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Abstract

This study is motivated by the sharp contrast between physical and probabilistic models of
civil engineering. The current practice focuses on physical models while probabilistic ones
are relatively underdeveloped. This unbalance can even hinder advances in physical models.
Moreover, this rarely acknowledged asymmetry creates the illusion that our deterministic
models accurately capture all or at least the main aspects of reality. Thus, this thesis
aspires to subtly adjust this imbalance by focusing on probabilistic models.
The main contribution is that it explores often neglected or oversimplified aspects
of probabilistic analysis in civil engineering. These distinct but related issues are: (i )
selection of an appropriate distribution type; (ii ) effect of statistical uncertainty; (iii )
measurement uncertainty; (iv ) long-term trends; and (v ) dependence structure. These are
demonstrated through analyzing extreme ground snow loads, although they are inevitably
present for most random variables. Snow action, which has recently led to numerous
structural failures in Central Europe, is treated as a vehicle of illustration to give a sharp
focus to the study.
Methods developed in mathematical statistics, probability theory, information theory,
and structural reliability are applied to tackle these issues. Fully statistical analysis of
snow extremes is undertaken in conjunction with structural reliability analysis. The
popular civil engineering approaches are compared with more advanced techniques that
are able to capture the neglected effects in the former approaches. Snow water equivalent
data of the Carpathian Region from more than 600 meteorological stations are analyzed,
thus the results are representative for lowlands, for highlands, and for mountains as well.
Furthermore, extensive parametric analyses are performed to extend the investigations to
random variables other than ground snow intensity.
Based on the analysis of the above-listed issues the following main conclusions are
drawn:
(i ) It is demonstrated that mountains and highlands are better represented by Weibull,
while lowlands by Fréchet distribution. In comparison, the currently standardized
Gumbel model recommended in Eurocode often appreciably underestimates the snow
maxima of lowlands and thus leads to overestimation of structural reliability.
(ii ) It is shown that current practice, which neglects statistical uncertainties (parameter
estimation and model selection uncertainties), can yield to even multiple orders of

iv
magnitude underestimation of failure probability. Bayesian posterior distribution
and Bayesian model averaging is proposed to account for parameter estimation and
model selection uncertainties, respectively.
(iii ) Statistical and interval based approaches are used to explore the effect of prevalently
neglected measurement uncertainty on structural reliability. It is demonstrated
that such simplification can lead to an order of magnitude underestimation of
failure probability. If sufficient data are available to infer the probabilistic model of
measurement uncertainty, then the statistical approach is recommended. Otherwise,
the interval approach is advocated.
(iv ) Using non-stationary extreme value analysis, statistically significant decreasing trend
is found in annual ground snow extremes for most of the Carpathian Region. For
some locations the effect of the trend on structural reliability is practically significant.
This change is favorable from safety point of view as it increases reliability. Hence,
revision of current regulations due to long-term trends is not needed from safety
reasons, though it might be desirable from economic considerations. However, record
lengths are insufficient to draw strong conclusions and to include trends in predicting
extreme values with return periods of hundreds of years.
(v ) Study of the widely used Gauss (normal, or Gaussian) copula assumption of timecontinuous stochastic processes is performed. It reveals that Gauss copula can four
times underestimate or even ten times overestimate time-variant failure probabilities
obtained by other adopted copulas (t, Gumbel, rotated Gumbel, and rotated Clayton).
Model averaging is proposed as a viable approach to rigorously account for copula
function uncertainty.
Based on these findings, practical recommendations are made for normal and safety
critical structures. The effects and proposed approaches are illustrated through real life
examples. Reliability of the more than 130 years old wrought iron structure of Eiffel-hall
and a steel hall of Paks Nuclear Power Plant is analyzed.
The tackled challenges are general and relevant for most random variables such as
wind, traffic, and earthquake actions. Therefore, the findings can be applied for these as
well and they can help to draft more consistent standards and to build safer structures.
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1 Introduction
1.1

Motivation

Probabilistic models in engineering are generally underappreciated and underdeveloped
compared with physical ones. However, this unbalanced attention is not justified by
their lower importance since the same relative improvement in probabilistic models might
yield to greater savings than that in physical ones. This study aspires to subtly adjust
this imbalance by focusing on probabilistic models through investigating the effect of
conventional engineering simplifications in structural reliability. Despite its restriction to
probabilistic models of extreme1 ground snow loads, many of the issues considered are the
same for other basic variables, especially for climatic actions. Therefore, it is hoped that
the findings presented here will be utilized for those as well.

1.2

Problem statement

The topic selection is partially motivated by the relatively large number of structural
damages and collapses experienced around the world due to snow loads (Geis et al., 2011);
e.g. recently in 2005/06 Central Europe and 2010/11 North-Eastern USA. One of the
diverse causes of collapses appears to be the inadequate safety level provided by standards
(Holický and Sýkora, 2009; Meløysund, 2010). Further motivations for the study are the
perceived inconsistencies in the current European standard regarding exceptional ground
snow load and statistical treatment of snow measurements.
The main issues examined in this thesis – with brief description and related questions –
are summarized below:
1. There is a lack of agreement among reliability experts on the appropriate distribution
function for ground snow maxima. Critical examination of current probabilistic
snow models and application of statistically established methods are needed. Which
distribution function is the “best” to model ground snow extremes? What constitutes
an appropriate model?
1

Hereinafter extremes refers to structural engineering extremes, values that govern the design of load
bearing structures. Their return period can vary from 50 to 10000 years.
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2. Statistical uncertainties – arising from scarcity of observations – are typically neglected; however, they seem to be important as observation periods are only a small
fraction of governing return periods, thus extrapolation to unobserved ranges is
inevitable. How large is the effect of statistical uncertainties on structural reliability?
Is their neglect reasonable? How should these uncertainties be taken into account?
3. Measurements are inevitably contaminated with measurement uncertainty, which
is especially important for snow where measuring techniques are often burdened
with large uncertainty. How measurement uncertainty should be taken into account
and propagated to structural reliability? Is the current practice, which neglects it,
acceptable from reliability point of view? Is its effect on failure probability practically
significant?
4. Current civil engineering provisions are based on the assumption of stationarity;
however, recent observations and climate models challenge this. Is the stationary
assumption tenable for snow extremes? What are the practical implications of
time-trends for structural reliability?
5. Correlation structure of stochastic processes is almost solely described by Gauss
copula; however, this assumption is not corroborated by empirical evidence. How
large is the effect of copula assumption on time-variant structural reliability? Is the
current practice conservative for snow loads? How can the copula function uncertainty
be treated?

2 Methods and materials
2.1

Methods

To explore the questions listed in Section 1.2, methods from various fields, such as
mathematical statistics and conventional civil engineering, are applied. The general
rationale of the investigations is the same:
1. Identification of potential gaps in current body of knowledge and/or non-conservative
assumptions in practice.
2. Examination of the underlying concepts to support hypothesis formulation, then
selection or development of tools for quantitative analysis of the identified questions.
3. Qualitative and quantitative comparison of popular civil engineering approaches
with more advanced probabilistic techniques that are able to capture in the former
neglected effects.
4. Parametric analysis using minimal1 reliability problems that represent generic structures. Consideration of an extended parameter range to cover random variables
other than ground snow intensity too.
5. Illustration of the effects and proposed approaches with real-life examples. Reliability
of the more than 130 years old wrought iron Eiffel-hall and a steel hall of Paks
Nuclear Power Plant is considered.
6. Discussion of the questions and results from a broader, decision making perspective.
7. Formulation of practical recommendations and simplified rules.
The applied mathematical machinery involves methods developed in mathematical
statistics, probability theory, information theory, and structural reliability. To the candidate’s knowledge some of these are rarely or have not been applied in civil engineering.
Thus, one of the merits of this study is the transfer, adaptation, and application of existing
methods from other fields to civil engineering problems (Section 1.2).
1

Minimal is used in the sense of minimal working example of programming. Simple as possible to
capture the essential features of examined issue but not simpler.
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2.2

Methods and materials

Data under study

The meteorological data are obtained from the CarpatClim database that is the outcome
of a cooperation between nine countries of the Carpathian Region (Szalai et al., 2013).
The database provides snow water equivalents in about 10 km spatial adn daily temporal
resolution that correspond to the period from 1961 to 2010. The studied area with over
600 meteorological stations is illustrated in Figure 2.1.

Poland
Czech Republic
Slovakia

Ukraine

Austria
Hungary
Croatia

Romania
Serbia

Station type:
manual
automatic
combination

Fig. 2.1 Illustration of the studied region (black frame) with involved countries and meteorological
stations.

3 Summary and conclusions
The main conclusions emphasizing the contributions1 of this work are presented as responses
to the questions posed in Section 1.2. The responses are identically structured and divided
into subsections: previous works and current practice, methods, novelty, scope and limit,
and thesis. Although the proposed practical recommendations constitute novelties they are
not listed among them as they are presented at the theses. The assertions about current
practice, previous works, and novelty of the answers are not absolute statements. The
expression: to the best knowledge of the candidate should be put in front of each.

3.1

Distribution of annual ground snow maxima

Which distribution function is the “best” to model ground snow extremes? What constitutes
an appropriate model?

Previous works, current practice
Consensus is missing on the appropriate model for annual ground snow maxima among
reliability experts. Gumbel and three-parameter Lognormal distributions are widespread
in Europe, while two-parameter Lognormal is typical in the USA. Often instead of a
general rationale, prescriptions are provided thus adaptation to local conditions can be
cumbersome.

Methods
Method of moments, frequentist, and Bayesian techniques are adopted for inference
of distribution parameters. Visual checks and information theory based goodness-of-fit
measures are used to identify the “best” performing distribution type. Gumbel, Generalized
extreme value, two-parameter Lognormal, and three-parameter Lognormal distributions
are considered.
1

In accordance with the requirements of the Vásárhelyi Pál Doctoral School, the contributions of the
candidate are organized into theses. These are formulated to comply with the unwritten rules of the
School. One of which is that the theses are to be written in first person singular.
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Novelty
Advanced statistical analyses are performed on snow water equivalent annual maxima in
the Carpathian Region, for example information theory based measures are used for model
comparison. Application of many of these are novel compared with the typically adopted
approaches and it allows for judging the merits and performance of the latter. In the
spirit of open and successive research, posterior distributions and an online, open-source,
interactive snow map are provided to facilitate cooperation between neighboring countries.
Scope and limits
The used methods, developed codes and applications are easily adaptable to other climatic
actions. Limitations are that solely annual block maxima, limited number of distribution
functions, and only three statistical techniques are considered.

Thesis I
I statistically analyzed the ground snow water equivalent data of about 6000 grid points
in the Carpathian Region covering 49 winter seasons from 1961 to 2010. I fitted multiple
distribution types to the annual snow maxima that are extracted from daily observations.
Based on extensive statistical analysis:
I/a I demonstrated that mountains and highlands are better represented by Weibull,
while lowlands by Fréchet distribution compared with the currently standardized
Gumbel model recommended in Eurocode and used in Hungary. I showed that the
Gumbel model often appreciably underestimates the snow maxima of lowlands and
thus overestimates structural reliability. The Lognormal model typically performs
even worse than the Gumbel. From the considered distributions, based on reliability, empirical (data-driven), and theoretical considerations Weibull distribution is
recommended for mountains and highlands, and Fréchet for lowlands.
I/b I determined the posterior distribution of the characteristics of snow maxima for
representative areas in the region. These can be used as prior information for regions
with similar conditions. Furthermore, I created an open-source, online, interactive
snow map for the Carpathian Region. It can be used to obtain characteristic ground
snow load and to check exceptional ground snow load with 10 km spatial resolution.
(Rózsás and Sýkora, 2015b,c; Rózsás et al., 2016b; Vigh et al., 2016)

3.2

Effect of statistical uncertainties

How large is the effect of statistical uncertainties on structural reliability? Is their neglect
reasonable? How should these uncertainties be taken into account?
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3.2 Effect of statistical uncertainties
Previous works, current practice

Statistical uncertainties are routinely neglected in reliability analyses, i.e. point estimates
of distribution parameters are used for representative fractiles and in probabilistic models.
For example the background research document on snow loads of Eurocode completely
ignores this uncertainty.
Methods
Frequentist and Bayesian approaches are applied to quantify parameter estimation and
model selection uncertainties. The former is accounted for by uncertainty intervals and
the latter is by model averaging. Bayesian posterior predictive distribution is used to
integrate parameter estimation uncertainty into failure probability. Multiple examples with
extensive parametric analyses are performed to explore the effect of neglecting statistical
uncertainties.
Novelty
Systematic, rigorous analysis on the effect of statistical uncertainties on representative
fractiles and on structural reliability has not yet been performed. Drawing attention to
the severe underestimation of failure probability using current approaches provides novel
insights.
Scope and limits
Although the numerical results and conclusions are confined to limited parameter range
and are mainly focused on ground snow extremes, the adopted techniques are not restricted
to the considered problem and can be utilized for other random variables, phenomena as
well, such as floods and wind loads.

Thesis II
I analyzed the effect of statistical uncertainties (parameter estimation and model selection
uncertainties) in annual ground snow maxima on representative fractiles and on reliability.
These are prevalently neglected in current civil engineering practice though inevitably
present due to data scarcity.
II/a I showed that the neglect of parameter estimation uncertainty can lead to considerable (20%) underestimation of representative fractiles. Furthermore, the applied
distribution type (model selection uncertainty) has larger effect on representative
fractiles than the parameter estimation uncertainty. Two-parameter Lognormal,
three-parameter Lognormal, Gumbel, and Generalized extreme value distributions
are considered.
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II/b Using reliability analyses, I demonstrated that the neglect of statistical uncertainties
can even lead to multiple order of magnitude underestimation of failure probability.
I illustrated that the use of “best” point estimates, such as maximum likelihood
or method of moments estimates, are not conservative from reliability point of
view. They can lead to practically significant underestimation of failure probability.
Based on these findings, I made recommendations on the treatment of statistical
uncertainties for normal and safety critical structures. Furthermore, I recommend
the use of Bayesian posterior predictive distribution in reliability analysis and I
advocate model averaging to account for model selection uncertainty.
(Rózsás et al., 2016a; Rózsás and Sýkora, 2015a,b,c,d; Rózsás and Vigh, 2014)

3.3

Effect of measurement uncertainty

How measurement uncertainty should be taken into account and propagated to structural
reliability? Is the current practice, which neglects it, acceptable from reliability point of
view? Is its effect on failure probability practically significant?

Previous works, current practice
Observations are inevitably contaminated with measurement uncertainty, which is a
significant source of uncertainty in some cases. In reliability analysis, probabilistic models
are typically fitted to measurements without considering this uncertainty. The statistical
approach to this problem is applied in astronomy, econometrics, biometrics, etc., however,
not in civil engineering.

Methods
Statistical and interval based approaches are proposed to quantify and to propagate
measurement uncertainty. These are critically compared by analyzing ground snow
measurements, which are often affected by large measurement uncertainty. It is propagated
through the mechanical model of a generic structure to investigate its effect on reliability.

Novelty
The conducted measurement uncertainty analyses represent novelty both in methods and
in results, i.e. demonstrating their practical significance and the inadequacy of current
practice. Mathematically sound statistical and interval based approaches are adapted from
statistics and computational science. Their application to measurement uncertainty in
civil engineering is novel.

3.4 Long-term trends in annual ground snow maxima
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Scope and limits
Although the study is limited by the considered distribution types (Normal, Lognormal,
Gumbel), reality-observation links (additive, multiplicative), and parameter ranges (coefficient of variation 0.2-0.6), it covers many practically relevant random variables. The
presented approaches and algorithms can be easily used for other distribution types and
measurement error structures. An additional limitation of the study is that measurement
uncertainty is considered only for the dominant variable action. Furthermore, the effect of
sample size should be analyzed in future studies.

Thesis III
I analyzed the effect of measurement uncertainty in annual ground snow maxima on
structural reliability, which is typically neglected in civil engineering. I proposed statistical
and interval analysis based approaches and concluded that:
III/a Measurement uncertainty may lead to significant (order of magnitude) underestimation of failure probability. Ranges of the key parameters are identified where
measurement uncertainty should be considered. I derived these from analysis of
Normal, Lognormal, and Gumbel distributions with coefficient of variation ranging
from 0.2 to 0.6 and with various extents of measurement uncertainty (0-10% of mean
of annual maxima).
III/b If the contamination mechanism is known then the statistical approach is recommended, otherwise the interval approach is advocated. For ground snow extremes at
lowlands, the neglect of measurement uncertainty is acceptable. Otherwise, statistical
or interval approaches are recommended.
For practical applications, the lower interval bound and predictive reliability index are
recommended as point estimates using interval and statistical analysis, respectively.
The point estimates should be accompanied by uncertainty intervals, which convey
valuable information about the credibility of results.
(Rózsás and Sýkora, 2016)

3.4

Long-term trends in annual ground snow maxima

Is the stationary assumption tenable for snow extremes? What are the practical implications
of time-trends for structural reliability?
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Previous works, current practice
The current structural design provisions are prevalently based on experience and on the assumption of stationary meteorological conditions. However, the observations of past decades
and advanced climate models show that this assumption is debatable. Non-stationary
extreme value analyses are regularly performed by statisticians and meteorologists, but
rarely considered or applied by civil engineers.
Methods
Annual maxima snow water equivalents are taken and univariate Generalized extreme
value distribution is adopted as a probabilistic model. Stationary and five non-stationary
distributions are fitted to the observations utilizing the maximum likelihood method.
Statistical and information theory based approaches are used to compare the models and
to identify trends. Finally, reliability analyses are performed on a simple structure to
explore the practical significance of trends.
Novelty
Quantitative analysis on the effect of time-trends in ground snow loads on structural
reliability has not yet been undertaken. Furthermore, long-term trends in extreme ground
snow loads, e.g. annual maxima, for the Carpathian Region have not been sufficiently
analyzed before.
Scope and limits
The presented approach can be applied for other basic variables too that suspected to
exhibit practically significant time-trends. The adopted annual block maxima approach
yields to only 49 observations, which allow poor extrapolation to the future. It is dominated
by parameter estimation uncertainty. Additional limitation of this study is that only
Generalized extreme value distribution is considered. This can have an important effect
on the failure probability, since that is governed by the tail of the distribution.

Thesis IV
Using non-stationary extreme value analysis, I investigated the long-term time-trends in
annual ground snow maxima of the last 49 years for the Carpathian Region. By statistical
and information theory based analyses I showed that:
IV/a Decreasing time-trend is present in annual snow maxima for 97% of the Carpathian
Region. Statistically significant (p < 0.05) decreasing time-trend is found for 65%
of the studied region. The hypothesis test is accompanied by effect size and power
analysis too. Furthermore, the practical significance of change is demonstrated in

3.5 Effect of dependence structure
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respect of characteristic values for several locations. The time-trends are confirmed
by information theory based analysis as well.
IV/b For most locations in the region that are characterized by Fréchet distribution the
negative trend in annual snow maxima has a minor effect on structural reliability.
The uncertainty in parameter estimation is governing. For locations with a strongly
decreasing trend and Weibull distribution, the effect of the trend on structural
reliability is practically significant, although the change is favorable from a safety
point of view as it increases the reliability.
(Rózsás et al., 2016a,b; Sýkora et al., 2016)

3.5

Effect of dependence structure

How large is the effect of copula assumption on time-variant structural reliability? Is the
current practice conservative for snow loads? How can the copula function uncertainty be
treated?

Previous works, current practice
In structural reliability the dependence structure between random variables is almost
exclusively modeled by Gauss copula; however, this implicit assumption is typically not
corroborated. Some studies – from various disciplines – indicate that the adopted copula
function can have significant effect on the outcomes. Still, time-variant problems with
continuous stochastic processes are not modeled by other than Gauss copula in civil
engineering.

Methods
Time-variant reliabilities are calculated and compared using Gauss, t, Gumbel, rotated
Gumbel, and rotated Clayton copulas. Since analytical solutions are in general not
available, finite difference formulation of out-crossing rate is used. Three simple examples
are considered to investigate the effect of copula assumption. In the third one, the copula
function is inferred from observations.

Novelty
The effect of copula and autocorrelation functions on time-variant reliability has not yet
been studied previously and the findings provide a novel insight into these problems.
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Scope and limits
The raised questions are valid and the proposed approach is applicable for all types of
time-continuous stochastic processes, not limited to snow actions. Although, the numerical
findings may vary based on the variable in question.

Thesis V
I investigated the effect of widespread Gauss copula assumption on time-variant reliability
with continuous stochastic processes and demonstrated that:
V/a The applied dependence structure has significant effect on time-variant reliability.
The prevalently applied Gauss copula assumption can four times underestimate or
even ten times overestimate failure probabilities obtained by other adopted copulas
(t, Gumbel, rotated Gumbel, and rotated Clayton). For a simple case, I demonstrated
that by an appropriate choice of copula function, arbitrary large error can be produced
in out-crossing rate compared with that of the Gauss copula.
V/b The autocorrelation function has considerable effect on the time-variant failure
probability. The ratio of normalized time-variant failure probabilities obtained using
Cauchy and Gauss autocorrelation functions is uniformly 1.41. It is solely influenced
by the autocorrelation function type.
V/c Analysis of ground snow observations implies that extremes copulas, such as Gumbel,
fit significantly better to dependent snow extremes than Gauss copula. The Gumbel
copula can yield to four times lower out-crossing rate than that of Gauss.
If observations are available, the actual dependence structure should be inferred
from them. In case of limited information, multiple copula functions should be used
to quantify the related uncertainty. In the latter case, the sole use of Gauss copula
is not justified and may not err on the safe side. Model averaging is proposed as a
viable approach to rigorously account for this uncertainty.
(Rózsás and Mogyorósi, 2016)

3.6

Concluding remarks

The findings imply that the investigated – in the current practice prevalently neglected –
factors, such as selection of appropriate distribution type, effect of statistical uncertainty,
measurement uncertainty, long-term trends, and dependence structure, often have practically significant bearing on structural reliability. Their neglect can lead to an order of
magnitude underestimation of failure probability.

3.6 Concluding remarks
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Neglecting uncertainties violates a basic requirement of probability calculation, namely
that all information should be incorporated and all uncertainties accounted for2 . However,
incorporation of all uncertainties can easily lead to reliability estimates that are difficult
to interpret. This is due to the scarcity and often complete lack of observations in the
region governing reliability.
Given that structural reliability analysis is a tool in engineering decision making
process rather than an exact science, agreement on the applied models can overcome these
difficulties. An agreed model can provide the mathematical structure to extrapolate into
unobserved regions and can ensure the common ground to make probabilistic analyses
comparable, thus avoiding the arbitrariness of fully data-driven analysis in the presence of
data scarcity.
Reliability analysis and standardization are a delicate balancing between these two
opposing demands: capturing more uncertainty and prescribing models to serve practical
utility. The uncertainty modeling should be extended if practically significant aspects
are neglected. It is believed that many of the presented findings belongs to this category
and the related factors should be incorporated into probabilistic analyses. Moreover, the
proposed approaches are devoid of arbitrariness, thus allow comparison and practical
applicability.
The tackled challenges are general and relevant for most random variables such as
wind, traffic, and earthquake actions. Therefore the findings can be applied for these as
well and they can help to draft more consistent standards and to build safer structures.

2

This is one of Jaynes’ fundamental desiderata: “consistency” (Jaynes, 2003) and known in structural
reliability as “completeness” requirement (Der Kiureghian, 1989).
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