEuro” for impact represents “risk”, right? Then the
unit should be “kEuro/year”. See also comments below.

(AC9): Thanks for this important comment. We will change the unit for PDF in the figure to £€/y and exchange
Process “specific classes” with “hazard processes”. Moreover, we will explain the flow chart in the figure
caption in more detail as follows: “Figure 1. Exemplified flow chart for the risk assessment method following the
standard approach (deterministic visk model) from ASTRA (2012) which was supplemented with the
probabilistic risk model in present study. In the deterministic approach each risk variable is addressed with
single values and the specific risk situations are summed up to risk categories for each hazard process class and
scenario (probability of occurrence of the hazard process) and finally to the collative risk, whereas the



probabilistic setup uses a probability distributions to characterize each risk variable and further aggregates risk
by stochastic simulation to the total risk”.

2.4 Hazard analysis (section 3.1)

(RC10): In line 189 you probably mean by “potential hazards” potential release areas which
serve as input for the numerical simulation. In line 201, I suggest to replace “expression” by “extent”.

(AC10): Thank you for this comment. We will change the wording from “potential hazards” to “potential hazard
sources” and replace “expression” by “extend”.

(RC11): In the lines 217-219 it’s not clear to me what you want to say. I suggest to rephrase
these sentences. In line 223, you might want to replace “west district” by “western
part”.

(ACI11): We will rephase the sentences in accordance with the comments of referee #1 to: “Due to the catchment
characteristics of the torrents two different indicator processes were assigned for assessing the hazard effect,
depending on the two occurrence intervals. Therefore, the occurrence interval served as a proxy for the process
type since we assumed for the frequently occurring events (p = 0.1) the hazard type “flash floods with sediment
transport” and for the medium scale recurrence intervals (p = 0.033) debris flow processes.”

We will also replace “west district” into “western part” and move this paragraph to the case study section as
recommended by referee #1.

2.5 Standard guideline for risk assessment (section 3.2)

(RC12): T suggest to explain somewhere how you separate the object of risk affected by one
or several processes in the different scenarios. What are the objects? Road sections
CS5 affected by one single hazard?

(AC12): Thank you for this comment, we will give explanations of potential affected objects in a revised text,
such as “(affected road segment, culverts, bridges etc.) “.

(RC13): In the lines 254-255 you describe the monetization of fatalities. Please briefly mention the approach (I
assume by “value of statistical life (VSL)”) and the value. Although it can be found in the annex, it would be
helpful here.

(AC13): We will change the sentence to better focus on the used approach as follows: “The published average
national expenses of road accidents include materially and immaterially costs (body injury, property damage
and overhead expenses) of road accidents and are based on statistical evaluations of the national database as
well as on the willingness to pay approach for human suffering. The monetized costs for a statistical human life
equal 3 M€

(RC14): In the lines 257-259 you give the link to the equations how risk is calculated. Please
carefully check the equations for the correct denominations, especially calculation of
collective vs. individual risk (see comment below).

(AC14): We will check the equation carefully. In our study, however, we focused on the collective risk and
excluded the individual risk of highly exposed persons.

2.6 Results and Discussion

(RC15): I have some problems interpreting the results. Experiences in practice indicate that risk is overestimated
compared to real-case events with accidents. In your study you show
that deterministic risk analysis underestimates the risk compared to the probabilistic
analysis. For me, it becomes not clear why this is the case. The reason could be that
the standard value of an input parameter is much too low and the “real” distribution of



this input parameter is left skewed (median values are higher than the mean values).
But how you know the right distribution?

(AC15): We used two different simple distribution (BPD and TPD) for modelling the bandwidth of each
parameter since the actual right distribution of values is not known. We think this is a practical approximation to
model a scatter of input data. If more data and research for example for vulnerability or lethality values is
available, other more complex distributions may replace these simple distributions.

In the current version of our manuscript we addressed the underestimation of risk in our case study in accordance
with the comments of referee #1 as follows: “Hence, the multiplication of two positive symmetrical distributions
results in a right-skewed distribution, because the product of the small numbers at the lower ends of the
bandwidths results in much smaller numbers than the product of the high numbers at the upper ends of the
bandwidths. When right-skewed distributions are used as input and aggregated, the effect of skewness shifts the
deterministic value (represented by the most likely value) to the right side of the resulting distribution.

Even if conservative risk values are used in a deterministic setup, a potential scatter (upper and lower bounds)
remains, which leads within a probabilistic calculation through aggregation of the partial risk elements and sub-
results to a right-skewed distribution according to the skewness of input variables. Since risk values of our study
are in most cases asymmetric with primarily positive skews, the deterministic result migrates during aggregation
to the left side of the PDF in Fig. 5.

(RC16): What would be helpful for the reader is to better explain the meaning of “Value At Risk” (see comment
above). Choosing a higher Value-At-Risk-Level (in this case 95% nonexceedance probability) would mean a
higher safety level. May be you could write
some words more about this concept.

(AC16): We will explain the VaR concept (see above) in section 2.4 and complement the VaR in the Conclusion
section as recommended by the referee as follows: “In this context, a higher VaR value implies a higher safety
level for the system under investigation”.

(RC17): In Figure 3, Table 3, Figure 4 and 5, I see some inconsistencies regarding the units
(see also comment above). All numbers which depict risk should have the unit
k per year, so deterministic risk (clearer than “result”) and also the “Value At Risk”. In
Figure 4 and Table 3 1 suggest to use the same description of processes. In Table 3
percentages should sum up to 100% (or least close to, which is a problem of rounding
of numbers).

(AC17): Thank you for this very important observation. We will change the unites to k€/y in every figure
accordingly. In the caption of table 1 we will add to the explanation that “risk-based aggregated losses do not
equal the sum of the sub-components because probabilistic metrics such as P50 are not additive. Thus, the
computational sum as well as the percentage are slightly different”.

(RC18): As mentioned above, the right-skew in Figure 4 is not clear in relation to the distribution of the input
parameters.

(ACI18): Please see our comments to RC15.

(RC19): For figure 5, I suggest the same scale for both x-axes so that results can be better
compared.

(AC19): Unfortunately, due to the classes of the frequency plot the scale of the x-axes cannot be changed.

(RC20): At the end of this section, you discuss some consequences of your work for practice.
It might be helpful to discuss the consequences of dealing with these uncertainties
for practice. Discussions with risk experts reveal that they are aware of uncertainties
in input parameters, but it is often not clear how to deal with these results, when uncertainties are explicitly
assessed? Communication in practice is very critical in this
respect especially to end wusers such as stakeholders in authorities and communities.
What would this mean in regard to the allocation of public money for mitigation measures? Following your
argumentation, we could argue that societies in most countries



spend too less money for mitigation measures. I think it would be worth to say that your
result are the consequences of the chosen distribution of the input values (e.g. upper
bounds determined by experts). May be you can add some sentences addressing
these aspects.

(AC20): Thank you very much for this comment. We will address these issues throughout a revised version of
the manuscript, and we will particularly extend this discussion at the end of this section, such as:

“In this context, a higher VaR value implies a higher safety level for the system under investigation. The final
results are subject to uncertainties mainly due to insufficient data basis of input variables, which can be
addressed using a PDF to represent uncertainties involved. For further decisions on the realization of mitigation
measures a high VaR value such as P95 covers these uncertainties with a defined shortfall probability and thus
supports decision makers with more information of road risk. In turn, as a further practical improvement this
benchmark can be compared to the same grade of safety for the costs of mitigation measures since cost
assessments for defence structures are also subject to considerable uncertainties. Thus, an optimal risk-based
design of defence structures might encompass a balance between the same VaR level both of a probabilistic risk
and a probabilistic cost assessment utilizing a cost benefit analysis (CBA)”.

Technical corrections

(RC21): Line 43: reference to table 2 does not fit here; Please check the order of the table
and their numbering.

(AC21): We will check this and correct, if necessary.

(RC22): Line 186: “The hazard analysis was conducted in technical studies”! “The hazard analysis was part of
technical studies”.

(AC22): We will change this according to your recommendation.
(RC23): Appendix: Please carefully check the equations for the correct denominations,
especially calculation of collective vs. individual risk, e.g. Table Al: If you calculate the risk of a person i in

scenario Js this would the individual risk; therefore
C7 NP in equation 1A would be 1.

(AC23): Thank you very much for this comment. We will fix all headings and descriptions.

(RC24): Table A4: would is the meaning of / in equation 4A?

(AC24): I means the length of the affected road section. We will add the description.

(RC25): Equation 5A: you probably mean pj instead of pi?

(AC25): Thank you very much, we will change this expression accordingly.

(RC26): Table A7: I suggest to use the correction term for CP: it is the value of statistical
life (VSL) (?).

(AC26): We will check and provide explanation in a revised version of the manuscript.

(RC27): Table A9: variable CRb; W = expenses?

(AC27): Thank you very much, we will correct this variable description.
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Abstract. Mountain hazard risk analysis for transport infrastructure is regularly based on deterministic approaches.
Standard risk assessment approaches for roads need a Due-te—a—variety of variables and data needed-for risk
computation, however without considering potential uncertainty in the input data. ;—a—eonsiderable—degree—of
epistemicuneertaintyresults—Consequently, input data needed for risk assessment is normally processed as discrete

mean values with-er-without scatter, or as an individual deterministic value from expert judgement if no statistical

data is available. To overcome this gap, we used a probabilistic approach to analyse the effect of input data

uncertainty on the results, taking a mountain road in the Eastern European Alps as case study. The uncertainty of the

input data is expressed with potential bandwidths using two different distribution functions. express—the petential

Alps—as—ease-study—The risk assessment included the-damage-potential-of road-infrastructure—andtraffie-risk for

persons, property risk and risk for non-operational availability exposed to a multi-hazard environment (torrent

processes, snow avalanches, rock fall). The study focuses on the epistemic uncertainty of the risk terms (exposure

situations, vulnerability factors, monetary values) ignoring potential sources of variation in the hazard analysis. As a

result, Rreliable quantiles of the calculated probability density distributions attributed to the aggregated road risk due
to the impact of multiple-mountain hazards were compared to the deterministic results-outcome from the standard

guidelines on road safety. The results based on our case study demonstrate that with common deterministic

approaches risk is-might be underestimated in comparison to a probabilistic risk modelling setup, mainly due to
epistemic uncertainties of the input data. The study provides added value to further develop standardized road safety

guidelines and may therefore be of particular importance for road authorities and political decision-makers.

1 Introduction

Mountain roads are particularly prone to natural hazards, and consequently, risk assessment for road infrastructure
focused on a range of different hazard processes, such as landslides (Benn, 2005; Schlogl et al., 2019), rockfall
(Bunce et al., 1997; Hungr and Beckie, 1998; Roberds, 2005; Ferlisi et al., 2012; Michoud et al., 2012; Unterrader et
al., 2018) and snow avalanches (Schaerer, 1989; Kristensen et al., 2003; Margreth et al., 2003; Zischg et al., 2005;
Hendrikx and Owens, 2008; Rheinberger et al., 2009; Wastl et al., 2011). These studies have in common that they
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exclusively address the negative-interaction of individual hazards with values at risk of the built environment and/or
of society and use qualitative, semi-quantitative and/or quantitative approaches. f-eentrastHowever, there is still a

gap in multi-hazard risk assessments for road infrastructure.
The article provides a comparison of a standard (deterministic) risk assessment approach for road infrastructure

exposed to a multi-hazard environment with a probabilistic risk analysis method to show the potential bias in the

results. The multi-hazard scope of the study is based on a spatially--oriented approach to include all relevant hazards

within our study area. Using this approach, we address the consequences of multiple hazard impact on road

infrastructure and compare the monetary loss of the different hazard types. The standard framework from ASTRA

(2012) for road risk assessment is based on a deterministic approach and computes road risk based on a variety of

input variables. Data is generally addressed with single values without considering potential input data uncertainty.

We used this standardized framework for operational risk assessment for roads and transportation networks and

lemented thise well-established deterministic method with a probabilistic framework for risk calculation (Fig.

1). A probabilistic approach enables the quantification of epistemic uncertainty and uses probability distributions to

characterize data uncertainty of the input variables while a deterministic computation uses single values with discrete

values without uncertainty representation. While the former calculates risk with constant or discrete values, ignoring

the epistemic uncertainty of the variables, the latter enables the consideration of the potential range of parameter

value by using different distributions to characterize the input data uncertainty. Our study focuses on the epistemic

uncertainty of the risk terms (exposure situations, vulnerability factors, monetary values) ignoring potential sources

of variation within hazard analysis. Thus, the probability of occurrence of the hazard event was not assessed in a

probabilistic way. Since deriving the likelihood of occurrence as part of the hazard analysis is crucial for risk
analysis, a high source of uncertainty is attributed to this factor (Schaub and Briindl, 2010). Even—theugh—the
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Figure 1. Exemplified Eflow chart for the risk assessment method following the standard approach (deterministic

risk model) from ASTRA (2012) which was supplemented with the probabilistic risk model in present study. In the

deterministic a;

roach each risk variable is addressed with single values and the specific risk situations are summed

up to risk categories for each hazard process class and scenario (probability of occurrence of the hazard process) and

finally to the collective risk, whereas the probabilistic setup uses a probability distributions to characterize each risk

variable and further aggregates risk by stochastic simulation to the total risk.
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2 Background

2.1 Multi-hazard risk assessment

According to Kappes et al. (2012a), two approaches to multi-hazard risk analysis can be distinguished, a spatially-
oriented and a thematically-defined method. While the first aims to include all relevant hazards and associated loss in
an area, the latter deals with the influence or interaction of one hazard process on another hazard, frequently
addressed as hazards chain or cascading hazards, meaning that the occurrence of one hazard is triggering one or
several second-order (successive) hazards. One of the major issues in multi-hazard risk analysis — see Kappes et al.
(2012a) for a comprehensive overview — lies in the different process characteristics which lead to challenges for a
sound comparison of the resulting risk level among different hazard types due to different reference units.
Standardization by a classification scheme for frequency and intensity thresholds of different hazard types resulting
in semi-quantitative classes or ranges allows for a comparison among different hazard types, such as shown in
Table 2. Therefore, the analysis of risk for transport infrastructure is often focused on an assessment of different
hazard types affecting a defined road section rather than on hazard chains or cascades (Schlogl et al., 2019).
Following this approach, hazard-specific vulnerability can be assessed either in terms of loss estimates (e.g.,
Papathoma-Kohle et al., 2011; Fuchs et al., 2019) or in terms of other socioeconomic variables, such as limited
access in case of road blockage or interruption (Schldgl et al., 2019). Focusing on the first and neglecting any type of
hazard chains, our study demonstrates the application of risk to a specific road section in the Eastern European Alps

and shows the sensitivity of the results using deterministic and probabilistic risk approaches.

2.2 Deterministic risk concept

Quantitative risk analyses for natural hazards are regularly based on deterministic approaches, and the temporal and
spatial occurrence probability of a hazard process with a given magnitude is multiplied by the expected
consequences, the latter defined by values at risk times vulnerability (Varnes, 1984; International Organisation for
Standardisation, 2009). A universal definition of risk relates the likelihood of an event with the expected
consequences, thus manifests risk as a function of hazard times consequences (UNISDR, 2004; ISO, 2009).
Depending on the spatial and temporal scale, values at risk include exposed elements, such as buildings (Fuchs et al.,
2015, 2017), infrastructure systems (Guikema et al., 2015) and people at risk (Fuchs et al., 2013). These elements at
risk are linked to potential loss using vulnerability functions, indices or indicators (Papathoma-Kdohle, 2017), and can
be expressed in terms of direct and indirect, as well as tangible and intangible loss (Markantonis et al., 2012; Meyer
et al., 2013). While direct loss occurs immediately due to the physical impact of the hazard, indirect loss occurs with
a certain time lag after an event (Merz et al., 2004, 2010). Furthermore, the distinction between tangible or intangible
loss is depending on whether or not the consequences can be assessed in monetary terms. In this context,
vulnerability is defined as the degree of loss given to an element of risk as a result from the occurrence of a natural

phenomenon of a given intensity, ranging between 0 (no damage) and 1 (total loss) (UNDRO, 1979; Fell et al., 2008;
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Fuchs, 2009). This definition highlights a physical approach to vulnerability within the domain of natural sciences,
neglecting any societal dimension of risk. However, the expression of vulnerability due to the impact of a threat on
the element at risk considerably differs among hazard types (Papathoma-Koéhle et al., 2011).

Using a deterministic approach, the calculation of risk has repeatedly been conceptualised by Eq. (1) (e.g. Fuchs et
al. 2007; Oberndorfer et al. 2007; Briindl et al. 2009) and is dependent on a variety of variables all of which being
subject to uncertainties (Grét-Regamey and Straub, 2006).

Rij = f(pj pijr A vij) M

Where R;; = risk dependent of object i and scenario j; p; = probability of defined scenario j; p;; probability of
exposure of object i to scenario j; A; = value of the object i (the value at risk affected by scenario j); v;; =
vulnerability of the object i in dependence on scenario j.

With respect to mountain hazard risk assessment, standardised approaches are available, such as IUGS (1997), Dai et
al. (2002), Bell and Glade (2004), and Fell et al. (2008a, b) for landslides, Briindl et al. (2010) for snow avalanches,
and Briindl (2009) or ASTRA (2012) for a multi-hazard environment. These approaches, however, usually neglect
the inherent uncertainties of involved variables. In particular, they ignore the probability distributions of the variables
(Grét-Regamey and Straub, 2006) by obtaining the results with constant input parameters, which may lead to

inconsistencies-bias (over- and underestimation dependent on the scale of input variables) in the results. Therefore,

loss assessment for natural hazard risk is associated with high uncertainty (Spackova et al., 2014 and Spackova,
2016) and studies quantifying uncertainties of the expected consequences are underrepresented (Grét-Regamey and

Straub, 2006), especially regarding natural hazards impacts on roads (Schldgl et al., 2019). For the assessment of an

optimal mitigation strategy for an avalanche-prone road Rheinberger et al. (2009) considers parameter uncertainty b

assuming a joint (symmetric) deviation of £5 % for all input values to construct a confidence interval for the baseline

risk. The assessment of uncertainty of natural hazard risk is therefore frequently represented by sensitivity analyses

to show the sensitivity through a shift in input values on the results. Thus, the use of confidence intervals allows a

discrete calculation of risk with different model setups. In our study, we bridge-this-gap-by-quantifying-quantify the

potential uncertainties within road risk assessment using a stochastic risk assessment approach_under consideration

of the probability distribution of input data.

2.3 Uncertainties within risk assessment

Since the computation of risk for roads requires a variety of auxiliary calculations, a broad range of input data are
used, such as the spatial and temporal probability of occurrence of specific design events. These auxiliary
calculations subsequently provide variables necessary for risk computation of the respective system under
investigation. Individual contributing variables are often characterized either as the-mean value of the potential
spectrum from a statistical dataset or, as a consequence of incomplete data, as a single value form expert judgement.
Expert information is frequently processed with semi-quantitative probability classes and therefore subjected to
considerable uncertainties. Consequently, they serve as rough qualitative appraisals encompassing a high degree of
uncertainty.

The use of vulnerability parameters or lethality values as a function of process-specific intensities is often based on

incomplete or insufficient statistical data resulting from missing event documentation (Fuchs et al., 2013). As
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discussed in Kappes et al. (2012a), Papathoma-Kohle et al. (2011, 2017) and Ciurean et al. (2017) with respect to
mountain hazards, potential sources of uncertainty in vulnerability assessment are independent of the applied
assessment method. The amplitude in data is considerably high in continuous vulnerability curves or functions, but
also in discrete (minimum and maximum) vulnerability values referred to as matrices (coefficients), and in indicator-
/index-based methods used to calculate the cumulative probability of loss. With regard to Asseeciated—with-the
uncertainty in vulnerability matrices, Ciurean et al. (2017) suggested a fully probabilistic simulation in order to
quantify the propagation of errors between the different stages of analysis by substituting the range of minimum-
maximum values with a probability distribution for each variable in the model.

Grét-Regamey and Straub (2006) listed potential sources of uncertainties in risk assessment models and classified
uncertainties into aleatory and epistemic uncertainties. The first is considered as inherent to a system associated to
the natural variability over space and time (Winter et al., 2018) and the variability of underlying random or stochastic
processes (Merz and Thieken, 2005, 2009), which cannot be further reduced by an increase in knowledge,
information or data. The latter results from incomplete knowledge and can be reduced with an increase of cognition
or better information of the system under investigation (Merz and Thieken, 2004, 2009; Grét-Regamey and Straub,
2006). Particularly referring to deterministic risk analysis, epistemic uncertainty is associated with a lack of
knowledge about quantities of fixed but poorly known values (Merz and Thieken, 2009). Spagkova (2016) pointed
out the importance of interactions (correlations) between uncertainties which may affect the final results, an issue
that was also discussed in the framework of multi-hazard risk assessments (Kappes, 2012a, b). Therefore,
uncertainties should be included in the analysis by their upper and lower credible limits or by integrating confidence
intervals reflecting the incertitude of input data, for an in-depth discussion see e.g. Apel et al. (2004), Merz and

Thieken (2004, 2009), Briindl et al. (2009) and Winter et al. (2018).

2.4 Deterministic vs. probabilistic risk

Deterministic and probabilistic methods for risk analysis differ significantly in approach. Deterministic methods

generally use a defined value (point value) for probability and for the impact (consequence) and consider risk by

multiplying the probability of occurrence with the potential consequences. The result is an “expected value” of risk.

If multiple risks e.g. with varying frequencies are addressed, the total risk is expressed as the simple sum of single

risks resulting in an expected annual average loss. However, information about probability or best and/or worst-case

scenarios are often excluded. In particular, the following shortcomings of deterministic approaches can be

summarized (Tecklenburg 2003), which in turn leads us to a recommendation of probability-based risk approaches:

- A deterministic method gives equal weight to those risks that have a low probability of occurrence and high

impact and to those risks that have a high probability of occurrence and low impact by using a simple

multiplication of probability and impact, a topic which is also known as risk aversion effect and is

controversially discussed in the literature (e.g., Wachinger et al, 2013; Lechowska, 2018).

- By multiplying the two elements of probability and impact, these values are no longer independent.

Therefore, this method is not adequate for aggregation of risks where both probability and impact information

need to remain available. Due to multiplication, the only information that remains is the mean value.

- The actual impact will definitely deviate from the deterministic value (i.e., the mean).
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- Without the Value at Risk (VaR) information, there is no way to determine how reliable the mean value is and

how likely it might be exceeded. The VaR is a measure of risk in economics and describes the probability of

loss within a time unit, which is expressed as a specified quantile of the loss distribution (Cottin and Dohler,

2013).

In this context, deterministic systems are perfectly predictable, and the state of the parameters to describe the system
behaviour are fixed (single) values associated with total determinization following an entirely known rule, whereas

probabilistic systems include some degree of uncertainty and the variables/parameters to describe the state of the

system are therefore random (Kirchsteiger, 1999). The variables/parameters in probabilistic systems are described

with probability distributions due to incomplete knowledge, rather than with a discrete single or point value which is

assumed to be totally certain. Probabilistic risk modelling uses stochastic simulation with a defined distribution

function to generate random results within the setting of the boundary conditions. The deterministic variable is

usually included within the input distribution. In Table 1 the two different methods are compared.

Table 1. Deterministic versus probabilistic method for risk analysis adjusted and compiled from Sander et al. (2015

and Kirchsteiger (1999).

Deterministic method Probabilistic method

Input Definition of a single number for consequence The probabilistic assessment of risk requires at least
as descriptive statements including one number or — for an entirely probabilistic
conservative assumptions expressed by the modelling — a PDF for the probability of occurrence
probability of occurrence multiplied by the and several values for the impact (e.g., minimum,
impact of the particular hazard. most likely and maximum) expressed as distribution

functions, therefore including uncertainty.

Result A simple mathematical addition to give the Simulation methods e.g. Monte Carlo simulation
aggregated consequence for all risks (point produce a bandwidth (range) of aggregated natural
value calculation). This results in an expected  hazards risks as probability distribution based on
consequence for the aggregated risks but does  thousands of coincidental but realistic scenarios
not adequately represent the bandwidth (depiction of realistic risk combinations). The
(range) of the aggregated consequences. The method allows an explicit consideration and
deterministic calculation can be supplemented treatment of all types of reducible uncertainty.
with upper and lower bounds (different model
setups) to show the sensitivity of the input on
the results using a sensitivity analysis, which

are per se separate deterministic calculations.

Qualification Results (monetary value or fatality per time Results are displayed using probability
unit) are displayed as a single sharp number, distributions, which allow Value at Risk (VaR)
which, in itself, does not have an associated interpretation for each value within the bandwidth
probability. (range).

TFeo-overcomethis—gap;In our study we present an probabilistic design for loss calculation in order to compute the

potential spectrum of input data with simple distribution functions and further aggregate the intermediate data of
exposure situations, hazard- and scenario-related modules to the probability density function (PDF) of the total

collective risk Rc by means of stochastic simulation (Fig. 1). Consequently, damage induced by natural hazards
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impact to road infrastructure as well as to traffic are represented by a range of monetary values as a prognostic

distribution of the expected annual average loss instead of an individual amount.
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23. Case study

The study area is located in the Eastern European Alps, within the Federal State of Salzburg, Austria (Fig. 2). The
case study is a road segment of the federal highway B99 with an overall length of two kilometers ranging from
km 52.8 to km 54.8 and is endangered by multiple types of natural hazards. The road segment was chosen to
demonstrate the advantages of using probabilistic risk approaches in comparison to traditional deterministic methods.
The mountain road under examination is part of a north-south traverse over the main ridge of the Eastern European
Alps and is therefore an important regional transit route. Furthermore, the road provides access to the ski resort of
Obertauern.

As shown in Fig. 2, the road segment is affected by three avalanche paths, four torrent catchments and one rockfall

area. The four torrent catchments have steep alluvial fans on the valley basin. The road segment is located at the base

of these fans or the road is slightly notched in the torrential cone and passes the channels either with bridges or with

culverts. The rockfall area is situated in the west-distriet-ern part of the road segment-(Fig—2). Approximately two

third of the study area is affected from rock fall processes either as single blocks or by multiple blocks.
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The road is frequently used for individual traffic from both sides of the alpine pass. Hence, a mean daily traffic
(MDT) of 3,600 cars is observed. This constant frequency represents the standard situation for the potentially
exposed elements at risk. However, especially in the winter months the average daily traffic can considerably
increase up to an amount of about 7,000 cars. Thus, the traffic data underlies short-term daily and longer-term
seasonal fluctuations with peaks up to the double of the mean value. The importance of dynamic risk computation
needed for traffic corridors was also discussed earlier by Zischg et al. (2005) and Fuchs et al. (2013) with respect to
the spatial-temporal shifts in elements at risk. Besides of the use as a regional transit route, the road is also a central
bypass for one of the main transit routes through the Eastern European Alps. Hence, any closure of this main transit
route (A10 Tauern motorway) results in a significant increase of daily traffic frequency up to a total of 19,650 cars.

The evaluation of the dataset in terms of the bandwidth of the traffic data is shown in Table A6.
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Figure 2. Overview of the case study area and location of the natural hazards along the road segment (Source base
map: © BEV 2020 — Federal Office of Metrology and Surveying, Austria, with permission N2020/69708).

34. Methods

34.1 Hazard analysis

The hazard analysis was ecendueted-inpart of technical studies undertaken for the road authority of the Federal State
of Salzburg (Geoconsult, 2016; Oberndorfer, 2016). The results regarding the spatial impact of the hazard processes

on the elements at risk and the corresponding hazard intensities were used for the loss assessment in this research.
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The hazard assessment included the steps of hazard disposition analysis to detect potential hazards sources within the

perimeter of the road followed by a detailed numerical hazard analysis. Therefore, these analyses considered
approaches for hazard-specific impact assessment according to the engineering guidelines of e.g. Briindl (2009),
ASTRA (2012) and Briindl et al. (2015) and relevant engineering standards and technical regulations (Austrian
Standards Organisation, 2009, 2010, 2017). The physical impact parameters of the hazard processes were calculated
using numerical simulation software, such as Flow-2D for flash floods and debris flows (Flow-2D Software, 2017),
SamosAT for dense and powder snow avalanches (Sampl, 2007) and Rockyfor3D for rock fall (Dorren, 2012). The
hazard analyses were executed without probabilistic calculations;; thus, the generated results were integrated as
constant input in the risk analysis.

For the multi-hazard purpose three hazard types were evaluated, (1) hydrological hazards (torrential floods, flash
floods, debris flows), (2) geological hazards (rock fall, landslides), and (3) snow avalanches (dense and powder snow
avalanches). For each hazard type, intensity maps for the affected road segment were computed. The intensity maps
specify for a specific hazard scenario the spatial expression—extent of a certain physical impact (e.g., pressure,
velocity, or inundation depth) during a reference period (Briindl et al., 2009). In order to transfer the physical impact
to object-specific vulnerability values for further use in the risk assessment, three process-specific intensity classes
were distinguished (Table 2). These intensity classes were based on the underlying technical guidelines (Briindl,
2009; ASTRA, 2012; Briindl et al., 2015) and were slightly adapted to comply with the regulatory framework in
Austria (Republik Osterreich, 1975, 1976; BMLFUW, 2011). Table 2 represents the intensity classes which
correspond to the affiliated object-specific vulnerability and lethality values (mean damage values) in Tables A7 and

A8.

Table 2. Process-specific intensity classes with p = pressure, h = height (suffix hys refers to water and solids), v =
velocity, d = depth and E = energy (compiled and adapted from Briindl (2009), ASTRA (2012) and Republik
Osterreich (1975) in conjunction with Republik Osterreich (1976) and BMLFUW (2011). The low intensity class for
debris flow has the same intensity indicators than for inundation because it was assumed that low intensity debris
flow events have equal characteristics than hydrological processes.

Hazard type Low intensity Medium intensity High intensity
Snow avalanche 1 <p <3 kN/m? 3<p<10kN/m? p > 10 kN/m?

h<0.5m 0.5<hys<1.5m hys>1.5m
Inundation or or or

vx h<0.5m?s 0.5<vxh<1.5m?s vxh>15m?%s
Debris (bed load) hys<0.5m 0.5<hs<0.7m hy>0.7m
deposit or or and

vxh<0.5m?%s v<1m/s v>1.0m/s
Erosion _ d<15m d>15m

or top edge of the erosion or top edge of the erosion

Rockfall E<30kJ 30 <E <300kJ E>300kJ

To determine the intensities of individual hazard processes, two different return periods were selected, a 1-in-10-year

and a 1-in-30-year event (probability of occurrence pio= 0.1 and p3o= 0.033).
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either develop as powder snow avalanches or as dense flow avalanches, depending on the meteorological and/or
snowpack conditions. Due to the catchment characteristics of the torrents two different indicator processes were
assigned for assessing the hazard effect, depending on the two occurrence intervals. Therefore, the occurrence

interval served as a proxy for the process type since we assumed —Efor the frequently occurring events (p = 0.1) the

hazard type “flash floods with sediment transport” and for the medium scale recurrence intervals (p = 0.033) debris

flow processes.—we

34.2 Standard guideline for risk assessment

The method to calculate road risk for our case study followed the deterministic standard framework of the ASTRA
(2012) guideline for operational road risk assessment. The identification of elements at risk regarding their quantity,
characteristics and value as well as their temporal and spatial variability was assessed through an exposure analysis.

The assessment of the vulnerability of objects (affected road segment, culverts, bridges etc.) and the lethality of

persons was carried out by a consequence analysis to characterize the extent of potential losses. The finally resulting
collective risk Rc (Eqn. 2) as a sum of all hazard types over all object classes and scenarios — under the assumption
that the occurrence of the individual hazards are independent from each other — was expressed in monetary terms per
year as a prognostic value. Rc is therefore defined as the expected annual damage caused by certain hazards and is
frequently used as a risk indicator (Merz et al., 2009; Spackova et al., 2014). Hence, Rc was calculated based on Eqn.
(1) by summing up the partial risk over all scenarios j and objects i (Briindl et al., 2009, Briindl, 2009, ASTRA,
2012, Briindl et al., 2015):

Rc =¥j-1Rc; ()
Where R j = the total collective risk of scenario j and objects i, R¢j = Xiq7; .

According to the ASTRA (2012) guideline, the collective risk Rc is divided into three main risk groups, (1) risk for

persons Rp, (2) property or asset risk R4, and (3) risk of non-operational availability or disposability Rp.

34.2.1 Risk for persons Rp

The risk characterization for persons in terms of the direct impact of a natural hazard on cars was distinguished in a
standard situation for flowing traffic and a situation during a traffic jam, which was seen as specific situation leading
to a significant increase of potentially endangered persons. Additionally, another specific case was also included
representing the rear-end collision either on stagnant cars or on the process depositions on the road in case of the
standard situation. The probability for a rear-end collision depends on the characteristics of the road and is
influenced by a factor of e.g. the visual range, the winding and steepness of the road, the velocity, and traffic density
(ASTRA, 2012). Furthermore, an additional specific scenario was explicitly considered in the case of the road

closure of the main transit route (A 10 Tauern motorway) due to the resulting temporal peak of the mean daily traffic.
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The statistical mean daily traffic (MDT) was used as mean quantity of persons N, travelling along the road
(Table A7).

In order to compute Rp, the expected annual losses of a-persons i-traveling along the road segment under a defined
hazard scenario j was calculated as a combination of the specific damage potential or potential damage extent of a
persons i-and the damage probability of the exposure situation k for persons using the road under investigation. The
potential losses for persons were monetized by the cost for a statistical human life as published by the Austrian

Federal Ministry of Transportation, Innovation and Technology (BMVIT, 2014). The published average national

expenses of road accidents include materially and immaterially costs (body injury, property damage and overhead

expenses) of road accidents and are based on statistical evaluations of the national database as well as on the

willingness to pay approach for human suffering. The monetized costs for a statistical human life equal 3 M€. Thus,

road risk for persons was calculated with three road-specific exposure situations k (Briindl et al., 2009):
1. Direct impact of the hazard event — standard situation (Eqn. 1A; Table A1)
2. Direct impact of the hazard event — specific situation due to traffic jam (Eqn. 2A; Table A2)
3. Indirect effect — Rearrear-end collision (Eqn. 3A; Table A3)

The risk variables to assess Rp are stated in Table A6 for the exposure situations and in Table A7 in the Appendix.

34.2.2 Property risk R4

The property risk due to the direct impacts of the hazard process on physical assets of the road infrastructure was
calculated for each object i and scenario j using Eqn. (4A) with Table A4 under consideration of risk variables in
Table A8. The damage probability was assumed to be equal to the frequency of the scenario ;.

With respect to the potential direct tangible losses within the study area, the physical assets including e.g. the road
decking of the street segment, culverts and bridges were expressed by the building costs of the assets calculated from
a reference price per unit (Table A8). The physical assets of affected cars were not addressed as this damage type is
not included in the standard guideline due to the assumption of an obligatory insurance coverage. The monetized
costs refer to replacement costs and reconstruction costs, respectively, instead of depreciated values, which is
strongly recommended in risk analysis by Merz et al. (2010) due to the fact that replacement cost systematically
overestimates the damage. Since there is a limitation of reliable or even available data on replacement costs, the

usage of reconstruction costs is a pragmatic procedure to calculate damage.

34.2.3 Risk due to non-operational availability Rp

The risk due to non-operational availability can be generally separated into economic losses due to (1) road closure
after a hazard event or (2) as a result of precautionary measures for road blockage. The former addresses the
mandatory reconditioning of the road and interruption time is depending on the severity of the damage. For our case
study, only the precautionary non-operational availability was calculated with Eqn. (5A), Table A5 and variables in
Table A9 because the village of Obertauern can be accessed from both directions of the mountain pass_road.
Therefore, a general accessibility of the village was supposed because it was assumed that events only lead to a road

closure on one site of the pass. Potential costs resulting from time delays for necessary detours or e.g. from an
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increase of environmental or other stresses were neglected. The maximum intensity of the process served as a proxy
for the duration of the road closure.

The direct intangible costs for non-operational availability of the road were approximated from statistical data
accounting for the business interruption and the loss of profits of the tourism sector in the village of Obertauern due
to road closure (see Table A9). The village of Obertauern is a major regional tourism hot spot and therefore the
predominant income revenues are based on tourism, thus other business divisions havebeenwere neglected.
Regarding the precautionary expected losses only snow avalanches were included, due to the obligatory legal
implementation of a monitoring of a reginal avalanche commission. Thus, a reliable procedure for a road closure

could be assumed.

34.3 Risk computation

For purpose of computing road risk, the risk Equations 1A to SA from the standard guideline (ASTRA, 2012), stated
in the Appendix in conjunction with Tables Al to A5, were used without further modification both for the
deterministic and for the probabilistic calculation. Hence, the probabilistic setup is based on the same equations as
the standard approach, but the variables were addressed with probability distributions instead of single values. In a
first step, the deterministic result was computed as a base value for comparison with the results (probability density
functions PDFs) of the two diverging probabilistic setups. In a second step, a probabilistic model was integrated into
the same calculation setup to consider the band width of the risk-contributing variables. Using this probabilistic
model, the individual risk variables were addressed with two separate probability distributions. The flow chart in
Fig. 1 illustrates the risk assessment method and distinguishes between the deterministic and the probabilistic risk
model. The diagram exemplarily demonstrates the calculation steps for both model setups. Whereas only the single
value of the input data was processed within the standard (deterministic) setup, the probabilistic risk model utilized
the bandwidth of each variable denoted in Tables A6 to A9 in the Appendix. These values were either defined from
statistical data, expert judgement or from existing literature. The range represents the expeeted-assumed potential
scatter of the variables including a minimum (lower bound /), an expected or most likely value (m) and a maximum
value (upper bund u). The deterministic setup was calculated with the expected value, which corresponds in most

cases to the recommended input value of the guideline. The choice of the variable range in Tables A6 to A9 in the

Appendix is case study specific and cannot be transferred to other studies without careful validation.

34.3.1 Probabilistic framework

Within the probabilistic risk modelling setup, the contributing variables for computing the prognostic annual loss
were calculated in a stochastic way using their potential range. The probabilistic risk calculation was conducted with
the software package RIAAT — Risk Administration and Analysis Tool (RiskConsult, 2016). The probabilistic setup
comprised two different and independent calculation runs each with two different distribution functions to
characterize the uncertainty of the input variables. Hence, each variable was modelled using either (1) a triangular or
three-point distribution (TPD) or (2) a beta-PERT distribution (BPD) within the probabilistic model, which generated
two independent probabilistic setups and results. The discrete risk calculation with two different approaches of

probability distributions facilitated a comparison of the applicability and the sensitivity of the simple distribution



402
403
404
405

406
407
408
409
410
411
412
413
414
415
416

417
418
419
420
421

22

23

24
425
426

427
428
429
430
431
|432
433
434
435
436
437
438

functions on the results. The expected annual monetary losses induced by the three hazard types were aggregated and
further compacted to the probability density function (PDF) of the total risk caused by multi-hazard impact. Finally,
the two different PDFs from the stochastic risk assessment were compared with the result from the deterministic

method to show the potential dynamics in the results.

1. Triangular distribution (TPD)

The triangular distribution derives its statistical properties from the geometry: it is defined by three parameters / for
lower bound, m for most likely value (the mode) and u for upper bound. Whereas lower and upper bounds define
on both edges the limited bandwidth, the most likely value indicates that values in the middle are more probable
than the boundary values, and also allows for the representation of skewness. The TPD is a popular distribution in
the risk analysis field (Cottin and Déhler, 2013) for example to reproduce expert estimates. Especially if little or no
information about the actual distribution of the parameter or only an estimate of the additional variables to fit the
theoretical distribution is feasible, a best possible approximation can be achieved using the TPD. If there is no
representative empirical data available as a basis for risk prediction, complex analytical (theoretical) distributions,
which are harder to model and communicate, may not represent the reality better than a simple triangular

distribution (Sander, 2012).

2. Beta-PERT distribution (BPD)

The beta-PERT distribution (Program Evaluation and Review Technique) is a simplification of the Beta
distribution with the advantage of an easier modelling and application (Sander, 2012). It requires the same three
parameters as a triangular distribution: / for lower bound, m for most likely value (mode) and u for upper bound. In
contrast to the two parametric normal distribution N(p,6) — p for average and ¢ for standard deviation — the beta-
PERT distribution is limited on the edges and it allows for modelling asymmetric situations. In-—reality,—+Risk

parameters commonly have a natural boundary, for example vulnerability factors ranging from 0 (no loss) to 1

(total loss). Therefore, estimating min/max values instead of standard deviation is more realistic or feasible as there
is in most cases no data available to express the mean variation. Moreover, BPD allows for smoother shapes,

making it suitable to model a distribution that is actually an aggregation of several other distributions.

For a given number of risks, each with a probability of occurrence and an individual probability distribution, the
potential number of combinations (scenarios) escalates nonlinear. Especially if dependencies or correlations between
different risks are included and/or numerous partial risks are aggregated to an overall risk the application of
analytical methods have computational restrictions. Stochastic simulations are better suited to work on such complex
models (Tecklenburg, 2003). Therefore, the aggregation of the distributions were calculated by means of Latin
Hypbercube sampling (LHS) which is a comparable stochastic simulation technique to Monte-Carlo simulation
(MCS) with the advantage of a faster data processing, a better fitting on the theoretical input distribution and a more
efficiently calculation as fewer iterations are needed to get equally good results (Sander, 2012). LHS consistently
produces values for the distribution’s statistics that are nearer to the theoretical values of the input distribution than
MCS. These advantages are possible because the real random numbers used to select samples for the MCS tend to
have local clusters, which are only averaged out for a very large number of draws. Addressing this issue using LHS

can immediately improve the quality of the result by splitting the probability distribution into #n intervals of equal



439
440

41

442
443
444
445
446
447
448
449

50
':51
452
453
454
455
456
457
458

probability, where n is the number of iterations that are to be performed on the model. In the present study, 1,000,000

iterations where performed for every single simulation to get consistent results.

45. Results and discussion

In Table 3 the results for each risk group (Rp, R4, Rp) as well as for the total multi-hazard risk Rc calculated with the
standard deterministic risk approach are shown and compared to those obtained by the two probabilistic setups using
two different probability distributions (TPD and BPD). The results associated with the two distribution functions are
displayed as median value of the PDF to show their deviation to the outcome of the standard approach. Based on our
case study, the road risk over all hazards types and scenarios (multi-hazard risk) with the deterministic approach
results in 76.0 k€/y. The results with the probabilistic approach referring to the median of the PDFs amounts to a
monetary risk of 105.6 k€/y (TPD) and 90.9 k€/y (BPD), respectively. Compared to the standard approach the
median of the PDFs equals an increase of 38 % (BPD) and 19 % (TPD), depending on the choice of probability
distribution to model the uncertainties of the input variables. Focusing on the 95_% percentile (P95) of the results —
non-exceedance probability of 95 %, shown in Fig. 3 — an increase of 79 % (TPD) and 46 % (BDP) to the
deterministic result can be observed. Fig. 3 illustrates, based on the Lorenz curves for the two distributions (TPD and
BPD), the scale of deviation of the total multi-hazard risk R¢ within the probabilistic risk modelling and compared to
the standard outcome. The graphs show the potential uncertainties of the risk computation, which can be covered by
a suitable choice of a Value at Risk (VaR) level. For example, with a benchmark of the 95 % quantile (P95), 95 % of
the potential uncertainties within the risk calculation can be covered by using a probabilistic risk assessment
approach. However, a suitable VaR level is depended on the general safety requirement of the system as well as on

the degree of uncertainty of the input variables.
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Figure 3. Lorenz curves for (A) triangular distribution and (B) beta-PERT distribution showing the scale of
deviation of the total multi-hazard risk R¢ within the probabilistic risk modelling and compared to the deterministic
result in k€/y.

Geological hazards (rockfall) contribute with a fraction of 7.8 % to the total risk (or, in absolute numbers, 5.9 k€, see
Table 3) based on the deterministic model, which can be attributed to the relatively small importance in comparison
to the other hazard types in the study area. Hydrological hazards pose the highest risk (50.5 %, or, in absolute
numbers, 38.4 k€/y) previous to avalanche hazards (41.7 %, or, in absolute numbers, 31.7 k€/y). Overall, Rp (44.9 %;
34.1 k€/y) has the highest share on the total multi-hazard risk narrowly followed by R, (38.9 %; 29.6 k€/y), both
associated to direct damage. The hydrological hazards (predominantly debris flow processes) with a portion of
76.5 % or 26.1 k€/y have a disproportionate high share on Rp due to the high-intensity hazard impact. Similarly, the
semi-empirical lethality factors shown in Table A7 have high values (4p = 0.8) just like the impact of rock fall on
cars with a probability of death of A, = 1.0. Thus, these event types yield in high monetary losses in contrast to snow
avalanches with a lethality factor for high intensity of 1, = 0.2. By modelling the hazard-specific lethality with
probability functions a wider scatter can be achieved but the effect still remains due to the heavy weight around the
most likely value m. The indirect losses related to Rp with a fraction of 16.3 %, or, in absolute numbers 12.4 k€/y has

have a minor portion because this risk group is only relevant for snow avalanches.
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Table 3. Comparison of the deterministic versus probabilistic results for the three risk categories depending on the

478 three hazard types and the total collective risk with Rp = risk for persons, R asset risk, Rp= disposability risk and R¢
479 = total collective risk with absolute values in k€/y in the first row and as percentage in the second row. For the
|480 probabilistic data, the median value of the triangular A and the beta-PERT /\ distribution functions are displayed.
481 Note that, risk-based aggregated losses do not equal the sum of the sub-components because probabilistic metrics
|482 such as P50 are not additive. Thus, the computational sum as well as the percentage are slightly different.
Risk Re Ra Rop Rc
category
Hazard type  Unit Det. A /\ Det. A /\ Det. A /\ Det. A /\
Geological k€ly 54 105 78 047 043 0.44 0 0 0 5.9 10.9 8.3
hazards % 158 17.0 163 1.6 1.4 1.5 0 0 0 7.8 10.3 9.1
Hydrological ke€y | 26.1 423 345 12.3 13.9 13.1 0 0 0 384 562 476
hazards % 76.5 683 719 | 41.6 456 435 0 0 0 50.5 532 524
Avalanche k€ly 2.6 8.4 53 16.8 16.2 16.6 | 124 13.1 12.7 | 31.7 379 347
hazards % 7.6 13.6 11.0 | 56.8 53.1 55.1 | 100 100 100 41.7 359 382
kely | 341 61.9 48.0 | 29.6 305 30.1 | 124 13.1 12.7 | 76.0 105.6 90.9
fotal % 449 58.6 52.8 | 389 289 331 |163 124 14.0 100 100 100
483 The results related to our case study (Table 3 and Fig. 4) show that due to the shape and the mathematical definition
484 of the distribution the TPD leads to the highest variation in the monetary losses. The boxplots in Fig. 4 display the
485 results from the probabilistic simulation for the three risk categories (Rp, R4, Rp) and for the total hazard-specific risk
486 (Rc) relating to the three hazard types (Figs. 3 A — C) and for the total multi-hazard collective risk (Fig. 4 D) in
487 respect of the measures of the central tendency of the PDF. The boxplot diagrams are thereby plotted against the
488 deterministic value to show its position. The wide range of the distribution in R¢ is markedly caused by Rp, which
489 exhibits a broad bandwidth and a right-skewed distribution. Hence, unlike to R4 and Rp, the physical injuries
490 expressed as the economic losses of persons (Rp) are responsible for the highest divergence to the standard approach
491 and show a considerable scatter. The main causes for the striking deviations can be associated to the relatively high
|492 monetary value of persons which was modelled as discrete point value in combination with the fluctuations of the
493 MDT and the variations of the hazard specific lethality. The monetized costs for a statistical human life equal 3 M€
494 (Table A7) and is based on a statistical survey of the economic expenses for a road accident in Austria (BMVIT,
495 2014). Although we ascribe this value to a high degree of uncertainty the valuation of the expenses for a statistical
496 human life was not attributed to a probability distribution due to the case study-specific fixed governmental
497 requirements in Austria. The discussion of a monetarily evaluation of a human life is still ongoing across scientific
498  disciplines using different economic approaches (e.g. Hood, 2017). Furthermore, the lethality factors also correspond
499 to the high variation of Rp which are seen as very sensitive parameters. Therefore, we encourage further research on
500 hazard-specific lethality functions for road risk management either based on comprehensive empirical datasets or on
501 representative hazard impact modelling. Due to the strong effect of Rp on Rc¢ the results have to be carefully
502 interpreted as they are sensitive to the input variables. Therefore, the values on our case study especially the cost for



503 human life cannot be directly transferred to other application without a detailed validation and verification of

504 national regulations.
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507 Figure 4. Probabilistic results for the three risk categories per hazard type (A = torrent processes, B = snow
508 avalanches, C = rockfall) and for the total collective risk (D) based on the two distribution functions triangular or

509 three-point distribution (TPD) and the beta-PERT distribution (BPD) with Rp = risk for persons, R4 asset risk, Rp =
510 disposability risk and R¢ = total collective risk in k€/year.
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Apart from Rp where the deterministic result is located below or near the 5 % percentile of both PDFs, R, and Rp are
mostly within the interquartile range between the 25 % quartile and the median compared to the standard approach
(Fig. 4). In this context, R4 for snow avalanche exceeds the median and is situated between the median and the 75 %
quartile. The effect can be traced back to the left-skewed distribution of the vulnerability factor vp 4 for medium
avalanche hazard intensities regarding the object class structures (bridges and culverts) in Table A8. In general, due
to the shape and the mathematical characteristics of the distribution, the BPD leads to a stronger compaction around
the median than the TPD which can be well explained by the properties of the BPD which has, in comparison to the

TPD, a larger weight around the most likely value m.
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Figure 5. Probability density function (PDF) and cumulative distribution function (CDF) for (A) triangular
distribution, (B) beta-PERT distribution in k€/y.

In Fig. 5, the PDF and the cumulative distribution function (CDF) are shown for R¢ with the two probabilistic model
results and the deterministic result. In both cases (TPD and BPD), the deterministic result is situated at the lower
edge of the PDF near or under the 5 % percentile. Thus, the deterministic result of our case study covers
approximately less than 5 % of the potential band-with of the probability distribution. The TPD has a wide range,
whereas the BPD is considerably flattened on the boundary of the amplitude. The results of the two distributions
have in common that they are allocated right -skewed. In contrast to the location of the median, the deterministic

result is on the far-left side of both distribution and is exceeded of more than 95 % of the potential outcome.
5-6 Conclusion

The results based on our case study provide evidence that the monetary risk calculated with a standard deterministic
method following the conventional guidelines is lower than applying a probabilistic approach. Thus, without
consideration of uncertainty of the input variables risk might be underestimated using the operational standard risk
assessment approach for road infrastructure. The mathematical product of the frequency of occurrence and the

potential consequences with single values and, in a narrower sense, the multiplication of the partial risk factors in the
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second part of the risk equation may lead to a bias in the risk magnitude because the multiplication of the ancillary
calculations generates a theoretical value ignoring the full scope of the total risk.

The far left position of the deterministic value within the PDF of the probabilistic result in our study can be traced

back to fact that the multiplication of two positive symmetrical distributions results in a right-skewed distribution,

because the product of the small numbers at the lower ends of the bandwidths results in much smaller numbers than

the product of the high numbers at the upper ends of the bandwidths. When right-skewed distributions are used as

input and aggregated, the effect of skewness shifts the deterministic value (represented by the most likely value) to

the right side of the resulting distribution. Even if conservative risk values are used in a deterministic setup, a

otential scatter (upper and lower bounds) remains, which leads within a probabilistic calculation through

aggregation of the partial risk elements and sub-results to a right-skewed distribution according to the skewness of

input variables. Since risk values of our study are in most cases asymmetric with primarily positive skews, the

deterministic result migrates during aggeregation to the left side of the PDF in Fig. 5. The deterministic risk value is

usually expressed either as a theoretical mean value or as most likely value neglecting the potential distribution

functions of the input data. Thus, the compression of the input values to a single deterministic risk value with total
determination prevents an actual prognosis of reliability that would have been achieved by specifying bandwidths
(Sander, 2012). Furthermore, the simple summation of the scenario related and the object-based risk to receive the
cumulative risk level instead of using probabilistic risk aggregation leads to an underestimation of the final risk.
Hence, the full spectrum of risk cannot be represented with deterministic risk assessment, which may further lead to
biased decisions on risk mitigation.

The Value at Risk (VaR) approach by considering a reliable percentile of the non-exceedance probability e.g. P95 as
shown in Fig. 3 — depending on the desired covering of the risk potential form society, authorities or organizations —

might be an appropriate concept to tackle this challenge. In this context, a higher VaR value implies a higher safety

level for the system under investigation. The final results of risk assessments are subject to uncertainties mainly due

to insufficient data basis of input variables, which can be addressed using a PDF to represent uncertainties involved.

For further decisions on the realization of mitigation measures a high VaR value such as P95 covers these

uncertainties with a defined shortfall probability and thus supports decision makers with more information of road

risk. In turn, as a further practical improvement this benchmark can be compared to the same grade of safety for the

costs of mitigation measures since cost assessments for defence structures are also subject to considerable

uncertainties. Thus, an optimal risk-based design of defence structures might encompass a balance between the same

VaR level both of a probabilistic risk and a probabilistic cost assessment utilizing a cost benefit analysis (CBA).

However, within a probabilistic approach the scale of deviation is dependent on the choice of distribution for
modelling the bandwidth of the variables and the results are sensitive to the defined spectrum of input information
stated in Tables A6 - A9. These variables are case study specific and cannot be directly transferred to other road risk
assessments without careful validation. However, probabilistic risk assessment (PRA) enables a transparent
representation of potential losses due to the explicit consideration of the entire potential bandwidth of the variables
contributing to risk. Since comparable results can be achieved based on predefined values (Briindl et al., 2009), we

still recommend the consideration of the deterministic value as a comparative value to the probabilistic method.
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Road risk assessment is usually afflicted to data scarcity; thus, risk operators and practitioners are often dependent on
expert appraisals, which are subject to uncertainties. In order to improve data quality, upper and lower values and the
expected value can be easily estimated for fitting a simple distribution of the input variables. Even though empirical
values such as statistical data are available, a certain degree of uncertainty remains. Therefore, simple distribution
functions such as TPD or BPD can adjust the shape of the distribution more conveniently than complex probability
distributions, since the required additional parameters to adjust a complex distribution are simple not available.
Hence, for a prognostic prediction, risk modelling with complex distributions in contrast to simple techniques cannot
be justified if there is a lack of empirical data.

A limitation of our study is that the performance of the probabilistic approach cannot be verified and validated with
empirical data, but the results show that the explicit inclusion of epistemic uncertainty leads to a bias in risk
magnitude. The probabilistic approach allows quantification of uncertainty, and thus enables decision makers to
better assess the quality and validity of the results from road risk assessments. This can facilitate the improvement of

road-safety guidelines_(for example by implementing a VaR concept), and thus is of particular importance for

authorities responsible for operational road-safety, for design engineers and for policy makers due to a general
increase of information for optimal decision-making under budget constraints. Furthermore, the paper addresses the
second part of the risk concept in terms of the consequence analysis. The results of the hazard analysis serve thereby
as a constant input using the physical modelling of the hazard processes without the consideration of probabilistic

methods. Thus, the probability of occurrence of the hazard processes was mathematically processed as point value

within the probabilistic design since the hazard analyses (with deterministic design events to assess the hazard

intensities as a function of the return interval) was part of prior technical studies. Further considerations of a

probabilistic modelling of the frequency of the events were outside of the study design and might be addresses in

subsequent studies. Therefore, we expect a considerable source of epistemic uncertainty within the hazard analysis

which emphasises the necessity for an additional inclusion of probabilistic based hazard analyses in a holistic multi-
hazard risk environment. Even though the presented methodology in this study focuses on a road segment exposed to

a multi-hazard environment on a local-scale, the approach can easily be transferred to other risk-oriented purposes.
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Appendix
Risk equations according to ASTRA (2012) guideline:

A. Risk for persons Rp

1. Direct impact of the hazard event — standard situation

T(DDHNS,j = p]' X (1 - pr) X (1 - prE) X Py X NP X A% pSo,j X fL (1A)

Table Al. Risk variables and their derivation for the calculation of Rp — direct impact standard situation. “'The
reduction factor considers that not all hazard areas get simultaneously released by the same triggering event. #The
number of hazard areas for the three hazard types was calculated as discrete values based on field surveys according
to the release probability as a function of the event frequency (avalanches nyqy = 6, 1430 = 7; torrent processes nyq
=17, N30 = 8; rockfall pp,r = 0 not relevant). ®The length of the affected street segment is a discrete (single) value
according to the results of the hazard analyses.

Variable Description Derivation
F(DINS,j risk of a-persons #in scenario j (normal
situation)
. ili — 1
P; probability of occurrence of an event pj=fi— fisrs fij ==

(frequency of a scenario j) N Tj o
p; = probability of occurrence of scenario j
fj = frequency of occurrence

T;= return period of scenario j

Prb probability of precautionary road
blockage
PrbE probability of a road blockage due to an Prop = @ X (1 _ i)

event (road closure due to a previous

= i (*)
event of the same hazard type along the @ = reduction factor

road) ny=number of hazard areas with the same hazard
process and triggering mechanism®
Dy probability of the standard (normal) oy =1-p¢
situation
robability of a traffic jam (congestion =( b
pe P Y Jam (cong ) Pc = (365) X (24)

n = number of traffic jams per year
D = average duration of a traffic jam [/]

N, number of affected persons Np =Ny X f
Nyy = % X | =number of vehicles in the
standard situation
Nys; = % = number of vehicles in case of a

traffic jam
MDT = mean daily traffic
v = signalized velocity for cars [km/h]

1 = length of the street segment [m]™
Pmax = maximum traffic density per lane and
kilometer in case of a traffic jam
B = mean degree of passengers

A lethality factor Hazard-process and intensity related variable
(Ap, Ap, Ag, A4 in table A6)
P jPso spatial occurrence probability of the for rockfall processes ps, ; = ET X 4

WHD
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631
632

633

634

635
636

|637

process in the scenario j as proportion of ET = event type
the mean width or area of the process d = mean diameter of the block [m]
domain in scenario j to the maximum wpp = width or amplitude of the hazard domain in
width or area of the potential hazard scenario j
domain
fi factor to differentiate the affected lane 0,5 = one lane affected
1 = whole road (both lanes) affected

2. Direct impact of the hazard event — special situation due to traffic jam

r@nssj = P; X (1= pgy) X (1 =Ppyp) XPe X Np X AXpg, X f) (24)

Table A2. Risk of a-persons i-in scenario j for the calculation of Rp— direct impact traffic jam. The calculation of the
variables is according to Table Al.

Variable Description

T(pnss,j | risk of a-persons i-in scenario j in case of a traffic jam (special situation)

3. Indirect effect — Rear-end collision

T(RONS,j = Pj X (A =prp) X A= Prpp) X P X fL X (A —pp) X Np X Apc (3A)

Table A3. Risk variables and their description for the calculation of Rp — rear-end collision. The calculation of the
residual variables is according to Table Al. ®A rear-end collision is only valid in case of a standard situation (no
traffic jam). The scenario is not relevant for low intensity hazard events with deposition heights < 0,15 m.

Variable Description

. .. . . . . . . . *
Tre)ns,j | Tisk of a-persons-i in scenario j for a rear-end collision in the normal situation’™

Pre probability of rear-end collision

ARe probability of fatality in the case of a rear-end collision

B. Property risk Ra

Tionij = Dj X UX Ay X0 ; X psej X fy, (4A)

Table A4. Risk variables and their description for the calculation of R4 — direct impact. The calculation of the
residual variables is according to Table Al.

Variable Description

Tonij risk of object i in scenario j in terms of a direct impact of the hazard

A; asset value of object i

v

n, hazard-specific vulnerability of object i in scenario j (in table A7)

l length of the affected road segment
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C. Risk due to non-operational availability Rp

1
TRbj = (Pﬁ X frp % E) X Dgp X Cpp (54)

Table AS. Risk variables and their description for the calculation of Rp. The calculation of the residual variables is
according to Table Al.

Variable Description

Trb,j risk of a roadblock in scenario j

frp frequency of road blockage

Dgp, duration of road blockage depended on the hazard type

Crp costs of a road blockage

ny number of hazard areas which are responsible for road closure

Risk variables:
A.  Probability of loss — exposure
Table A6. Band width (credible intervals with / - lower bound, m - most likely value and u - upper bound) of the

variables within the probabilistic risk analysis for calculating exposure situations. Units: h for hours, n for numbers,
y for years. ®Event type 1|5/10 equates to single stone | multiple stones | small scale rockslide.

Vari- | Description Specific- Unit l- m - most u- Source
able ation lower likely upper
bound value bound
probability of not 0 m: ASTRA (2012); 1, u:
a roadblock probable Estimates considering
- p:ggﬁ)ele i 0.05 01 05 ASTRA class limits
probable 0.1 0.5 0.9
most likely 0.5 0.9 0.95
reduction m: ASTRA (2012); 1, u:
a factor for -- - 0.5 0.75 1 Expert judgements
DrbE
number of 1, m, u: Expert judgements
Np9y traffic jams -- n/y 0 1 2 icw. surveyor of highways
per year (Federal State of Salzburg)
duration of a 1, m, u: Expert judgements
D traffic jam -- h 0.083 0.5 2.0 icw. surveyor of highways
(Federal State of Salzburg)
fato frequency of - n/y 5 22 30 1, m. u: Statistical
occurrence evaluation traffic jam
special database ASFINAG for the
situation A10 year 2015 (min., mean,
max. value)




Djqo | durationofa -- h 0.5 2.65 5.0 1. m. u: Statistical
special evaluation traffic jam
situation A10 database ASFINAG for the
year 2015 (min., mean,
max. value)
Ngs number of -- n 0 4 11 1, m, u: Statistical
traffic jams in evaluation traffic jam
case of a database ASFINAG for the
special year 2015 traffic jam
situation A10 events > 0.5h
Djqo | duration ofa -- h 0.083 1 2 L, m, u: Statistical
traffic jam evaluation traffic jam
special database ASFINAG for the
situation A10 year 2015
Pre Probability of | improbable - 0 0.05 0.15 m: ASTRA (2012); 1, u:
a rear-end medium 0.05 0.15 0.25 Estimates considering
collision probable ASTRA class limits
frequent 0.15 0.25 0.35
ET event type of -- - 1 5 5 ASTRA (2012) icw.
rock fall® geological expert
judgement
647 D. Degree of damage — Risk for persons Rp
648 Table A7. Band width (credible intervals / - lower bound, m - most likely value and u - upper bound) of the variables
[p49  within the probabilistic risk analysis for calculating Rp. Units: h for hours, n for numbers. The monetary value of
650  person was used as single (point) value as this value is recommended from the Austrian government.

Vari- | Description Specific- Unit l- m - most u- Source
able ation lower likely upper
bound value bound
probability of m: ASTRA (2012); L, u:
e fatality in the B i 0 0.0066 0.05 Expert |udgelﬁents icw.
case of a rear- surveyor of highways
end collision (Federal State of Salzburg)
lethality for low 0 m: ASTRA (2012) and
debris flow intensity BAFU (2013); 1. u:
A .medh{m i 0 0.5005 0.7995 Esti.mates considering class
intensity limits
strong 0.5005 | 0.7995 1
intensity
lethality for low 0
dynamic intensity m: ASTRA (2012) and
floodi i cLu
Ar ooding medium - 0 00025 | 0.10g |BAFUO0L3:Lu
intensity Estimates considering class
limit
strong 0.025 | 0.108 020 | M
intensity
lethality for low 0 01 0.8 m: ASTRA (2012) and
1 rock fall intensity ’ ’ BAFU (2013) L, u:
R medium ) 01 0.8 | Estimates considering class

intensity

limits




651

652
653
654

strong

. . 0.8 1 1
intensity
lethality for low m: ASTRA (2012) and
avalanche intensity 0 0.00025 0.1 BAFU (2013); 1. u:
A, .mediu.m i 0.0002 0.1 0.2 E.sti.mates considering class
intensity 5 limits
Strong 0.1 0.2 1
intensity
Average daily 1, m, u: Traffic counting for
MDT traffic B99 the year 2016 (min., mean,
B99 h n 3.000 3.600 7:000 max. value) (Federal State
of Salzburg)
average daily 1, m. u: Permanent
MDT traffic A10 automatic traffic counting
-- n 10.000 19.638 62.000 | ASFINAG for the year
A10 .
2016 (min., mean, max.
value)
s1gna.hzed free land Kkm/h 20 100 120 m: smnallze‘d travel speed;
velocity for zone 1, u: Expert judgements
cars municipalit icw. surveyor of highway
v y zone km/h 45 >0 60 (Federal State of Salzburg)
acceleratio
B kmm |70 80 110
deceleratio
n
maximum m: ASTRA (2012); 1, u:
traffic density Expert judgements icw.
per lane and surveyor of highway
Pmax kilometer in n 120 140 145 (Federal State of Salzburg)
case ofa
traffic jam
mean degree m: ASTRA (2012); 1, u:
of passengers Estimates considering one
B - n ! 1.76 > person (driver) and 5
persons in a car.
value (cost) of * BMVIT (2014) for the
Cr a person h € 3,016,194 period 2014-2016
E. Extent of damage — Risk for material assets Ra

Table A8. Band width (credible intervals / - lower bound, m - most likely value and u - upper bound) of the variables

within the probabilistic risk analysis for calculating R4. “"Base value according to the Federal State of Salzburg:
1=-20 %, u=+ 10 % (right-skewed distribution).

Vari- | Description Specific- Unit l- m - most u- Source
able ation lower likely upper
bound value bound
asset value — 1, m, u: Statistical data
construction from Federal State of
Ag costs road -- €/m 800 850 1,000 | Salzburg (min., mean, max.

value)




asset value —

1, m, u: Statistical data

construction from Federal State of
Ag costs bridges -- €/m? 1,350 2,200 2,400 | Salzburg (min., mean, max.
(span with 8- value)
10m)
asset value — m: Statistical data from
construction Federal State of Salzburg
Ac costs pipe - k€ 52 65 7150 | 1=-20%:u=+10%
culverts DN (right-skewed distribution)
500-1200
low m: ASTRA (2012) and
Inerabilit intensity 0 0.05 0.1 BAFU (2013); 1. u:
vuinerabii Y medium Estimates considering class
Vg | road dynamic intensity - 0.05 0.1 0.45 limits
foodi
odne strong 0.1 0.45 0.80
intensity ) ' ’
low m: ASTRA (2012) and
vulnerability intensity 0 0.025 0.05 BAFU (2013): 1. u:
. stmptures mediqm i 0.025 0.05 0.65 E.sti.mates considering class
’ (bridges) intensity limits
P .
ynarmie lstt:l‘sliy 0.05 0.65 1
low m: ASTRA (2012) and
I bilit intensity 0 0.05 0.35 BAFU (2013); 1. u:
vuinerabt 1 Y medium Estimates considering class
VrD road debris intensity - 0.05 0.35 0.65 limits
flow -
strong
intensity 0.35 0.65 1
low
ili . . .02 2
Vl;i?fi:f;:sty intensity 0 0.025 0.25 m: ASTRA (2012) and
. medium BAFU (2013): 1. u:
VED (bridges, . intensity i 0.025 0.25 0.9 Estimates considering class
culvert) debris strong limits
ﬂ S SS S
ow intensity 0.25 0.95 1
low m: ASTRA (2012) and
I bilit intensity 0 0.005 0.1 BAFU (2013): 1. u:
v vu neradl 1y medium 0.005 0.1 0.2 Estimates considering class
kA avafl(; ?1che intensity i ' ' ‘ limits
strong 0.1 0.2 0.30
intensity ’ ’ ’
. low m: ASTRA (2012) and
V“LTZ';]]“Y intensity 0 0.005 0.7 | BAFU (2013): L u:
s .C res medium Estimates considering class
Vp A (bridges, . . - 0.005 0.7 1 o
culvert) intensity limits
trong
lanch S
avalanche intensity 0.7 1 1
low m: ASTRA (2012) and
intensity 0 0.1 0.5 BAFU (2013) 1, u:
v vulnerability medium i o1 0.5 1 Estimates considering class
RR | road rock fall intensity ’ ’ limits
strong 05 1 1

intensity
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658

low

m: ASTRA (2012) and

vulnerability | ity 0 0.1 05 | BAFU (2013) I u:
structures : . .
. medium Estimates considering class
Vg R (bridges, . . - 0.1 0.5 1 .
’ Intensity limits
culvert) rock ™
fall Strong 0.5 1 1
intensity
B. Degree of damage — Risk for operational availability Rp

Table A9. Band width (credible intervals / - lower bound, m - most likely value and u - upper bound) of the variables

within the probabilistic risk analysis for calculating Rp. Units: d for days, n for numbers, y for years.

Vari- | Description Specific- Unit l- m - most u- Source
able ation lower likely upper
bound value bound
frp frequency of -- . m, u: ASTRA (2012)
road blockage o/ 1 ) 4 icw. expert judgements
y (local avalanche
commission)
duration of a I, m, u: ASTRA (2012)
precautionary icw. expert judgements
roadblock for (local avalanche
Dy aac avalanche - d 0.33 1 2 commission)
with return
interval T
duration of a I, m, u: ASTRA (2012)
precautionary icw. expert judgements
D roadblock for _ d 1 ) 3 (local avalanche
RbA3Y  gyalanches commission)
with return
interval T3
e m: BMNT (2015) CBA
expenses of a with statistical data of
roadblock guest-night per hotel
Crow during winter - Mé 1243 1.557 1.868 category (local tourism
season agency, 2015) 1, u; Range

of fluctuation +/- 20 %
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