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Featured Application: This study provides a general methodology for the assessment of the impact
of climate change on reliability of structures, combining observations and climate projections,
to the aim of giving guidance for the adaptation of climatic load maps in structural Codes.

Abstract: Climatic loads on structures are commonly defined under the assumption of stationary
climate conditions; but, as confirmed by recent studies, they can significantly vary because of climate
change effects, with relevant impacts not only for the design of new structures but also for the
assessment of the existing ones. In this paper, a general methodology to evaluate the influence of
climate change on climatic actions is presented, based on the analysis of observed data series and
climate projections. Illustrative results in terms of changes in characteristic values of temperature,
precipitation, snow, and wind loads are discussed for Italy and Germany, with reference to different
climate models and radiative forcing scenarios. In this way, guidance for potential amendments in
the current definition of climatic actions in structural codes is provided. Finally, the influence of
climate change on the long-term structural reliability is estimated for a specific case study, showing
the potential of the proposed methodology.
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1. Introduction

The evidence of anthropogenic climate change is widely accepted in the scientific community and
many of the observed changes for the period 1950 onwards are unprecedented from over decades to
centuries [1].

As it is well known, climate change potentially alters natural processes, causing the modification
of precipitation patterns, melting of glaciers, the rise of sea levels, and so on. Whatever the warming
scenarios and the level of success of mitigation policies, it is expected that, in the coming decades,
climate change effects will become more relevant all around the world, with the impacts of greenhouse
gas emissions being time-delayed. For this reason, climate change needs to be considered, taking into
account the economic, environmental, and social consequences in many different research fields, inter
alia, in structural engineering.

Structural design is often governed by climatic actions, like wind, snow, thermal effects,
atmospheric icing, currents, and wave-induced actions. As a consequence, variations of climatic actions
due to climate change could significantly affect the design of new structures and infrastructures, as well
as the assessment of existing ones, designed in accordance to the provisions of current or past codes [2].
This aspect is crucial since both new and existing structures are supposed to be able to withstand,
with the intended degree of reliability, all climatic actions occurring during their whole real life.
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It must be highlighted that the real life of structures should not be confused with the notional
design working life given in structural codes, as, for example, in Eurocode EN1990 [3], where it is
recommended to be at least 50 years for buildings and other common structures and 100 years for
monumental buildings and bridges. The notional design working life is intended as a reference time
period, during which the structure should meet, without major interventions or repairs, the intended
time-dependent performances (e.g., limitation of deterioration or fatigue-induced effects). As it is
evident from common experience, constructions, provided that they are properly used and maintained,
exhibit real life periods generally significantly greater than their notional design working life, resulting
to be extremely sensitive to climate change implications.

As a consequence of the above considerations, constructions designed nowadays will face climatic
actions and extreme events, which will be unavoidably be affected by climate change influences.
The challenge to estimate these influences is becoming more and more pressing [4].

The definition of climatic actions on structures is currently based on the extreme value analysis
applied to past observations of the natural phenomena, under the assumption of stationary climate
conditions. Obviously, climate change [1] makes this assumption doubtful, even if a stationary return
level and no changes in the frequency of extremes are still often assumed to simplify the problem.

The study of the impact of climate change on climatic actions and consequently on the design of
new structures and the assessment of the structural performance of existing structures is then a key
aspect in the future evolution of standards. This topic is crucial to achieving an increased resilience of
long-life structures and infrastructures to climate change consequences [5], as requested for the second
generation of the Eurocodes by the Mandate M/515 of the European Commission to CEN [6].

Characteristic values of climatic actions given in codes are based on observed data series generally
covering 40–50 years of measurements; these series are thus not enough extended over time to reflect
the effects of the climate change [7] or even to predict future trends. Aiming to account for these aspects,
it is, therefore, necessary to rely on climate projections, resulting from appropriate global or regional
climate models, which currently are the major source of knowledge about future climate change [8].

In this paper, a general methodology to evaluate the impact of climate change on climatic actions
is presented. Starting from the analysis of observed data series and climate projections, provided by
different climate models, changes in temperature, precipitation, snow, and wind extremes are discussed
for Italy and Germany, considering different climate models and scenarios. In particular, factors of
change maps are derived, providing guidance for potential amendments in the current definition of
climatic actions in structural codes.

Finally, the influence on the long-term structural reliability of existing structures is assessed,
considering the non-stationary nature of climatic actions in the evaluation of failure probability.

2. Climatic Actions on Structures

2.1. Definition of Climatic Loads

In Europe, climatic loads for structural design are defined in the Eurocodes, for snow loads
(EN1991-1-3 [9]), wind actions (EN1991-1-4 [10]), and thermal actions (EN1991-1-5 [11]). In the
verification of the structural performance, characteristic values of the climatic actions are associated
with a given probability of exceedance in a reference period.

As stated in EN1990 [3], characteristic values of climatic actions given in the Eurocodes are
associated to a probability of 2% of the time-varying part being exceeded in one year, leading
approximately to a return period of 50 years.

Characteristic values of climatic actions and their maps are typically considered country-specific
data, to be included in National Annexes to the Eurocodes, as Nationally Determined Parameters
(NDP), so that maps for characteristic ground snow loads sk, basic wind velocity vb,0, and maximum
and minimum shade air temperature, Tmax and Tmin, are given in relevant National Annexes to
EN1993-1-3 [9], EN1993-1-4 [10], and EN1993-1-5 [11].
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Although different procedures for the analysis of extremes are adopted by different countries,
as it will be discussed in the following paragraph, the current definition of characteristic values of
climatic actions is usually based on the extreme value analysis of past observations of the natural
phenomena, under the already mentioned assumption of stationary climate conditions, disregarding
potential effects of climate change.

2.2. Classical Extreme Value Theory

The classical extreme value theory provides a rigorous framework for the analysis of climate
extremes and their return period. The cornerstone of extreme values theory is the extremal types of
theorem [12], providing the convergence of the distribution of maxima to one of the three limiting
distributions usually referred as Gumbel or extreme value type I distribution [13,14], Fréchet or extreme
value type II distribution [15], and Weibull or extreme value type III distribution [16]. As known,
the three extremes values distributions behave differently, but they can be grouped into a single family
of three-parameter distributions, the generalized extreme value distribution (GEV) or Fisher–Tippett
distribution [17], characterized by the following cumulative distribution function:

F(x < X) = exp

−[1 + ξ
(x− µ
σ

)]− 1
ξ

, (1)

defined on the set
{
z : 1 + ξ((x− µ)/σ) > 0

}
, where the extreme value parameters location µ, scale σ,

and shape ξ satisfy the inequalities: −∞ < µ < ∞; σ > 0; −∞ < ξ < ∞. The type II (Fréchet) and type
III (Weibull) classes of extreme value distributions correspond respectively to the cases ξ > 0 and ξ < 0,
and the subset of the GEV family with ξ = 0 can be interpreted as the limit of Equation (1) where
ξ→ 0 , corresponding to the type I (Gumbel) with cumulative distribution function

F(x < X) = exp
{
− exp

[
−

(x− µ
σ

)]}
µ ∈ R; σ > 0, (2)

where the location parameter µ specifies the center of the distribution and the scale parameter σ
determines the size of deviations around the location parameter.

Extreme value type I distribution is often assumed as the limiting distribution for maxima in the
definition of characteristic values of climatic actions ck [18], which can be determined by means of
the formula

ck = µ+ σ·
{
− ln[− ln(1− p)]

}
, (3)

where p is the probability of exceedance in one year, which, according to EN1990 [3], is taken as
p = 0.02.

2.3. Non-Stationary Extremes

As mentioned above, in a changing climate, the assumption of stationarity is becoming debatable.
The frequency of extreme events is continuously evolving and changes are likely to continue in the
future. Therefore, the growing interest in this field is leading to the definition of non-stationary extreme
value models, where time dependence is taken into account defining trends of the extreme value
distribution parameters. These trends are usually modeled in climatology, assuming the existence of a
functional relationship between the distribution parameters, µ and σ, and time. Although different
models may be defined, simple linear or log-linear models are normally used [19,20]; moreover, most
applications consider non-stationarity only for the location parameter, assuming the scale parameter is
nearly constant [21].

Nevertheless, considerable uncertainties remain in the definition of the trend model; in fact, since,
as already remarked, observed data series for current definition of climatic actions generally cover up
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to 50-year measurements, the simple analysis of maxima in a given time period, commonly annual
maxima, is often not appropriate to identify univocal trends.

Finally, as shown in [22], extremes in a changing climate are more sensitive to changes in the
variability associated to the scale parameter, than to changes of the mean value, to which the location
parameter is associated. Consequently, assuming a constant scale parameter seems to be inappropriate,
such a hypothesis completely neglects this aspect.

In the present study, the analyses are then oriented toward a sound definition of non-stationary
extremes, also suitable for structural design. The innovation of the proposed approach is that trends
are directly assessed on characteristic values, dividing the entire population of maxima, obtained from
the analysis of long-term climate projections in appropriate time windows.

3. Structural Reliability under Non-Stationary Loads

As recalled above, a structure shall be designed and executed in such a way that it will sustain all
actions and influences likely to occur during its intended life with an appropriate degree of reliability
and in an economical way.

In the Eurocodes, the adoption of characteristic values of actions, in conjunction with the use of
the partial factor method in limit state verifications, should lead to the achievement of a reference
reliability level, corresponding to a reliability index β ≈ 3.8 for a 50-year reference period [3] for a
structure with “normal” consequences of failure.

In order to define the probability of failure P f and then the reliability index β, it is assumed that
structural behavior is described by a set of random variables describing actions, mechanical properties,
geometrical data, and model uncertainties. A limit state function is then defined as the safety margin
M = R− E, where R is the structural resistance and E the load effect.

Considering that climate change, even if it could potentially act on resistances, mainly affects
the actions on the structure [23], this paper focuses on the influence of non-stationary loads on
long-term structural reliability, presenting a methodology to evaluate the climate change impact on
atmospheric actions.

In previous studies [23,24], time-dependent reliability in the presence of non-stationary loads has
been studied considering how the probability of failure varies as a function of the mean value of the
load intensity and the load occurrence rate. As illustrated in the following, the present study aims to
widen the current horizon of this research field, evaluating time-dependent reliability as a function of
changes, not only of the mean values of the environmental loads but also of their variances.

4. Climate Projections for Impact Studies

Nowadays, climate models are the major source of information about future climate. They are
process-based dynamical models [25] based on various assumptions, which operate across the entire
globe or in a limited region of the world, simulating the physics and chemistry of the atmosphere and
oceans to obtain projections of temperature and other meteorological variables. Indeed, they can be
run in different modes either considering observed changes in atmospheric composition to reproduce
historical climate or according to different scenarios of potential and plausible changes of forcing
agents to simulate future climate. In most cases, these scenarios refer to changes in the emission of
greenhouse gasses [26], which, manifestly, depend on economic and social development, as well as on
political choices.

One of the most relevant parameters in the climate model is the resolution; that is, the dimension
of the single cell of the geographical grid used for the simulation. Obviously, finer grids provide more
accurate results requiring, in turn, higher processing time.

In this paper, high-resolution regional climate models, based on a 12.5 km resolution (EUR-11)
grid, developed within the EURO-CORDEX initiative [27,28], are analyzed.

These regional simulations are obtained by downscaling the new Coupled Model Intercomparison
Project (CMPI5) for global climate predictions [29], where future projections are run according to a
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new set of scenarios, containing emission, concentration, and land-use trajectories, commonly referred
to as Representative Concentration Pathways (RCPs) and exhaustively described in [30].

In this study, the RCP4.5 and the RCP8.5 emissions scenarios have been considered for the
investigated climate models: RCP4.5 is a midrange mitigation emissions scenario, and RCP8.5 is the
highest emission scenario.

Due to the huge processing time needed to provide predictions until 2100, usually each climate
model is run once; thus, different climate models are often combined aiming to improve the soundness
of the results. A frequently used combination is the so-called multi-model ensemble.

The rationale of multi-model ensemble is that each climate model can be considered as an
independent and more or less credible realization of the future climate: if all the models provide
credible outputs, they are just combined; if, on the contrary, some models are judged more reliable
than the others, for example, considering their ability to reproduce past climate, suitable weights are
introduced to differentiate the contribution of single models in the ensemble.

Dealing with multi-model ensemble, a detailed review of different approaches to combine climate
models’ output is discussed in [31].

In the present study, unweighted models have been used for the evaluation of changes in
environmental parameters. This approach is usually called the Ensemble Mean [32].

5. Methodology to Evaluate the Impact of Climate Change

5.1. Analysis of Climate Projections

For the purpose of this study, daily climate projections of the investigated climate
variables—maximum and minimum shade air temperatures, precipitation, maximum wind
velocity—for the investigated regions, in the control period 1951–2005 and in the future period
2006–2100, have been preliminarily extracted from the different climate models.

Subsequently, a series of annual maxima have been derived for forty-year long time windows,
shifted by ten years of each other: 1951–1990, 1961–2000, . . . , 2061–2100.

Finally, extreme value analysis has been carried out for each time window, according to the block
maxima approach [12]. In the elaboration, an extreme value type I distribution (Equation (2)) has been
assumed and the characteristic values of the climatic action, ck,CM(n), have been evaluated applying
Equation (3), for the n-th time window.

In this way, a series of eleven values for ck,CM(n) have been obtained for each investigated climate
model, describing the current and future values of relevant climatic variables.

5.2. Estimation of Factors of Change (FC)

Since values of climatic variables predicted by climate models are more reliable if looked at in
relative terms rather than in absolute sense, climate models are particularly effective when used to
identify alterations of the statistical properties of climate variables awaited for the future. These
alterations between statistics of the climatic variables can be expressed by means of the so-called
change factors [33] or factors of change (FC); the latter [34] is the definition adopted here.

The factors of change are concise representations of the changes of characteristic values of the
variable between the first time window, ck,CM(n = 1), and the n-th one ck,CM(n).

Depending on the climatic variable under consideration, factors of change can be defined in terms
of differences or in terms of ratios. Factors of change in terms of differences, the so-called delta changes,
are typically defined for temperatures as:

FCk,CM(n) = ck,CM(n) − ck,CM(n = 1). (4)



Appl. Sci. 2019, 9, 5416 6 of 22

Factors of changes in terms of ratios can be defined for precipitations, snow loads, and wind
actions as:

FCk,CM(n) =
ck,CM(n)

ck,CM(n = 1)
. (5)

Assuming that the first time window corresponds to the observation period used for the definition
of the current design loads, the future characteristic values of a given climate variable can be obtained
applying the factors of change to its characteristic value, obtained from the real measurements, ck,observed.
In this way, the future characteristic values are given by:

ck(n) = FCk,CM(n) + ck,observed (6)

for temperature, and:
ck(n) = FCk,CM(n) ck,observed (7)

for precipitations, snow loads, and wind actions.
In Equations (6) and (7), FCk,CM(n) are the factors of change provided by the appropriate

combination of the climate models considered in the multi-model ensemble.

5.3. Evaluation of New Design Loads

The factors of change for the characteristic values of the considered climatic action provide sound
guidance for potential amendments of the existing structural codes. Considering that, as discussed
before, the real life of a new structure could be significantly greater than its notional design working
life, the variations of characteristic values of climatic actions over time can be taken into account in the
design of new structures by means of a suitable envelope of the characteristic values obtained for each
time window, so that:

c′k = max
1≤n≤n

ck(n), (8)

where n is the number of time windows taken into account.
As is usually the case in structural design, it is assumed that the characteristic value of combined

effects of different climatic actions occurs when one of them attains its characteristic value, even if
this is not always true. Anyhow, provided that mutual correlations between the actions are properly
accounted for, the proposed approach could be extended to the evaluation of factors of changes
affecting combinations of correlated climate variables. As a first approximation, a combination of
factors could be assumed to remain constant, but, duly comparing the evolution over time of the
characteristic values of each climatic action and the corresponding evolution of the characteristic value
of the combined ones, it would be possible, through a trial and error process, to evaluate factors of
change for combination factors as well. This is one of the objectives of future researches.

6. Application and Results

6.1. Framework of the Study

In the present study available data from the EURO-CORDEX initiative [26,27] have been considered
for daily climate projections of maximum and minimum temperature, Tmax, Tmin, precipitation, pr, and
daily maximum wind speed, vmax. In more detail, they have been examined with data provided by
the Danish Meteorological Institute (DMI), the CLM Community (CLMcom), the Royal Netherlands
Meteorological Institute (KNMI), the Max Planck Institute (MPI-CSC), the Laboratoire des Sciences du
Climat et de l’Environnement—Institute Pierre Simon Laplace (IPSL-INERIS), the and Centre National
de Recherches Météorologiques de Météo France (CNRM).

It must be highlighted that each climate projection needs a sort of calibration, which is usually done
reproducing past observations in a suitably long period, generally at least 50 years, representing the
so-called “control period”. This calibration process, usually called “Historical Experiment”, is carried
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out aiming to fit data predicted by the considered climate model in the control period with measured
ones, in order to assess its capability to correctly reproduce future climate. In the EURO-CORDEX
framework, the projections were calibrated assuming “control period” for the “historical experiment”
in the period 1951–2005.

In the calibration, the “run” of climate model, being guided by real changes in atmospheric
composition in the period 1951–2005, was forced to fit observations. Once calibrated, the climate model
was used to predict the “future” outcomes in the period 2006–2100 in several emission scenarios [28,29].

Starting from the model specifications summarized in Table 1 and considering the medium emission
scenario (RCP4.5 experiment) and the highest emission scenario (RCP8.5 experiment), the present
study focuses on the elaboration of factors of change maps, derived comparing the future predictions
provided by several climate models with the corresponding results of the historical experiment.

Table 1. Overview of the main characteristics of analyzed climate projections.

Institute_id RCM Name Driving_GCM Driving Experiment Driving Ensemble Member Period

DMI HIRHAM5 EC-EARTH
historical

r3i1p1
1951–2005

RCP4.5 2006–2100
RCP8.5 2006–2100

CLMcom CCLM4-8-17 CNRM-CM5-LR
historical

r1i1p1
1951–2005

RCP4.5 2006–2100
RCP8.5 2006–2100

CLMcom CCLM4-8-17 EC-EARTH
historical

r12i1p1
1951–2005

RCP4.5 2006–2100
RCP8.5 2006–2100

KNMI RACMO22E EC-EARTH
historical

r1i1p1
1951–2005

RCP4.5 2006–2100
RCP8.5 2006–2100

MPI-CSC REMO2009 MPI-ESM-LR
historical

r1i1p1
1951–2005

RCP4.5 2006–2100
RCP8.5 2006–2100

IPSL-INERIS WRF331F IPSL-CM5A-MR
historical

r1i1p1
1951–2005

RCP4.5 2006–2100
RCP8.5 2006–2100

CNRM ALADIN53 CNRM-CM5
historical

r1i1p1
1951–2005

RCP4.5 2006–2100
RCP8.5 2006–2100

The outcomes of the analysis, in terms of factors of change maps for precipitation, ground snow
load, basic wind velocity, and maximum and minimum air-shade temperature, are presented in the
following paragraphs for Italy and Germany.

6.2. Factors of Change Maps for Precipitation

The outcomes of many recent climate studies generally call for an increase in precipitation extremes
due to warming climate [35], confirming the observational evidence of heavy rainfall intensifications
in several regions all around the world in the last six decades [36,37].

The observations support the classical Clausius–Clapeyron thermodynamic law, which states that
warmer air has a higher water vapor holding capacity [38]. As stated by this law, the moisture content
of the atmosphere increases with a scaling rate of about 6–7% ∆K−1, being ∆K in Kelvin.

Even if precipitation is not directly considered in the Eurocodes, changes in the frequency and
intensity of precipitation extremes may have significant adverse implications on the hydrologic design
of water infrastructures, since it can cause an increase of risk of flooding events as well as a reduction
of service life of bridges, associated with higher scouring rate of bridge foundations.

Following the methodology previously described, factors of change for characteristic values (2%
probability of exceedance on an annual basis) pr,k, have been evaluated for Italy and Germany, in terms
of ratios, according to Equation (5).
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The resulting factors of change maps are presented in Figures 1 and 2 considering three 40-year
long time windows: 2011–2050, 2031–2070, and 2051–2090.
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In the figures, maps in the first row refer to medium RCP scenario (RCP4.5), and maps in the
second row refer to the highest RCP scenario (RCP8.5).

The maps confirm that significant changes can occur. Strong increases are awaited for pr,k in large
parts of the Italian and German territories, especially when the highest emission scenario RCP8.5 is
taken into account, thus further validating the conclusions of previous studies about the influence of
global warming on precipitation extremes [39,40].

6.3. Factors of Change Maps for Ground Snow Loads

One of the conventional remarks about global warming is that a reduction of snow is expected as
a consequence of the increase of mean temperature, but this is not always true, at least at a local scale.
In fact, although a decrease in mean snowfall is expected in most regions due to the decrease of snowfall
frequency, a contrasting response may be experienced in other regions for snowfall extremes [41].
The snowfall rate can increase as a result of the intensification of precipitation rate, combined with the
decrease of snowfall fraction when the former aspect prevails in the future trends [41,42].

To evaluate the impact of climate change on snow load and on structures, a general methodology
to derive snow loads from daily outputs of climate models (maximum and minimum temperature and
precipitation) has been developed by the authors, as illustrated and discussed in detail in [2]. In the
present research, the proposed algorithm has been suitably implemented in order to obtain, on the
basis of daily climate projections available for the two different RCPs scenarios recalled above, yearly
maxima series of the ground snow loads. These series have been subsequently analyzed to derive a
factor of changes for characteristic values of snow load, qk, in terms of ratio, according to Equation (5).

The resulting factors of change maps for the Italian part of the European Mediterranean climatic
region defined in [9] are shown in Figure 3 for the three time windows: 1991–2030, 2011–2050,
and 2031–2070.
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The outcomes show a general decreasing trend for the investigated region, even if trends can
be different depending on the considered area on the considered time window and on the reference
emission scenario. In the near-term future (1991–2030), a constant or increasing trend (FC > 0.95)
may be expected in the northern and eastern Italian regions [7]; however, a decrease is projected in a
long-term future (2031–2070), substantially confirming the general remark recalled at the beginning of
this subsection.

The factors of change maps shown in Figure 4 are referred to as the German part of the European
central east climatic region defined in [9]. Similar conclusions to those expressed for the Italian territory
can be drawn for Germany.
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6.4. Factors of Change Maps for Wind Loads

As highlighted by recent investigations, specifically devoted to assessing the impact of climate
change effects on wind energy production [43], climate change may also alter the geographical
distribution and intensity of near-surface winds.

Influence of climate change in terms of wind speed and wind energy potentials have been
particularly studied in [44], where, on the basis of an ensemble of EURO-CORDEX climate projections,
a decrease of wind energy output for most of Europe has been assessed in the coming decades, even if
updated climate change trends in central Europe seem generally less evident than previously predicted.

Near-surface wind velocities provided by the multi-model ensemble described in Section 6.1
have been analyzed, focusing the attention on extremes, in order to identify factors of change for
characteristic wind speed, vmax,k, in terms of ratio, according to Equation (5), for medium and highest
emission scenarios, RCP4.5 and RCP8.5, respectively.
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The results in terms of factors of change maps obtained for Italy and Germany are illustrated in
Figures 5 and 6, respectively, considering again the three forty-year long time windows 2011–2050,
2031–2070, and 2051–2090.

The outcomes show that in the two investigated regions, changes in the characteristic wind speed
are not particularly significant. In fact, factors of change fall within the interval 0.95–1.05 in most of the
regions and their values are nearly independent on the emission scenario.

For example, considering characteristic wind speed in the period 2031–2070:

• In the RCP4.5 scenario:

# Factors of change in the interval 0.95–1.05 cover approximately 96% of Germany and 94%
of Italy;

# Factors of change greater than 1.05 are expected only at approximately 3.7% of the Italian
land and 2.6% of the German land;

• In the RCP8.5 scenario:

# Factors of change in the interval 0.95–1.05 cover approximately 95% of Germany and 91%
of Italy;

# The extension of the zones affected by factors of change higher than 1.05 increases to
approximately 6.9% of the Italian territory and 3.1% of the German one.

Similar effects are expected in the long-term future, i.e., in the period 2051–2090.
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6.5. Factors of Change Maps for Thermal Actions

Thermal actions on buildings, bridges, and other structures in Europe are given in EN1991-1-5 [11].
Temperature variation within an individual structural element is split into four elementary components
(uniform temperature, linear horizontal differential, linear vertical differential, and non-linear
differential), as illustrated in Figure 4.1 of Eurocode EN1991-1-5 [10]. These components are functions
of the already defined characteristic values of maximum and minimum shade air temperatures, Tmax,k
and Tmin,k, at the construction site, given in the National Annex.

Using the proposed approach, the factors of change for Tmax,k and Tmin,k have been derived for
the RCP4.5 and the RCP8.5 emission scenarios in terms of difference, according to Equation (4).

Considering Italy and the time windows 2011–2050, 2031–2070, and 2051–2090, the factor of
change maps for Tmax,k and Tmin,k obtained are presented in Figures 7 and 8, respectively.

The maps show a general increasing trend in line with the expectations about global warming, but
variations of characteristic values are much more significant than variations of mean temperature values.

Actually, in Italy, in the long-term future (2051–2090), increases up to 5.5 ◦C may be expected for
maximum shade air temperature and up to 6 ◦C for minimum shade air temperature.

In Figures 9 and 10, they are illustrated as the maps elaborated for Germany, which lead to similar
conclusions to those already reported for Italy.

In this case, the percentage of the region affected by the highest variations (∆T > 5.5 ◦C) is
much more evident for minimum temperature (54.9% and 96.5% according to the RCP4.5 and RCP8.5,
respectively).
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7. Impact of Climate Change on Structural Reliability

The dependency of structural reliability on the non-stationary nature of climatic loads and its
evolution over time is a modern research topic inside the structural engineering community [45,46].

A methodology to estimate time-dependent reliability of aging structures accounting for
non-stationarity of structural loads and for the variability of structural deterioration phenomena is, for
example, proposed in [24]. This method assumes the deterioration of structural resistance as a function
of time by means of the following expression:

R(t) = R0 D(t) (9)

where R0 is the initial resistance and D(t) is a suitable degradation function.
The non-stationarity of the structural loads is taken into account assuming both the mean load

intensity q(t) and the mean occurrence rate λ(t) as functions of time.
The hazard function or conditional failure rate at time t, h(t), i.e., the probability of structural

failure during interval t + dt given that the structure survives over t, is defined as in [24]:

h(t) = λ
(
t
) [

1− Fs
(
R0 D

(
t
)
, t
)]

(10)

where Fs is the cumulative distribution function (CDF) of the load intensity, often described by an
extreme value type I distribution.

The hazard function can be also related to the time-dependent structural reliability L(t) as reported
in [47]. Indeed, it can be written as the ratio between the probability density function of the time
to failure, i.e., the derivative of 1 − L(t), and the structural reliability function L(t), arriving to the
following expression:

h(t) =
d(1− L(t))

dt
1

L(t)
= −

dL(t)
dt

1
L(t)

= −
d(ln(L(t))

dt
(11)

Finally, combining Equations (10) and (11), the time-dependent structural reliability becomes:

L(t) = exp
(
−

∫ t

0
λ
(
t
) [

1− Fs
(
R0 D

(
t
)
, t
)]

dt
)

(12)

and the probability of failure trivially results:

P f (t) = 1− L(t) (13)

In this study, the time-dependent structural reliability is evaluated introducing in Equation (12)
the variation over time of Fs obtained following the above-described approaches.

Among the outcomes of the analysis, particularly relevant are the factors of changes pertaining
to the nth time window, FCq(n) and FCσq(n), affecting the mean load intensity, q, and the standard
deviation, σq, of the annual maxima of the climatic action under examination.

Assuming an extreme value type I distribution, its location and its scale parameter, µ(t) and σ(t),
are given by:

µ(t) = FCq(n) q− 0.5772

√
6
π

FCσq(n) σq; (14)

σ(t) =
√

6
π

FCσq(n) σq; (15)

where t is the starting time of the considered time window:

t = (n− 1) ∆tw; (16)
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being ∆tw the time interval separating two consecutive time windows.
Consequently, Equation (12) can be rewritten as:

L(t) = exp

−
∫ t

0
λ
(
t
)1− exp

− exp

−R0 D
(
t
)
− µ

(
t
)

σ
(
t
) 


dt

. (17)

Since, in the present case, the distance between adjacent time windows, each one forty-year long,
is ten years, factors of changes FCq(n) and FCσq(n) regarding the CDF of the action intensity Fs are
evaluated every ten years. The reliability L(t) at the time t is then computed in the following way:

L(t) =


exp

(
−

∫ t
0 λ

(
t
)[

1− Fs,1
(
R0 D

(
t
)
, t
)]

dt
)

if t ≤ 10 year;

. . . . . . ;

L(10 (n− 1)) exp
(
−

∫ t
10 (n−1) λ

(
t
) [

1− Fs,1
(
R0 D

(
t
)
, t
)]

dt
)

if 10(n− 1) < t ≤ 10n year;

. . . . . . ;

(18)

where t is expressed in years.
The following example illustrates the application of the method to assess the variation of the snow

load expected at a specific location in Italy. To develop that example, the design criteria illustrated
in [24] and the reliability targets given in the Eurocode EN1990 have been adopted.

The investigated Italian cell is located in the Emilia Romagna region. The cell, sized 12.5 km,
is numbered 1230. As shown in Figure 11, the center of the cell is close to the small town of Borghi,
approximately 14 km away as the crow flies from the Adriatic coast.
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In the example, the factors of change of mean value, q, standard deviation, σq, and characteristic
value, qk, of ground snow load in the cell have been estimated as a function of time according to
Section 6.
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The results are shown in Figure 12, where the red line, the blue line, and the green line illustrate the
evolution over time of the factors of change for mean value, q, standard deviation, σq, and characteristic
value, qk, respectively, referring to the RCP8.5 scenario.
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Adopting the same probabilistic models of resistance and load intensity used in [24] and reported
in Table 2, the variation of the probability of failure over time has been then evaluated, considering the
resistance a deterministic linear degradation function:

D(t) = 1− a t (19)

where a is the degradation rate parameter.

Table 2. Statistical description of structural resistance and loads.

Variable Mean COV PDF λ (year−1)

Initial Resistance 1.05 Rn 0 - -
Dead Load 1.05 Gn 0 - -

Variable Load (Snow Load) 0.60 Qn 0.3 EV Type I 1

The target reliability index for a reference period of 50 years has been set, as indicated in EN1990 [3],
βt = 3.8, so that the actual reliability index of the structure should satisfy:

β(t) ≥ βt → β(t) ≥ 3.8 ∀ t ≤ twn; (20)

where twn is the design working life of the structure itself.
In the example, considering a design working life of the construction twn = 50 year, Equation

(20) is satisfied when the total degradation does not exceed 9.25%, which implies D(50) = 0.9075 and
a = 0.00185 year−1, in case of stationary load.
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As suggested in [24], the hypotheses are that, during the investigated period, no interventions are
implemented to restore the initial resistance of the structure, and that the main source of randomness
is the variable action.

Following the classical load and resistance factor design method (LRFD) [48], the permanent load
Gn and the variable load Qn (snow load in this case), modeled as in Table 2, are combined as in [24]
according to the load combination given in ACI standard 318-89 [49], 1.4 Gn + 1.7 Qn. The resulting
total design load is set equal to the reduced design strength, 0.9 Rn, leading to the following design
Equation:

0.9 Rn = 1.4 Gn + 1.7 Qn (21)

where, for simplicity, Gn is set equal to Qn, as it was done in [24].
The results are shown in Figure 13, in the form of P f − time diagram (a) and β− time diagram (b),

where:

• Results in case of stationary load hypothesis are shown with solid black lines;
• Dashed gray lines refer to non-stationary load and medium emission scenario (RCP4.5);
• Dashed black lines refer to non-stationary load and highest emission scenario (RCP8.5).
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In the diagrams, the green lines illustrate the variations over time in case the design is based on
the maximum characteristic load qk,env calculated taking into account the effects of climate change,
according to the methodology proposed in Section 6.3. In the example, as evident in Figure 12, this
characteristic load qk is higher than that corresponding to the stationary assumption being affected by
a factor of change around 1.23 (time window 1971–2010).

Inspecting the diagrams, it clearly results that:

• Apparently, in case of stationary load assumption, the structure satisfies the minimum assumed
reliability requirements for its design working life, 50 years, and, in absence of interventions, in
100 years its reliability index decreases till to β ≈ 3.16;

• On the contrary, adopting qk,env the reliability index is increased, so that in the example the
structural reliability would remain adequate even for 100 years;

• In the RCP4.5 scenario, the structure satisfies minimum reliability requirements for 30 years; its
reliability index decreases to β ≈ 3.41 at the end of the design working life;
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• In the RCP8.5 scenario, the structure satisfies minimum reliability requirements for 20 years; its
reliability index decreases to β ≈ 3.12 at the end of the design working life;

• Therefore, the implementation of suitable adaptation measures is necessary to guarantee that the
expected reliability does not reduce too much;

• Moreover, since effects of climate change in a long-term future claim for a reduction of snow loads,
the reliability index after 100 years results β ≈ 3.35 in the RCP4.5 scenario and β ≈ 3.07 in the
RCP8.5, thus compensating in some way the degradation of the resistance; but, of course, it is not
always the case. Evidently, different trends for climatic loads, such as constant increases, further
reduce the reliability in the long-term future.

Obviously, the conclusions drawn here about the variation of the reliability index are indicative
and clearly depend upon the design criteria and on the reliability target values assumed in the analysis
and cannot be generalized.

In any case, it must be underlined that, to better cover model uncertainties as well as to set a
minimum value for loads on the roof, often characteristic snow loads given in codes overestimate the
loads resulting from the statistical elaborations of data, so introducing some additional intentional
safety margin as discussed, for example, in [50] is required.

8. Conclusions

A general methodology to evaluate the climate change effects on relevant climatic actions and the
associated impact on structural reliability is presented based on the analysis of observed data series
and climate models’ projections.

The topic is very relevant since, in the current structural codes, representative values of climatic
actions are usually based on the analysis of past observations under the hypothesis of stationary future
climate, disregarding potential effects of climate change.

Changes in extremes of the underlying climatic variables, like precipitations, snow loads on the
ground, wind velocity, and maximum and minimum shade air temperature, are estimated analyzing
high-resolution climate projections provided by different climate models in suitably spaced different
time windows. Subsequently, to take into account future trends and to quantify the consequences of
future climate change on structural reliability, factors of change are derived, aiming to adapt values of
climatic actions provided by structural codes.

The outcomes of the procedure are presented in factors of change maps, obtained for Italy and
Germany, considering forty-year time windows in two alternative cases, corresponding to the medium
(RCP4.5) and to the highest (RCP8.5) greenhouse gas emission scenarios.

The factor of change maps, which are given for the four considered climatic variables (precipitation,
snow load on ground, wind velocity, and maximum and minimum air shade temperature), provide
guidance for potential amendments and improvements of climatic actions in structural codes, especially
in the Eurocodes.

Finally, the potential influence of climate change on structural reliability is tackled, in a simple but
explanatory case study, focusing on the variability of snow loads in time. Duly taking into account
the non-stationary nature of climatic actions linked to climate change, the time-dependent structural
reliability is evaluated based on the predicted changes in mean load intensity and standard deviation
of annual maxima of snow loads.

The results indicate that effects of climate change could cause a reduction over time of the structural
reliability, more significant than that expected in stationary climate conditions, due to resistance’s
degradation effects. Consequently, the required target reliability is not reached for the design working
life of the construction.

Therefore, to maintain the required reliability level, climatic actions would need some adaptation
to take into account the effect of climate change.

It must be remarked that a wider field of application and improvements can be envisaged for the
proposed methodology, for example:
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• On the one hand, as previously mentioned, it could be applied also to evaluate factor of changes
of combination factors as well as factors of change for combinations of correlated variables;

• On the other hand, it could be sensibly improved by the implementation of suitably updated
weather generators [34,51] and stochastic downscaling techniques [52,53].

Investigation of these promising subjects will be the objective of further studies.
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