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Infrastructure vulnerability is crucial to predict the consequences after a NaTech event. This metric is subjected to
temporal evolution due to numerous factors, e.g. multi-hazards, ageing, maintenance, fatigue. The consideration of
these dynamic effects is often overlooked. The present paper proposes a concise literature review and a framework
being able to include, account for time-dependent, parametrized vulnerability/fragility curves. Therefore, we show
the importance of these dynamic effects across short- and long-term horizons and compare the risk assessment with
a static case. Two simple examples are given and demonstrate significant differences. Precautions should be taken
due to intrinsic uncertainties and necessary working assumptions.
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1. Context

The 2019 earthquake in France’s Rhône Valley

(Le Teil) has e.g. raised concerns due to the

presence of critical infrastructure (nuclear power

plants, road networks, railways...) and ageing,

poorly maintained buildings in a region with high

levels of urbanization. Despite relatively limited

damages, this event serves as a reminder of how

important it is to take into account the evolution

of vulnerability into risk management.

That fact motivates the objective of this work :

propose a framework for integrating dynamics in

the NaTech risk assessment.

The consideration of dynamic effects in risk

assessment is a topic that is already well es-

tablished in the literature (e.g. Frangopol and

Akiyama (2024),Argyroudis et al. (2020), Borre

et al. (2025)).

Risk is classically defined as the combination of

the probability of occurrence of a hazard and the

severity of its consequences for human, environ-

mental, or material assets. It therefore results from

the interaction among three fundamental compo-

nents: the hazard, the exposure, and the vulner-

ability of the affected elements. This perspective

is consistent with UNDRR a formulation of risk,

expressed as:

Risk = Hazard ⊗ Vulnerability ⊗ Exposure (1)

where the symbol ⊗ denotes a combination or

interaction, rather than a simple arithmetic prod-

uct, between the three components.

aUnited Nation Disaster Risk Reduction
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In industrial/technological systems, this con-

ceptualization is presented as a combination of

frequency and severity. Risk assessment in each

domain is already complex because of interac-

tions, uncertainties but appears as even more when

natural events are triggering or aggravating tech-

nological accidents, leading to what are known as

NaTech risks (Natural Hazards Triggering Tech-

nological Accidents).

Complexity results notably from the dynamic

and often badly known features of risk compo-

nents over time including the evolving structural

vulnerability of assets. Those two aspects are de-

veloped below :

1.1. Dynamic risk evolution

Risk (incl. NaTech) is not a static quantity; each

of its components evolves across both time and

space. Spatially, the distribution and intensity of

natural hazards vary according to geographical

context, while exposure depends on the loca-

tion and density of infrastructure. Temporally, the

evolution of risk can be driven by natural fac-

tors linked to the phenomenon evolution (season-

ality, long term related for instance to climate

change), physical factors (ageing, deterioration),

socio-economic factors related to exposure (in-

dustrial development, urbanization), or organiza-

tional factors (maintenance, modification of oper-

ating procedures, technological upgrades).

Temporal dynamics therefore play a crucial role

in transforming risk’s components, making it es-

sential to analyze dynamic risk evolution rather

than relying on a fixed initial state. For example,

Riedel et al. (2014) evaluates the potential impact

of the 1909 earthquake in southern France on

current urban patterns and shows losses increase

in that context.

Within this multidimensional framework, the

structural vulnerability of infrastructure compo-

nents plays a central role. It constitutes a key pa-

rameter of the damage potential, understood as the

ability of hazard to cause significant harm com-

promising the integrity of installations or leading

to major accidental scenario. Based on Equation 1,

the dynamic evolution of risk can be due to hazard,

vulnerability and exposure. In our work, we focus

on the dynamic evolution of vulnerability.

1.2. Time-dependent vulnerability

Beyond its structural dimension, vulnerability is a

multifaceted concept : direct vulnerability refers

to the immediate physical or functional damage

inflicted on assets when exposed to a natural haz-

ard ; indirect vulnerability captures the secondary

effects that emerge from disrupted interdepen-

dencies, such as supply chain interruptions, loss

of utilities, or cascading failures across intercon-

nected infrastructure.

Vulnerability can also be distinguished accord-

ing to the nature of the affected assets : tangible

vulnerability concerns measurable and material

elements—equipment, buildings, processes, and

economic losses—while intangible vulnerability

relates to non-material consequences, including

impacts on human health, organizational perfor-

mance, social trust, or environmental services. To-

gether, these different dimensions illustrate that

vulnerability extends far beyond physical fragility

alone; it shapes the severity and propagation of

NaTech events through a combination of physical,

functional, economic, and socio-organizational

mechanisms.

Fig. 1. Schematic overview of the time-dependent ca-
pacity level (labeled numbers 0-6 correspond to a stage
of this life-cycle and are described below)

Figure 1 illustrates an example of a vir-

tual structure’s life cycle and shows the time-

dependent evolution of its structural state, denoted

as its capacity level. The latter starts at its initial

level C0 (Label 0 i.e. 0 ) and gradually degrades

due to corrosion after an initiation period ( 1 ).
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The structure is then subjected to an earthquake

following by its aftershocks ( 2 ). The capacity

level becomes sufficiently low (e.g. below an ac-

ceptable threshold Cth) to justify replacing the

structure after the seismic events and the associ-

ated response time (even without collapse) ( 3 );

after this major maintenance, the initial level is

restored. Corrosion occurs again ( 4 ), then a light

repair ( 5 ) is performed (the initial level is not

reached this time : imperfect maintenance). Fi-

nally, a severe flood causes the structure to col-

lapse ( 6 ).

This vulnerability is not constant : it varies

over time under the influence of multiple mech-

anisms. On the one hand, installations may be

exposed to multiple hazards—seismic events,

floods, extreme winds, heatwaves, accelerated

corrosion—whose interactions alter the structural

resistance of systems. On the other hand, in-

trinsic degradation processes, linked to material

ageing or adverse environmental conditions, pro-

gressively weaken installations. Finally, mainte-

nance strategies—whether preventive, corrective,

or condition-based—strongly influence the trajec-

tory of vulnerability evolution.

1.3. Objectives

In classical operational situations, very simplified

vulnerability curves are used to assess risk. This

work aims at going far beyond but also aims to

explicit gaps and situations where detailed ap-

proaches are helpful.

Studying the evolution of structural vulnerabil-

ity is therefore essential for improving our under-

standing of NaTech risk. Such an approach moves

beyond a static view of danger and highlights the

need for models that integrate temporal variability,

multi-hazard exposure, and the cumulative effects

of degradation and maintenance.

Within this perspective, this work proposes

a methodological approach for vulnerability dy-

namics modelling suitable for the different life-

cycle stages of a system whose deterioration states

evolve along time.

The remaining of this paper is organized as

follows. Section 2 addresses analysis tools used

in risk assessment and how they can be time-

dependent. Section 3 proposes a framework to

quantify vulnerability evolution. Section 4 pro-

vides numerical application for two simple exam-

ples. Conclusions and perspectives are given in

Section 5.

2. State of art: from static to dynamic
vulnerability assessment

In practice, risk assessment concerns events, ob-

jects: it roughly consists of comparing the capac-

ity of a structure (linked to its vulnerability) with

an external demand (conditioned by hazard effect,

intensity and frequency) and it extrapolates this

comparison to assess probabilistic consequences.

In order to analyze vulnerability, among the most

commonly used tools are fragility curves and vul-

nerability curves.

Next, we will define them and show how they

can help us to assess dynamic risk by making them

time-dependent.

2.1. Vulnerability, fragility, losses

The definitions and equations presented below are

extracted and adapted from Baker et al. (2021).

A vulnerability curve is a function that relates

the intensity measure (IM ) of a hazard (phe-

nomenon) to the mean expected loss L (or mean

damage ratio DR) of an asset. It provides the direct

link between hazard intensity and damage ratio

(or expected economic loss) and is denoted as :

E[L|IM ] or E[DR|IM ].

The fragility curves consider uncertainty in par-

ticular on physical asset’s parameters and describe

the probability Pf (IM) that the damage state

(DS) of a structure will reach or exceed a spec-

ified damage state (dsi) for a given level of hazard

IM . It is analytically described as (the second

equality is provided as an example for the case of

a log-normal distribution) :

Pf (IM) = P(DS ≥ dsi|IM = x) = φ(
ln(x/θi)

βi
)

(2)

where φ is the CDF of the normal distribution,

dsi is the ith damage state (e.g. ds1 for light

damage, ds2 for moderate damage, ds3 for sig-

nificant damage and ds4 for collapse), and the
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fragility parameters θi (median) and βi (standard-

deviation) are specified for each damage state.

Fragility and vulnerability curves can be related

by a damage-to-loss (or consequences) model

(adapted from Martins et al. (2016)) :

E[L|IM ] =

n∑

i=1

E[L|dsi]P(DS = dsi|IM)

(3)

where E[L|dsi] is the mean loss L for a given

damage state dsi and

P(DS = dsi|IM) = P(DS ≥ dsi|IM)−
P(DS ≥ dsi+1|IM).

(4)

Both fragility and vulnerability curves can

be derived from numerical simulations—such as

structural modeling under variable loading—or

obtained from empirical databases and estab-

lished engineering charts. The state of art (e.g.

platforms of vulnerability’s computation like

HAZUS, GEM, CAPRA, Risk-EUb) provides

considerable quantity of those two informations,

depending of the structure, type of hazard, . . .

It is important to note that the terminology

”Vulnerability curve” is not universal : it is also

sometimes referred to as a damage function, loss

function or a consequence function.

With these informations, coupled to hazard

curves, working assumptions and uncertainties,

we are able to compute the expected annual losses

according to the classic static risk assessment. A

dynamic approach to this analysis is introduced in

the next section.

2.2. Temporal evolution

Dynamic vulnerability assessment requires quan-

titative methods capable of capturing its temporal

evolution.

Several studies (e.g. : Iervolino et al. (2016),

Gehl et al. (2024)) have explicitly introduced a

time-dependent or damage-dependent formulation

bhttps://coast.noaa.gov/digitalcoast/
tools/hazus-mh.html,
https://www.globalquakemodel.org/,
https://ecapra.org/,
https://eu-risk.eucentre.it/

of fragility/vulnerability curves, acknowledging

that the resistance of assets evolves as a function

of ageing, cumulative degradation, or repeated

hazard exposure. These studies are specific for a

given kind of structure and/or a risk scenario and

they focus on vulnerability assessment, not nec-

essarily extending to risk assessment. Following

a similar approach, the present work adopts a dy-

namic representation of vulnerability, in which its

evolution is governed by both temporal processes

and damage accumulation mechanisms. Beyond

vulnerability assessment alone, this framework

can be further extended to a comprehensive eval-

uation of NaTech risk, allowing its temporal evo-

lution to be quantified. Finally, the dynamic risk

estimates are translated into economic terms, en-

abling an assessment of the associated costs and

their evolution over time.

By looking at the life cycle of a structure (Fig-

ure 1), we can qualitatively link each event to a

vulnerability/fragility curves transformation :

• Degradation, which can be continuous

1 and 4 (corrosion, fatigue) or dis-

crete 2 and 6 (sudden event).

• Improvement due to replacement or

maintenance 3 , 5 .

The amplitude of these transformations over

time can be obtained by computation, expert’s

opinion or measurement.

Figure 2 illustrates this concept of temporal

evolution for a virtual vulnerability curve : the

original static vulnerability of an infrastructure is

in green, it becomes weaker due to degradation

(for a same intensity Ievent, the damage is more

important : Dd > D0, ”curve shifts to the left”)

or stronger due to maintenance (Di < D0, ”curve

shifts to the right”).

Fig. 2. Vulnerability curves transformation
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The main idea is to use time-dependent param-

eters of the vulnerability (or fragility) curve. This

dependence takes into account life-events of the

considered asset.

3. Methodological framework

We have now all the components to propose a

framework to assess the dynamic vulnerability

of a structure. Figure 3 summarizes the different

steps of this method.

Fig. 3. Dynamic risk assessment framework proposal.
Losses can be expressed in economic, functional, or
casualties metrics. Uncertainties are not shown

Step 1 The first step constitutes the pre-analysis

and can be done as a brainstorming with experts,

stakeholders, decision maker, . . . (Methods like

PRA or SWIFT c could be used). At this stage,

the spatial and temporal perimeters of the study

have to be defined for assets and hazards :

• Which assets ? (e.g. a whole city), how

they are designed then built ? Did they

already experience events (constructive

or destructive) before the study?

• Which hazards could happen on these

assets during the considered temporal pe-

riod? (e.g. subjected to floods and earth-

quakes).

cPreliminary Risk Analysis or Structured What-If Technique

• What is dynamic ? (e.g. global warm-

ing, maintenance, corrosion), what kind

of information do we have and what are

their accuracies ? (e.g. concrete behavior

in bridge’s abutment or expert’s opinion),

what are the required working assump-

tions ? Is it possible to cumulate damages

of different nature ? (e.g. seismic event

after an avalanche or two windstorms

with distinct wind directions).

These preliminary questions are crucial and it

is impossible here to list them exhaustively for a

general case.

Step 2 A “classic” static analysis involves com-

bining a hazard curve and a damage potential

curve to derive a quantitative risk assessment.

These curves are not necessarily continuous; in

practice, frequency, intensity and damage may be

expressed in discrete/qualitative forms as scalars,

classes or intervals (see Figure 4, extracted from

Tacnet et al. (2022)), which can likewise be used

for risk assessment.

Fig. 4. Risk assessment methodology extracted from
Tacnet et al. (2022)

Step 3 This step aims at including dynamic fac-

tors (identified in Step 1) into vulnerability assess-

ment. As showed in the previous section, we de-

fine temporal fragility/vulnerability functions by

using time-dependent parameters (e.g. the median
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of log-normal distribution is a function of time).

This choice allows to model a wide variety of

temporal dynamics. It is now possible to compute

the dynamic analysis, and finally compare losses

with the static case of Step 2. The output metrics

could be economic, functional, human casualties.

This latter step is the key of this study: under

realistic assumptions, one can model all kinds of

events (natural event, maintenance, gradual degra-

dation) during the life-cycle of the considered

asset.

It is important to note that to maintain a generic

framework capable of incorporating the processes

driving the temporal evolution of vulnerability

described above, while also accounting for the

uncertainties inherent to this type of analysis, a

set of simplifying assumptions is required. In this

study, hazard analysis itself is outside the scope :

instead, the assessment relies on existing hazard

characterization curves available in the literature

or provided by relevant authorities, which are used

as inputs to the proposed framework. Accordingly,

the proposed methodology enables a quantita-

tive risk assessment of the temporal evolution of

structural vulnerability associated with a structure

throughout the different stages of its life cycle,

subject to explicit assumptions and uncertainties.

These uncertainties should be assessed depending

on required level of detail and assumptions are

significant and may be reduced depending on the

depth of analysis adopted—except for irreducible

aleatory uncertainty—which itself is constrained

by the time and resources allocated to the study.

Based on this framework, two illustrative case

studies are subsequently presented, focusing on

a bridge exposed to multiple types of loadings,

hazards, and maintenance strategies.

4. Simple examples of dynamic risk
assessment

We consider here two examples which illustrate

the influence of a temporal evolution of vulnera-

bility on resulting risk level. In the first case, it cor-

responds to two successive shocks resulting in an

aggravated level of damage inducing an increased

level of risk. In the second example, increased

vulnerability results from material ageing, and the

effect of maintenance is also tackled.

In these two cases, indirect vulnerability and

casualties are not taken into account.

4.1. Example 1: Bridge subjected to
seismic mainshock and aftershocks –
degradation effect

Let’s consider a hypothetical bridge which gives

access to a critical infrastructure, with a given

seismic vulnerability curve (Figure 5, log-normal

with 2 parameters : median μ0 and standard-

deviation β0). We assumed no corrosion, no main-

tenance, no other hazards except earthquake.

Hazard : The bridge is subjected to an earth-

quake mainshock inducing a Peak Ground Ac-

celeration (PGA) equal to 0.35g, then aftershocks

with a PGA equal to 0.25g.

We assume that experts consider a mean degra-

dation of the bridge’s structural capacity between

30% and 40% after a 0.35g PGA-mainshock

earthquake. We translate this information by de-

creasing the median value of the vulnerability

function: μaftershock = μ0.(1 − [0.3 − 0.4]), β0

kept constant. This scenario is equivalent to the

label 2 in the life-cycle example of Figure 1.

Fig. 5. Vulnerability log-normal curves of the bridge
(New – solid line curve, 30% and 40% median μ0 de-
crease – dashed-lines, standard-deviation β0 kept con-
stant)

In Figure 5, we consider the solid line curve

representative of the bridge’s vulnerability as new.

For a PGA equal to 0.35g during mainshock,

mean damage ratio (with initial strength proper-

ties) equal to 42% (green dots).

When an aftershock happens, mean damage ra-
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tios become :

• 13% without considering degradation

from mainshock (static value, red dots),

• [46% - 65%] considering mainshock de-

grades [30% - 40%] median log-normal

distribution (orange dots).

In this example, the vulnerability value includ-

ing degradation differs between 33% and 52%

from its value excluding degradation. This vul-

nerability gap (ΔV ) between static and dynamic

analysis could be translated into a gap average

annual cost (GAAC) by weighting by the haz-

ard occurrence (fIM ) and the bridge cost (C) :

GAAC = fIM .C.ΔV .

Furthermore, this illustrative example shows

also that the aftershock could induce greater dam-

ages than the mainshock for a lower intensity

when mainshock degradation is considered.

4.2. Example 2: Bridge subjected to flood
– corrosion and maintenance effects

Let’s now consider a hypothetical reinforced-

concrete bridge subjected to flood, its piers have

a given vulnerability curve (Figure 6, black curve,

log-normal with 2 parameters : median μ0 and

standard-deviation β0).

Scenario is gradual corrosion (labels 1 or 4

in Figure 1), maintenance at 50 years old (label

5 ), no other hazards except flood. Chloride cor-

rosion model could be used from Duracrete (1998)

in order to define a corrosion initiation time then

the iron mass decrease rate in reinforced concrete.

To simplify the example, we will use here : μt =

μ0e
−αt with t represents structure’s age in years

and α an illustrative mean decay rate.

We assume that empirical feedback yields that

maintenance works will restore the bridge’s piers

to 80% of their original capacity : μm = 0.8μ0.

Let’s now consider a flood height equal to 3

m (corresponding to an exceedance water level).

Figure 6 illustrates the temporal evolution of the

bridge’s piers vulnerability : curve for the new

bridge is the solid black line. The color gradient

expresses the gradual degradation due to corrosion

among years. Finally, the red curve represents

the bridge’s piers vulnerability after maintenance

Fig. 6. Vulnerability curves of the bridge’s piers sub-
jected to flood, time-dependence with corrosion (colour
gradient) and maintenance (red curve)

works (light green : 50 years-old).

• On the new structure, one can expect a

damage ratio of 13% (black dots).

• On the 50 years-old structure, damage

ratio becomes 49% (blue dots).

• On the 50-years old bridge after mainte-

nance works, damage ratio is assessed at

26% (red dots).

In addition, as in the previous example, we

can connect directly these values to the cost ex-

pectation given the flood intensity (23% less if

maintenance works are done at 50 years old).

These examples demonstrate how the dynamic

part of structural vulnerability is important and

can be translated into economic indicators that

help guide prevention strategies, investment deci-

sions, and long-term risk-management planning.

5. Conclusion

Vulnerability, particularly in its dynamic form,

plays a central role in the assessment of NaT-

ech and multi-hazard risks. Accounting for its

temporal evolution, for interactions between haz-

ards, and for restoration mechanisms leads to

more realistic and operational risk estimates.

Time-dependent fragility/vulnerability curves and

expected-loss calculations offer practical tools for

prioritizing maintenance, optimizing resource al-

location, and reducing potential economic and
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social losses. The methodology presented here

provides a conceptual basis for integrated risk-

assessment frameworks that reconcile scientific

rigor with practical applicability by integrating a

temporal component in the fragility/vulnerability

curves parameters.

Only simple examples presented here, and

many issues remains such as :

• Analyzing damage consistency and ag-

gregation possibility : What criteria

would allow to combine damage from

several hazards? Their effect and their

chronology must be taken into account.

• Considering uncertainties : taking into

account uncertainties of multiple origins

(e.g. Beven et al. (2018)) and differ-

ent forms of quality information (im-

perfection, inaccuracy, incompleteness),

which could increase considerably with

the complexity of the dynamics (e.g.

Pescaroli and Alexander (2018)), in par-

ticular the lack of understanding of how

existing interrelationships evolve over

time and what new interrelationships

emerge.

• Presence of a protective structure : How

its dynamic vulnerability will affect the

asset’s reach probability ?

• Introducing dynamics in indirect vulner-

ability and lethality modelling.

These topics will be addressed in future work

within a more in-depth analytical framework.
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