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ABSTRACT: Natural phenomena in mountains pose threat to people and material assets located
downstream. Different types of protection structures are implemented in mountains to resist natural
phenomena and to protect vulnerable exposed elements. However, these structures deteriorate over time
and the level of protection they provide is reduced, which raises for example the issue of their
maintenance. To be economically effective, there should be a balance between the level of protection
provided by protection structures to downstream elements at risk and the expenses spent on them (e.g.,
maintenance costs), as done in classical cost-benefit analysis. This study aims in proposing a conceptual
model that estimates the evolution of risk level induced by natural phenomena in mountains while
considering different deterioration levels of protection structures. This is achieved by performing risk
analysis that integrates hazard, vulnerability and exposure assessment. Cost-benefit analysis is then
adopted to assess the economic efficacy of protection structures. Finally, a simple numerical application
is carried out to clarify the proposed model.

1. INTRODUCTION
Mountainous regions (e.g., French Alpes) are

usually exposed to different types of natural phe-
nomena such as torrential floods and debris flows.
These phenomena induce risk in downstream ar-
eas where vulnerable issues (e.g., people, houses,
roads) are located. Depending on their nature and
intensity, they can result in direct damages (e.g.,
causalities, injuries, destruction) and/or indirect
damages (e.g., infrastructure disruption). Such con-
sequences prompt risk managers to acquire a com-
prehensive knowledge about the dynamics of natu-
ral phenomena in mountains as well as the means

and alternatives for protecting people and proper-
ties. Indeed, several types of protection structures
(e.g., check dams, retention dams, dykes) are im-
plemented in mountains to control torrents. These
are civil engineering structures that act on reducing
the causes of the phenomena (e.g., erosion) or their
consequences (e.g., overflows, deposit).

During their lifetime, protection structures are
exposed to several deterioration mechanisms due to
their aging and the high intensity phenomena they
are subjected to. Consequently, efficacy level of
these structures is reduced over time. The efficacy
of protection structures corresponds to the ratio be-
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tween their capacity and functional objectives con-
ditioning the risk reduction level they provide to
downstream elements at risk. It is equivalent to the
performance level of the structure expected at the
design phase, after construction and in service. As-
sessing the dynamic efficacy of a protection struc-
ture involves evaluating three components: struc-
tural, functional and economic efficacy. The struc-
ture should be stable from a structural point of view
(e.g., external and internal stability). Moreover, it
should be operating while achieving all the desired
functions (e.g., bed stabilization, flow centering,
material storage). To be economically effective, the
cost of damages triggered after natural phenomena
should be less than the expenses spent on the con-
struction and maintenance of protection structures,
both considered in the same time period.

Recent studies have focused on developing
stochastic approaches that make it possible to
model and analyze the physics behind the deteriora-
tion process of protection structures when subjected
to natural phenomena over their lifetime (Chahrour
et al., 2021, 2023). The main objectives behind
these approaches were to assess the technical ef-
ficacy (structural, functional) of protection struc-
tures and to support their maintenance decision-
making. Moreover, Carladous (2017) has devel-
oped a decision-aiding model using cost-benefit
analysis (CBA) in order to choose which protec-
tion measures to implement based on an economic
efficacy assessment, which corresponds to the effi-
ciency of reducing the risk induced by the natural
phenomena and the cost of implementation of these
measures. Nonetheless, the latter study has not
considered assessing the evolution of the economic
efficacy of protection structures over time. This
means that the assessment was carried out from a
static point of view, assuming that there was no
technical efficacy reduction due to the deterioration
of structures over time. Consequently, no mainte-
nance operations were taken into account.

This study aims to fill the gap in the literature by
proposing a simple model that makes it possible to
estimate the dynamic (i.e., over time) economic ef-
ficacy of protection structures in combination with
the evolution of their technical efficacy over time.

Figure 1: Torrential watershed and structural protec-
tion measures.

The developed model incorporates (i) risk analysis
and (ii) cost benefit analysis. It starts by assessing
the risk level imposed downstream due to natural
phenomena while considering different deteriorat-
ing states of the protection structures and ends up
by estimating the benefits (in C) of implementing
the structures in each case. The latter is obtained by
comparing the risk value (sum of expected (or prob-
abilized) economic losses in C) to the expenses (in
C) spent on the structures.

This paper is structured as follows: Section 2
provides a brief description of the studied context.
The methodology developed to achieve the desired
objectives is presented in Section 3. Section 4 de-
scribes a simple numerical application, in which the
risk and cost-benefit analyses are carried out. Con-
clusions and perspectives are provided in Section 5.

2. TORRENTIAL WATERSHEDS & PROTECTION

STRUCTURES
Torrential watersheds are located in mountains

and are physically composed of three zones (Fig-
ure 1) as presented below (Surell, 1841).

Receiving basin: upstream area exposed to inten-
sive precipitation (storms). It is a run-off pro-
duction area and sediment supply source.

Flow channel: a narrow and steep path at which
the torrential phenomenon (mixture of liquid
and solid materials) flows.

Alluvial fan: downstream flat area where the trans-
ported flow is deposited. It involves vulner-
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able elements such as people, houses and in-
frastructures.

Intense rain events that occur in steep torrential
watersheds lead to fast-moving flows (e.g., clear
water floods, debris flows), which may be very de-
structive. The particular features of torrential wa-
tershed (steep slope, narrow channel) enhance the
capacity of the flows to erode banks and to transport
and deposit materials on fans where elements are
risk are located. The impact and volume of the de-
posited materials could disrupt infrastructures (e.g.,
obstruction of roads), destroy houses and indus-
trial structures and generate causalities. In France,
risk management in torrential watersheds is largely
based on structural protection measures. Structural
measures are mainly civil engineering structures
generally constructed along the flow channel (e.g.,
series of check dams) and in the alluvial fan (e.g.,
retention dam, dykes). These structures aim to pro-
vide protection by reducing the risk level imposed
on downstream areas.

Protection structures do not function separately.
The objectives of protection are only achieved
within a protection system composed of several
structures grouped together so that they partici-
pate collaboratively in protecting socio-economic
assets. The efficacy of the overall protection sys-
tem in reducing the risk level decreases with the
increase of its deterioration level. Consequently,
the system should be regularly inspected and main-
tained. However, these interventions cost much.
This raises the following question: Is this protec-
tion system efficient from an economic perspec-
tive? In other words, does the total cost spent on
the protection system (including construction, site
visits and maintenance costs) exceed the benefit (re-
duction in total risk value)? Another key question
is to know whether the protection system will still
be economically effective when it deteriorates over
time (i.e., after taking depreciation into considera-
tion)? This study addresses these questions through
the methodology developed in the next section.

3. METHODOLOGY
3.1. Protection System Efficacy Reduction

As mentioned before, the reduction of the tech-
nical efficacy of a protection system affects the risk

Figure 2: Deterioration process of a protection system.

level imposed on downstream exposed elements.
Consequently, information concerning the deterio-
ration process of the protection system should be
acquired. This process can be defined as the evo-
lution of the system from one deteriorated state
to another as shown in Figure 2. In this study,
three states of a protection system are considered:
new, poor and failed. These states can be defined
based on degradation indicators reflecting the effi-
cacy level E of the system as presented below:

State 1: E1 < E ≤ 1 new system

State 2: 0 < E ≤ E1 poor system

State 3: E = 0 failed system

where 1 corresponds to maximum efficacy level, 0
corresponds to total failure and E1 is an intermedi-
ate threshold that separates states 1 and 2.

Generally, the deterioration process of any dete-
riorating system is stochastic. The crucial elements
needed for representing this process are the prob-
ability laws associated to the transition times be-
tween the defined states of the system. Figuring out
these laws is not an easy task, especially when no or
few monitoring data are available. Chahrour et al.
(2021), has developed a physics-based model that
makes it possible to estimate these laws through
physically modeling the deterioration of protection
structures over time. Other researchers usually as-
sume these laws based on available data or expert
assessment. Most of them assume an exponential
distribution because of the simplicity in considering
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a constant deterioration rate. The probability den-
sity function presenting the law of transition times
from state i to state j following an exponential dis-
tribution is given by:

fi− j(t) = λi− j exp(−λi− j · t) (1)

The mean transition time between states i and j
can be then estimated as follows:

E(Ti− j) = 1/λi− j (2)

3.2. Risk Analysis
Generally, risk induced by a natural phenomenon

is defined as a combination between hazard, vul-
nerability and exposure. For each type of natural
phenomenon, hazard is a combination of its prob-
ability of occurrence (likelihood) and its intensity,
which reflects a physical quantity describing the
phenomenon (e.g., velocity). Vulnerability repre-
sents the potential damage rate relative to the in-
tensity of the hazard. Exposure refers to the com-
bination between elements that are exposed to the
hazard and their value (e.g., in euros). This defi-
nition of risk, given by Eq. (3), is provided by the
intergovernmental panel on climate change (IPCC).

Risk = Hazard
⊗

Vulnerability
⊗

Exposure

= probability⊗ intensity
⊗

damage potential
⊗

elements at risk⊗value
(3)

where the symbol ⊗ corresponds to a combination
between the terms defining a risk level.

Depending on available data, risk assessment
could be either based on discrete or continuous
modeling of its components. Discrete modeling
is much simpler to carry out, in which only four
qualitative scenarios, representing the likelihood of
a natural phenomenon, can be considered: excep-
tional, rare, occasional and frequent. On the other
hand, continuous modeling provides better estimate
of the risk but is more complex to obtain. It re-
quires more information concerning the time series
of the hazard, the exposed assets and the vulnera-
bility of each. In this study, the methodology de-
veloped to evaluate the risk considers continuous

modeling of its components. However, the model-
ing will be based on several assumptions, in which
the goal is to show the principles behind the evolu-
tion of quantitative risk analysis considering deteri-
oration states, which is not yet tackled in the con-
text of torrential risk. To carry out this analysis, the
following steps should be accomplished.

3.2.1. Modeling the Hazard
The first step concerns generating the "Intensity

I - Probability P" curve, which characterizes a haz-
ard linked to a specific type of natural phenomenon.
This curve represents the probability of occurrence
of an event (e.g., storm) that has the potential to
trigger a dangerous natural phenomena (e.g., debris
flow) of a given intensity (e.g., velocity of the flow)
to occur in a specific area and time interval. It can
be built using available historical databases where
the intensities and the return periods (T = 1/P)
of the events that have occurred in the past are
recorded. If this data is available, a law that best
fits the observed data can be assumed. If not, the
modeling can be based on experts’ assessment.

The presence of a protection system in a torren-
tial watershed acts on reducing the intensity of nat-
ural phenomena. Consequently, for each state of
the system (i.e., for each technical efficacy level),
the "Intensity I - Probability P" curve should be es-
tablished. In the case where system is in state 1
(new system), the intensity of the phenomena is re-
duced by a ratio α1 and will be defined as I1. If the
system is in state 2 (degraded system), the intensity
is reduced by a ratio α2 < α1 and will be referred
to as I2. In the case when the system is in state 3
(completely failed), it is assumed that as if there is
no protection system. Therefore, the intensity I of
the phenomena will not be reduced.

α1 and α2 are intensity reduction factors to be de-
fined based on expert assessments. Moreover, these
reduction factors can be only applied when the in-
tensity of the phenomenon is less than a specific
threshold Ith, to be also defined by experts.

3.2.2. Estimating the Number of Exposed Assets
The second step concerns estimating the num-

ber of downstream assets, which are touched (im-
pacted) by a natural phenomenon. In fact, the area
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reached by a natural phenomenon varies depend-
ing on the probability of propagation of the phe-
nomenon given the fact that it has already occurred.
In this study, it is assumed that all the assets imple-
mented in the reached area are touched by the phe-
nomenon. To demonstrate calculation principles, a
relation between the reached area Areached and the
occurrence probability of the natural phenomenon
P is assumed as follows:

Areached = A(1−P)
max (4)

where Amax is the maximum area that can be
reached by any natural phenomenon.

Assuming that all the material assets have the
same area Aasset , the total area of touched assets
Atotal assets and the total number of touched assets
Ntouched assets can be obtained using Eq. 5 and Eq. 6.

Atotal assets = β ·Areached (5)

Ntouched assets = Atotal assets/Aasset (6)

where β is a constant occupation rate reflecting the
density of construction in the reached area.

3.2.3. Modeling the Damages on Assets
The third step concerns constructing the physical

vulnerability of the assets exposed to risk, which
is given by a “Damage rate D - Intensity I" curve.
The intensity of a natural phenomenon is associ-
ated with a damage rate, which is a physical quan-
tity representing the percentage of damage caused
on an asset. Indeed, the asset may be partially or
totally destroyed depending on the intensity of the
phenomenon. Kang and Kim (2016) has carried out
a nonlinear regression analysis to relate the damage
rate to the intensity of debris flow events. Different
relations were obtained depending on the intensity
parameter. For example, when considering the in-
tensity parameter I of debris flows as the flow ve-
locity υ (in m/s), the relation will be:

D = 1− exp(−0.0094I2.775) (7)

Note that D is the damage rate in the case when
there is no protection system or in the case when
the system is in state 3. D1 and D2, corresponding
to the damage rates in the case when the system is

in state 1 or 2 can be also obtained using Eq. 7 by
replacing the intensity I with I1 and I2 respectively.

3.2.4. Estimating the Material Losses
In this step, the objective is to estimate the total

cost of the losses triggered after natural phenom-
ena. This is given by a “Material loss L - Probability
P" curve. In this study, it is assumed that only mate-
rial losses (direct damages: assets’ destruction) are
considered. This means that indirect damages (e.g.,
human mortality, impacts on the environment) are
not taken into account. The cost of material losses
L (in C) can be estimated using the formula devel-
oped by Rheinberger et al. (2009) as follows:

L=(1−εD) ·D ·(1−εE) ·Ntouched assets ·Aasset ·Vasset
(8)

where εD is the damage reduction rate linked to vul-
nerability reduction, εE is the exposure reduction
rate and Vasset is the cost of asset (in C/m2).

Note that L is the cost of material losses in the
case when there is no protection system or in the
case when the system is in state 3. L1 and L2, corre-
sponding to the material losses in the case when the
system is in state 1 or 2 can be also obtained using
Eq. 8 by replacing the damage rate D with D1 and
D2 respectively.

3.2.5. Evaluating the Risk
The final step is to evaluate the risk level, i.e., the

expected financial cost of the risk induced due to
a natural phenomena. This is achieved by estimat-
ing the area under the curve presenting the material
losses multiplied by the probability. To calculate
this area, the trapezoidal method can be used.

Since three different states of the protection sys-
tem are considered, three different curves present-
ing the material losses are obtained. Consequently,
each curve will provide a risk level. For states 1, 2
and 3, the risk level is respectively defined as R1,
R2 and R3.

3.3. Cost-Benefit Analysis
Cost-benefit analysis (CBA) is a method used to

assess the potential benefits and costs of a specific
decision by assigning monetary values to its out-
comes. The main objective behind CBA is to de-
termine whether the benefits outweigh the costs of
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investment and maintenance and finally if building
the protection is worthwhile.

To assess whether a protection system is econom-
ically effective, a comparison between the risk level
in the absence and in the presence of the protection
system should be performed. Furthermore, to esti-
mate the benefits (in C) of a protection system, the
cost of its construction should be typically consid-
ered as an initial cost, also known as a “t = 0"
cost. This includes all expenses that are incurred at
the beginning of the project, such as materials, la-
bor, equipment, and other miscellaneous expenses.
However, since the protection system deteriorates
over time, the cost-benefit analysis should also in-
clude the ongoing costs (e.g., maintenance costs)
and the benefits of the project over its lifetime.
This is due to the fact that as the state of the sys-
tem evolves over time, its efficacy level is reduced,
which in turn leads to a decrease in risk reduction
as compared to when it was first put in place.

In this study, it is assumed for the sake of sim-
plicity, that the deterioration of the protection sys-
tem is continuous in time (as shown in Figure 2). In
other words, maintenance operations are not carried
out over the lifetime of the system. In this case, the
costs Cc spent on the system are only those involved
in the initial construction operation. Consequently,
the evolution of the protection system’s benefits B
over time can be estimated as follows:

For t = 0 −→ B = (R−R1)−Cc

For 0 < t ≤ T1−2 −→ B = R−R1

For T1−2 < t ≤ T2−3 −→ B = R−R2

For t > T2−3 −→ B = R−R3

where R is the risk level when there is no protection
system.

4. NUMERICAL APPLICATION

This section presents a simple numerical applica-
tion of the developed methodology. Firstly, the risk
levels in the absence and in the presence of a protec-
tion system are assessed. Secondly, the economic
benefits behind the implementation of a protection
system are estimated under simplified asumptions.

Table 1: Data necessary for estimating the number of
assets touched by debris flow events.

Amax (km2) Aasset (m2) Vasset (C/m2) β

1 100 2000 0.4

4.1. Absence of Protection System
The available data necessary for hazard model-

ing are those related to the natural phenomena oc-
curring in the Claret torrent in France. This torrent
is very active and it is characterized by a steep slope
and high sediment potential. It is mainly subjected
to debris flow events of different volumes. The ob-
tained data are the volumes V (in m3) and the return
periods T (ONF-RTM, 2013). The probability of
occurrence P of each debris flow event is estimated
using Eq. 9. In this application, the intensity is con-
sidered to be the velocity (in m/s) of an event. In
this case, the intensity I is estimated using Eq. 11,
given by Rickenmann (1999).

P = 1/T (9)

I = 2.1 ·Q0.33
p ·S0.33 (m/s) (10)

where S = 0.53 m/m is the average slope of the
torrent’s flow channel and Qp is the event’s peak
discharge. Qp can be estimated using the following
equation, given by Rickenmann (1999).

Qp = 0.1 ·V 0.833 (m3/s) (11)

The damage rate curve is constructed according
to Eq. 7. All data necessary for estimating the num-
ber of assets touched by debris flow events are as-
sumed and presented in Table 1. The curve present-
ing the material losses is then implemented using
Eq. 8, considering εD = 0.1 and εE = 0.1.

The obtained results are presented in Figure 3.
The mean risk level, corresponding to the area
under the curve presenting the material losses is
R = 43.75 MC.

4.2. Presence of Protection System
In the case where a protection system is present

in the torrent, the intensity of a debris flow event
is reduced depending on the state of the system.
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Figure 3: Results of risk analysis in the absence of a
protection system. (a) hazard modeling; (b) number of
assets touched by an event of a given probability; (c)
damage rate; (d) material losses.

As mentioned before, three deterioration states are
considered. The threshold, defined in Section 3.1,
corresponding to the technical efficacy level of the
intermediate state of the protection system, is con-
sidered to be E1 = 0.5. It is assumed that if the
system is in state 1, the intensity will be reduced
respectively by α1 = 0.8. If the system is in
state 2, the intensity will be reduced respectively
by α2 = 0.5. If the system is in state 3, the inten-
sity will not be reduced and therefore will be equal
to the intensity of the events in the case of the ab-
sence of a protection system. These reduction fac-
tors make it possible to estimate the intensity I1, I2
and I corresponding to the cases when the system is
respectively in state 1, 2 and 3 as shown in Figure 4.
However, in all cases, the intensity will not be re-
duced if it exceeds Ith = 13 m/s, as it is considered
too strong for a protection system to handle. The
damage rate in each case can be then estimated us-
ing Eq. 7. Finally, the material losses in each case
are computed using Eq. 8 and presented in Figure 5.

Results provided in Figure 5 make it possible
to estimate the mean risk level induced by debris
flows considering the different states of the protec-
tion system: R1 = 38.72 MC, R2 = 42.28 MC

Figure 4: Hazard curve showing the intensity reduction
depending on the state of the protection system.

Figure 5: Results showing the reduction in the material
losses depending on the state of the protection system.
(e.g., for P = 0.01, Ntouched assets = 3483, L = 564 MC)

and R3 = 43.75 MC.

4.3. Benefits: Reduction in Risk level
In order to construct the evolution of the risk

level over time in the presence of a deteriorating
protection system, the deterioration process should
be first developed. It is assumed that the deteri-
oration rates following an exponential distribution
are λ1−2 = 0.05 and λ2−3 = 0.02. This means
that the transition times from state 1 to state 2 and
from state 2 to state 3 are T1−2 = 20 years and
T2−3 = 50 years. Considering that the modeling
takes place over a duration of 100 years means that
the protection system resides 20 years in state 1, 50
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Figure 6: (a) Evolution of risk level in the absence and
the presence of a protection system; (b) Evolution of
economic benefits of the studied protection system.

years in state 2 and 30 years in state 3. These re-
sults make it possible to plot the evolution of the
risk level over time as shown in Figure 6,a.

For estimating the economic benefits of a protec-
tion system, its cost of construction should be first
defined. Let us assume a protection system com-
posed of four check dams, in which the cost of con-
struction of one dam is 250000 C. In this case the
total cost of construction is Cc = 1 MC. Con-
sequently, the evolution of the economic benefits
over time are estimated based on Section 3.3 and
presented in Figure 6,b. It can be noticed that the
benefits outweigh the costs over the long term. This
reveals that the project of implementing the protec-
tion system is cost-effective.

5. CONCLUSION

Natural phenomena in mountains can have dev-
astating effects on communities and infrastructures.
It is therefore crucial to implement protection sys-
tems/structures in order to minimize the risk of
damage and loss of life and to insure economic
stability. Moreover, assessing the economic effi-
cacy of protection systems is essential for support-
ing risk managers to make decisions that balances
between costs and benefits of the protection strat-
egy. From this study, it has been revealed that
risk and cost-benefit analyses are useful tools to
compare the sum of potential economic losses re-
sulted from natural phenomena with the costs spent
on the protection system over its lifetime. Future
work in this area could include considering main-
tenance operations, which will affect the deteriora-

tion process and therefore the evolution of risk level
over the lifetime of the protection system. Mainte-
nance costs and discount rates could be also con-
sidered in the cost-benefit analysis for more reliable
evaluation of long-term cost-effectiveness in differ-
ent time periods. Another avenue for future work
could be to conduct a real-case study to validate the
method and to provide real-world examples of its
use.
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