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Abstract

One of the basic principles of the design of structures is that they must be sufficiently safe and meet
the required reliability requirements. In Eurocode NEN­EN 1990 specific minimum reliability index 𝛽
values are defined, which depend on a certain reference period and reliability class. In this study, a
standard design situation1 with a minimum reliability index of 𝛽 = 3.8 is assumed. To ensure that the
structures meet the reliability requirements, partial factors are applied in the Eurocode. The aim is to
steer the design to the minimum reliability requirements in a relatively simple way without a complete
reliability assessment. Since such a reliability assessment is much more complex and requires more
time and knowledge of the engineer. This research investigates how the reliability of a steel main bear­
ing structure in a wind excited building can be determined, taking into account all uncertainties on both
the resistance and load side. A new method is developed in which wind tunnel measurements, wind
speed models and a finite element model of the building can be directly linked. This is an improvement
on recent studies. With this method it is possible to determine the load effects of the wind in specific
elements of the building. This can then be used to determine the reliability of the steel main bearing
structure in a wind excited building.

First of all, all probabilistic models concerning the resistance side of the reliability assessment are iden­
tified by means of an extensive literature study. In this way all material properties and uncertainties are
included in the reliability assessment. In addition, wind speed models from the study by la Gasse [23],
boundary layer wind tunnel pressure measurements and a FEM of the case study building are used.
A wind load effect model quantifies the forces that occur in the structure due to the given wind load
(based on the wind tunnel research) on the structure. This wind load effect model consists of several
deterministic (𝜌𝑎𝑖𝑟, 𝐴𝑟𝑒𝑓, ℎ) and stochastic parameters as input; think of basic wind velocity 𝑣𝑝𝑜𝑡 and
associated sampling uncertainties 𝑆𝑣, terrain roughness factor 𝑐𝑟(ℎ𝑟𝑒𝑓), model uncertainty 𝜒𝑚𝑜𝑑𝑒𝑙 and
finally the peak load effects 𝐶̂𝑋 and associated sampling uncertainties 𝑆𝐶̂𝑋 . All these data and models
are linked to each other to determine the peak load effects 𝐶̂𝑋 and associated sampling uncertainties
𝑆𝐶̂𝑋 in various elements of the case study building.

To further use the wind load effects in the reliability assessment, extreme value theory must be ap­
plied to determine the extreme value distributions of these peak load effects. It should be taken into
account that the extremes extracted from the data are independent and identically distributed. This
study has shown that the application of the block method, in combination with the use of the autocor­
relation and reversed univariate method ­ to determine the correct block duration ­ works very well. A
generalized extreme value distribution without the application of a certain threshold value will result in
a non­conservative tail of the distribution. Note that this tail is the most important part of the whole
distribution and must therefore be described well. In almost all cases, the extremes in the tail are best
described by a Gumbel distribution. This distribution is characterised by the straight tail (shape pa­
rameter 𝜉 = 0) and, in combination with the addition of a certain threshold value, it is the best way to
describe the data including the tail. The decision of a good threshold value can be based on a visual
approach of the Quantile­Quantile plot (quantiles of the data vs quantiles of the fit). To keep the effects
of sampling uncertainties as low as possible, it is recommended to use as large a data set as possible.
To quantify the sampling uncertainties, the bootstrap method is used in combination with the variation
of the Cook­Mayne fractile. It is clearly visible that when a smaller block duration 𝑡 can be used and
thus more extreme values remain for fitting, the sampling uncertainties become smaller. In addition, the
choice of threshold value also influences the size of the sampling uncertainties; with a higher threshold
value, the uncertainty will also increase. A good balance must be achieved between describing the
data well with a correct threshold value and not making the threshold value too high in order to reduce

1Consequence class 2 (medium consequences: e.g. residential and office buildings), ultimate limit state design and a reference
period of 50 years
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the sampling uncertainties.

To demonstrate that the method works, it is applied to a case study building. This case study building
is initially designed in a deterministic Eurocode manner. Next, the reliability of a number of elements of
the steel main bearing structure is extensively determined. For this particular case study building, it is
evident that the design can be further optimised compared to the Eurocode design. For most elements,
the reliability is higher than minimum required. In the reliability assessment of the steel bracing (most
wind­loaded element) of the building it appears that the wind speed variable 𝑣𝑝𝑜𝑡 has the most influence
on the reliability. It is interesting to note that the reliability is lower (conservative) if 𝑣𝑝𝑜𝑡 is described with
a type I GEV (Gumbell). It is also noticeable that the roughness factor 𝑐𝑟(ℎ𝑟𝑒𝑓) in the Eurocode design
is a lot higher. Finally, in this particular case study building, it is noticeable that elements dominated
by permanent and variable load, 𝐺 and 𝑄 respectively, have a higher design value in the Eurocode.
The partial factors 𝛾𝐺 = 1.35 and 𝛾𝑄 = 1.5 are in that case too high. These conclusions relate only
to this specific case study building; further research into other buildings with different characteristics
and typologies is certainly recommended. In conclusion, this method shows that the possibilities in
the field of a reliability­based design are certainly worthwhile for the further optimisation of a structure.
And the use of this new method in which all data and models can be linked makes the application of a
reliability­based design a lot more efficient, more accurate and therefore more interesting.
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1
Introduction

One of the key challenges of the current society is the exponential increase in urban population world­
wide. The expectations are that in 2030, about 60 percent of the world population will be living in urban
areas. And if the trend continues in that way, this percentage will reach 80 percent in 2050 [1]. In
order to accommodate these large number of people, in cities which are limited to expand in horizontal
direction, the only possible way is to go up. A direct consequence of this, is the increased demand
for high­rise buildings. These high­rise buildings are subjected to severe wind forces and it is these
wind forces that largely dominate the design of the structural system. In order to optimise the struc­
tural system, thorough understanding of the wind forces and the response on the structural system is
necessary.

1.1. Problem description
The design of the structural system of high­rise buildings is influenced by wind­related aspects. These
wind forces on the building have a stochastic character and lead to uncertainties in the description of
the loads 𝑆. Also the structural resistance 𝑅 is not fully deterministic and thus introduces uncertainties
in the design. The safety of the structure must always be taken into account during this design pro­
cess. In order to assess the safety of the structure, minimum reliability requirements are formulated
as the minimum reliability index 𝛽 in Eurocode NEN­EN 1990. These reliability levels ­ specified in
the Eurocode ­ will make sure that the design and execution of the structure is able to withstand the
applied loads on it during its intended working life, with a specified probability of structural failure. The
reliability index 𝛽 is a direct measure of the failure probability of the structure. The Eurocode deals with
the uncertainties in the loading and resistance part by applying partial factors. This in itself does not
say anything about the reliability, but it does guide the design towards certain minimum requirements.
This is a faster and easier – and thus practical – approach to assess the structural reliability, however,
research by Meinen [25] and la Gasse [23] shows that it is unclear if the approach guarantees sufficient
reliability levels for wind loaded structures.

This research focuses on the design and reliability of a steel main bearing structure. In order to opti­
mise the design of the steel structural system, a good understanding between the wind pressures on
the building and the reaction forces in the structure is needed, while keeping all the uncertainties in
mind. Already a lot of research focussed on probabilistic wind force descriptions. Ever since Daven­
port formulated his wind loading chain, better probabilistic models have emerged over the years. The
uncertainties have been determined and taken into account more and more accurately, such as by
Cook and Mayne, Davenport himself, JCSS Probabilistic Model Code and more recent studies. Many
researchers have also looked at the design of structures loaded by the wind from a reliability viewpoint.
However, less is known of the load effects in specific elements of the steel structural system. This re­
search will focus on this topic and investigate what the failure probability of the governing steel columns
and beams on different locations in wind excited buildings is. In this research, a method is developed
that evaluates the reliability of elements in a wind­loaded steel main bearing structure, describing both
the wind load and the strength in a fully probabilistic way, and also makes direct use of wind speed and
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2 1. Introduction

wind tunnel measurements. The building is also completely modelled, including all structural elements,
in a 3D finite element model (FEM). This is a step forward compared to other studies in which the anal­
ysis is mainly done on element level and in which the interactions in the structure and the more intricate
behaviour are not always included. This study gives an insight in the level of reliability and also which
elements in this case study building are the most reliable or unreliable. This study is only a small part
of the larger quest for the most optimal design of buildings; designing buildings in such an efficient and
economic way (minimizing resources) while still complying with the current reliability standards.

1.2. Research question
In order to carry out the research, first of all a main research question is formulated. The main research
question of this Master Thesis is:

”Howcan the reliability of the steel structural systemofwind excited buildings be assessed,
based on probabilistic models accounting for uncertainties in wind forces and resistance,
resulting in failure probabilities on element level?”

In order to decompose this main research question in a thorough and structured manner, a number of
sub­questions are formulated. Each of these sub­questions relates to a particular part of this research.
If a satisfactory answer can be formulated to all these sub­questions, this will contribute to answering
the main research question.

• How can a probabilistic model of the resistance part be made to account for all the uncertainties
in the material and the structural behaviour?

• How can a wind load effect model be incorporated into the reliability assessment procedure?

• How can the reliability assessment procedure be linked with a finite element model?

• Which reliability method (such as Monte Carlo, FORM, etc.) is best suited for the analysis?

• How do the reliability values compare to the target reliability of 𝛽 = 3.8 according to the Eurocode
for this type of structure?

1.3. Scope of this research
As it is not feasible to include all possible scenarios and aspects that play a role in reality in the study,
the scope of the study is elaborated first. What issues are included and what issues are explicitly not
considered? The scope of this research is as follows:

• The reliability assessment of steel buildings, which is the topic of this research, is based on
Ultimate Limit State (ULS) design, a reference period of 50 years and consequence class 2.

• Global failure of the steel structural elements in the main bearing structure is of focus in this
research.

• It is assumed that the building is prone to wind forces, imposed loads (office, class 𝑏) and its
own weight. Wind forces are considered the dominant loading. Only the dominant wind direction,
which results in wind pressures on all facades and roof of the building, is included in this study.

• Connections are not designed in great detail. It is only assumed that the connections are hinged
or rigid, a detailed design of these connections is omitted.

• The influence of the surrounding buildings on the wind characteristics for the design of the case
study building are not considered in this study.

• The reliability assessment is based on a specific case study building which is designed according
to the regulations in the Eurocode.
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1.4. Outline of this report
To make the structure of the report clear as possible for you ­ as the reader ­ an outline of the report
is given here. Part I: Literature Review contains the necessary information that is used as background
knowledge to carry out this research. Part II: Method Development is about the development of the
reliability assessment procedure and all aspects that are involved are central. InPart III: Reliability of the
Case Study Building, the reliability assessment procedure is applied to a specific case study building.
Finally, in Part IV: Conclusions and Recommendations, the conclusions and recommendations based
on this study are formulated.

Part I: Literature Review
In Chapter 2: Structural Reliability, the basic knowledge of the reliability of structures is explained,
both general concepts and the various reliability levels, as well as the approach in the Eurocode. This
chapter is the basis for all further analyses in the domain of reliability. Then in Chapter 3: Wind Engi­
neering Fundamentals, all aspects of wind engineering are discussed. First the wind phenomenon is
explained and the physical aspects on the basics of the wind loading chain are explained. This chapter
also shows how wind loading is included in the Eurocode. Finally, the probabilistic modelling of the
wind is of focus. Next, in Chapter 4: Probabilistic Modelling of Extremes, it is explained how extreme
values can be modelled and which methods are possible. This knowledge is used to fit the extreme
values of the normalized load effects to an extreme value distribution. Chapter 5: Probabilistic Struc­
tural Resistance Model deals with the uncertainties that occur on the side of material and structural
resistance. This results in a probabilistic structural resistance model that in combination with the prob­
abilistic load effect model, can evaluate the reliability of the structure in a full probabilistic way. Also
the state­of­the­art in the field of reliability analysis steel buildings is discussed.

Part II: Method Development
Part 2 of this report begins with Chapter 6: Methodology of this study, which explains the methodology
of this research; how it continues from recent research and in what ways this research is different and
contributes to scientific improvement. Chapter 7: Probabilistic Wind Pressure Model is dedicated to
the creation of a probabilistic wind pressure model. Also the influence of the dependencies between
different zones is discussed. Next, Chapter 8: Technique for Obtaining Load Effects describes the
technique that is used to obtain the load effects. All necessary steps and also the probabilistic modelling
of the extreme load effects is discussed. Finally, the reliability assessment procedure is explained in
Chapter 9: Reliability Assessment Procedure. All aspects that are involved are highlighted. Also, the
various failuremechanisms and corresponding limit state functions are defined for the various elements.
Furthermore, the wind loading effect model is described.

Part III: Reliability of the Case Study Building
Chapter 10: Case Study Description gives a general description of the case study on which the reliabil­
ity analysis is carried out. Also the wind tunnel data is explained. After this, in Chapter 11: Description
Load Effects, the load effects for the various elements are determined, both for the timeseries and
for the probabilistic model of the wind pressures. In Chapter 12: Reliability Assessment the reliabil­
ity assessment is performed. For the different elements, several types of analyses are performed,
whereby different variations are possible. Also all input parameters are explained. Finally, in Chapter
13: Discussion a discussion on the developed method in this study and also the results of the reliability
assessment is given.

Part IV: Conclusions and Recommendations
This part contains the main conclusions of this study as well as recommendations for future research.
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2
Structural Reliability

This chapter focuses on structural reliability and provides a general introduction to the subject. This
chapter can be considered as background theory, for the completeness of this report and for clarifica­
tion for people who have less knowledge of reliability, this chapter will still give useful basic insights.

The design of new structures always have to satisfy the required safety levels in an economic and
optimised way. These safety ­ or in other words ­ reliability levels specified in the Eurocode, will make
sure that the design and execution of the structure is able to withstand the applied loads on it during
its intended working life, with a specified (very small or negligible) probability of structural failure. A
widely used definition of the term ’reliability’ is provided in the ISO 2394 [29] document and is stated
as follows: ”ability of a structure or structural member to fulfil the specified requirements, during the
working life, for which it has been designed”. A distinction is made between different reliability level
requirements, based on the use of the structure, type of structure and intended working life. The first
part of this chapter Fundamental theory on structural reliability, will provide the basic knowledge on
structural reliability including mathematical statistics and probabilistic concepts. The second part of
this chapter Approach in the Eurocodes, goes into more detail on the reliability principles used in the
Eurocodes.

This knowledge can then be used in this research; how to properly apply the theory in a reliability
assessment? And also, which method is most suitable for this research? A discussion on the most
suitable method for this study is also included in section Discussion on the different methods.

2.1. Fundamental theory on structural reliability
2.1.1. General
The essence of structural reliability analysis is to formulate a certain failure probability 𝑃𝑓 for a specific
structure. For each structure ­ or looking at element level ­ specific boundary­, loading­, geometrical­,
material­ and other conditions hold. Therefore for each case the failure probability 𝑃𝑓 is different. A
distinct failure mechanism is investigated in the so­called Limit State Function 𝑍:

𝑍 = 𝑅 − 𝑆 (2.1)

Failure will take place when the resistance of the structure 𝑅 is lower than the applied load (or in
other words called Solicitation). This limit state function is based on basic variables for the structural
resistance 𝑅 and loads 𝑆. These basic variables and also the physical models describing these basic
variables are subject to uncertainties; therefore these variables are not described in a deterministic,
but in a stochastic manner. For each basic variable a specific distribution (e.g. normal­, lognormal­,
Gumbel­, extreme value distribution) and accompanying parameters is formulated. Then the failure
probability 𝑃𝑓 = 𝑃(𝑍 < 0) is calculated using one of the available methods. The failure probability is
the volume under the curve (in the case of 𝑛 = 2 basic variables) in the unsafe region (𝑍 < 0) of the
combined probability density functions in figure 2.1a and visually for another example in figure 2.1b.
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8 2. Structural Reliability

(a) Limit state function in two dimensions (b) Example of joint probability density function in 3D with specified
limit state including failure and safe domain [19]

Figure 2.1: Joint probability density functions

The example in figure 2.1a only deals with 2 stochastic variables, in general, the following integral gives
the failure probability explicitly:

𝑃𝑓 = ∫
𝑍<0

𝑓𝑥(𝑥)𝑑𝑥 (2.2)

The opposite of the failure probability is the reliability of the structure and is formulated as follows:

𝑃𝑟𝑒𝑙𝑖𝑎𝑏𝑙𝑒 = 𝑃(𝑍 > 0) = 1 − 𝑃𝑓 (2.3)

Instead of speaking in terms of failure probabilities 𝑃𝑓, the reliability index 𝛽 is used to quantify the
reliability of structures. The reliability index 𝛽 and the failure probability 𝑃𝑓 are related by the cumulative
distribution function of the standard Normal distribution Φ:

𝛽 = −Φ−1(𝑃𝑓) (2.4)

There are several different methods to determine the failure probabilities. These methods are charac­
terised into different levels:

• Level IV methods: Risk­based

• Level III methods: Numerical

• Level II methods: Approximation

• Level I methods: Semi­probabilistic design

• Level 0 methods: Deterministic

Level IV methods (risk­based) are very comprehensive methods where the consequences of failure are
also taken into account. These consequences are expressed in terms of costs. The reliability of the
structure is measured in terms of the risk, where the definition of risk (risk = consequence x probability
of failure) is used.

In level 0, or specifically deterministic methods, the structures are analysed based on deterministic
values. The uncertainties in the basic variables for the resistance of the structure 𝑅 and the load 𝑆 are
not considered. The verification uses one (empirical) global safety factor 𝛾:

𝑅𝑛𝑜𝑚 ≥ 𝛾 ⋅ 𝑆𝑛𝑜𝑚 (2.5)

The other methods, ranging from level III to I, are discussed in more detail in the following sections.
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2.1.2. Level III methods: Numerical
Level III methods are based on numerical techniques to evaluate the integral in equation 2.2 explic­
itly. It depends on the number of basic variables, the dependency between these basic variables, the
associated distribution type and also whether the limit state function is linear or nonlinear, if numerical
integration is efficient to use or not.

For the standard case of independent normally distributed random variables in a linear limit state func­
tion, the analysis is fairly simple. The variable 𝑍 = 𝑅 − 𝑆 is also normally distributed with the following
parameters (𝜇 is the mean and 𝜎 is the standard deviation):

𝜇𝑍 = 𝜇𝑅 − 𝜇𝑆 (2.6)

𝜎𝑍 = √𝜎2𝑅 + 𝜎2𝑆 (2.7)

The probability of failure 𝑃𝑓 is determined using the standard normal distribution (Φ):

𝑃𝑓 = 𝑃(𝑍 < 0) = Φ(
0 − 𝜇𝑍
𝜎𝑍

) = Φ(−𝛽) (2.8)

The reliability index 𝛽 is defined as the distance between the mean of 𝑍 𝜇𝑍 and value of 𝑍 = 0 with a
standard deviation of 𝜎𝑍:

𝛽 = 𝜇𝑍
𝜎𝑍

(2.9)

In the general case, where the basic variables are not necessarily normal distributed and the limit state
function is nonlinear, numerical integration can be used to determine the failure probability. Recognise
that the failure probability for the case of 𝑛 = 2 basic variables, resembles the volume under the curve
at the unsafe side of the joint probability density function. This analogy also holds for 𝑛 > 2 basic
variables, only then the failure probability is not the volume but a higher order shape.

The volume under the joint probability density function at the unsafe side (𝑍 < 0), is calculated using
equation 2.2, this can be written in exact form as follows:

𝑃𝑓 = ∫
+∞

−∞
(𝑓𝑅(𝑟)∫

+∞

𝑆=𝑟
𝑓𝑆(𝑠)𝑑𝑠) 𝑑𝑟 (2.10)

This integral can also be solved numerically by dividing the volume in small boxes and adding these
together:

𝑃𝑓 =∑
𝑖
∑
𝑗
𝑓𝑅,𝑆(𝑟𝑖 , 𝑠𝑗)Δ𝑟Δ𝑠 (2.11)

In order to solve this integral for larger number of stochastic variables, a huge amount of computational
power is necessary, since the number of integration steps increases exponentially with regard to the
number of stochastic variables. For these cases the Monte­Carlo simulation method ­ in which random
samples are generated ­ is very efficient to use. Then for each random sample, the limit state function
is checked and when 𝑍 < 0, a counter 𝑁𝑓 (representing the amount of failures) increases (see also
figure 2.2a). If this procedure is performed 𝑁 times, or in theory approaches 𝑁 ⟶ ∞, than the failure
probability is:

𝑃𝑓 =
𝑁𝑓
𝑁 (2.12)

For situations where very low probabilities of failure are present, the number of required simulations
𝑁 to get a sufficient amount of 𝑁𝑓 and thus accurate result, will increase rapidly. Therefore a specific
technique, called importance sampling, is invented to increase the amount of failures 𝑁𝑓 for the same
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(a) Example of Monte­Carlo simulation with 𝑛 = 1000 samples (b) Example of using Importance sampling (black dots) in a
Monte­Carlo simulation with 𝑛 = 1000 samples

Figure 2.2: Example of Monte­Carlo simulation

amount of simulations 𝑁 (see also figure 2.2b and compare this with the original Monte­Carlo simula­
tion in figure 2.2a). Together with the importance sampling probability distribution function 𝑓𝑆(𝑥), the
probability of failure can be calculated as follows:

𝑃𝑓 =
𝑁𝑓
𝑁
𝑓𝑋(𝑥)
𝑓𝑆(𝑥)

(2.13)

2.1.3. Level II methods: Approximation
The level II method approximates the failure probability. Nonlinear limit state functions are linearized in
a specific point ­ also called the design point ­ and all the stochastic variables are considered normally
distributed, even when this is not the case. The accuracy of the approximation obtained by this level II
method, highly depend on the exact linearization with the associated design point and also on the fitted
normal distribution for the non­normally distributed stochastic variables. This method is also called the
First Order Reliability Method (FORM).

The linearization of the nonlinear limit state function is done at the design point. Hasofer and Lind
[18] described that the reliability index 𝛽 is equal to the shortest distance from the origin to the sur­
face described by 𝑍 = 0 in the space of the normalised basic variables. This definition always hold,
also for nonlinear limit state functions. Determine the design point ­ where the limit state function is
linearised ­ in such a way that the distance from the origin in the space of normalised basic variables
tangent to the linearization is minimised. This is in accordance with our intuition; a larger value of 𝛽
result in a smaller volume under the joint probability density function and thus in a more reliable system.

In the case of a linear limit state function 𝑍 = 𝑎1𝑋1 + 𝑎2𝑋2 + ... + 𝑎𝑛𝑋𝑛 + 𝑏, the mean 𝜇𝑍 and standard
deviation 𝜎𝑍 are determined as follows:

𝜇𝑍 = 𝑎1𝜇𝑋1 + 𝑎2𝜇𝑋2 + ... + 𝑎𝑛𝜇𝑋𝑛 + 𝑏 (2.14)

𝜎𝑍 = √
𝑛

∑
𝑖=1

𝑛

∑
𝑗=1
𝑎𝑖𝑎𝑗𝐶𝑜𝑣(𝑋𝑖 , 𝑋𝑗) (2.15)

For nonlinear limit state functions 𝑍, linearization based on Taylor expansion is used. Themost accurate
results are obtained for linearisations in the design point. Finding this design point (𝑋∗1, 𝑋∗2, ..., 𝑋∗𝑛) is an
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iterative procedure. A good first estimate for the design point is using the mean values, then the mean
𝜇𝑍 and standard deviation 𝜎𝑍 are determined as follows:

𝜇𝑍 = 𝑍(𝑋∗1, 𝑋∗2, ..., 𝑋∗𝑛) +
𝑛

∑
𝑖=1
( 𝜕𝑍𝜕𝑋𝑖

) (𝜇𝑋𝑖 − 𝑋∗𝑖 ) (2.16)

𝜎𝑍 = √
𝑛

∑
𝑖=1
( 𝜕𝑍𝜕𝑋𝑖

)
2
𝜎2𝑋𝑖 =

𝑛

∑
𝑖=1
𝛼𝑖
𝜕𝑍
𝜕𝑋𝑖

𝜎𝑋𝑖 (2.17)

Where 𝛼𝑖 are the sensitivity factors, which are very useful and give a direct insight in the influence of
the standard deviation of a certain basic variable to the reliability index. A property of the sensitivity
factors is: 𝛼21 + 𝛼22 + ... + 𝛼2𝑛 = 1. The sensitivity factor 𝛼𝑖 is defined as follows 1:

𝛼2𝑖 =
𝑎2𝑖 𝜎2𝑖
𝜎2𝑍

(2.18)

𝛼 is negative for load parameters and positive for resistance parameters. Based on the values of 𝛽
and 𝛼 a new design point can be determined. If the 𝛽 and thus also the solution converges to a single
point, then the actual design point is found. A new guess for the design point is determined using the
following formula:

𝑋∗𝑖 = 𝜇𝑋𝑖 − 𝛼𝑖𝛽𝜎𝑋𝑖 (2.19)

2.1.4. Level I methods: Semi­probabilistic design
Level I methods are based on regulations by for instance the Eurocode. The 𝛼 factors are standard­
ised for both the strength and load parameters and also whether this is dominant or non­dominant on
the structure. The standardised 𝛼 values are in table 2.1. Using partial factors for both the material
properties and the loads, a verification is performed:

𝑅𝑘
𝛾𝑅
> 𝛾𝑆 ⋅ 𝑆𝑘 (2.20)

Load Resistance

Dominant variable 𝛼𝑆 = −0.7 𝛼𝑅 = 0.8

Non­dominant variable 𝛼𝑆 = −0.28 𝛼𝑅 = 0.32

Table 2.1: Standardised 𝛼 values for structures according to the Eurocode

The design values for the strength and load parameters are determined as:

Strength⟶ 𝑅𝑑 = 𝜇𝑅 − 𝛼𝑅𝛽𝑡𝜎𝑅 (2.21)

Load⟶ 𝑆𝑑 = 𝜇𝑆 − 𝛼𝑆𝛽𝑡𝜎𝑆 (2.22)

2.1.5. Discussion on the different methods
Various methods are discussed above, ranging from level IV to level 0 methods. Which method is
ultimately the best to use in this study depends on a number of factors. In particular, level III and level
II methods, Monte Carlo simulation and FORM respectively, are possible candidates.

1note the difference between 𝛼 (alpha) and 𝑎 (a)
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The first method we consider is the Monte Carlo method. This method performs a large number of
simulations, and if failure occurs, this will be reported. Eventually, the failure probability can be de­
termined in this way. The major disadvantage of this method is that it is pretty computationally heavy
and has to run for quite a long time to get results. A second disadvantage is that the specific influence
of certain factors cannot be determined (however, possible using specific software). This is however
the case in the other method: FORM. The great advantage of FORM is that, based on the sensitivity
factors, it can be determined how large the contribution of specific factors is. This provides a lot of
insight into the reliability at a detailed level. The FORM method also converges quite quickly, which
makes it computationally more efficient than Monte Carlo. Therefore, the FORM method is used in this
study.

2.2. Approach in the Eurocodes
The main principle of the Eurocode is to achieve a structure with sufficient strength, serviceability and
durability. The structural reliability approach in the Eurocode is based on different classes which results
from specific consequences of failure and the vulnerability of structures to hazards. These classes are
used to define certain partial factors for both actions and resistance parameters. In that way, the struc­
tural reliability classification is represented by 𝛽 (reliability) indexes which takes into account accepted
or assumed statistical variability in action effects and also resistances and model uncertainties [15].

The Eurocode provides a basic classification of structures according to the consequences ­ for human
life, economy, society and the environment ­ which might occur due to a failure. These classes are
called the ’consequence classes’ and are in table 2.2. Currently, the structural reliability is on member
level (so each member need to fulfil the requirements) and not on global ­ or in other words ­ building
level. Therefore the structural reliability of the complete structure is lower (higher probability of failure 𝑃𝑓
due to the series system and thus lower 𝛽). The consequence classes can be coupled to the ’reliability
classes’ from table 2.3. Based on this table the minimum reliability index 𝛽 is determined. When
designing a structure using the general Eurocode approach (with the partials factors) from EN1991 to
EN1999, the structure will be more reliable than the minimum specified reliability level 𝛽 from table
2.3 depending on the reliability class and reference period. This reference period, also called design
lifetime of the structure, differs for each type of structure. Roughly speaking, this design lifetime is
between 2 and 100 years respectively for temporary structures or monumental buildings, bridges and
civil engineering construction works. However, a reference period of one year may also be useful if, for
example, the load distribution functions and the reliability requirement are derived from it.

Consequences Class Description Examples of building and civil
engineering works

CC3 High consequence for loss of
human life, or economic, social or
environmental consequences very

great

Grandstands, public buildings
where consequences of failure are

high (e.g. a concert hall)

CC2 Medium consequence for loss of
human life, or economic, social or
environmental consequences

considerable

Residential and office buildings,
public buildings where

consequences of failure are
medium (e.g. an office building)

CC1 Low consequence for loss of
human life, or economic, social or
environmental consequences

small or negligible

Agricultural buildings where people
do not normally enter (e.g. storage

buildings), greenhouses

Table 2.2: Definition of consequence classes for Standardization [15]

The Eurocode uses the partial factor method in order to design structures with a sufficient reliability
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Reliability Classes (RC) Minimum reliability index 𝛽

1 year reference period 50 year reference period

RC3 5.2 4.3

RC2 4.7 3.8

RC1 4.2 3.3

Table 2.3: Recommended minimum values for the reliability index 𝛽 (Ultimate Limit State) [15]

level. The partial factors are determined based on reliability­based methods and calibration. All the
basic variables ­ actions, resistances and geometrical properties ­ are converted into design values
using partial factors 𝛾 and combination factors 𝜓.

Several types of uncertainties are dealt with in the partial factors. 𝛾𝐹 is the combination of 𝛾𝑓 which
deals with the uncertainty in representative values of actions and 𝛾𝑆𝑑 which is related to the model
uncertainty in actions and the associated action effects. Related to the resistance of the material is the
partial factor 𝛾𝑀, which is based on 𝛾𝑅𝑑 which deals with the model uncertainty in the structural resis­
tance and 𝛾𝑚 which is related to the uncertainty in the material properties. The 𝜓 factors (𝜓0, 𝜓1 and 𝜓2)
are respectively related to the combination ­, frequent ­ and quasi­permanent value of a variable action.

According to the Eurocode, the structure needs to be verified using both the ultimate limit state (ULS)
and the serviceability limit state (SLS). The ultimate limit state verifies if the resistance capacity of the
structure can withstand the action effects (e.g. loss of static equilibrium, fracture or excessive defor­
mation of (some parts of) the structure, fatigue, collapse, instability such as (lateral) buckling) and the
serviceability limit state checks if the structure is capable to function under normal use (e.g. perfor­
mance of the structure, comfort of the users, visually alright). Two types of SLS can be distinguished:
irreversible and reversible. In the first case, the design criteria are similar to those of ULS.

If there are variable actions, the characteristic values 𝑄𝑘 shall be used. This corresponds to a high or
low quantile value, resulting in a low or high probability of exceedence respectively. This characteristic
value 𝑄𝑘 of a variable action is in most cases described in the Eurocode as the value that occurs with
a probability of exceedence of 2% during one year, which corresponds to a return period of 50 years.
By using characteristic values in combination with partial safety factors 𝛾 and combination ­, frequent ­
and quasi­permanent factors 𝜓, different reliability levels are realized (see figure 2.3).

• Combination value 𝜓0: if there is a co­occurrence of extreme values of various independent
variable actions

• Frequent value 𝜓1: In the case of buildings, an exceedence probability of 1% is often considered

• Quasi­permanent value 𝜓2: In this case, the value that is exceeded in 50% of cases is often
taken. Instead of the quasi­permanent value, the average value could also be used

The general check for ULS design is in equation 2.23 or alternatively using the less favourable from
equation 2.24a or 2.24b. These formulas 2.24a and 2.24b may only be used for STR and GEO limits2.
In these formulas, ”+” means ’to be combined with’, ∑ implies ’the combined effect’ and 𝜉 is a reduction
factor for unfavourable permanent actions.

𝑅𝑘
𝛾𝑀

≥ 𝐸𝑑 =∑
𝑗≥1
𝛾𝐺,𝑗𝐺𝑘,𝑗 ”+” 𝛾𝑃𝑃 ”+” 𝛾𝑄,1𝑄𝑘,1 ”+” ∑

𝑖>1
𝛾𝑄,𝑖𝜓0,𝑖𝑄𝑘,𝑖 (2.23)

2STR: ”Internal failure or excessive deformation of the structure or structural members, including footings, piles, basement walls,
etc., where the strength of construction materials of the structure governs” ; GEO: ”Failure or excessive deformation of the
ground where the strengths of soil or rock are significant in providing resistance” [15]
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Figure 2.3: Representative values of variable actions

𝑅𝑘
𝛾𝑀

≥ 𝐸𝑑 =∑
𝑗≥1
𝛾𝐺,𝑗𝐺𝑘,𝑗 ”+” 𝛾𝑃𝑃 ”+” 𝛾𝑄,1𝜓0,1𝑄𝑘,1 ”+” ∑

𝑖>1
𝛾𝑄,𝑖𝜓0,𝑖𝑄𝑘,𝑖 (2.24a)

𝑅𝑘
𝛾𝑀

≥ 𝐸𝑑 =∑
𝑗≥1
𝜉𝛾𝐺,𝑗𝐺𝑘,𝑗 ”+” 𝛾𝑃𝑃 ”+” 𝛾𝑄,1𝑄𝑘,1 ”+” ∑

𝑖>1
𝛾𝑄,𝑖𝜓0,𝑖𝑄𝑘,𝑖 (2.24b)



3
Wind Engineering Fundamentals

This chapter focuses on the wind engineering basic knowledge. Section Basics wind will first focus
on the basic principles and description of the wind. How can the irregular character of the wind be
described in such a way that further analyses can be done with it? Then, in section Wind loading
chain, Davenport’s wind loading chain, containing all relevant parameters for modelling the wind load,
is discussed. Next, the method for determining the wind load according to the Eurocode is described in
section Wind loading approach in the Eurocode. Finally, the modelling of the wind load in a probabilistic
way is described in section Probabilistic modelling of wind loading.

As this research focuses on wind excited buildings, it is very useful to understand the theory of wind
engineering ­ from the basic knowledge, to the methods in the Eurocode and even the probabilistic
models described in the literature. Not all aspects covered in this chapter will be used directly in this
research, but the theory is included for the sake of completeness.

3.1. Basics wind
Wind is a natural phenomenon in which air particles move in the atmosphere due to the presence of
horizontal air pressure differences. The resulting force and direction of these air currents ­ or also called
wind ­ is influenced by the earth’s rotation and friction with the earth’s surface.

In figure 3.1 it is shown that the speed of the wind has a random character. For a certain reference
period (not the same as the reference period regarding reliability in the previous chapter), often between
10 minutes and 1 hour, an average wind speed 𝑣 can be determined which results in a long­term
distribution. In addition, it can be seen that the wind shows a second type of variation 𝑣̃, which is of a
faster nature and can be assigned to the short­term distribution. These rapid fluctuations around the
average can be attributed to the turbulent nature of the wind itself.

Figure 3.1: Fluctuations in wind speed

Van der Hoven [34] has been able to compile a power spectrum (see figure 3.2) of the horizontal wind

15
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speeds in the frequency range of 0.0007 to 900 cycles per hour based on many measurements. This
power spectrum shows the contribution of oscillations with continuously changing frequencies to the
variance of the wind speed. A number of important things can be deduced from this figure. Firstly, a
clear peak can be seen around a frequency of 100 hours (around 4 days). This macro­meteorological
peak is related to the development of the larger weather systems in the atmosphere. Secondly, there
is the micro­meteorological peak, which takes place in the higher frequency regions and has to do with
the mechanically generated turbulence of the atmospheric boundary layer. The last observation is the
spectral gap present between the two peaks mentioned above. In this area there is little variation,
therefore the above mentioned reference period between 10 minutes and 1 hour show similar results
due to the spectral gap. Since both peaks lie in different parts of the frequency spectrum, they may be
taken as statistically independent. Therefore the wind speed 𝑣(𝑡) can be formulated using the mean
wind speed 𝑣𝑇𝑟𝑒𝑓 over a reference time 𝑇𝑟𝑒𝑓 and the micro­meteorological fluctuations 𝑣̃(𝑡):

𝑣(𝑡) = 𝑣𝑇𝑟𝑒𝑓 + 𝑣̃(𝑡) (3.1)

Figure 3.2: Spectrum of horizontal wind speed, based on analysis of van der Hoven [8]

3.2. Wind loading chain
Davenport [10] has developed the wind loading chain (figure 3.3) in which all aspects that influence
the modelling of the wind are included. The resulting wind load effect on a structure consist of the
local wind climate, terrain aspects, aerodynamic influence, dynamic effects and criteria to assess the
predicted loads and responses of the structure. It is in the form of a chain, since the weakest link of
the system determines the eventual result. And also the placement of the several chains indicate the
dependencies between the different elements.

Figure 3.3: Wind loading chain by Davenport

3.2.1. Wind climate 𝑣𝑏
Davenport’s wind loading chain starts with the wind climate link. This wind climate is not the same all
over the world, regional differences can be distinguished. The specific wind climate stems from the
differences in earth solar heating. In addition, a number of natural phenomena play a role in the wind
climate, such as horizontal pressure gradient force, Coriolis force on the earths rotation, the centrifugal
force and frictional forces due to geographical characteristics. The interaction between all these forces
results in various weather patterns, in which these can occur both on a large scale in the form of larger
global weather systems, but also on a smaller scale as is the case, for example, with tornadoes or
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thunderstorms. In addition, after observing the wind climate, it turns out that it is not the same all year
round. There are changes in the wind climate during the seasons. Finally, it is good to realise that
the wind does not occur equally often from all directions; varying per region, some wind directions
occur more often and also result in higher wind speeds. This is useful knowledge for the design of tall
buildings, for example.

3.2.2. Influence of terrain 𝑐𝑒
The next link in Davenport’s wind loading chain deals with the influence of the terrain. Wind is, as it
were, a medium that ’flows’ over the surface of the earth, and since they make contact with each other
on the earth’s surface, a frictional force is exerted on the wind. Observation of wind speeds over the
height above the earth’s surface shows that the higher you go, the higher the wind speed, due to the
lesser presence of the frictional force at that height. This results in an atmospheric boundary layer
(ABL) (see figure 3.4) with an average wind speed that increases with height.

Figure 3.4: Atmospheric Boundary Layer (ABL) [16]

Figure 3.4 shows that the rougher the terrain, for example due to more and/or larger buildings, the
greater the frictional forces on the wind and thus the more the wind profile changes over height such
that the gradient wind only occurs at a higher altitude. Above the ABL, the wind travels at an almost
constant speed, but in the ABL turbulence of the wind occurs. This turbulence makes the determination
of a design wind load, at heights where we are interested in for the design of buildings, a lot more dif­
ficult. The distance in the landscape that affects wind characteristics is also called the wind fetch length.

There are 4 different influences that can be distinguished:

• Atmospheric instabilities: Such as the temperature distribution in the surface layer, which influ­
ence the wind profile too. These are so small for the wind load that they do not play a significant
role.

• The roughness of the upwind terrain: This affects the magnitude of the frictional forces on the
wind and is described by the roughness length 𝑧0. This is determined over the distance that
affects the wind characteristics; the wind fetch length.

• The terrain orography: This is due to the variation in the relief of the landscape, such asmountains
and hills, which results in a vertical flow of the wind. This will also change the average wind speed.

• The effect of neighboring structures: How the wind behaves also depends on the buildings around
it. The buildings interact with the wind so the wind would flow in a different way than if the buildings
were not there. Since the same amount of wind still wants to go from 𝑎 to 𝑏, despite the presence
of obstructions in the form of buildings, the wind will be squeezed between the buildings and the
wind speed will increase.

The average wind speed profile over the height can theoretically be described by a logarithmic function
(see equation 3.2). The roughness of the landscape plays a major role here. In section Wind loading
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approach in the Eurocode it can be seen that this formula is slightly different in Eurocode EN 1991­1­4.

𝑣(𝑧) = 𝑢∗
𝜅 𝑙𝑛 (

𝑧 − 𝑑
𝑧0

) (3.2)

With:

𝑣(𝑧) = mean wind speed (in x­direction) at height 𝑧 [𝑚/𝑠]
𝜅 = Von Karman constant = 0.4 [­]
𝑑 = average height of the buildings [𝑚]
𝑢∗ = shear velocity [𝑚/𝑠]
𝑧 = height above the surface of the earth [𝑚]
𝑧0 = measure for the roughness of the terrain (roughness length) [𝑚]

Figure 3.5: Vector notation wind­speed components

A vector notation is used to describe the wind flow (see equation 3.3 and figure 3.5). Here the 𝑥­axis is
in the direction of the wind flow, this direction is also called the longitudinal direction. Both the average
wind speed and the turbulent component are distinguished. In addition, there is also the 𝑧­axis which
is perpendicular to the surface of the earth and the 𝑦­axis which is normal to the 𝑥­ and 𝑧­axis, which
only contain the turbulent component of the wind.

𝑣(𝑥, 𝑡) = [
𝑣𝑥(𝑡)
𝑣𝑦(𝑡)
𝑣𝑧(𝑡)

] = [
𝑣𝑥 + 𝑣̃𝑥(𝑡)
𝑣𝑦 + 𝑣̃𝑦(𝑡)
𝑣𝑧 + 𝑣̃𝑧(𝑡)

] (3.3)

3.2.3. Aerodynamic coefficients 𝑐𝑓
The third link in Davenport’s wind loading chain is for the aerodynamic coefficients. These aerody­
namic coefficients are expressed in the form of a force or pressure coefficient. The definition of these
coefficients is the ratio between the local mean or peak pressure at the facade and the global mean
wind pressure 𝑞 that occurs for the building. The values are not the same for the whole building, but
will be different for each specific point on the facade. This also has to do with the type of wind flow
around the building.

These pressure coefficients also depend on the reference time. The large peaks in wind load are usu­
ally of short duration, so if the coefficients are based on longer time measurements, the coefficients will
be lower than if only the short duration peaks are considered.

It is not efficient to determine a pressure coefficient for every point on the facade of a building. What is
often done is to determine a pressure coefficient for a certain area 𝐴𝑟𝑒𝑓. The peaks in wind pressure on
the facade never occur all at once over the entire facade, therefore a space­averaging effect is present
for a certain 𝐴𝑟𝑒𝑓. This effect is bigger for a larger 𝐴𝑟𝑒𝑓, in which the pressure coefficient will be lower
due to the absence of full correlation between the pressures on the various places on the facade.
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3.3. Wind loading approach in the Eurocode
In this section it is explained how the theoretical models for describing the wind ­ as explained above
using davenport’s loading chain ­ have been translated into clear procedures in Eurocode EN1991­1­4.
All aspects that influence the wind and the resulting forces on structures are included in the Eurocode.
The EN1991­1­4 wind load model is summarised in figure 3.6.

Figure 3.6: Action model for wind loads in EN1991­1­4 (Meinen, 2015)

3.3.1. Wind climate
The specific wind climate at a given location is described in the Eurocode by the basic wind velocity
𝑣𝑏. This basic wind velocity 𝑣𝑏 is defined as a function of wind direction including seasonal variations
at a height of 10 m above the ground of a certain terrain which corresponds to a terrain category II
(𝑧0 = 0.05 in that case). The mean wind velocity 𝑣𝑚 is then based on the basic wind velocity and the
terrain roughness and orography.

Air density 𝜌𝑎𝑖𝑟
What also depends on regional characteristics like altitude, temperature and barometric pressure is the
air density 𝜌𝑎𝑖𝑟. In the Dutch National Annex a value of 𝜌𝑎𝑖𝑟 = 1.25 𝑘𝑔/𝑚3 is recommended.

Directional factor 𝑐𝑑𝑖𝑟
The directional factor 𝑐𝑑𝑖𝑟 deals with the wind directionality. The factor 𝑐𝑑𝑖𝑟 is a ratio of a characteristic
wind speed in a particular direction, divided by the characteristic wind speed irrespective of the wind
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direction. The Eurocode recommends a value of 𝑐𝑑𝑖𝑟 = 1.0 and also in the Dutch National Annex it is
stated that 𝑐𝑑𝑖𝑟 = 1.0 has to be chosen.

Seasonal factor 𝑐𝑠𝑒𝑎𝑠𝑜𝑛
The seasonal factor 𝑐𝑠𝑒𝑎𝑠𝑜𝑛 deals with the changes of the wind characteristics during the different
seasons. The factor 𝑐𝑠𝑒𝑎𝑠𝑜𝑛 is a ratio of a characteristic wind speed in a specific season, divided by
the characteristic wind speed which occurs over all seasons. The Eurocode recommends a value of
𝑐𝑠𝑒𝑎𝑠𝑜𝑛 = 1.0 and also in the Dutch National Annex it is stated that 𝑐𝑠𝑒𝑎𝑠𝑜𝑛 = 1.0 has to be chosen.

Probability factor 𝑐𝑝𝑟𝑜𝑏
The basic values, for instance the basic wind velocity 𝑣𝑏, is a characteristic value with a corresponding
annual probability of exceedence of 0.02 (equivalent to a return period of 50 years). In order to define
wind characteristics for a different reference period than the standard 50 years, the basic wind velocity
𝑣𝑏 can be multiplied by the probability factor 𝑐𝑝𝑟𝑜𝑏 (given in equation 3.4 with corresponding values
depending on the wind zone in table 3.1).

Figure 3.7: Wind zones in the Netherlands [6]

𝑐𝑝𝑟𝑜𝑏 = (
1 − 𝜅 ⋅ 𝑙𝑛(−𝑙𝑛(1 − 𝑝))
1 − 𝜅 ⋅ 𝑙𝑛(−𝑙𝑛(0.98)) )

𝑛
(3.4)

Wind zone I II III

𝜅 0.2 0.234 0.281

𝑛 0.5 0.5 0.5

Table 3.1: Values for 𝜅 and 𝑛 for the different wind zones as input for the factor 𝑐𝑝𝑟𝑜𝑏 [6]

Fundamental basic wind velocity 𝑣𝑏,0
The fundamental value of the basic wind velocity, 𝑣𝑏,0, is the characteristic 10 minutes mean wind
velocity with a return period of 50 years, irrespective of wind direction and time of year, at 10 m above
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ground level in open country terrain with low vegetation such as grass and isolated obstacles with
separations of at least 20 obstacle heights [6]. These values are specified in the Dutch National Annex.
Three wind zones are defined in the Netherlands (see figure 3.7), the corresponding values for 𝑣𝑏,0 are
given in table 3.2.

Wind zone I II III

𝑣𝑏,0 [𝑚/𝑠] 29.5 27 24.5

Table 3.2: Values for the fundamental basic wind velocity 𝑉𝑏,0 for the different wind zones in the Netherlands [6]

3.3.2. Influence of terrain
The specific terrain characteristics that influence the wind are described in the Eurocode by various
factors. All these factors will be briefly discussed here.

Roughness factor 𝑐𝑟(𝑧)
The roughness factor 𝑐𝑟(𝑧) refers to the change in mean wind speed over a height 𝑧 and corrects
directly for the terrain roughness 𝑧0. This factor is useful in the case where the terrain and reference
height relevant for the design of a particular structure deviate from the standard reference height of
𝑧𝑟𝑒𝑓 = 10 𝑚 and terrain roughness 𝑧0,𝐼𝐼 = 0.05 𝑚. The corresponding formulas ­ also based on the
Dutch National Annex ­ are in equations 3.5, 3.6 and in table 3.3.

𝑐𝑟(𝑧) = 𝑘𝑟 ⋅ 𝑙𝑛 (
𝑧
𝑧0
) for 𝑧𝑚𝑖𝑛 ≤ 𝑧 ≤ 𝑧𝑚𝑎𝑥

𝑐𝑟(𝑧) = 𝑐𝑟(𝑧𝑚𝑖𝑛) for 𝑧 ≤ 𝑧𝑚𝑖𝑛
(3.5)

𝑘𝑟 = 0.19 ⋅ (
𝑧0
0.05)

0.07
(3.6)

With:

𝑧0 = Roughness length [𝑚]
𝑘𝑟 = Terrain factor depending on the roughness length 𝑧0 [­]
𝑧0,𝐼𝐼 = 0.05 𝑚 (terrain category II) [𝑚]
𝑧𝑚𝑖𝑛 = Minimum height [𝑚]
𝑧𝑚𝑎𝑥 = 200 𝑚 [𝑚]

Terrain category 𝑧0 [m] 𝑧𝑚𝑖𝑛 [m]
0: Sea or coastal area 0.005 1

II: unbuilt area 0.2 4

III: built area 0.5 7

Table 3.3: Terrain categories and corresponding terrain parameters in Dutch National Annex [6]

Roughness length 𝑧0
The roughness length 𝑧0 is a factor used to characterise the terrain roughness. In the Netherlands,
a distinction is made between three different categories. The roughness length 𝑧0 is also different for
each of these categories (see table 3.3).
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Terrain orography 𝑐𝑜
How the orography of the landscape affects the wind characteristics is included in the terrain orography
factor 𝑐𝑜 [­]. These effects can be neglected if the average slope of the upwind terrain is less than 3
degrees. This upwind terrain applies over a distance of 10 times the height of the isolated orographic
feature.

If the orographic characteristics of the land, like mountains or hills, increase the wind speed to such
an extent that it is 5% faster than if there had been no hills, for example, then these effects must be
included in the orography factor 𝑐𝑜. The calculation method for factor 𝑐𝑜 is described in Appendix A3
of EN 1991­1­4.

Gust amplification factor [1 + 7𝐼𝑣(𝑧)]
As shown in figure 3.1 at the beginning of this chapter, the wind has an irregular character. If the wind
were not influenced by the terrain, it would ’flow’ much more smoothly, but the terrain influences the
turbulence of the wind. This causes an occasional peak load on a structure for a short time. Using the
gust factor approach, in which the mean wind pressure for a characteristic wind velocity is multiplied by
another factor, these peak loads can bemodelled. This factor that represents the short­term fluctuations
is equal to:

1 + 7 ⋅ 𝐼𝑣(𝑧) (3.7)

In this formula 𝐼𝑣(𝑧) [­] is the turbulence intensity at a height 𝑧 and is defined as the ratio between the
standard deviation of the turbulence 𝜎𝑣 [𝑚/𝑠] and the mean wind speed 𝑣𝑚(𝑧) [𝑚/𝑠].

3.3.3. Aerodynamic coefficients
The external pressure coefficients 𝑐𝑝 [­] indicate to what extent the pressures measured directly on the
facade deviate from the undisturbed dynamic pressure due to the mean wind velocity 𝑣𝑚 at a distance
in front of the building. These wind­structure interactions are contained in the pseudo­steady pressure
coefficients. In the standards presented in EN1991­1­4 four orthogonal directions are considered (0°,
90°, 180° and 270°).

The external pressures are given both for a loaded area of 𝐴 = 1 𝑚2 and 𝐴 = 10 𝑚2 , with 𝑐𝑝𝑒,1 and
𝑐𝑝𝑒,10 respectively. In case of local effects, 𝑐𝑝𝑒,1 shall be used and for overall wind loading the 𝑐𝑝𝑒,10
value has to be used. In this report the 𝑐𝑝𝑒,10 values is used, since the design of the overall load bearing
structure is of main focus. The values as described in the Dutch National Annex are listed in table 3.4.
Some values depend on the ℎ/𝑑 ratio, in other words the height­over­width ratio. If a value for ℎ/𝑑
is not directly mentioned in the table, linear interpolation can be applied. The different zones on the
surface of the building are illustrated in figure 3.8. Zone 𝐷 and 𝐸 are located respectively on the wind­
ward and leeward side of the building, in addition both side walls are subdivided into zones 𝐴, 𝐵 and 𝐶.
The specific dimensions of these zones are determined by parameter 𝑒, which is the smallest of 𝑏 or 2ℎ.

In addition, figure 3.9 shows how the reference height 𝑧𝑒, depending on the specific values for ℎ and
𝑏, results in a velocity pressure profile over the height of the building. In case the building is lower than
its width (ℎ ≤ 𝑏), a constant pressure is calculated with a reference height 𝑧𝑒 of ℎ. If the height of the
building is between 1 and 2 times its width (𝑏 < ℎ ≤ 2𝑏), a 2­zone velocity pressure profile is calculated
over the height with both a 𝑧𝑒 at height 𝑏 and height ℎ. Finally, it is possible that the building is higher
than 2 times its width (ℎ > 2𝑏), in which case the velocity pressure profile will consist, at the bottom
and at the top, of an area of 𝑏 high with, in between, an area divided into (ℎ − 2𝑏)/ℎ𝑠𝑡𝑟𝑖𝑝 areas with a
height of ℎ𝑠𝑡𝑟𝑖𝑝 each.

3.3.4. Dynamic effects
The dynamic effects of the wind on the structure are included in the Eurocode in the factor 𝑐𝑠𝑐𝑑 [­]. The
factor 𝑐𝑠 (size factor) includes the effects of the non­simultaneous occurrence of peak wind pressures
on the facades and the factor 𝑐𝑑 (dynamic factor) includes the effects of the vibrations of the structure
due to the present turbulence of the wind.
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Zone A B C D E

ℎ/𝑑 𝑐𝑝𝑒,10 𝑐𝑝𝑒,10 𝑐𝑝𝑒,10 𝑐𝑝𝑒,10 𝑐𝑝𝑒,10
5 ­1.2 ­0.8 ­0.5 +0.8 ­0.7

1 ­1.2 ­0.8 ­0.5 +0.8 ­0.5

Table 3.4: Pressure coefficients according to the Dutch National Annex

Figure 3.8: Wind zones for vertical walls [6]

The value for 𝑐𝑠𝑐𝑑 does not need to be determined in all cases, e.g. a value of 𝑐𝑠𝑐𝑑 = 1.0 may be
taken if the building height is below 15 m, this also applies if the natural frequency of the facade or roof
elements is higher than 5 𝐻𝑧, if a framed building has specific dimensions for the structural walls or
if it meets certain conditions in the case of chimneys. In all other cases the value for 𝑐𝑠𝑐𝑑 should be
determined according to a detailed procedure in the Eurocode. How exactly this works can be found
in the Eurocode.

3.4. Probabilistic modelling of wind loading
This section focuses on the probabilistic modelling of wind loads. In the past, several researchers have
thought about this, which has resulted in different models. These different models and also the thought
process behind them is discussed in this section. How are the different parameters related to the wind
load taken into account? What uncertainties lie at the origin of this? Based on all this knowledge, an
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Figure 3.9: Reference height 𝑧𝑒 depending on ℎ and 𝑏, and corresponding velocity pressure profile [6]

explanation of the applicability in this research will follow at the end of this section.

From the moment Davenport formulated his wind loading chain ­ see also section Wind loading chain
­ great strides have been made in wind engineering research. Initially, the uncertainties were not so
extensively incorporated in the models. However, with time, uncertainties were introduced into the
models and this led to Davenport’s gust­factor approach. Using the mean wind speed with a certain
standard deviation and a gust response factor (GRF), peak values can be obtained. This gust factor
approach only relates to the wind speed, later new methods were developed such as the Cook and
Mayne method (see section Cook and Mayne method), which include uncertainties for both wind speed
and pressure coefficients in a joint effect. Davenport also described a full­probabilistic model that
states that the wind loading parameters are subjected to uncertainties, see section Davenport’s method.
However, a probabilistic description of these uncertainties is not provided. A newer model formulated
by the JCSS Probabilistic Model Code, in section JCSS Probabilistic Model Code method on wind
loads, does provide probabilistic descriptions for these uncertainties, however, these are still of an
approximate nature. Finally, recent research by, for example, Meinen and la Gasse complements the
models of Cook and Mayne and Davenport, see section Recent assessment methods. These include
better stochastic modelling of extreme wind speeds, extreme pressure coefficients and other stochastic
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inputs. This method should also be able to provide a probabilistic description of the wind loads for longer
return periods than Cook and Mayne’s method.

3.4.1. Cook and Mayne method
The method of Cook and Mayne is a full probabilistic procedure for the determination of the wind load.
The wind load is determined by the joint probability density function of the independent variables wind
speed and aerodynamic coefficients. The general equation for the wind load is:

𝑋 = 1
2 ⋅ 𝜌𝑎𝑖𝑟 ⋅ 𝑉

2 ⋅ 𝐶 ⋅ 𝐴 (3.8)

With:

𝑋 = Wind load [𝑘𝑁]
𝑉 = Mean wind speed [𝑚/𝑠]
𝐶 = Peak pressure coefficient [­]
𝐴 = Reference area [𝑚2]

This factor 𝑉 only includes the macro­meteorological peak ­ with an averaging time of 𝑇 = 1 hour ­ and
𝐶 includes both the wind­structure interaction and the micro­meteorological behaviour. This method
aims to answer the following question; what is the value of the aerodynamic coefficient that results in
a wind load with return period 𝑁, given a wind speed with the same return period 𝑁 [7]? The joint
probability density function (PDF) of the peak wind load can be used to answer this question. Since 𝑉
and 𝐶 are statistically independent, the joint PDF can be determined by the product of the individual
PDFs:

𝑓𝑉,𝐶(𝑉, 𝐶) = 𝑓𝑉(𝑉) ⋅ 𝑓𝐶(𝐶) (3.9)

From this the probability of exceedence of the wind load 𝑋(𝑁) with return period 𝑁 can be determined
in equations 3.10 and 3.11 [21]. This can also be visualised in figure 3.10, showing the joint PDF of the
yearly extreme wind speeds and hourly extreme pressure coefficients. For both the annual­maximum
hourly­mean wind speed and the peak loading coefficient a Type I GEV distribution is used, more
explanation on these distributions can be found in Chapter 4: Probabilistic Modelling of Extremes.

𝑃(𝑋 > 𝑋(𝑁)) = ∫
∞

𝑉=0
𝑓𝑉(𝑉)∫

∞

𝐶𝑙𝑖𝑚
𝑓𝐶(𝐶)𝑑𝐶𝑑𝑉 (3.10)

𝐶𝑙𝑖𝑚 =
𝑉(𝑁)2𝐶(𝑁)

𝑉2 (3.11)

Figure 3.10: Joint PDF yearly extreme wind speeds and hourly extreme pressure coefficients [25]

Initially, only the 1st order effects were included in the above process. These 1st order effects are
based on the governing annual­maximum hourly­mean wind speed and the maximum loading coeffi­
cient. However, it could also happen that the second highest wind speed in combination with a relatively
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Figure 3.11: 1st and 2nd order joint PDF [25]

large peak loading can lead to governing load values (figure 3.11). To take this into account and pre­
vent underestimation, a few corrections have been added. Research by Cook and Mayne shows that
corrections up to the 5th order are good enough for design applications.

Depending on the quality of the wind speed and loading coefficient data, the results may be different.
As the data is fitted to a type I GEV, the quality of the results depends on the accuracy of the fit. Cook
and Mayne also found that the parent distribution of the dynamic pressure converges to the Type I GEV
faster than the parent distribution of the wind speeds. Two different methods; ’q­c method’ and the ’V­c
method’, can then be compared. If the dynamic pressure data can be fitted better than the wind speed
data, it appears that the ’V­c method’ overestimates and the ’q­c method’ generates a correct result.
In other words, the ’V­c method’ is more conservative and therefore also advisable if it is not clear to
what extent the dynamic pressure fits.

Finally, Cook made a simplified model in 1990. First, the sensitivity of the variation in the parameters
was tested, which showed a small dependence between the return period and a small range of fitted
distribution parameters. Based on this, a ’Cook­Mayne coefficient’ was defined, resulting in a standard
design value for peak loading. In the UK, this design value corresponds to the 0.78­fractile of the peak
loading coefficient data.

3.4.2. Davenport’s method
Davenport also developed a method to determine the reliability of wind loading. Davenport, also known
for his wind loading chain, uses this chain and states that all the individual elements have uncertainties.
The wind pressure can be determined as follows:

𝑝 = 𝑞 ⋅ 𝑐𝑒 ⋅ 𝑐𝑝 ⋅ 𝑐𝑔 (3.12)

With:

𝑝 = Wind pressure [𝑁/𝑚2]
𝑞 = Dynamic pressure [𝑁/𝑚2]
𝑐𝑒 = Terrain roughness correction factor [­]
𝑐𝑝 = Mean pressure coefficient [­]
𝑐𝑔 = Gust correction factor [­]

Davenport assumes that all elements contain uncertainties and also describes a model uncertainty fac­
tor 𝜇. This factor corrects for deviations between the specified and actual wind load. A first estimate
for this model uncertainty according to Davenport is approximately 𝑉𝜇 = 0.14.

In addition, Davenport assumes that all variables are stochastic, with a certain mean and coefficient of
variation (see figure 3.12). Assuming that the parameters are statistically independent, the mean wind
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load and variability can be determined with equations 3.13 and 3.14. These can also be described as
the ratio of the mean to specified value, see equation 3.15.

Figure 3.12: Stochastic parameters from Davenport’s wind loading chain [9]

𝑝 = 𝑞 ⋅ 𝑐𝑒 ⋅ 𝑐𝑝 ⋅ 𝑐𝑔 ⋅ 𝜇 (3.13)

(1 + 𝐶𝑂𝑉2𝑝 ) = (1 + 𝐶𝑂𝑉2𝑞 ) ⋅ (1 + 𝐶𝑂𝑉2𝑐𝑒) ⋅ (1 + 𝐶𝑂𝑉2𝑐𝑝) ⋅ (1 + 𝐶𝑂𝑉2𝑐𝑔) ⋅ (1 + 𝐶𝑂𝑉2𝜇 ) (3.14)

𝑝
(𝑝)𝑠

= 𝑞
(𝑞)𝑠

⋅ 𝑐𝑒
(𝑐𝑒)𝑠

⋅
𝑐𝑝
(𝑐𝑝)𝑠

⋅
𝑐𝑔
(𝑐𝑔)𝑠

⋅ 𝜇 (3.15)

Davenport also defined a full probabilistic method for determining the structural reliability of wind loaded
buildings, based on the second moment reliability theory with wind load uncertainty factors. This the­
ory firstly assumes that the stochastic variables in the limit state function are determined by a first and
second moment, or respectively mean value and standard deviation. Secondly, this theory is based
on the Central Limit Theorem; the combination (sum or product) of independent stochastic variables
will result in a normal or log­normal distribution, even if the underlying distributions are not normal or
log­normal.

Finally, Davenport uses the safety factor approach to deal with these uncertainties. How this method
works exactly is described in Davenport [9] and Meinen [25].

3.4.3. JCSS Probabilistic Model Code method on wind loads
In addition, the Joint Committee on Structural Safety (JCSS), which deals with structural risk and reli­
ability, also made a probabilistic model of the wind loads. This can be found in ’part 2: loads, chapter
13 wind’ [27]. Davenport’s wind loading chain is also in this method the fundamental basis. For the
wind forces per unit area on a structure two categories are distinguished. Like Davenport, the JCSS
assumes that all parameters affecting wind forces on structures contain uncertainties. For the mean
𝑤 and coefficient of variation 𝐶𝑂𝑉 of the wind forces the following equations can be applied. It is as­
sumed that the variables are uncorrelated. For these parameters, in general, a lognormal distribution
according to JCSS can be used. The mean­to­specified values and the coefficient of variation of these
parameters are given in table 3.5.

• Small rigid structures:
𝑤 = 𝑐𝑎 ⋅ 𝑐𝑔 ⋅ 𝑐𝑟 ⋅ 𝑄𝑟𝑒𝑓 = 𝑐𝑎 ⋅ 𝑐𝑒 ⋅ 𝑄𝑟𝑒𝑓 (3.16)

𝑤 = 𝑐𝑎 ⋅ 𝑐𝑒 ⋅ 𝑄𝑟𝑒𝑓 (3.17)

𝐶𝑂𝑉2𝑤 = 𝐶𝑂𝑉2𝑐𝑎 + 𝐶𝑂𝑉2𝑐𝑒 + 𝐶𝑂𝑉2𝑄𝑟𝑒𝑓 (3.18)
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• Large rigid structures and dynamically sensitive structures (natural frequency < 1 Hz):

𝑤 = 𝑐𝑑 ⋅ 𝑐𝑎 ⋅ 𝑐𝑔 ⋅ 𝑐𝑟 ⋅ 𝑄𝑟𝑒𝑓 = 𝑐𝑑 ⋅ 𝑐𝑎 ⋅ 𝑐𝑒 ⋅ 𝑄𝑟𝑒𝑓 (3.19)

𝑤 = 𝑐𝑑 ⋅ 𝑐𝑎 ⋅ 𝑐𝑒 ⋅ 𝑄𝑟𝑒𝑓 (3.20)

𝐶𝑂𝑉2𝑤 = 𝐶𝑂𝑉2𝑐𝑑 + 𝐶𝑂𝑉2𝑐𝑎 + 𝐶𝑂𝑉2𝑐𝑒 + 𝐶𝑂𝑉2𝑄𝑟𝑒𝑓 (3.21)

With:

𝑄𝑟𝑒𝑓 = Reference (mean) velocity pressure [𝑁/𝑚2]
𝑐𝑎 = Aerodynamic shape factor [­]
𝑐𝑔 = Gust factor [­]
𝑐𝑟 = Roughness factor [­]
𝑐𝑑 = Dynamic factor [­]
𝑐𝑒 = Exposure factor (𝑐𝑔 ⋅ 𝑐𝑟) [­]

Variable Mean
Specified

𝐶𝑂𝑉

𝑄𝑟𝑒𝑓 0.8 0.2 ­ 0.3

𝑐𝑟 0.8 0.1 ­ 0.2

𝑐𝑎 (pressure coefficients) 1.0 0.1 ­ 0.3

𝑐𝑎 (force coefficients) 1.0 0.1 ­ 0.15

𝑐𝑔 1.0 0.1 ­ 0.15

𝑐𝑑 1.0 0.1 ­ 0.2

Table 3.5: Random variables occuring in the assessment of the wind loading [27]

3.4.4. Recent assessment methods
Meinen’s research [25] has attempted to extend the method of both Cook and Davenport in the form of
a full probabilistic assessment procedure of façade elements loaded by wind. Here the wind direction
dependent component is also included in the analysis. In this full probabilistic assessment both the load
and the resistance part are included in the reliability analysis. However, the resistance part is included
in a simplistic form. The scheme for this assessment procedure is shown in appendix Assessment
Procedure: la Gasse and Meinen. The wind load model is formulated in equation 3.22.

In la Gasse’s research [23], a complete probabilistic assessment procedure is developed in which
dynamically sensitive buildings are addressed. All uncertainties regarding the wind climate, dynamic
response, global pressure effects and resistance are included. The results of the case study show that
the uncertainties in the wind speed have the largest influence on the derived reliability levels.

𝑆(𝑧, 𝜃𝑖) =
1
2 ⋅ 𝜌𝑎𝑖𝑟 ⋅ 𝑣1ℎ𝑟,𝑁(𝜃𝑖)

2 ⋅ 𝑆𝑣(𝜃𝑖)2 ⋅ 𝑐𝑟(𝑧, 𝜃𝑖)2 ⋅ 𝑐̂𝑝𝑒,1ℎ𝑟(𝜃𝑖) ⋅ 𝐴𝑟𝑒𝑓 ⋅ 𝜒𝑚𝑜𝑑𝑒𝑙 (3.22)

With:
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𝑆(𝑧, 𝜃𝑖) = Direction dependent N­yearly extreme wind loads
𝜃𝑖 = Incident wind direction [­]
𝑣1ℎ𝑟,𝑁(𝜃𝑖) = Direction dependent N­yearly extreme hourly­mean wind speed at height

𝑧𝑟𝑒𝑓 = 10 𝑚 [𝑚/𝑠]
𝑆𝑣 = Direction dependent factor considering sampling uncertainties of basic wind

velocity modelling [­]
𝑐𝑟(𝜃𝑖) = Direction dependent roughness factor correcting for height 𝑧 [­]
𝑐̂𝑝𝑒,1ℎ𝑟(𝜃𝑖) = Direction dependent hourly extreme peak external pressure coefficient [­]
𝐴𝑟𝑒𝑓 = Reference area façade element [𝑚2]
𝜒𝑚𝑜𝑑𝑒𝑙 = Model uncertainty factor [­]

3.4.5. Discussion
The different methods described above clearly show the process of increasingly sophisticated models.
One model serves as input for the next with some additions here and there. This is all to describe the
reality and also to include the uncertainties in the wind loading as well as possible. Cook and Mayne
included both the uncertainties in the extreme wind speeds and the extreme pressure coefficients in a
probabilistic way. All other uncertainties that occur in the other parameters are not included. However,
Davenport noted that these uncertainties of all parameters are indeed important and should therefore
be included. However, he did not describe them in a probabilistic way. These uncertainties are sub­
sequently described ­ in an approximate manner ­ in the JCSS Probabilistic Model Code. More recent
research, such as that of Meinen and la Gasse [25] [23], has resulted in better probabilistic descrip­
tions of certain parameters and also a stochastic wind loading model. It is worth noting, however, that
the buildings in these studies were described in a relatively simple manner. This is in contrast to this
research, where the building ­ including all structural elements, supports, connections, etc. ­ is fully
modelled in a 3D finite element model. In this way, the construction is included in this research in a
more realistic and detailed way. Also the strength of the material and of the elements is included in a
more detailed way in the full probabilistic descriptions. Also other aspects related to the specific failure
mechanisms, like moment resistance and buckling resistance are included in the reliability assessment.





4
Probabilistic Modelling of Extremes

Describing the wind speeds and wind load effects in a stochastic load model requires the modelling
of extremes. Therefore, this chapter provides the necessary theory on the probabilistic modelling of
extreme values, which can then be used further in this research.

When it comes to the ultimate limit cases, we are often not so much interested in the averages of the
data or the events that occur regularly, but rather in the cases that only occur in a small number of
situations and lead to extreme values. These extreme values take place in the tail of the distribution
function, i.e the highest probability fractiles in the cumulative distribution function. Therefore, this chap­
ter focuses on the probabilistic modelling of extremes. How can we properly study and describe the
maxima or minima (depending on the type of variable we are interested in) of a certain effect? For
those cases we can use extreme value distributions.

4.1. Specification sample data
The sample data, which contains the measurements of a certain variable, is the input that serves in
the description of an extreme value distribution. In general, this data contains 𝑁 values, which can be
placed in ascending order according to their magnitude:

⃗⃗𝑋𝑁 = 𝑋(1), 𝑋(2), ..., 𝑋(𝑁) (4.1)

The sample data can be characterised using a number of parameters. The mean of the data can be
described by the sample mean 𝜇̂𝑋, the spread of a variable by the sample standard deviation 𝜎̂𝑋 or the
coefficient of variation 𝑉̂𝑋 and finally by the unbiased sample skewness 𝛼̂𝑋. See also the definitions for
these parameters in equations 4.2 to 4.5. The skewness of the data can be zero, positive or negative
(see also figure 4.1) and indicates the degree of asymmetry of the sample data.

𝜇̂𝑋 =
1
𝑁

𝑁

∑
𝑖=1
𝑋𝑖 (4.2)

𝜎̂𝑋 = √
1

𝑁 − 1

𝑁

∑
𝑖=1
(𝑋𝑖 − 𝜇̂𝑥)2 (4.3)

𝑉̂𝑋 =
𝜎̂𝑋
𝜇̂𝑋

(4.4)

𝛼̂𝑋 =
𝑁2

(𝑁 − 1)(𝑁 − 2) ⋅
1
𝑁𝜎̂3𝑋

𝑁

∑
𝑖=1
(𝑋𝑖 − 𝜇̂𝑥)3 (4.5)
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Figure 4.1: Skewness of a certain distribution; on the left a positive skew and on the right a negative skew

However, there are some requirements for using the data to describe an extreme value distribution. First
of all, the data must be identically distributed, i.e. the deviations caused by the presence of sampling
and observation errors must be reduced. The second requirement is that the data must be statistically
independent, which means that the measurements do not depend on or influence each other.

4.2. Theory on extreme values
There are various models that are used to fit the extremes, which model gives the best result and
what suitable parameters should be chosen, can be determined using extreme value theory. The
foundation of this theory is based on the fact that the data satisfies the above conditions; independent
and identically distributed sample data.

4.2.1. Univariate theorem
The univariate theorem is a convenient method that can be used if ⃗⃗𝑋𝑁 = 𝑋(1), 𝑋(2), ..., 𝑋(𝑁) are indepen­
dent and identically distributed random variables with a cumulative distribution function 𝐹.In that case,
the extreme values in a period of time 𝑇 can be derived from the extreme values that occur in a period
of time 𝑡. This is very useful when there is only a limited amount of data and this has to be scaled to
the 𝑇­extremes. The theory is formulated in the following equations:

𝑃(𝑋 ≤ 𝑋̂)𝑇 = 𝑃(𝑋 ≤ 𝑋̂)𝑇/𝑡𝑡 (4.6)

𝐹𝑇(𝑋) = 𝐹𝑡(𝑋)𝑇/𝑡 (4.7)

4.2.2. Generalised extreme value distribution
The extreme value distributions, both for maxima as well as minima, are classified in three categories:
type I (Gumbel), type II (Frèchet) and type III (reversedWeibull). The Fisher­Tippett­Gnedenko theorem
[14] [17] says that if the distribution of a normalised maximum converges, the limit distribution is part of
the generalised extreme value distribution and not of anything else. The cumulative distribution function
of the generalised extreme value distribution is formulated as follows:

𝐹𝑋(𝑋) = 𝑒𝑥𝑝(−(1 + 𝜉 (
𝑋 − 𝜇
𝜎 ))

−1/𝜉
) (4.8)

Three parameters are used in this model. 𝜉 ∈ ℝ is the shape parameter, which describes the behaviour
of the distribution in the tail; 𝜇 ∈ ℝ is the location parameter, which takes care of the translation of the
complete distribution and finally there is 𝜎 > 0 the scale parameter, which describes the statistical
dispersion of the distribution. Based on the shape parameter 𝜉, three types of distributions ­ as also
mentioned above ­ can be distinguished. The three types can also be seen in both the normal domain
and the Gumbel domain in Figure 4.2.

• Type I: Gumbel distribution, in the case that 𝜉 = 0. The general formula from equation 4.8 can
be replaced by the following definition, if 𝜉 ⟶ 0 in the limit:

𝐹𝑋(𝑋) = 𝑒𝑥𝑝 (−𝑒𝑥𝑝 (−
𝑋 − 𝜇
𝜎 )) (4.9)

The possible range of the values of 𝑋 ∈ (−∞,∞).
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• Type II: Frèchet distribution, in the case that 𝜉 > 0. In this case, there is a minimum value of the
probability density function that 𝑋 can adopt: 𝑋 > 𝜇 − 𝜎

𝜉

• Type III: Reversed Weibull distribution, in the case that 𝜉 < 0. In this case, there is a maximum
value of the probability density function that 𝑋 can adopt: 𝑋 < 𝜇 + 𝜎

−𝜉

Figure 4.2: The three different distributions; type I (Gumbel), type II (Frèchet) and type III (Reversed Weibull) in both the PDF in
normal domain (left) and CDF in the Gumbel domain (right) [25]

4.2.3. Methods for estimating high probability quantiles
Two different methods can be distinguished in the literature for determining which values should be
chosen from the sample data, so that the high probability quantiles can be described properly. These
two methods, the Block Method and the Peak over Threshold Method, are explained in more detail
below and they are also compared in order to make a good decision about which method to use in this
study.

Block method
In the Block Method, time is divided into blocks of a duration of time 𝑡 (see figure 4.3). For each of
these blocks of time, the maximum (or minimum) value will be used, then with these values one of the
three extreme value distributions will be fitted to this data. Finally, using the univariate theorem, the
extreme values for a longer reference period can be calculated.

Figure 4.3: Block method [25]

One of the difficulties in applying the Block Method is choosing the correct block duration 𝑡. The number
of extreme values that can be extracted from a data sample in the total time is: 𝑁 = 𝑇𝑡𝑜𝑡

𝑡 . Since for
applying the various theories in this field the data must be statistically independent, the block duration 𝑡
must be such that it results in statistically independent extremes. However, if the block duration 𝑡 is too
large, this will result in a smaller number of𝑁 extremes, which only increases the sampling uncertainties
on this small amount of data. Applying time laps is also a way of preserving statistical independence.
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Peak over threshold method
The second method, the Peak over threshold method, assumes a certain threshold 𝑈 (see figure 4.4).
All values over the entire time period that are above this threshold 𝑈 (or below in case of a minimum)
are included in the follow­up analyses for determining the extreme value distribution.

Figure 4.4: Peak over threshold method [25]

The difficulty in this method lies in the correct choice of threshold 𝑈 ; if a too high value is chosen for
threshold𝑈, it may happen that too few data points are left for the follow­up analyses. In that case, there
is a chance that sampling uncertainties occur due to the small amount of data. The Pickands­Balkema­
de Haan theory [3] [30] shows that for such a threshold 𝑈 that most of the underlying distributions, the
normalized cumulative excess distribution function 𝐹𝑈(𝑋) converges to the Generalized Pareto Distri­
bution (GPD).

𝐹𝑈(𝑋) ⟶ 𝐺𝑃𝐷(𝑋|𝑈, 𝜎, 𝜉), as 𝑈 ⟶ ∞ (4.10)

In other words: a too low choice for the threshold value 𝑈, will result in a too large amount of data
points, which also do not all have a Poisson arrival rate and therefore do not converge to the GPD
asymptote. In that case, an incorrect distribution may be taken as the true distribution.

Since all values above a certain threshold𝑈 are included, it can happen that data points that are close to
each other in time are selected, which means that the independency in the data cannot be guaranteed.
Therefore, the data that remains after applying the threshold value must always be checked for the
presence of dependency. If that is the case, they must first be de­clustered.

Comparison between methods and decision for this study
Meinen’s study [25] contains a detailed comparison between the two methods. The main points that
can be deduced from this are in table 4.1.

Regarding the selection of the extreme values, there is a chance that the relatively high values are not
included in the block method. This is not the case for the peak over threshold method. However, the
peak over threshold method is more complex to ensure that all extreme values are statistically inde­
pendent of each other. This is easier to achieve in the block method. Another important point concerns
the robustness, in other words, the consequences of certain decisions on the end result. The peak over
threshold method is quite sensitive to the choice of the threshold value 𝑈 and separation technique to
get statistical independent data. In this respect, the block method is more robust, although the choice
of the block duration can also influence the results, but a block duration is chosen that yields the most
extreme values and therefore the least sampling uncertainties. Based on all these observations, it is
decided to use the block method in this research.
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Block Method Peak over Threshold Method

Selected extreme
values

Possible loss of information; because
there is a possibility that the 2nd high­
est value in block 1 𝑋(1,2), which is also
statistically independent of the 1st high­
est value in block 1 𝑋(1,1), is higher than
the highest value in block 2 𝑋(2,1).

Gives better observation of the ex­
tremes, since all the 𝑘 (independent)
highest extremes 𝑋(1), ..., 𝑋(𝑘) are taken
into account.

Obtaining statis­
tical independent
sample data

Relatively easy to guarantee statistical
independency by selecting large block­
duration 𝑡 and use of time laps.

More effort­full to obtain statistical inde­
pendency, since the obtained extremes
might need to be de­clustered (way of
declustering often topic of concern).

Dealing with inho­
mogeneities

If sample data covers all underlying
mechanisms: can deal with inhomo­
geneities within blocks, if covered in a
representative way.
If sample data not covers all underlying
mechanisms: not able to detect and al­
low for inhomogeneities.

If sample data covers all underlying
mechanisms: mechanisms should be
modelled separately, accounting for
probability of each mechanism.
If sample data not covers all underly­
ing mechanisms: mechanisms should
be modelled separately, accounting for
probability of each mechanism.

Robustness (con­
sequence of
choices)

Consequences of for instance too short
block­duration 𝑡 not that significant.

The consequences of choices regard­
ing the threshold value 𝑈 and minimum
separation are significant, a too low
threshold value can even lead to a to­
tally wrong extreme value distribution.

Sampling uncer­
tainties

A too large block­duration 𝑡 leads to
fewer data points in the extreme value
distribution and thus to larger sampling
uncertainties.

A threshold value 𝑈 that is too high
leads to fewer data points in the ex­
treme value distribution and thus to
greater sampling uncertainties.

Table 4.1: Comparison between both methods; Block Method & Peak over Threshold Method [25]





5
Probabilistic Structural Resistance

Model

In a perfect world, models and reality would be one to one related to each other, however, this utopic
world does not exist. It is therefore necessary to understand the differences between theory, corre­
sponding models and real­life. Probabilistic models are formulated in order to coop with these uncer­
tainties. In addition, the material also contains an intrinsic uncertainty that affects its modelling. The
manufacture of the material plays a major role in this. This chapter deals with the uncertainties of
the resistance ­ material ­ side of the structure. Specifying these uncertainties and setting up a prob­
abilistic structural resistance model is required to determine, in combination with a probabilistic load
effect model, the reliability of the structure in a full probabilistic way. In the first part of this chapter
Material properties steel, probabilistic models for the steel material properties are described. Followed
by probabilistic models regarding dimension, initial imperfections of elements and model uncertainties
in respectively section Dimensional properties, Initial imperfections element and Model uncertainties.
Most of the information in this chapter is based on the JCSS (Joint Committee on Structural Safety)
Probabilistic Model Code Part 3: Material Properties document [28]. Finally, existing research related
to reliability analysis of steel buildings is discussed in section Existing research on reliability analysis
steel buildings. This knowledge can then be used for the current research.

5.1. Material properties steel
The material properties of structural elements, such as steel, are based on a mathematical model and
random variables. These models and variables are determined from experience and (standardised)
tests. The material properties which are of consideration in the probabilistic model are; yield strength
𝑓𝑦, ultimate tensile strength 𝑓𝑢, modulus of elasticity 𝐸, Poisson’s ratio 𝑣 and ultimate strain 𝜖𝑢. A prob­
abilistic model is based on standard mill tests or values given in material specifications.

The random variables (𝑓𝑦,𝑓𝑢,𝐸,𝑣,𝜖𝑢) can be specified with a specific mean value 𝜇𝑋 and standard de­
viation 𝜎𝑋 (see table 5.1). The correlations between the variables are mentioned in table 5.2. These
values hold for static loading and for steel grades and quality given in EN 1990 [15] with yield strength
𝑓𝑦 up to 380 MPa. The variation in yield strength is mainly caused by the chemical composition and
rolling conditions.

1𝛼 = 1.05 for webs of hot rolled sections and 𝛼 = 1.0 otherwise. 𝑢 is a factor related to the fractile of the distribution used in
describing the distance between the code specified or nominal value and the mean value. 𝑢 (for steel produced according to
EN standards) in range of −1.5 to −2.0. For constant 𝐶 a value of 20 MPa is recommended.

2𝑘𝑠 in interval between 2 to 2.5 depending on execution control (2 for mills which do not regularly control the quality and 2.5 for
efficient quality control) [5]

3Value of 𝜅 between 1.1 and 1.5 depending on type of steel (quenched and tempered steel: 𝜅 = 1.1, low alloy steel: 𝜅 = 1.4,
structural carbon steel: 𝜅 = 1.5)
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Variable Distribution type Mean 𝜇𝑋 Standard deviation 𝜎𝑋
𝑓𝑦 (version 1) Log­normal 𝑓𝑦,𝑘 ⋅ 𝛼 ⋅ 𝑒𝑥𝑝(−𝑢 ⋅ 𝑣) − 𝐶 1 0.07 𝜇𝑋
𝑓𝑦 (version 2) Log­normal 𝑓𝑦,𝑘 + 𝑘𝑠 ⋅ 𝜎 2 0.08 𝜇𝑋

𝑓𝑢 Log­normal 𝜅𝜇𝑓𝑦 3 0.05 𝜇𝑋
𝐸 Log­normal 𝐸𝑘 0.03 𝜇𝑋
𝑣 Log­normal 𝑣𝑘 0.03 𝜇𝑋
𝜖𝑢 Log­normal 𝜖𝑢,𝑘 0.06 𝜇𝑋

Table 5.1: Mean and standard deviation material properties structural steel (rolled sections) [5][28]

𝑓𝑦 𝑓𝑢 𝐸 𝑣 𝜖𝑢
𝑓𝑦 1 0.75 0 0 ­0.45

𝑓𝑢 1 0 0 ­0.60

𝐸 1 0 0

𝑣 1 0

𝜖𝑢 1

Table 5.2: Correlation matrix material properties structural steel (rolled sections) [28]

5.2. Dimensional properties
In table 5.3 the distribution type, mean value and standard deviation regarding the dimensional prop­
erties for IPE profiles, L­sections and rods is shown. For a general structure it can be assumed that
most of the profiles are produced at one specific company, therefore the production process is quite
similar for most of the beams and columns of the structure. Based on that knowledge a positive corre­
lation between the material properties and also the dimensional properties between the steel profiles
is assumed. A correlation value of 𝜌 = 1.0 is conservative and safe to use [5].

Variable Distribution type Mean 𝜇𝑋 Standard deviation 𝜎𝑋
A, W, I (IPE profiles) Normal 0.99𝑋𝑛𝑜𝑚 0.01 − 0.04𝜇𝑋

A, W, I (L­sections, rods) Normal 1.02𝑋𝑛𝑜𝑚 0.01 − 0.02𝜇𝑋

Table 5.3: Mean and standard deviation dimensional properties [5]

5.3. Initial imperfections element
In theory ­ elements and specific columns ­ are assumed to be perfectly vertical, completely straight
and without any initial sway. However, this is not the case in reality. In reality three types of initial
imperfections can be identified; average eccentricity 𝑒, initial curvature 𝑓 and out of plumbness 𝜙 (see
figure 5.1). These initial imperfections lead to differences in the theoretical and actual resistance ca­
pacity of the element.

The stochastic parameters for these initial imperfections are in table 5.4. It is assumed that these initial
imperfections are independent variables. The dependency between several columns in one structure
is modelled in the following way according to the JCSS document [28]. The average eccentricity 𝑒 and
initial curvature 𝑓 of the columns are considered being uncorrelated in the structure, however, for the
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Figure 5.1: Three types of initial imperfections 𝑒, 𝑓 and 𝜙

out of plumbness 𝜙 it is recommended to use a correlation of 𝜌(𝜙𝑖 , 𝜙𝑗) = 0.5 for two columns on the
same floor and 𝜌(𝜙𝑖 , 𝜙𝑗) = 0 for two columns on different floors.

5.3.1. Sensitivity analysis of the initial imperfections on a steel element
Elishakoff et al. [11] came to the conclusion that the deviation in the initial deflection have significant
effects on the probability distribution of the buckling load and also on the reliability of the column [11].
The study, in which a finite column on a non­linear elastic foundation was examined for the normative
buckling load, showed that the buckling load is sensitive to the initial deflections. It is therefore very
important to include this aspect in this study, as it has a contribution to the ultimate failure probability
of a certain element. There are several ways to include this aspect in the reliability analysis, one is to
include it in a general model uncertainty, another is to include it directly in the model.

Variable Distribution type Mean 𝜇𝑋 Standard deviation 𝜎𝑋
𝑒 Normal 0 𝐿/1000
𝑓 Normal 0 𝐿/1000
𝜙 Normal 0 0.0015 𝑟𝑎𝑑

Table 5.4: Mean and standard deviation initial imperfections element [28]

In the study by Kala [20], the sensitivity and statistical characteristics of the load­carrying capacity of
a steel portal frame were examined. The two extreme boundary cases are modelled in Frame 1 and
Frame 2 (see Figure 5.2). It also looked at how the elements influence each other and how this directly
affects the load­carrying capacity. In addition, the initial imperfections ­ think of material properties
imperfections, dimensional properties, but also of eccentricities of the element such as initial curvature
or bow imperfection 𝑓 (noted in the study with a 𝛿1 and 𝛿2, see figure 5.3) and the out of plumbness 𝜙
(noted in the study with a 𝜃1 and 𝜃2, see figure 5.3) ­ have been investigated.

For the global sensitivity analysis of the two portal frames, the Sobol’ decomposition method was used.
This method shows the specific influence of various input parameters on the monitored output. In this
case, the imperfections are the input parameters in the form of stochastic variables and the measured
output is the load­carrying capacity.

The Sobol’ first­order and second­order sensitivity index are formulated in equations 5.1 and 5.2. 𝑆𝑖
indicates howmuch effect a certain input random variable 𝑋𝑖 has on the output. 𝑆𝑖𝑗 (𝑖 ≠ 𝑗) is the second­
order sensitivity index and indicates the effect of the interaction between a pair of input parameters (𝑋𝑖
and 𝑋𝑗). The great advantage of the Sobol’ method over the normal sensitivity analysis is that the
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Figure 5.2: Frame 1 on the left (rotation and translation fixed boundary conditions) and Frame 2 on the right (rotation free and
translation fixed boundary conditions) in study from Kala [20]

Figure 5.3: Initial sway and bow imperfections in study from Kala [20]

interaction between the different terms in the higher powers is also included in the analysis.

𝑆𝑖 =
𝑉(𝐸(𝑌|𝑋𝑖))
𝑉(𝑌) (5.1)

𝑆𝑖𝑗 =
𝑉(𝐸(𝑌|𝑋𝑖 , 𝑋𝑗))

𝑉(𝑌) − 𝑆𝑖 − 𝑆𝑗 (5.2)

The results for the 2 different frames are shown in figure 5.4a and 5.4b. All included input parameters
and the corresponding Sobol’ sensitivity are plotted against the non­dimensional slenderness 𝜆. Both
figures show a similar behaviour. The imperfection out of plumbness correspond to variables 𝑆21 and
𝑆22 in the figures. These show a clear peak in the region of 𝜆 = 1.0, they have a great impact on
the load­carrying capacity of the structure. The other geometrical imperfection that was taken into
account, the initial curvature 𝛿, is in variables 𝑆7 and 𝑆20. It does not show a clear spike over the
whole range of 𝜆 and therefore only contributes to a small extent to the load­carrying capacity of the
structure. What is also noticeable is that for a small value of lambda, especially 𝑆6 and 𝑆19 ­ these
variables relate to the yield strength 𝑓𝑦 of the two columns ­ have a large contribution to the output of
the model. However, this influence diminishes again for a larger value of lambda. If such a large value
for the non­dimensional slenderness lambda is considered, it can be seen that it is mainly 𝑆5 and 𝑆18
that have a large contribution. These variables are related to the Young’s modulus 𝐸 of both columns.

5.4. Model uncertainties
The models described above are capable of predicting the behaviour of the structure at a reasonably
good level, but there will still be discrepancies between the mathematical models and experiments per­
formed in real life. Differences between the results from the mathematical formulations and reality may
be due to the lack of certain characteristics of the material, simplifications in the mathematical formu­
lations, overlooked interactions of certain elements, questionable boundary conditions, imperfections,
etc. Therefore model uncertainties are formulated to coop with these errors. These model uncertain­
ties are derived based on the differences between the observed values during experiments or on real
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(a) Sobol’s sensitivity indices of Frame 1 vs. non­dimensional slender­
ness 𝜆 [20]

(b) Sobol’s sensitivity indices of Frame 2 vs. non­dimensional slender­
ness 𝜆 [20]

Figure 5.4

structures and model values.

There are several categories for the model uncertainties; load effect uncertainties and resistance un­
certainties. The load effect uncertainties deal with for instance 3d­effects, inhomogenities, interactions,
boundary effects, simplification of connection behaviour, imperfections, etc. This will also depend on
the type of structure. The resistance uncertainties on the other hand, deal with for instance the visco­
elastic properties of the material, elastic­plastic model, yield condition, hardening and softening be­
haviour, thermal properties, etc.

The JCSS document [28] provides recommended probabilistic models for the model uncertainties. The
models regarding the load effect uncertainties are in table 5.5 and for the resistance uncertainties are in
table 5.6. In annex Resistance Model Uncertainties a complete overview of all the model uncertainties
regarding the resistance of steel structures is shown. These models are based on the background
documentation of Eurocode 3.

Load effect Distribution type Mean 𝜇𝑋 Standard deviation 𝜎𝑋
Moments in frames Log­normal 1.0 0.10𝜇𝑋
Axial forces in frames Log­normal 1.0 0.05𝜇𝑋
Shear forces in frames Log­normal 1.0 0.10𝜇𝑋
Moments in plates Log­normal 1.0 0.20𝜇𝑋
Forces in plates Log­normal 1.0 0.10𝜇𝑋

Stresses in 2D solids normal 0.0 0.05𝜇𝑋
Stresses in 3D solids normal 0.0 0.05𝜇𝑋

Table 5.5: Load effect model uncertainties [28]

4Including effects due to normal and shear forces
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Model type Distribution type Mean 𝜇𝑋 Standard deviation 𝜎𝑋
Bending moment capacity 4 Log­normal 1.0 0.05𝜇𝑋

Shear capacity Log­normal 1.0 0.05𝜇𝑋
Welded connection capacity Log­normal 1.15 0.15𝜇𝑋
Bolted connection capacity Log­normal 1.25 0.15𝜇𝑋

Table 5.6: Resistance model uncertainties [28]

5.5. Existing research on reliability analysis steel buildings
Several studies have been conducted on the reliability analysis of steel buildings. These studies and
the methodologies used in them can serve as a useful basis for this research. One of those researches
that deals extensively with a complete reliability analysis of steel buildings is ’Probabilistic quantification
of safety of a steel structure highlighting the potential of steel versus other materials’ (in this research
abbreviated to ’Proqua’) [5].

5.5.1. ’Proqua’ strategy: example steel office building
First, a steel office building is designed based on the Eurocode standards (deterministic design). This
building is further used for the reliability analysis. The results of this analysis tell us something about
the reliability of the building by using the Eurocode standards. Next the building is (probabilistic) re­
designed and optimized for a reliability index 𝛽 = 3.8.

The design of the building is shown in figure 5.5. A probabilistic analysis is performed for the steel
beams and columns at the ground level. The columns at ground level are chosen because here the
axial forces are the largest due to the weight of the structure above. Based on the corresponding resis­
tance functions of the various elements, the limit state functions are derived. The statistical parameters
used in the FORM analysis are shown in figure 5.7.

Figure 5.5: Steel office building example; general geometry and steel grades of the steel frame [5]

For beams the plastic bending resistance is calculated as follows:

𝑀𝑝𝑙,𝑦 = 𝑓𝑦 ⋅ 𝑊𝑝𝑙,𝑦 (5.3)

Buckling about the strong axis, with dimensionless slenderness 𝜆 and factor 𝛼 = 0.34 for buckling curve
a, gives the reduction factor 𝜒:

𝜒 = 1

𝜃 + √𝜃2 − 𝜆
2

(5.4)
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Figure 5.6: Conventional models of basic variables for time invariant reliability analyses [5]

𝜃 = 0.5 ⋅ (1 + 𝛼 (𝜆 − 0.2) + 𝜆
2
) (5.5)

𝑁𝐸
𝜒𝑁𝑝𝑙,𝑅

+
𝑘𝑦𝑀𝐸
𝑀𝑝𝑙,𝑅

≤ 1.0 (5.6)

For the 𝑘𝑦 factor, a conservative value of 𝑘𝑦 = 1.5 is chosen.

Figure 5.6 shows the conventional models for the basic variables used for the analyses. On the basis
of a lot of literature research, models with corresponding parameters have been established for the
various basic variables (on the strength side as well as on the load side).
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Figure 5.7: Statistical parameters (steel office building) for the FORM­calculation [5]

Steel beam inner frame
For the internal beams, the plastic calculation can be formulated as follows:

𝛿𝐴 = 𝑊𝑝𝑙,𝑦 ⋅ 𝑓𝑦 ⋅ 4 ⋅ 𝜃 − 𝑝 ⋅ 𝐵 ⋅
1
4 ⋅ 𝑙

2 ⋅ 𝜃 = 0 (5.7)

This equation is based on the fact that plastic hinges occur in the beam (see figure 5.8). Then, using
virtual work, moments times a rotation and forces times a displacement are applied. The rotation 𝜃
can then be divided out of the equation. In this equation, 𝑝 is a general uniformly distributed load, 𝐵
is the frame spacing and 𝑙 is the beam length. If for 𝑝 the relevant loads are introduced and also the
uncertainties (𝑢𝑛𝑐) are taken into account, the following equation arises:

𝛿𝐴 = 𝑊𝑝𝑙,𝑦 ⋅ 𝑓𝑦 ⋅ 𝑢𝑛𝑐𝑏 − (𝑄𝑖 ⋅ 𝑢𝑛𝑐𝑖 + 𝑄1 ⋅ 𝑢𝑛𝑐1 + 𝐺) ⋅ 𝐵 ⋅
1
16 ⋅ 𝑙

2 = 0 (5.8)

Figure 5.8: Plastic calculation of the inner steel beam [5]

Using this equation, an iterative FORM calculation is performed, in which the inputs (different profiles)
are tested on their reliability. The goal is to find the profile which results in a reliability just above the
target reliability of 𝛽 = 3.8. This is shown in figure 5.9.

Steel beam outer frame
For the steel beam in the outer frame, the same procedure applies as for the inner frame, but now the
beam is not rigidly connected on both sides, but there is a hinge on one side. The plastic calculation
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Figure 5.9: Identification of the profile which yields appr. 𝛽 = 3.8 for the beam of the inner frame [5]

is therefore also slightly different. Figure 5.10 shows that now only 3 𝜃’s are present. The equations
therefore look like this:

𝛿𝐴 = 𝑊𝑝𝑙,𝑦 ⋅ 𝑓𝑦 ⋅ 3 ⋅ 𝜃 − 𝑝 ⋅ 𝐵 ⋅
1
4 ⋅ 𝑙

2 ⋅ 𝜃 = 0 (5.9)

𝛿𝐴 = 𝑊𝑝𝑙,𝑦 ⋅ 𝑓𝑦 ⋅ 𝑢𝑛𝑐𝑏 − (𝑄𝑖 ⋅ 𝑢𝑛𝑐𝑖 + 𝑄1 ⋅ 𝑢𝑛𝑐1 + 𝐺) ⋅ 𝐵 ⋅
1
12 ⋅ 𝑙

2 = 0 (5.10)

Figure 5.10: Plastic calculation of the outer steel beam [5]

In the same way as for the inner frame beam, an iterative FORM can be done to determine the best
profile that just meets target reliability.

External steel columns
The external columns (on the outer boundary of the building) are loaded by normal forces such as own
weight, live load, furniture loads etc., but also by moments generated by the wind load. The occurring
normal force and moment in the column can be formulated as follows:

𝑁𝐸 =
𝑀𝑝𝑙,𝑅
𝑙 + (∑𝑄𝑖 ⋅ 𝑢𝑛𝑐𝑖 +∑𝑄1 ⋅ 𝑢𝑛𝑐1 +∑𝐺 + 𝑠 ⋅ 𝑢𝑛𝑐𝑠) ⋅ 𝑙2 ⋅ 𝐵 (5.11)

𝑀𝐸 = 0.076 ⋅ 𝑤 ⋅ 𝑢𝑛𝑐𝑤 ⋅ 𝐵 ⋅ 𝐻 (5.12)
This factor 0.076 accounts for the calculation of bending.

The 𝑀 −𝑁­interaction is formulated as follows:
𝑁𝐸
𝜒𝐴𝑓𝑦

+ 1.5𝑀𝐸𝑊𝑝𝑙𝑓𝑦
= 0 (5.13)

In the same way as for the beams, an iterative FORM can be done to determine the best profile that
just meets target reliability, see figure 5.11.
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Figure 5.11: Identification of the profile which yields appr. 𝛽 = 3.8 for the external column on ground level [5]

Internal steel columns
The internal columns are loaded symmetrically, i.e. only an axial force will occur in the column:

𝑁𝐸 =
𝑀𝑝𝑙,𝑅
𝑙 + (∑𝑄𝑖 ⋅ 𝑢𝑛𝑐𝑖 +∑𝑄1 ⋅ 𝑢𝑛𝑐1 +∑𝐺 + 𝑠 ⋅ 𝑢𝑛𝑐𝑠) ⋅ 𝑙2 ⋅ 𝐵 (5.14)

In the same way as for the external columns, an iterative FORM can be done to determine the best
profile that just meets target reliability, see figure 5.12.

Figure 5.12: Identification of the profile which yields appr. 𝛽 = 3.8 for the internal column on ground level [5]

5.5.2. Discussion on existing research
This ’proqua’ study gives a clear impression of how a reliability assessment on for example a steel
building can be performed. Therefore this study is also used as a basis for the current study. However
there are improvements compared to this ’proqua’ research. Especially in the field of wind load, the
effects of the wind load are examined in a much more precise way in this study. The ’proqua’ research
assumes a relatively simple description for the wind pressures and the effects of the wind on certain
elements is determined in a simple manner. Whereas this research, through a full coupling between
both wind speed models, wind tunnel measurements, finite element model of the building, the exact
effects of the wind in certain element is determined and so called wind load coefficients are defined.
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6
Methodology of this study

This chapter explains the methodology of this research and describes recent research on which this
research builds and in which way this research incorporates new aspects. Also the stochastic wind
load model, which is used in this research, is discussed in this chapter. Finally, a method overview of
the reliability assessment procedure is given.

6.1. Method overview of recent and current study
The method used in the previous studies by Meinen [25] and la Gasse [23] to which this study precedes
is shown in Annex Assessment Procedure: la Gasse and Meinen. In Meinen’s [25] research, a full­
probabilistic reliability assessment procedure is made for wind­loaded facade elements, which can be
used on a local scale and for static response. Also the specific orientation of the building in relation to
the incoming wind is taken into account. Next, in the research of la Gasse [23] a full­probabilistic reliabil­
ity assessment procedure is made for the global response of the main bearing structure of dynamiccaly
sensitive buildings subjected to wind loading. Hereby the alongwind response in the foundation of a
slender high­rise building with a concrete core main bearing structure is examined.

In this study, a full­probabilistic reliability assessment procedure is developed that can determine the
reliability of various steel elements in the steel main load­bearing structure of a wind­loaded building.
Full probabilistic models are made for both the strength side and the load side. The probabilistic mod­
elling of the wind load on the building, including all related uncertainties, is also considered extensively.
The probabilistic resistance model contains both stochastic models related to the strength of the ma­
terial, but also models related to the strength of the element itself and the specific failure mechanisms
involved. Another big step forward is that the modelling of the building is much more detailed and re­
alistic than in most current studies. This makes it possible to specifically investigate the effects of the
wind in each element through a combination of wind speed models, wind tunnel measurements and
a finite element model. More explanation of this newly developed method and how to link the various
components can be found in Annex Explanation on Coupling SCIA FEM with Python using SCIA Ope­
nAPI.

6.2. Stochastic wind load model
In this study, a wind load model is used, in which almost all parameters are described in a stochastic
way. In other words, all uncertainties associated with describing wind forces are included in this model.
In this way, an attempt is made to approach reality as closely as possible, and to model this complex
phenomenon, ’wind’, in the best possible way. To include the effects of wind on the building in specific
elements in the reliability assessment, this wind loading effect model is formulated. A distinction is
made between effects in the domain of moment, normal force and shear force. The basis of this wind
loading effect model is the Davenport’s wind loading chain and also the model as used in the Eurocode.
The wind loading chain presented here is in accordance with the recent investigations by Meinen [25]
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and la Gasse [23]. All aspects and associated uncertainties affecting wind loading are included.

Moment⟶ 𝐸𝑤𝑖𝑛𝑑,𝑀 =
1
2 ⋅ 𝜌𝑎𝑖𝑟 ⋅ 𝑣

2
𝑝𝑜𝑡 ⋅ 𝑆2𝑣 ⋅ 𝑐𝑟(ℎ𝑟𝑒𝑓)2 ⋅ 𝑐̂𝑀 ⋅ 𝑆𝐶̂𝑀 ⋅ 𝐴𝑟𝑒𝑓 ⋅ ℎ ⋅ 𝜒𝑚𝑜𝑑𝑒𝑙 (6.1)

Normal force⟶ 𝐸𝑤𝑖𝑛𝑑,𝑁 =
1
2 ⋅ 𝜌𝑎𝑖𝑟 ⋅ 𝑣

2
𝑝𝑜𝑡 ⋅ 𝑆2𝑣 ⋅ 𝑐𝑟(ℎ𝑟𝑒𝑓)2 ⋅ 𝑐̂𝑁 ⋅ 𝑆𝐶̂𝑁 ⋅ 𝐴𝑟𝑒𝑓 ⋅ 𝜒𝑚𝑜𝑑𝑒𝑙 (6.2)

Shear force⟶ 𝐸𝑤𝑖𝑛𝑑,𝑉 =
1
2 ⋅ 𝜌𝑎𝑖𝑟 ⋅ 𝑣

2
𝑝𝑜𝑡 ⋅ 𝑆2𝑣 ⋅ 𝑐𝑟(ℎ𝑟𝑒𝑓)2 ⋅ 𝑐̂𝑉 ⋅ 𝑆𝐶̂𝑉 ⋅ 𝐴𝑟𝑒𝑓 ⋅ 𝜒𝑚𝑜𝑑𝑒𝑙 (6.3)

With:

𝜌𝑎𝑖𝑟 = Air density [𝑘𝑔/𝑚3]
𝑣𝑝𝑜𝑡 = Basic wind velocity: 𝑡 minute mean wind speeds at 𝑧 = 10 m and

for terrain roughness 𝑧0,𝑟𝑒𝑓 m [𝑚/𝑠]
𝑆𝑣 = Sampling uncertainties of basic wind velocity model [­]
𝑐𝑟(ℎ𝑟𝑒𝑓) = Terrain roughness factor at the reference height of the structure

ℎ𝑟𝑒𝑓 correcting for 𝑧0,𝑟𝑒𝑓 m [­]
𝑐̂𝑋 = Peak load effect coefficient (1­hour extremes) [­]
𝑆𝐶̂𝑋 = Sampling uncertainties of load effect model [­]
𝐴𝑟𝑒𝑓 = Area of the facade of the building [𝑚2]
ℎ = Height of the building [𝑚]
𝜒𝑚𝑜𝑑𝑒𝑙 = Model uncertainty factor [­]

See section Wind loading effect model in Chapter 9: Reliability Assessment Procedure for a more
detailed description of all parameters in this stochastic wind load model.

6.3. Method overview of the reliability assessment procedure
A method overview of the reliability assessment procedure in this study is given in figure 6.1. The dia­
gram shows in broad outline how the reliability of certain elements of the steel main bearing structure
in a wind­loaded building can ultimately be determined. Firstly, boundary layer wind tunnel measure­
ments of pressures on the façade of a scale model in a wind tunnel, carried out at TNO, are used in this
research. It is worth noting that the case study building, which is the focus of the reliability assessment
in this research, is related to the dimensions of this scale model in the wind tunnel. More explanation
about this can be found in Chapter 10: Case Study Description.

Next the diagram shows two different steps; (1) timeseries approach and (2) probabilistic wind pres­
sure model approach. In method (1) the wind pressures as determined in the wind tunnel research are
used directly, after which certain pre­processing steps are gone through, resulting in a series of wind
load configurations on the building that are sent to the FEM one by one. An alternative way (2) which
is investigated in this research, is to make a probabilistic wind pressure model based on the raw wind
tunnel data. Here the wind tunnel data is used to make stochastic models for all wind zones on the
building, including the correlation between the different zones. Next, this probabilistic wind pressure
model can be used to generate wind pressures on the building and these are then sent to the FEM.
More information about this probabilistic wind pressure model can be found in Chapter 7: Probabilistic
Wind Pressure Model.

In this research, a method is developed that in this case allows the wind tunnel data to be directly linked
to a finite element model, after which the results can be further processed. A total of 𝑘 number of wind
load configurations on the building are sent to FEM one by one. The link between the wind tunnel data
and the resulting wind pressures on the building in a Python module and the FEM of the building in
SCIA Engineer, is achieved by means of a link via SCIA OpenAPI. Next a linear calculation is executed
in SCIA Engineer. For all elements that are investigated further in the reliability assessment, the gov­
erning internal forces are determined and these are subsequently normalised. When all calculations
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are done, all normalised load effects 𝐶𝑀, 𝐶𝑁, 𝐶𝑉 are stored in a large database.

Next, it is necessary to determine probabilistic models of the extremes of these load effects. Therefore,
extreme value analysis (see Chapter 4: Probabilistic Modelling of Extremes) is applied to create these
models. The uncertainties associated with the modelling of these load effects are also quantified. The
entire process of determining these load effects and creating a probabilistic model of extremes of these
load effects can be found in Chapter 8: Technique for Obtaining Load Effects.

In addition, it is necessary to include all other parameters that influence reliability in the full­probabilistic
reliability assessment. Thus probabilistic models for 𝑣𝑝𝑜𝑡 and 𝑆𝑣, based on the research of la Gasse
[23], are included in the analyses. Furthermore, an extensive literature study is performed, in which
probabilistic models for the strength of the material and also of the element itself are formulated. In
this way, an attempt is made to include all possible uncertainties that influence the reliability in the
full­probabilistic reliability assessment.

Based on the deterministic Eurocode design of the case study building, the governing failure mecha­
nisms for the various elements are determined. Subsequently, the limit state functions 𝑍 = 𝑅 − 𝑆 are
defined. Finally, for each element, the limit state function including all probabilistic models are com­
bined in a reliability analysis ­ performed in a python module with the TNO ’Prob Toolbox’ ­ which results
in the reliability index 𝛽 and the sensitivity factors 𝛼.

Figure 6.1: Method overview of the reliability assessment procedure in this study





7
Probabilistic Wind Pressure Model

This chapter is dedicated to the development of a probabilistic wind pressure model. This model can
then be used to generate the wind pressures on the building in the FEM. For the development of this
model also the dependencies between the different wind zones have to be taken into account. In the
reliability analysis the two different methods are investigated; firstly the wind pressures are generated
directly as a time series based on the wind tunnel data and the second variant based on samples from
this wind pressure model. Then also the two different variants are compared. Why is this useful to
investigate? If it is possible to make a probabilistic wind pressure model ­ which can simulate the wind
pressures on the facades and top of the building ­ in such a way that it results in the same reliability
analysis results, this offers many advantages. To perform the reliability analysis one does not need
the whole big data set from the wind tunnel, but only a relatively simple model which simulates these
pressures. An additional advantage is that this relatively simple model can easily be implemented in
the reliability analysis itself. This can be particularly useful if a non­linear calculation is performed and
the reliability assessment is in the calculation itself. It is good to note that obtaining the wind tunnel
data is quite time consuming and costly. If with only a small amount of data a probabilistic model could
be made, this also has advantages in this aspect.

First, in section Observations from the wind tunnel data and literature, some observations based on
the wind tunnel data are discussed. In addition, some points described in the literature are discussed.
Subsequently, in section Formulation of the probabilistic wind pressure model the construction of the
probabilistic wind pressure model is addressed.

7.1. Observations from the wind tunnel data and literature
In the wind tunnel, a scale model of a building is exposed to wind. This model is on a scale of
𝜆𝑔 = 1 ∶ 250 and has the dimensions 0.48 𝑥 0.12 𝑚. For this research only the upper 8 meters (full
scale) of the building are of interest (a full explanation of why this is chosen can be found in Chapter 10:
Case Study Description). On this scale model there are pressure taps that measure the pressure at
that point on the building. It can be assumed that these pressures apply over a certain area around this
pressure tap, these areas are also called the tributary areas. For the facades of the case study build­
ing (side A ­ D) 28 different pressure taps and corresponding tributary areas, or wind pressure zones
can be defined on the case study building. Also 20 pressure taps on top of the building are taken
into account in this research. The names, locations and zones of the different pressure taps used in
this research ­ and also part of this probabilistic wind pressure model ­ are shown in figures 7.1 and 7.2.

The wind tunnel data used in this research contains 2,260,992 number of pressure measurements for
each pressure tap. This data can be used to create a probabilistic wind pressure model. This model
describes all characteristics of the different wind pressure zones and also takes into account the corre­
lations between the different wind zones. Subsequently, wind loads on the building can be generated
based on this model. In this way, the wind tunnel data will not be used directly as time series in the
analysis, but this probabilistic wind pressure model will serve as input for the analysis. The big advan­
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Figure 7.1: Pressure points from the wind tunnel test, the used pressure points for the case study building are highlighted in
blue

tage of this is that this relatively simple model can easily be implemented in other analyses, think for
example of a non­linear calculation where the model of the wind pressures is directly in the reliability
analysis. This is not possible in the case of a time series of pressures directly from the wind tunnel. The
only disadvantage of making a probabilistic wind pressure model is that it requires extra work compared
to the method with the time series of pressures directly from the wind tunnel test.

Based on this data, a certain stochastic distribution with corresponding parameters can be defined for
each of these wind pressure zones. In addition, the correlation between the different zones must also
be taken into account in the model. A probability density function can be created for each wind zone,
see figures 7.3 to 7.8. In order to approach reality as closely as possible and get the best results, the
basis of the probabilistic model must be right; that is, the choice of the type of distribution.

Several studies [22][31][32][35] have addressed the modelling of wind pressures on a building. They
have also looked at the stochastic characteristics for describing these wind pressures. It can be con­
cluded that there can be two types of wind pressure regions on a building; namely a Gaussian (Nor­
mal) wind pressure effect and a non­Gaussian effect. The regions characterised by a Gaussian wind
pressure effect are mainly flat surfaces, or surfaces where the fluctuations play a lesser role. This in
comparison to the other regions; the non­Gaussian, these are mainly in areas where fluctuations or
separated and reattached flows occur. These non­Gaussian wind pressure effects can be modelled
as stochasts with a log­normal or Weibull distribution. Figure 7.3, for example, shows that the tail is
greater on the right than on the left. It is therefore relatively more frequent that higher values occur.
It is also not entirely surprising that the log­normal or Weibull distributions are used for modelling the
wind pressures on the building, since the wind speed distribution which forms the basis for the wind
pressures on the building is also often described by a Weibull distribution.

In order to be able to determine from the wind tunnel data whether a certain zone has a Gaussian or
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Figure 7.2: Tributary areas (including the number of the pressure tap) for the pressure taps of interest for the case study
building

non­Gaussian wind pressure effect, a few characteristics of the data can be examined more closely.
The research of Kumar and Stathopoulos [22] indicates that a stochastic wind pressure in which the ab­
solute value of the skewness (degree of asymmetry in the probability distribution function) and kurtosis
(indicates the extent to which the data is heavy­tailed or light­tailed with respect to a normal distribution)
are relatively lower than 0.5 and 3.5 can be seen as a Gaussian process. If the data does not meet
this requirement, it should be modelled with a non­Gaussian, such as log­normal or Weibull distribution.

All parameters such as mean, standard deviation, skewness and kurtosis of the wind zones used in this
study can be found in Annex Analysis Wind Pressures fromWind Tunnel Test ­ For Making Probabilistic
Wind Pressure Model. It also indicates which distribution should be used for the various zones. This
shows that almost all wind pressure zones are log­normally distributed. An explanation for this can be
found in figure 7.1 which shows the location of the various pressure taps in the wind tunnel test. Most
of the pressure points used in this research on the case study building (highlighted in blue) are located
close to the edges of the building. Therefore, these are not very stable zones and fluctuations play an
important role.
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Figure 7.3: Probability Density Functions (PDF) for the pressures in wind zone 1 to 7 (side A)

Figure 7.4: Probability Density Functions (PDF) for the pressures in wind zone 90 to 96 (side B)

Figure 7.5: Probability Density Functions (PDF) for the pressures in wind zone 39 to 45 (side C)

7.2. Formulation of the probabilistic wind pressure model
The different wind pressure zones across the facade cannot be considered as individual elements that
stand alone. There is a certain correlation between the different zones. In order to make the proba­
bilistic wind pressure model as accurate as possible, these dependencies must also be included in the
modelling.

Suppose that in wind zone 1 a relatively high wind pressure is measured, then it is very unlikely that
directly next to it in wind zone 2 a very low wind pressure is measured. The wind pressures on the
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Figure 7.6: Probability Density Functions (PDF) for the pressures in wind zone 128 to 134 (side D)

Figure 7.7: Probability Density Functions (PDF) for the pressures in wind zone 77 to 86 (Top, run 1)

Figure 7.8: Probability Density Functions (PDF) for the pressures in wind zone 166 to 175 (Top, run 2)

facade smoothly flow into each other. As the distance between two wind zones increases, the depen­
dence, or correlation, becomes smaller. This phenomenon of correlations is investigated on the basis
of the entire data set. Wind zones that are directly next to each other have a high correlation and zones
that are further apart have a smaller correlation. The correlation between two variables 𝑋 and 𝑌 can
be calculated as follows:

𝜌𝑋,𝑌 = 𝑐𝑜𝑟𝑟(𝑋, 𝑌) =
𝑐𝑜𝑣(𝑋, 𝑌)
𝜎𝑋 ⋅ 𝜎𝑌

= 𝐸[(𝑋 − 𝜇𝑋)(𝑌 − 𝜇𝑌)]
𝜎𝑋 ⋅ 𝜎𝑌

(−1.0 ≤ 𝜌𝑋,𝑌 ≤ 1.0) (7.1)

On the basis of the investigation of the data and the types of distributions involved (see also Annex
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Analysis Wind Pressures from Wind Tunnel Test ­ For Making Probabilistic Wind Pressure Model), a
probabilistic wind pressure model can be created. Almost all zones can be modelled with a lognormal
distribution, only one zone (zone 7) can be classified as a normal distribution. To create the model, a
few transformations are performed on the data. Firstly, the lognormal distributions can be transformed
into normal distributions1:

𝑋 ∼ log­normal(⋅) ⟶ 𝑒𝑋 ∼ normal(⋅) (7.2)

The great advantage of transforming to all normal distributions is that now a multivariate normal distri­
bution can be used. The multivariate normal distribution is the multidimensional version of the normal
one­dimensional distribution, and in this case one of the 48th order (48 zones in this model). Whereas
the normal distribution is defined by the mean and standard deviation, the multivariate normal distribu­
tion is defined by the mean and covariance matrix. This covariance matrix indicates how dependent
two variables are on each other. Therefore it is necessary to calculate the covariance matrix of the
wind pressure data. The covariance matrix of the pressures in the different zones is shown in figure
7.9.

This covariance matrix shows all possible covariances between all 48 zones. To make the picture as
clear as possible, the degree of covariance is indicated by colour coding. What is also remarkable here
is that a kind of chessboard can be seen, where zones are totally independent. This has purely to do
with the manner in which the wind tunnel data is obtained. Side A, C and Top (run 1) were measured
simultaneously, after which the scale model was rotated in the wind tunnel and the measurements for
side B, D and Top (run 2) were subsequently determined. This explains the uncorrected data between
the different zones.

The covariance is almost similar to the correlation and is calculated as follows:

𝜎𝑋,𝑌 = 𝑐𝑜𝑣(𝑋, 𝑌) = 𝐸[(𝑋 − 𝜇𝑋)(𝑌 − 𝜇𝑌)] (7.3)

Now, instead of the time series of pressures, this probabilistic wind pressure model can be used. From
this multivariate normal distribution, one sample can be executed each time. Also the dependencies
between the different zones are taken into account.

7.3. Remark on fully uncorrelated zones
As explained at the end of the previous section, a kind of chessboard pattern is clearly visible in the
covariance matrix (figure 7.9) of the wind tunnel data. As explained above, this is due to the way
the wind pressure measurements are determined in the wind tunnel. Pressure measurements are not
conducted simultaneously on all surfaces of the scale model in the wind tunnel, but this is done in 2
separate experiments in the wind tunnel. Later, however, all wind tunnel data are combined in one large
data file. By doing so, the correlation between all zones is not taken into account in this wind tunnel
research and this affects the analyses in this research. This affects both the timeseries approach and
the probabilistic wind pressure model approach.

It is very logical that when a relatively high wind pressure occurs at the front of the building (side A), the
pressures on the sides of the building (side B and D) will also be relatively high. As a result, the total
wind loads on the building will be higher than what is currently assumed in the case of uncorrelation
between side A and B­D for example. So it is very good to keep this observation in mind, because this
will eventually also influence the reliability assessment results. Since the wind tunnel data does not
contain all correlations, the wind load on the building is probably underestimated, which makes it very
likely that the reliability of the various elements will be on the higher side.

1However, this step was not performed for wind zone 7 as it is already normally distributed
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Figure 7.9: Covariance matrix of all wind pressure zones





8
Technique for Obtaining Load Effects

This chapter focuses on the determination of the load effects. These load effects indicate how the in­
ternal forces in each specific element of the case study building varies with a time series or probabilistic
model of the wind load. To determine these load effects, pressure measurements from the boundary
layer wind tunnel test are used. To be able to use these measurements in an adequate way on the case
study building, the first section Pre­processing measurements wind tunnel test shows how a number of
pre­processing steps must be performed. After these measurements are converted into representative
pressures, they are used in the FEM. Everything about the FEM can be found in section Finite Element
Model. Finally, in section Probabilistic modelling of extremes load effects, the probabilistic modelling
of extremes load effects is described.

8.1. Pre­processing measurements wind tunnel test
The raw wind tunnel data and its characteristics are provided in Wind tunnel data in Chapter 10: Case
Study Description. In the wind tunnel test, pressure measurements are performed on a certain scale
model building. This model has many pressure taps in which the pressures are measured. The area
over which such a pressure measurement is valid is called the tributary area and is a rectangular area
surrounding the pressure tap. The way the pressure of the pressure tap measurement is used for the
whole tributary area is by definition not very accurate, because the pressures over a certain distance
(even within the same tributary area) are not fully correlated. The correlation of pressures decreases
with increasing distance between two given points. Normally this discrepancy is solved by applying the
aerodynamic admittance, however in the case of wind tunnel data a moving average filter is frequently
used which filters the high frequency variations out of the data. These high frequency variations have
a low correlation over the tributary surface and are therefore filtered. Decay constants 𝐶𝑟 play a role in
the formulation of the aerodynamic admittance. What the value for this constant should be differs quite
a bit in the literature. To determine these decay constants it is necessary to check the root­coherence
of the pressure measurements against Davenport’s exponential decay function.

Both the aerodynamic admittance and the moving average filter are low­pass filters, where only incom­
ing signals below a certain limiting frequency are taken into account. In this way, the faster fluctuations
consisting of smaller gusts, which only have a minor influence on a large element, are filtered out of
the data. The moving average filter, as the name implies, filters over a certain time window and moves
it over the time series of wind tunnel data. Since this method should result in a similar behaviour as
would occur with the aerodynamic admittance method, the moving average filter must be implemented
correctly. In the research by la Gasse [23], a detailed description is given of how the moving average
filter yields the best results. The same method is used in this study with, in addition, the same con­
figuration for the moving average filter and the associated averaging constant value 𝐶𝑇 = 1.5. This
averaging time constant 𝐶𝑇 should be chosen such that the moving average filter corresponds to the
aerodynamic admittance. Since this value shows great similarities with the aerodynamic admittance in
the frequency range of interest [23], this value of 𝐶𝑇 = 1.5 is chosen.

61



62 8. Technique for Obtaining Load Effects

In addition, the necessary factors are introduced to correct the relationship between the scale model in
the wind tunnel and the actual building in full scale:

Geometric scale⟶ 𝜆𝑔 =
ℎ𝑤𝑡
ℎ𝑓𝑠

(8.1)

Wind speed scale⟶ 𝜆𝑣 =
𝑣𝑤𝑡
𝑣𝑓𝑠

(8.2)

Time scale⟶ 𝜆𝑡 =
1

𝜆𝑔 ⋅ 𝜆𝑣
(8.3)

Frequency scale⟶ 𝜆𝑓 =
1
𝜆𝑡

(8.4)

With:

ℎ𝑤𝑡 = Height wind tunnel model [𝑚]
ℎ𝑓𝑠 = Height full scale model [𝑚]
𝑣𝑤𝑡 = Resulting average wind speed at top building in wind tunnel [𝑚/𝑠]: 𝑣𝑤𝑡 =

√
𝜇𝑃𝑟𝑒𝑓
0.5⋅𝜌𝑎𝑖𝑟

𝜇𝑃𝑟𝑒𝑓 = Mean reference pressure [𝑁/𝑚2]
𝑣𝑓𝑠 = Mean wind speed at top building in full scale [𝑚/𝑠]: 𝑣𝑓𝑠 = 0.19 ⋅ 𝑧0

𝑧0,𝐼𝐼

0.07
⋅

𝑙𝑜𝑔(ℎ𝑓𝑠𝑧0 ) ⋅ 𝑣𝑝𝑜𝑡
𝑣𝑝𝑜𝑡 = Potential wind speed [𝑚/𝑠]

8.2. Finite Element Model
In order to determine the behaviour of the case study building and the associated paired distributions
of forces in the various elements, a FEM is used. All structural elements, connections, supports and
loads are included so that the model approaches the actual situation.

8.2.1. FEM Program
There are several FEM programs available, for this research however SCIA Engineer is used. This
program offers all facets necessary for this research and in addition SCIA Engineer can be linked with
various programming languages (such as Python, C#, VBA, etc.) by means of the SCIA OpenAPI
module1. In this way it is possible to adjust for instance model data or loads through a script and
perform linear calculations in SCIA Engineer for a large amount of iterations. Also all results such as
internal forces, stresses or displacements can be retrieved through the programming script. In this
study, the time series of wind pressures or the probabilistic wind pressure model are applied to a large
number of time steps, after which all relevant governing internal forces are stored in a database.

8.2.2. Details Case Study Building Model
The case study building, as calculated based on the Eurocode, is modelled in SCIA Engineer. This
model includes all structural elements, connections, supports and loads. In order to be able to place the
wind loads on the building’s facade, several load panels have been added to the model. Subsequently,
surface loads can be placed on these load panels. Figures and renders of the building in the FEM
and also the designation of the various elements which are of focus in the further reliability analysis,
are in Appendix Finite Element Model Case Study Building Figures ­ Designation of Various Elements.
Furthermore, all surfaces of the building (side A ­ D and top) are included in this study and all have
wind pressures acting on it.
1See also the documentation of the SCIA OpenAPI module: https://help.scia.net/api/19.1.0031/index.html (pay
close attention to the correct version). Also, examples for the use of this module for various programming languages can be
found at: https://github.com/scia­garage

https://help.scia.net/api/19.1.0031/index.html
https://github.com/scia-garage
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8.2.3. Load effects
By means of the analyses in the SCIA FEM, the construction is calculated for a large number of time
steps. Subsequently, for each element that is investigated further, the governing moments or forces
in that element are stored for that specific time step. In order to be able to use these load effects
for other cases as well, where, for example, the wind speed is different, the load effects must be
normalised. These load effects are also normalised in such a way that a dimensionless factor remains.
The advantage of making these load effects dimensionless is that they can then easily be used for
other cases as well.

Moment⟶ 𝐶𝑀 =
𝑀

1
2 ⋅ 𝜌𝑎𝑖𝑟 ⋅ 𝑣

2
𝑝𝑜𝑡 ⋅ 𝑐𝑟(ℎ𝑟𝑒𝑓)2 ⋅ 𝐴𝑟𝑒𝑓 ⋅ ℎ

(8.5)

Normal force⟶ 𝐶𝑁 =
𝑁

1
2 ⋅ 𝜌𝑎𝑖𝑟 ⋅ 𝑣

2
𝑝𝑜𝑡 ⋅ 𝑐𝑟(ℎ𝑟𝑒𝑓)2 ⋅ 𝐴𝑟𝑒𝑓

(8.6)

Shear force⟶ 𝐶𝑉 =
𝑉

1
2 ⋅ 𝜌𝑎𝑖𝑟 ⋅ 𝑣

2
𝑝𝑜𝑡 ⋅ 𝑐𝑟(ℎ𝑟𝑒𝑓)2 ⋅ 𝐴𝑟𝑒𝑓

(8.7)

With:

𝑀 = Moment in certain element [𝑁𝑚𝑚]
𝑁 = Normal force in certain element [𝑁]
𝑉 = Shear force in certain element [𝑁]
𝜌𝑎𝑖𝑟 = Air density [𝑘𝑔/𝑚3]
𝑣𝑝𝑜𝑡 = Basic wind velocity [𝑚/𝑠]
𝑐𝑟(ℎ𝑟𝑒𝑓) = Terrain roughness factor at the reference height of the structure

ℎ𝑟𝑒𝑓 correcting for 𝑧0,𝑟𝑒𝑓 m [­]
𝐴𝑟𝑒𝑓 = Reference area (in this study: area of the facade of the building

30 ⋅ 8 𝑚) [𝑚2]
ℎ = Height (in this study: height of the building 8 𝑚) [𝑚]

8.3. Probabilistic modelling of extremes load effects
After a large number of time steps are calculated, the normalised load effects can be plotted for a cer­
tain element and type of internal force. An example of this is shown in figure 8.1. It is evident that the
load effects have a certain spread and variation in time.

In addition, a distinction is made between positive and negative behaviour, in other words, the sign of
the load effect. It may happen that the wind load is such (for example, suction instead of pressure in
a certain area) that the governing internal force is no longer positive but negative. For this reason it is
decided to first make a distinction between positive and negative behaviour. Then, for example for the
data in figure 8.1, the extreme values can be determined. How this is done exactly is explained below.

To be able to further use the various load effects in the reliability analysis, the extreme values of these
data have to be modelled. In chapter 4: Probabilistic Modelling of Extremes the theory of modelling the
extreme value distribution can be read. The main principles mentioned there are also applicable here;
the data used for fitting an extreme value distribution should be independent and identically distributed.
To obtain extreme data points, the block method is used, in which the sample data is divided into parts
of blocks of duration 𝑡, in which each block extracts an extreme value. This is also visible in figure 8.2.

In order to have as many extreme values as feasible to fit the extreme value distribution, it is necessary
to collect asmuch load effects data as possible. A disadvantage of generating this data is that it requires
quite a lot of computing power and time per iteration. On average, it takes about 9 seconds per iteration,
which means that performing 𝑛 = 10, 000 iterations takes about 25 hours to compute. Therefore, a
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Figure 8.1: Raw load effect data, as example for 𝑀𝑧 beam 42: External beam level 2 (𝑛 = 80.000)

Figure 8.2: Raw load effect data including blocks (for clarity very large block duration 𝑡 = 9.26 minutes) in which maxima are
selected, as example for 𝑀𝑧 beam 42: External beam level 2 (𝑛 = 80.000)

trade­off has to be made between performing more iterations, which results in more usable data points
to fit the extreme value distribution (this does, however, take more time), but because of the larger
amount of data, the statistical and sampling uncertainties in the extreme value distribution of the load
effects decreases.

8.3.1. Block duration 𝑡
For the determination of a correct block duration 𝑡, various methods can be used such as the auto­
correlation method or the reversed univariate method. These methods are described below. First, an
initial estimate for the block duration 𝑡 will be given. This gives a first good impression of what the block
duration will approximately be.
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First estimate block duration 𝑡
It is useful to be able to give a first estimate for the block duration 𝑡 based on existing research. In the
research by Meinen [25], a block duration of 𝑡 = 10 𝑠 is chosen. This research concerns wind­loaded
facade elements of a relatively small scale. Another study by la Gasse [23], looking at a larger scale,
has a block duration 𝑡 = 20 𝑠. Since these values give a good idea of how large the block duration
should be in order to obtain independent data, a block duration of 𝑡 = 20𝑠 was chosen as a conservative
initial guess for this study. By choosing a larger block duration, the requirement for static independent
data can be met.

Autocorrelation method
The autocorrelation method, uses signal autocorrelation to determine the extent to which measure­
ments are dependent on each other [24]. This can then be used to choose an appropriate block dura­
tion 𝑡 that results in statistical independency. The autocorrelation function indicates the extent to which
the values of measurements depend on other values at another moment in time. The autocorrelation
function can be described as follows:

𝑅𝑥𝑥(𝜏) =
𝐸[(𝑥(𝑡) − 𝜇𝑥)(𝑥(𝑡 + 𝜏) − 𝜇𝑥)]

𝜎2𝑥
= 𝑅𝑥𝑥(−𝜏) (8.8)

Containing 𝑥(𝑡) and corresponding mean 𝜇𝑥, standard deviation 𝜎𝑥 and additionally the time lag 𝜏 =
𝑡1 − 𝑡2. Finally, it may be assumed that the values are independent for an autocorrelation smaller than
𝑅𝑥𝑥(𝑡) ≤ 0.2 [­]. This threshold value gives a good indication, but does not provide solid proof.

Figure 8.3 shows an example of an autocorrelation function. For every 10 consecutive minutes the
autocorrelation is determined and plotted, this yields 37 of autocorrelation functions. This 10­minute
time lag will ensure that the data is independent of each other. In this example a block duration 𝑡 = 10𝑠
is chosen. This choice of block duration will result in statistically independent extreme samples for
determining the extreme value distribution.

Figure 8.3: Autocorrelation example, other elements are in Annex Extra Figures ­ Description Load Effects

Reversed univariate method
Meinen [25] proposed a different method, namely the reversed univariate method. This is based on the
normal univariate theory, which says that if the 𝑡­extreme values are identically distributed, statistically
independent and it is the case that 𝑇 = 𝑁 ⋅ 𝑡, then in that situation the univariate theory holds. If
this reasoning is reversed; if the univariate theorem holds, then the 𝑡­extreme values are identically
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distributed and statistically independent. The application of this method is as follows (for example with
load effect 𝑐𝑀):

1. Look at a very long dataset and generate the ECDF of the T­extremes:

𝐹̂𝑇(𝑋) = 𝑃̂(𝑐𝑀 ≤ 𝑋)𝑇 (8.9)

2. Also generate the ECDF of the t­extremes:

𝐹̂𝑡(𝑋) = 𝑃̂(𝑐𝑀 ≤ 𝑋)𝑡 (8.10)

3. Shift the t­extremes ECDF to the T­extremes (univariate theorem):

𝐹̂𝑡(𝑋) ⟶ 𝐹̂𝑡(𝑋)𝑁 (8.11)

A disadvantage of using this method is that a lot of data is needed to use it properly. In the case of
this research it is therefore not suitable to use this method on the 𝑇­hourly extremes. Therefore, with
the relatively small amount of data available, it is decided to compare the 10­minute extremes with the
shifted 1­second, 10­second and 20­second extremes using the reversed univariate method.

Figure 8.4: Reversed univariate method example for 𝑁 beam 2; comparison between 10­minute extremes and the 1­second,
10­second and 20­second shifted extremes

In figures 8.4 and 8.5, the reversed univariate method is applied for 𝑁 beam 2 as an example. The
10­minute extremes are plotted in black and the 1­second, 10­second and 20­second shifted extremes
in green, blue and red, respectively. It can clearly be seen that the 1­second shifted extremes deviate
from the actual 10­minute extremes. Applying a block duration of 𝑡 = 1𝑠 is therefore not suitable, as this
results in dependent extremes. Both the 10­second and the 20­second shifted extremes show a better
behaviour. However, the difference between the 10­second and 20­second shifted extremes is so small
that there is no added value in making the block duration 𝑡 = 20𝑠. This results in fewer extreme values
that can be used in fitting the extreme value distribution, i.e. an increase in sampling uncertainties.
The best choice based on the reversed univariate method for this example would therefore be a block
duration of 𝑡 = 10 𝑠. However, it is necessary to determine the block duration for each load effect
separately and it may therefore happen that some load effects need a different block duration, in order
to get independent extremes.
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Figure 8.5: Tail behaviour reversed univariate method example for 𝑁 beam 2; comparison between 10­minute extremes and
the 1­second, 10­second and 20­second shifted extremes

8.3.2. Fit data to certain distribution
Now that a proper block duration is chosen, statistically independent extremes are taken to fit the
generalized extreme value distribution. The maximum likelihood estimator (MLE) is used to determine
the correct model parameters; the shape parameter 𝜉, location parameter 𝜇 and scale parameter 𝜎.
This method searches the values of the parameters such that the likelihood function is maximal.

Generalized extreme value distribution
To fit the normalised load effects to a given distribution function, there are several possibilities. One
of the most commonly used options is the GEV distribution function. As mentioned in Chapter 4:
Probabilistic Modelling of Extremes, there are different types of GEV. Based on the data, a general
GEV can be fitted, where the three parameters are selected such that the fit is optimal through all data
points. An example of such a GEV fit through the normalised load effects is shown in figure 8.6. It is
important to note that the tail of the distribution, in particular, is not well­fitted by the GEV. In this specific
case, the data and the fit deviate from about 3.7 and the tail of the fit shows a different behaviour. Also,
the fit of the GEV in the tail shows lower probabilities than one would expect based on the data, which is
not on the conservative side. It is precisely this tail that is very important in this study, which is why it is
decided to use a different type of fit in this study, which attaches more value to the tail of the distribution
and which also provides a better fit.

Gumbel (including threshold value)
Figure 8.6 shows that the tail of the distribution is quite straight. Therefore, it is decided to fit a Gumbel
distribution function to this data, because in that case the shape parameter 𝜉 is equal to 0 and corre­
sponds to a straight line. If, however, a Gumbel distribution function is sought with all extreme value
points (see figure 8.7), it deviates tremendously in the case of the higher values. The fit is so influenced
by the lower extreme values that the fit in the tail is no longer accurate.

As a solution to this problem, it is decided to fit a Gumbel distribution function including the application
of a certain threshold value. Some examples of this are shown in figures 8.8 and 8.9. All data points
above this threshold value are taken into account to fit the Gumbel distribution function, but a correction
is also made for all data points to the left of this threshold value and the probability that a data point lies
in this area. In this way, all data points are still correctly included, but more value is given to the higher
extreme values in the tail. And as mentioned before, the fitting of the tail of the distribution is the most
important task.
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Figure 8.6: Generalized extreme value fit example

Figure 8.7: Gumbel fit example

Choice for threshold value
However, the parameters obtained for a specific Gumbel fit with this method, including a certain thresh­
old value, are sensitive to the choice of this threshold value. At first glance ­ based on observations
of the tail of the fit ­ a rough estimate can be given of what roughly speaking the best threshold value
should be. It is also useful to know that if the fit lies to the right of the real data points, this fit is on the
conservative side and the probability of certain values is higher. It should also be noted that the higher
the threshold value, the greater the statistical uncertainties (see also next section Sampling uncertain­
ties). The consideration of the threshold value is therefore very crucial.

Q­Q plot
In order to be able to say with a little more certainty whether a certain threshold value gives better
results than another one, the quantiles of the data can be compared with the quantiles of the fit by
means of the quantile­quantile plot (Q­Q plot). In the hypothetical case that the fit perfectly describes
the data, a diagonal will appear in the Q­Q plot. The fit is on the conservative side if the Q­Q plot is
above the diagonal. Figures 8.10a and 8.10b show two Q­Q plots as an example, for respectively a
threshold value of 3.0 and 3.8. The plots are both zoomed in on the tail of the distribution, since this is
the most important part.
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Figure 8.8: Gumbel including threshold value fit example, threshold 3.0

Figure 8.9: Gumbel including threshold value fit example, threshold 3.8

Figure 8.10a clearly shows that choosing the threshold value of 3.0 is a conservative choice (tail above
the diagonal). However, the zone between 3 and 3.75 is on the less conservative side (the Q­Q plot is
below the diagonal). This can also be seen in figure 8.8; here too, in the zone between 3 and 3.75, the
fit is to the left of the data points and therefore corresponds to the observation in the Q­Q plot being
not conservative.

Another example in figure 8.10b, with in this case a threshold value of 3.8, shows a different picture.
Here, the entire tail is actually on the non­conservative side. In other words, the choice of this threshold
value is on the high side. Based on these observations, a perfect threshold value can be chosen, which
in this case is between 3.0 and 3.8, resulting in a conservative tail.

8.3.3. Sampling uncertainties
Modelling the extreme load effects is accompanied by the introduction of sampling uncertainties, as
measurements are used to fit the extreme value distribution. If the measurements are only slightly
different, the parameters used for fitting the distribution will be different. In other words, the fitting and
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(a) Q­Q plot: Gumbel including threshold value fit example, threshold
3.0

(b) Q­Q plot: Gumbel including threshold value fit example, threshold
3.8

Figure 8.10: Q­Q plots; to illustrate the influence of the choice of the threshold value

determination of the parameters is very sensitive to the exact set of sample data present. As more data
is present and thus more sample data for fitting the extreme value distribution is available, the sampling
uncertainties will become smaller. In order to include this uncertainty in the further analyses, a factor
𝑆𝐶̂𝑋 is defined with a certain distribution and corresponding parameters.

Bootstrap method
Various methods are available to get a grip on the size of these sampling uncertainties. In this study,
however, the bootstrap method is used. The main reasons for this are; this method can be used without
determining a certain distribution type ­ which makes the use of this method quite reliable ­ and it is fast
and easy to apply.

This resampling method, generates new sample data based on the original sample data and for each
new sample the parameters for fitting the distribution are determined. An example of the bootstrap
method is shown in figure 8.11. The method can be explained as follows:

1. Use the original sample data consisting of 𝑁 values to generate new samples.

2. Create a new sample from the original sample data; draw 𝐵 times (sufficiently large) a value from
the original sample with replacement.

3. For each of these new bootstrapped sample data; determine the model parameters (𝜉, 𝜇 and 𝜎)
and fit the distribution to these data.

4. Plot the distributions for all generated bootstrapped sample data.

All these bootstrapped distributions can then be used to determine exactly how large the sampling
uncertainties are. The Cook­Mayne fractile may be used to give a first approximation of the uncertainty
(see also section Cook and Mayne method). After the reliability analysis results are available, this
fractile value can be verified. This Cook­Mayne fractile is the 0.78 fractile and applies to the hourly 𝑇
extreme coefficients. Since in this study not hourly extreme coefficients, but for instance the 10­seconds
extreme coefficients are used, this fractile must first be converted:

𝑃(𝑋̂ ≤ 𝑋)𝑡 =
1 − 0.78
(3600/10) = 6.111 ⋅ 10

−4 (8.12)
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Next, a horizontal line can be drawn on this value in the bootstrap plot. The values of variable 𝑋 at a
level of 𝑃(𝑋̂ ≤ 𝑋) = 6.111 ⋅ 10−4 can then be used to fit a normal distribution. The spread of the distri­
bution subsequently says something about the 𝐶𝑂𝑉 that can be used for the sampling uncertainties.

Figures 8.11 and 8.13 show two examples (plotted all with 300 bootstraps) ­ respectively of a GEV and
Gumbel including threshold fit ­ of bootstraps. Depending on the specific samples selected for each
case, the fit is slightly different. The spread of all these different bootstrapped fits on the Cook­Mayne
fractile indicates the degree of sampling uncertainties. This can then be summarised in a 𝐶𝑂𝑉. Figures
8.12, 8.13 and 8.14 also show that as a larger threshold value is chosen, the sampling uncertainties
increase. Therefore, the choice of this threshold value must be well­considered.

Figure 8.11: Bootstrap using GEV distribution example

Figure 8.12: Bootstrap using Gumbel including threshold distribution example, threshold: 3.0
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Figure 8.13: Bootstrap using Gumbel including threshold distribution example, threshold: 3.8

Figure 8.14: Bootstrap using Gumbel including threshold distribution example; threshold: 4.4



9
Reliability Assessment Procedure

This chapter deals with the assessment procedure for determining the structural reliability of various
elements in a wind­loaded steel building. The full reliability assessment includes both probabilistic
models for the resistance, load side and for the wind loading effect.

9.1. Generic assessment procedure
In order to determine the reliability ­ expressed in the reliability index 𝛽 ­ and the corresponding proba­
bility of failure 𝑃𝑓, the theory described in Chapter 2: Structural Reliability is used. Firstly, a limit state
function 𝑍 (see equation 9.1) is constructed, containing all relevant parameters. Next, the limit state
function is examined by means of a level II (FORM) analysis.

𝑍 = 𝑅𝐸𝑙𝑒𝑚𝑒𝑛𝑡 − 𝐸𝐿𝑜𝑎𝑑 − 𝐸𝑊𝑖𝑛𝑑 (9.1)

With:

𝑅𝐸𝑙𝑒𝑚𝑒𝑛𝑡 = Resistance of the element under consideration
𝐸𝐿𝑜𝑎𝑑 = Permanent and variable load at element under consideration
𝐸𝑊𝑖𝑛𝑑 = Wind loading effect at element under consideration

This results in the failure probability which can be converted into the reliability index (see equation 9.2).
The advantage of this method is that it is quite fast, in comparison to other methods, and it gives also
insight in the influence of certain parameters in the final reliability index by means of the sensitivity
factors 𝛼.

𝛽 = −Φ−1(𝑃𝑓) (9.2)

For the actual performance of the reliability assessment the ’Prob Toolbox’ developed by TNO is used.
This software is used to do the following:

• Define distribution type and variables

• Define limit state function 𝑍

• Execute FORM and/or Monte Carlo Simulation

• Obtain the failure probability and 𝛽­value

• In the case of FORM: obtain 𝛼­values and design points

73
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9.2. Resistance
For the determination of the probabilistic model of the resistance, the governing failure mechanisms for
all elements of interest are given below. These failure mechanisms in combination with all stochastic
parameters will result in the probabilistic description of the resistance side of the reliability analysis.

The location in the building of the elements specified below for further examination are listed in Appendix
Finite Element Model Case Study Building Figures ­ Designation of Various Elements. The deterministic
design ­ based on the Eurocode ­ of all elements in this case study building can be found in Appendix
Deterministic Design Case Study Building according to the Eurocode.

9.2.1. External beams level 1 and 2 (S18 & S42)
In the case study building, two different external beams can be distinguished:

• External beam level 1 (S18)

• External beam level 2 (S42)

However, the calculation method and the governing failure mechanisms are the same for each of these
beams. Therefore, the reliability assessment procedure for these beams will be the same as well. The
calculations based on the Eurocode show that the moment resistance for each of these beams is the
design criterion. All beams are also classified as class 1, which means it can form a plastic hinge with
the rotation capacity required from plastic analysis without reduction of the resistance.

For the beams, the plastic bending resistance is as follows:

𝑀𝑝𝑙,𝑦 = 𝑊𝑝𝑙,𝑦 ⋅ 𝑓𝑦 (9.3)

A plastic calculation is made to determine the governing failure mechanism used in the limit state
function. Since the beams are simply supported on both sides, the formation of one plastic hinge in
the middle is enough to form a mechanism. Figure 9.1 and equations 9.4a to 9.4c show the plastic
calculation of a beam loaded by a general load 𝑝 with a length 𝑙. Plastic failure of an element occurs
when a mechanism forms (kinematically indeterminate 𝑛 = −1), the limit state function is based on the
principle of virtual work; moments x rotations, forces x displacements and work (𝛿𝐴 = 0). In this factor
𝑝 the weight of the structure or for instance the load on the floor can be taken into account. The load
effects of wind on these beams are included in a separate factor 𝐸𝑤𝑖𝑛𝑑 in the limit state function (see
equation 9.5). The detailed formulation of this factor 𝐸𝑤𝑖𝑛𝑑 can be found in section Wind loading effect
model.

Figure 9.1: Plastic calculation of the beams

𝛿𝐴 = 2 ⋅ 𝑀𝑝𝑙,𝑦 ⋅ 𝜃 −
1
4 ⋅ 𝑝 ⋅ 𝑙

2 ⋅ 𝜃 = 0 (9.4a)

𝛿𝐴 = 𝑀𝑝𝑙,𝑦 −
1
8 ⋅ 𝑝 ⋅ 𝑙

2 = 0 (9.4b)
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𝛿𝐴 = 𝑤𝑝𝑙,𝑦 ⋅ 𝑓𝑦 −
1
8 ⋅ 𝑝 ⋅ 𝑙

2 = 0 (9.4c)

Limit State Function 𝑍
The limit state function can then be formulated as follows:

𝑍 = 𝑤𝑝𝑙,𝑦 ⋅ 𝑓𝑦 ⋅ 𝑚𝑏𝑒𝑛𝑑𝑖𝑛𝑔 −
1
8 ⋅ 𝑝 ⋅ 𝑙

2 − 𝐸𝑤𝑖𝑛𝑑,𝑀 (9.5)

The factor 𝑚𝑏𝑒𝑛𝑑𝑖𝑛𝑔 is the model uncertainty related to bending moment capacity (see table 5.6 in
Chapter 5: Probabilistic Structural Resistance Model).

For 𝑝, also 𝑄 ⋅𝑚𝑖+𝐺 can be substituted to deal with both permanent and imposed loads. Keep in mind
that the imposed load on the roof can’t be combined with the wind loads.

9.2.2. Steel bracing (S65)
The horizontal forces on the building, i.e. the wind load, are absorbed by the bracing. In cooperation
with the floor, which acts as a diaphragm, the forces are transferred to the foundation. For the design
of the bracing it is assumed that it only absorbs tension forces. Since the bracing is always present as
a pair, one of the bracings will be under tension force during wind from any direction. The governing
failure mechanism for the bracing is therefore as follows:

𝑁𝐸𝑑
𝑁𝑡,𝑅𝑑

≤ 1.0 (9.6)

Where 𝑁𝑡,𝑅𝑑 = 𝑁𝑝𝑙,𝑅𝑑

𝑁𝑝𝑙,𝑅𝑑 = 𝐴 ⋅ 𝑓𝑦 (9.7)

Limit State Function 𝑍
The limit state function can then be formulated as follows:

𝑍 = 𝐴 ⋅ 𝑓𝑦 − 𝐸𝑤𝑖𝑛𝑑,𝑁 (9.8)

9.2.3. Internal column (S13)
The first type of column is the internal column. The load on this column is symmetrical, therefore it only
results in an axial force in the column. The column is 8 𝑚 tall, but it is simple connected in the middle
at 4 𝑚 height. The buckling length of the column for both axis is 4000 𝑚𝑚. In the deterministic design
based on the Eurocode the column is classified as class 2 (HEA200), which means it can develop its
plastic moment resistance, but have limited rotation capacity because of local buckling.

The governing failure mechanism for the internal column is the flexural buckling resistance. The basic
requirement regarding flexural buckling resistance is:

𝑁𝐸𝑑
𝑁𝑏,𝑅𝑑

≤ 1.0

𝑁𝑏,𝑅𝑑 is the design buckling resistance and is calculated as follows (for class 1, 2 and 3 cross­sections):

𝑁𝑏,𝑅𝑑 = 𝜒 ⋅ 𝐴 ⋅ 𝑓𝑦
𝜒 is a reduction factor for the buckling resistance. In the case of profile HEA200: ℎ𝑏 ≤ 1.2, 𝑡𝑓 ≤ 100𝑚𝑚,
axis z­z, buckling curve 𝑐 is used. The corresponding imperfection factor 𝛼 = 0.49.

The non­dimensional slenderness 𝜆 is (for class 1, 2 and 3 cross­sections):

𝜆 = √
𝐴𝑓𝑦
𝑁𝑐𝑟

= 𝐿𝑐𝑟
𝑖
1
𝜆1
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Where 𝐿𝑐𝑟 is the buckling length and is modelled as a stochastic variable. Factor 𝑖 is the radius of

gyration about the relevant axis (z­z in this case) and is 𝑖𝑦 = √
𝐼𝑦
𝐴 which are both stochastic variables.

And factor 𝜆1 is given by (for steel grade S355⟶ 𝜖 = 0.81):

𝜆1 = 𝜋√
𝐸
𝑓𝑦

So 𝜆 is:
𝜆 = 𝐿𝑐𝑟

𝑖𝑦
1
𝜆1

𝜙 = 0.5 (1 + 𝛼 (𝜆 − 0.2) + 𝜆
2
)

𝜒 = 1

𝜙 + √𝜙2 − 𝜆
2

(𝜒 ≤ 1.0)

Limit State Function 𝑍
The limit state function can then be formulated as follows:

𝑍 = 𝜒 ⋅ 𝐴 ⋅ 𝑓𝑦 ⋅ 𝑚𝑏𝑢𝑐𝑘𝑙𝑖𝑛𝑔 − (𝑄 ⋅ 𝑚𝑖 + 𝐺) ⋅ 𝐵 − 𝐸𝑤𝑖𝑛𝑑,𝑁 (9.9)

The factor 𝑚𝑖 is the model uncertainty related to live or imposed load (see figure 5.7 in Chapter 5:
Probabilistic Structural Resistance Model). The factor 𝑚𝑏𝑢𝑐𝑘𝑙𝑖𝑛𝑔 is the model uncertainty related to
column buckling (see figure 5.7 in Chapter 5: Probabilistic Structural Resistance Model). 𝑄 and 𝐺 are
respectively related to the live load and the self­weight over an area 𝐵.

9.2.4. External column (S2)
The second type of column is the external column. The external columns are located on the periphery
of the building, however, not in the corners (these are called ’corner’ columns, see next section). The
column is 8𝑚 tall, but it is simple connected in the middle at 4𝑚 height. The buckling length of the col­
umn for both axis is 4000𝑚𝑚. Since the vertical loading is not completely symmetrical on the column,
an additional moment at both the roof and floor level is present. Assume that the reaction force of the
vertical loading acts at 100 𝑚𝑚 from the face of the column, then the moment arm is ℎ

2 + 100 𝑚𝑚. In
the deterministic design based on the Eurocode the column is classified as class 2 (HEA220), which
means it can develop its plastic moment resistance, but have limited rotation capacity because of local
buckling.

The governing failure mechanism for the external column is the combined bending moment and axial
compression resistance:

𝑁𝐸𝑑
𝑁𝑏,𝑅𝑑

+ 𝑀𝐸𝑑
𝑀𝑏,𝑅𝑑

≤ 1.0

Flexural buckling resistance
𝑁𝑏,𝑅𝑑 is the design buckling resistance and is calculated as follows (for class 1, 2 and 3 cross­sections):

𝑁𝑏,𝑅𝑑 = 𝜒𝐴𝑓𝑦

𝜒 is a reduction factor for the buckling resistance. For profile HEA220, ℎ𝑏 ≤ 1.2, 𝑡𝑓 ≤ 100𝑚𝑚, axis z­z,
buckling curve 𝑐 is used. The corresponding imperfection factor 𝛼 = 0.49.

The non­dimensional slenderness 𝜆 is (for class 1, 2 and 3 cross­sections):

𝜆 = √
𝐴𝑓𝑦
𝑁𝑐𝑟

= 𝐿𝑐𝑟
𝑖
1
𝜆1
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Where 𝐿𝑐𝑟 is the buckling length and is modelled as a stochastic variable. Factor 𝑖 is the radius of

gyration about the relevant axis (z­z in this case) and is 𝑖𝑦 = √
𝐼𝑦
𝐴 which are both stochastic variables.

And factor 𝜆1 is given by (for steel grade S355⟶ 𝜖 = 0.81):

𝜆1 = 𝜋√
𝐸
𝑓𝑦

So 𝜆 is:
𝜆 = 𝐿𝑐𝑟

𝑖𝑦
1
𝜆1

𝜙 = 0.5 (1 + 𝛼 (𝜆 − 0.2) + 𝜆
2
)

𝜒 = 1

𝜙 + √𝜙2 − 𝜆
2
(𝜒 ≤ 1.0)

Lateral torsional buckling
The column is laterally unrestrained, so the member should also be verified against lateral torsional
buckling. The basic design requirement is:

𝑀𝐸𝑑
𝑀𝑏,𝑅𝑑

≤ 1.0

Where 𝑀𝑏,𝑅𝑑 is defined as follows (for class 2 sections use𝑊𝑦 = 𝑊𝑝𝑙,𝑦):

𝑀𝑏,𝑅𝑑 = 𝜒𝐿𝑇𝑊𝑝𝑙,𝑦𝑓𝑦

The non­dimensional slenderness related to lateral torsional buckling 𝜆𝐿𝑇 is determined using the con­
servative formula:

𝜆𝐿𝑇 = 0.9 ⋅ 𝜆

For profile HEA220, rolled I­section, ℎ𝑏 ≤ 2, buckling curve 𝑎 is used. The corresponding imperfection
factor 𝛼𝐿𝑇 = 0.21. For rolled or equivalent welded sections, the values for 𝜆𝐿𝑇,0 and 𝛽 (not the reliability
index!) in the formula for 𝜙𝐿𝑇 are:

𝜆𝐿𝑇,0 = 0.4
𝛽 = 0.75

𝜙 = 0.5 (1 + 𝛼𝐿𝑇 (𝜆 − 𝜆𝐿𝑇,0) + 𝛽𝜆
2
)

𝜒𝐿𝑇 =
1

𝜙 + √𝜙2 − 𝜆
2
(𝜒𝐿𝑇 ≤ 1.0 and ≤ 1

𝜆𝐿𝑇
2)

Combined bending moment and axial compression
The cross­section is verified using the combined bending moment and axial compression buckling unity
check.

𝑁𝐸𝑑
𝑁𝑏,𝑅𝑑

+ 𝑀𝐸𝑑
𝑀𝑏,𝑅𝑑

≤ 1.0

Limit State Function 𝑍
The limit state function can then be formulated as follows:

𝑍 = 1 − (𝑄 ⋅ 𝑚𝑖 + 𝐺) ⋅ 𝐵 + 𝐸𝑤𝑖𝑛𝑑,𝑁
𝜒 ⋅ 𝐴 ⋅ 𝑓𝑦 ⋅ 𝑚𝑏𝑢𝑐𝑘𝑙𝑖𝑛𝑔

− (𝑄 ⋅ 𝑚𝑖 + 𝐺) ⋅ 𝐵 ⋅ 𝑢 + 𝐸𝑤𝑖𝑛𝑑,𝑀
𝜒𝐿𝑇 ⋅ 𝑊𝑝𝑙,𝑦 ⋅ 𝑓𝑦 ⋅ 𝑚𝑙𝑎𝑡.𝑏𝑢𝑐𝑘𝑙𝑖𝑛𝑔

(9.10)
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The factor𝑚𝑖 is the model uncertainty related to live or imposed load (see figure 5.7 in Chapter 5: Prob­
abilistic Structural Resistance Model). The factor 𝑚𝑏𝑢𝑐𝑘𝑙𝑖𝑛𝑔 is the model uncertainty related to column
buckling (see figure 5.7 in Chapter 5: Probabilistic Structural Resistance Model). Factor 𝑚𝑙𝑎𝑡.𝑏𝑢𝑐𝑘𝑙𝑖𝑛𝑔
is related to lateral torsional buckling based on the model uncertainty classification ’Lateral torsional
buckling of rolled class 1­3 beams’ with 𝛼𝐿𝑇 = 0.21 in Appendix Model uncertainties. 𝑄 and 𝐺 are re­
spectively related to the live load and the self­weight over an area 𝐵. 𝑢 is themoment arm ℎ/2+100𝑚𝑚,
in which ℎ is the height of the profile.

It should also be noted that there is a correlation between the magnitude of the internal forces such as
the moment and the normal force. If a sample is drawn for a relatively high moment, this also means
that the normal load is high. In the FORM analysis, it is therefore important to apply a correlation
between the moment and normal load effects. It is assumed here that they are fully correlated.

9.2.5. Corner column (S1)
The corner columns are located on the corners of the building. The permanent and variable forces ­
using the governing combination ­ on both the roof and floor level lead to vertical forces. The area used
for these loads is 5 ⋅ 5 𝑚. Also the horizontal wind load generates a bending moment in the column.
The column is 8 𝑚 tall, but it is simple connected in the middle at 4 𝑚 height. The buckling length of
the column for both axis is 4000 𝑚𝑚. Since the vertical loading is not completely symmetrical on the
column, an additional moment at both the roof and floor level is present. Assume that the reaction force
of the vertical loading acts at 100𝑚𝑚 from the face of the column, then the moment arm is ℎ

2 +100𝑚𝑚.

The cross­section is verified using the simplified combined bending moment and axial compression
buckling unity check.

𝑁𝐸𝑑
𝑁𝑏,𝑅𝑑

+ 𝑀𝐸𝑑
𝑀𝑏,𝑅𝑑

+ 1.5 ⋅ 𝑀𝑧,𝐸𝑑𝑀𝑧,𝑅𝑑
≤ 1.0

Flexural buckling resistance
𝑁𝑏,𝑅𝑑 is the design buckling resistance and is calculated as follows (for class 1, 2 and 3 cross­sections):

𝑁𝑏,𝑅𝑑 = 𝜒𝐴𝑓𝑦

𝜒 is a reduction factor for the buckling resistance. For profile HEA220, ℎ𝑏 ≤ 1.2, 𝑡𝑓 ≤ 100𝑚𝑚, axis z­z,
buckling curve 𝑐 is used. The corresponding imperfection factor 𝛼 = 0.49.

The non­dimensional slenderness 𝜆 is (for class 1, 2 and 3 cross­sections):

𝜆 = √
𝐴𝑓𝑦
𝑁𝑐𝑟

= 𝐿𝑐𝑟
𝑖
1
𝜆1

Where 𝐿𝑐𝑟 is the buckling length and is modelled as a stochastic variable. Factor 𝑖 is the radius of

gyration about the relevant axis (𝑧−𝑧 in this case) and is 𝑖𝑦 = √
𝐼𝑦
𝐴 which are both stochastic variables.

And factor 𝜆1 is given by (for steel grade S355⟶ 𝜖 = 0.81):

𝜆1 = 𝜋√
𝐸
𝑓𝑦

So 𝜆 is:
𝜆 = 𝐿𝑐𝑟

𝑖𝑦
1
𝜆1

𝜙 = 0.5 (1 + 𝛼 (𝜆 − 0.2) + 𝜆
2
)

𝜒 = 1

𝜙 + √𝜙2 − 𝜆
2
(𝜒 ≤ 1.0)
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Lateral torsional buckling
The column is laterally unrestrained, so the member should also be verified against lateral torsional
buckling. The basic design requirement is:

𝑀𝐸𝑑
𝑀𝑏,𝑅𝑑

≤ 1.0

Where 𝑀𝑏,𝑅𝑑 is defined as follows (for class 2 sections use𝑊𝑦 = 𝑊𝑝𝑙,𝑦):

𝑀𝑏,𝑅𝑑 = 𝜒𝐿𝑇𝑊𝑝𝑙,𝑦𝑓𝑦

The non­dimensional slenderness related to lateral torsional buckling 𝜆𝐿𝑇 is determined using the con­
servative formula:

𝜆𝐿𝑇 = 0.9 ⋅ 𝜆

For profile HEA220, rolled I­section, ℎ𝑏 ≤ 2, buckling curve 𝑎 is used. The corresponding imperfection
factor 𝛼𝐿𝑇 = 0.21. For rolled or equivalent welded sections, the values for 𝜆𝐿𝑇,0 and 𝛽 in the formula for
𝜙𝐿𝑇 are:

𝜆𝐿𝑇,0 = 0.4

𝛽 = 0.75

𝜙 = 0.5 (1 + 𝛼𝐿𝑇 (𝜆 − 𝜆𝐿𝑇,0) + 𝛽𝜆
2
)

𝜒𝐿𝑇 =
1

𝜙 + √𝜙2 − 𝜆
2
(𝜒𝐿𝑇 ≤ 1.0 and ≤ 1

𝜆𝐿𝑇
2)

Bending moment resistance
For a class 2 section, the bending moment resistance (for the weak 𝑧 − 𝑧 axis) is:

𝑀𝑧,𝑅𝑑 = 𝑀𝑝𝑙,𝑅𝑑 = 𝑊𝑝𝑙,𝑧 ⋅ 𝑓𝑦

Limit State Function 𝑍
The limit state function can then be formulated as follows:

𝑍 = 1 − 1
𝑚𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛

⋅ ( (𝑄 ⋅ 𝑚𝑖 + 𝐺) ⋅ 𝐵 + 𝐸𝑤𝑖𝑛𝑑,𝑁𝜒 ⋅ 𝐴 ⋅ 𝑓𝑦
+
(𝑄 ⋅ 𝑚𝑖 + 𝐺) ⋅ 𝐵 ⋅ 𝑢 + 𝐸𝑤𝑖𝑛𝑑,𝑀𝑦

𝜒𝐿𝑇 ⋅ 𝑊𝑝𝑙,𝑦 ⋅ 𝑓𝑦
+ ..

..1.5 ⋅ (𝑄 ⋅ 𝑚𝑖 + 𝐺) ⋅ 𝐵 ⋅ 𝑢 + 𝐸𝑤𝑖𝑛𝑑,𝑀𝑧𝑊𝑝𝑙,𝑧 ⋅ 𝑓𝑦
) (9.11)

The factor 𝑚𝑖 is the model uncertainty related to live or imposed load (see figure 5.7 in Chapter 5:
Probabilistic Structural Resistance Model). Factor 𝑚𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛 is related to interaction of bending and
compression based on the model uncertainty classification ’Interaction between biaxial bending and
compression of class 1­3 beams’ with 𝛼𝐿𝑇 = 0.21 in Appendix Model uncertainties. 𝑄 and 𝐺 are re­
spectively related to the live load and the self­weight over an area 𝐵. 𝑢 is themoment arm ℎ/2+100𝑚𝑚,
in which ℎ is the height of the profile.

As in the previous case with the external column, the correlation between the moment and normal load
effect must also be included in the FORM analysis. Please note that only the normal load and moment
in the strong axis are fully correlated. The moment in the weak direction is not correlated with the other
variables.
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9.3. Wind loading effect model
In order to include the wind load in the reliability analysis, a wind loading effect model is developed.
It is available for moment, normal force and shear force. The basis of this wind loading effect model
is the Davenport’s wind loading chain and also the model as used in the Eurocode. The wind loading
chain presented here is in accordance with the recent investigations by Meinen [25] and la Gasse [23].
All aspects and associated uncertainties affecting wind loading are included.

Moment⟶ 𝐸𝑤𝑖𝑛𝑑,𝑀 =
1
2 ⋅ 𝜌𝑎𝑖𝑟 ⋅ 𝑣

2
𝑝𝑜𝑡 ⋅ 𝑆2𝑣 ⋅ 𝑐𝑟(ℎ𝑟𝑒𝑓)2 ⋅ 𝑐̂𝑀 ⋅ 𝑆𝐶̂𝑀 ⋅ 𝐴𝑟𝑒𝑓 ⋅ ℎ ⋅ 𝜒𝑚𝑜𝑑𝑒𝑙 (9.12)

Normal force⟶ 𝐸𝑤𝑖𝑛𝑑,𝑁 =
1
2 ⋅ 𝜌𝑎𝑖𝑟 ⋅ 𝑣

2
𝑝𝑜𝑡 ⋅ 𝑆2𝑣 ⋅ 𝑐𝑟(ℎ𝑟𝑒𝑓)2 ⋅ 𝑐̂𝑁 ⋅ 𝑆𝐶̂𝑁 ⋅ 𝐴𝑟𝑒𝑓 ⋅ 𝜒𝑚𝑜𝑑𝑒𝑙 (9.13)

Shear force⟶ 𝐸𝑤𝑖𝑛𝑑,𝑉 =
1
2 ⋅ 𝜌𝑎𝑖𝑟 ⋅ 𝑣

2
𝑝𝑜𝑡 ⋅ 𝑆2𝑣 ⋅ 𝑐𝑟(ℎ𝑟𝑒𝑓)2 ⋅ 𝑐̂𝑉 ⋅ 𝑆𝐶̂𝑉 ⋅ 𝐴𝑟𝑒𝑓 ⋅ 𝜒𝑚𝑜𝑑𝑒𝑙 (9.14)

With:

𝜌𝑎𝑖𝑟 = Air density [𝑘𝑔/𝑚3]
𝑣𝑝𝑜𝑡 = Basic wind velocity: 𝑡 minute mean wind speeds at 𝑧 = 10 m and

for terrain roughness 𝑧0,𝑟𝑒𝑓 m [𝑚/𝑠]
𝑆𝑣 = Sampling uncertainties of basic wind velocity model [­]
𝑐𝑟(ℎ𝑟𝑒𝑓) = Terrain roughness factor at the reference height of the structure

ℎ𝑟𝑒𝑓 correcting for 𝑧0,𝑟𝑒𝑓 m [­]
𝑐̂𝑋 = Peak load effect coefficient (1­hour extremes) [­]
𝑆𝐶̂𝑋 = Sampling uncertainties of load effect model [­]
𝐴𝑟𝑒𝑓 = Area of the facade of the building [𝑚2]
ℎ = Height of the building [𝑚]
𝜒𝑚𝑜𝑑𝑒𝑙 = Model uncertainty factor [­]

Air density 𝜌𝑎𝑖𝑟
In the reliability analysis, the air density is taken as a deterministic value of 1.225 𝑘𝑔/𝑚3. This value
is the air density from the wind tunnel test. All irregularities and regional phenomena such as altitude,
temperature and barometric pressure are not included in this analysis.

Wind velocity 𝑣𝑝𝑜𝑡
For the modelling of the wind velocity, the research of la Gasse is used. In this study the same wind
data is used and therefore these models can also be used in this study. Since the reference period of
the construction is 𝑇 = 50 years, the 50­yearly extreme wind speeds must also be modelled for 𝑣𝑝𝑜𝑡.
Using the maximum­likelihood estimation technique, both a type I and a type III generalized extreme
value distribution are fitted. The uncertainties related to this wind velocity modelling are in factor 𝑆𝑣.

Roughness factor 𝑐𝑟
The roughness factor 𝑐𝑟(𝑧) refers to the change in mean wind speed over a height 𝑧 and corrects
directly for the terrain roughness 𝑧0. This factor is subject to considerable variability, so it is wise to
include it in the wind loading effect model. In the JCSS document on wind loading [27], a log­normal
distribution with mean­to­specified value of 0.80 and 𝐶𝑂𝑉 = 0.1 − 0.2.

Based on the formula mentioned in the Eurocode, see also figure 3.6, the roughness factor can be
determined. It is assumed that 𝑧0 = 0.8𝑚 and 𝑧0,𝐼𝐼 = 0.03𝑚. Based on the mean­to­specified value of
0.8, the following formulas for 𝑐𝑟(𝑍𝑒) and the mean 𝜇𝑐2𝑟 can be determined:

𝑐𝑟(𝑍𝑒) = 0.19 ⋅ (
𝑧0
𝑧0,𝐼𝐼

)
0.07

⋅ 𝑙𝑛 (𝑍𝑒𝑧0
) (9.15)
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𝜇𝑐2𝑟 = 0.8 ⋅ 𝑐𝑟(𝑍𝑒)2 (9.16)

Based on these data and formulas, and also assuming that ℎ𝑟𝑒𝑓 is at the top of the building at a height
of 120 𝑚, the distribution parameters of 𝑐𝑟 become:

𝑐𝑟(120) = 0.19 ⋅ (
0.8
0.03)

0.07
⋅ 𝑙𝑛 (1200.8 ) = 1.198 (9.17)

𝜇𝑐2𝑟 = 0.8 ⋅ 𝑐𝑟(𝑍𝑒)2 = 0.8 ⋅ 1.1982 = 1.15 (9.18)

𝐶𝑂𝑉𝑐2𝑟 = 0.15 (9.19)

Load effect coefficients 𝑐̂𝑀, 𝑐̂𝑁, 𝑐̂𝑉
The exact and detailed explanation of the load effect coefficients can be found in Chapter 8: Tech­
nique for Obtaining Load Effects. In addition, there is the factor 𝑆𝐶̂𝑋 , which incorporates the sampling
uncertainties of the load effect modelling.

Model uncertainty 𝜒𝑚𝑜𝑑𝑒𝑙
All aspects that cannot be specifically quantified but still contribute to an uncertainty in the analysis
are attributed to this general model uncertainty factor 𝜒𝑚𝑜𝑑𝑒𝑙. This factor is modelled as a normal
distribution with parameters: 𝜇 = 1.0 and 𝐶𝑂𝑉𝜒 = 0.1.
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10
Case Study Description

To apply the method, it is decided to carry out a reliability assessment on a case study building. This
chapter focuses on the description of the case study building and the wind tunnel data. First in section
Case study building, a description of the case study building ­ which is of interest during the reliability
analysis ­ is given. Then in section Wind tunnel data a description is given of the wind tunnel data
which is used during this research.

10.1. Case study building
In order to assess the reliability of a steel structural system of a wind excited building, a case study
building is designed. The design of this case study building is based on ultimate limit state design for
consequence class 2 and a reference period of 50 years. In the reliability assessment it is assumed
that global failure of the steel structural elements in the main bearing structure is of main focus.

In order to use the wind tunnel data in the best possible way ­ without any transformation ­ it is decided
to relate the dimensions of the case study building to those of the wooden model in the wind tunnel.
These wooden model dimensions are ℎ𝑤𝑡 = 0.48𝑚 and a square plan with sides of 𝑏𝑤𝑡 = 0.12𝑚. The
scale factor between the wind tunnel model and reality is 1 ∶ 250. So the case study building, for which
the main steel supporting structure is designed, has dimensions of 30 ⋅ 30 ⋅ 120𝑚 (figure 10.1). It is as­
sumed that the building is located at Schiphol Airport in Amsterdam. This location is chosen, because
there is a huge amount of wind measurements available (KNMI measurements) and secondly, for the
derivation of the fundamental basic wind velocity of Wind Area II (Dutch National Annex of EN1991­1­
4), the same measurements are used.

The ’large’ case study building (which is based on a scale model from a wind tunnel test) has dimen­
sions 30 ⋅ 30 ⋅ 120 𝑚. In order to design the steel main bearing structure of this large building, first a
relatively ’small’ case study building is designed to tackle all the design related problems and also to
get familiarised with the reliability analysis of the structure. Therefore the top two levels (each 4𝑚 in
height) of the case study building are designed (see building on the right in figure 10.1) and imagine
these two top levels to be a building on itself.

In order to give accurate reliability analysis results, imagine the case study building to be subjected to
wind speeds and pressures (as of in the Eurocode) that occur at a height of 112–120 𝑚 above ground
level, so then the wind pressures from the wind tunnel test can be used directly and don’t need any
transformation.

A braced frame structure is chosen to provide stability to the structure. The horizontal forces caused
by the wind are absorbed by two perpendicular bracing systems. The vertical bracing between the
columns ensures that there is a load path for the horizontal forces towards the foundation, thus provid­
ing stability to the building. It is preferable to place the bracing on the outer layer of the building, both
because of the torsion resulting from the wind load and because the functionalities of the building are
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Figure 10.1: Case study building dimensions

not lost (no bracing in the middle of the building dividing the interior space). To make the design as
efficient as possible, it is decided to place the bracing in the middle of the facade. For the horizontal
bracing in the structure – which will carry the horizontal loads to the vertical bracing – the floor on each
level will be able to act as horizontal diaphragm. The beams are simply connected to the columns and
the columns are hinged to the ground level. Since the building is symmetric, the design of the several
elements is made as efficient as possible.

Some remarks about the design of the case study building:

• Design is based on ultimate limit state design and a reference period of 50 years and consequence
class 2

• Connections are not designed in great detail. It is only assumed that the connections are hinged
or rigid, a detailed design of these connections is omitted. Global failure of the steel structural
elements in the main bearing structure is of focus in this research

• It is assumed that the building is prone to wind forces, the imposed loads due to the function of the
building (Class B, Office) and its own weight. Wind forces are considered the dominant loading

• Influence of surrounding buildings on the wind forces are not considered in this research

• Stability is provided through steel bracing

• Fire resistance and fatigue are not considered in the design

• The foundation of the building is not designed

The plan and side view of the building are in figure 10.2a and 10.2b. A 3d model of the case study
building is in figure 10.3a and 10.3b.
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(a) Case study building plan view (b) Case study building side view

Figure 10.2: Plan and side view of the case study building

(a) Steel main bearing structure (b) Steel main bearing structure (including the floor and roof)

Figure 10.3: 3d model of the case study building

The complete design ­ based on regulations in the Eurocode ­ of the steel main bearing structure of
this case study building can be found in Annex Deterministic Design Case Study Building according to
the Eurocode.

In addition, Annex Finite Element Model Case Study Building Figures ­ Designation of Various Elements
contains figures of the structure as modelled in SCIA FEM, as well as an illustration of the elements in
the model that are investigated further.

10.2. Wind tunnel data
This research uses the samewind tunnel data as in the research performed byMeinen [25] and laGasse
[23]. Several experiments ­ including ’long­run’ (of interest in this research) and ’short­run’ ­ are per­
formed in the open­circuit atmospheric boundary layer wind tunnel at TNO [25], in order to derive the
peak external pressure coefficients. In the ’long­run’ experiment, the model is subjected to a frontal
(angle of attack 0°) incident wind flow for a considerably long duration of 176 hours in full­scale. A
small scale wooden model is put to the test and pressure measurements are obtained. The terrain
roughness in the wind tunnel corresponds to a value of 𝑧0 = 0.8 𝑚 in full­scale.

86 pressure taps are placed at two opposite sides of the model. After the experiment is finished, the
model is turned 90° and the two other sides are being put to the test. This results in measurements at
172 pressure taps on all sides of the model. In addition, 4 pressure taps measure the dynamic pressure
at a reference height of ℎ𝑟𝑒𝑓,𝑤𝑡 = 0.48 𝑚, which is the roof height. All the details regarding the wind
tunnel test and data are in table 10.1.
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Wind tunnel and incident flow
Dimensions 13.5𝑥3𝑥2 𝑚

𝜌𝑎𝑖𝑟 1.225 𝑘𝑔/𝑚3
𝑣𝑟𝑒𝑓,ℎ 14.7 𝑚/𝑠

Scaled model
Dimensions 0.48𝑥0.12 𝑚
Scale 𝜆𝑔 1 ∶ 250
Taps [1:7] Side A; [90:96] Side B; [39:45]

Side C; [128:134] Side D; [77:86] (run
1) and [166:175] (run 2) Top; [87:88]
(run 1) and [176:177] (run 2) Reference
pressures

Test

Sampling duration 1.5701 hour
Full­scale duration 176 hour
Angle of attack frontal, 0°

Sampling frequency 400 Hz

Table 10.1: Wind tunnel data details [25]
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Description Load Effects

This chapter is dedicated to obtaining the load effects. The exact procedure for obtaining these load
effects can be found in Chapter 8: Technique for Obtaining Load Effects. For all elements that are
investigated in the reliability analysis, several steps have to be taken to obtain a good fit of the load
effects. Also the sampling uncertainties are identified by means of the bootstrap method including the
variation on the Cook­Mayne fractile.

In total, 65,000 timesteps are calculated for both the timeseries and the probabilistic wind pressure
model approach. This number is sufficiently large such that the sampling uncertainties are reasonably
low, however, obtaining even more data would be preferable. Due to the large amount of computing
power and time, this was not done in this study. The choice has been made to use the same number of
timesteps for these two procedures in order to neglect further differences in the degree of uncertainties.

In Annex Extra Figures ­ Description Load Effects more figures can be found related to the description
of these load effects. Since the procedure is the same for all elements, only one element is discussed
in detail below. The figures related to the other elements can be found in the Annex. The final results
that are used are shown in table 11.1 and 11.2. It is decided to determine only the load effects on
the basis of the probabilistic wind pressure model for the steel bracing. A further explanation of why
this choice is made can be found in section Comparison load effects time series vs probabilistic wind
pressure model.

11.1. Example: Steel bracing (S65)
The structural element most affected by wind loads is the steel bracing in the building. This bracing
mainly absorbs the horizontal wind forces that are present on the building.

11.1.1. 𝐸𝑤𝑖𝑛𝑑,𝑁
Load effects ­ Time series
To determine the correct block duration, the autocorrelation and reversed univariate method are plotted
in figure 11.1. In the autocorrelation figure it can be clearly seen that the enveloping line intersects the
threshold value at around 𝑡 = 20 𝑠. The tail of the data in the reversed univariate method also shows
great results for 𝑡 = 20 𝑠. Based on both methods, a block duration of 𝑡 = 20 𝑠 is chosen. This results
in 902 extreme values remaining for fitting an extreme value distribution.

After varying the threshold value, a threshold of 0.4 is finally chosen (see figure 11.2a, including the
parameters of the 20 𝑠 extreme value fit). This means that the fit is still just on the conservative side.
See also the Q­Q plot in the Annex. The bootstrap method at this threshold value is shown in figure
11.2b and the 𝐶𝑂𝑉 = 0.02347.
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(a) Autocorrelation plot of 𝑁 steel bracing (S65) (b) Reversed univariate method plot of 𝑁 steel bracing (S65)

Figure 11.1: Autocorrelation and Reversed univariate method plots of 𝑁 steel bracing (S65), in order to obtain the correct block
duration 𝑡

(a) Gumbel fit (threshold value: 0.4) of 𝑁 steel bracing (S65) (b) Bootstrap (threshold value: 0.4) of 𝑁 steel bracing (S65) using 300
bootstrapped distributions

Figure 11.2: Gumbel fit and Bootstrap (threshold value: 0.4) of 𝑁 steel bracing (S65) (20𝑠­extremes)

Load effects ­ Probabilistic wind pressure model
In order to determine the load effects on the basis of the probabilistic wind pressure model, a choice
for the block duration 𝑡 must first be made. In order to make a good comparison between the different
methods, it is decided to use the same block duration for both methods. As can also be seen in the
appendix, the raw load effect data based on the probabilistic wind pressure model looks different than
for the timeseries case. This is because all time steps are a random selection from the model and the
time steps do not contain any correlation between each other. Therefore, it is not possible to choose a
good block duration using the autocorrelation and reversed univariate method. In the timeseries case,
zones are seen to be relatively high or low for a longer period, while in the probabilistic model case this
is much more evenly distributed.

After varying the threshold value, a threshold of 0.8 is chosen (see figure 11.3a, including the param­
eters of the 20 𝑠 extreme value fit). The fit is still just on the conservative side, however one outlier
is visible. The bootstrap method at this threshold value is shown in figure 11.3b and the 𝐶𝑂𝑉 = 0.02285.

11.2. Load effects used in reliability assessment
In the reliability assessment it is necessary that the load effects distribution is related to the 1­hour
extreme values. Since for the fitting of the various distributions not the 1 hour, but for example the 10­
or 20­seconds extremes are used, the parameters of the Gumbel distribution need to be adjusted. The
advantage of the Gumbel distribution is that the distribution keeps the same shape, but shifts over a
certain distance. For this reason, the 𝜎 of the distribution remains unchanged. The 𝜇 associated with
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(a) Gumbel fit (threshold value: 0.8) of 𝑁 steel bracing (S65)
(probabilistic wind pressure model)

(b) Bootstrap (threshold value: 0.8) of 𝑁 steel bracing (S65) using 300
bootstrapped distributions (probabilistic wind pressure model)

Figure 11.3: Gumbel fit and Bootstrap (threshold value: 0.8) of 𝑁 steel bracing (S65) (20𝑠­extremes) (probabilistic wind
pressure model)

the 1­hour extreme values distribution can be calculated as follows (𝑡 is related to for example 10 or 20
seconds used for fitting the distribution):

𝜇1−ℎ𝑜𝑢𝑟 = 𝜇𝑡 + 𝑙𝑛 (
3600
𝑡 ) / ( 𝜋

𝜎 ⋅ √6
) (11.1)

Element Load Effect Block Dura­
tion 𝑡

Parameters
𝑡­extremes

Parameters 1­
hour­extremes

Sampling
Uncertainty
𝐶𝑂𝑉 1

External beam
level 2 (S42)

𝐸𝑤𝑖𝑛𝑑,𝑀 20 𝑠 𝜇 = 0.000499,
𝜎 = 0.000111

𝜇 = 0.000948,
𝜎 = 0.000111

0.07234

External beam
level 1 (S18)

𝐸𝑤𝑖𝑛𝑑,𝑀 20 𝑠 𝜇 = 0.002159,
𝜎 = 0.000498

𝜇 = 0.004175,
𝜎 = 0.000498

0.03376

Steel bracing (S65) 𝐸𝑤𝑖𝑛𝑑,𝑁 20 𝑠 𝜇 = 0.52639,
𝜎 = 0.12144

𝜇 = 1.01810,
𝜎 = 0.12144

0.02347

Internal column
(S13)

𝐸𝑤𝑖𝑛𝑑,𝑁 20 𝑠 𝜇 = 0.02254,
𝜎 = 0.00564

𝜇 = 0.04538,
𝜎 = 0.00564

0.12157

External column
(S2)

𝐸𝑤𝑖𝑛𝑑,𝑁 10 𝑠 𝜇 = 0.17719,
𝜎 = 0.05107

𝜇 = 0.41157,
𝜎 = 0.05107

0.02821

External column
(S2)

𝐸𝑤𝑖𝑛𝑑,𝑀 20 𝑠 𝜇 = 0.004426,
𝜎 = 0.001027

𝜇 = 0.00858,
𝜎 = 0.001027

0.03143

Corner column
(S1)

𝐸𝑤𝑖𝑛𝑑,𝑁 20 𝑠 𝜇 = 0.12246,
𝜎 = 0.02796

𝜇 = 0.23567,
𝜎 = 0.02796

0.07431

Corner column
(S1)

𝐸𝑤𝑖𝑛𝑑,𝑀𝑦 10 𝑠 𝜇 = 0.004943,
𝜎 = 0.001221

𝜇 = 0.01055,
𝜎 = 0.001221

0.03313

Corner column
(S1)

𝐸𝑤𝑖𝑛𝑑,𝑀𝑧 20 𝑠 𝜇 = 0.002467,
𝜎 = 0.000673

𝜇 = 0.005192,
𝜎 = 0.000673

0.09278

Table 11.1: Load effects results (based on time series of wind pressures), to be used in the reliability assessment

1Based on variation at Cook­Mayne fractile in bootstrap
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Element Load Effect Block Dura­
tion 𝑡

Parameters
𝑡­extremes

Parameters 1­
hour­extremes

Sampling
Uncertainty
𝐶𝑂𝑉

Steel bracing (S65) 𝐸𝑤𝑖𝑛𝑑,𝑁 20 𝑠 𝜇 = 0.740721,
𝜎 = 0.081438

𝜇 = 1.07046,
𝜎 = 0.081438

0.02285

Table 11.2: Load effects results (based on probabilistic model of wind pressures), to be used in the reliability assessment

11.3. Comparison load effects time series vs probabilistic wind pres­
sure model

The load effects based on the time series and the probabilistic wind pressure model show great simi­
larities. However, there are also a few differences (see figure 11.4). On the basis of the raw load effect
data for all the different elements for 𝑛 = 65, 000 timesteps, the following can be observed.

(a) Time series approach (b) Probabilistic wind pressure model approach

Figure 11.4: All raw load effect data for 𝑛 = 65, 000 timesteps

The load effects based on a time series of wind pressures directly from the wind tunnel have a rather
fluctuating character. This can be explained by the fact that the wind pressures here also have a certain
correlation in time. It is therefore plausible that, for example, higher values occur over a longer period
of time. This behaviour is not present in the probabilistic wind pressure model, where the correlation in
time is not included. As a result, the load effects based on this probabilistic model have a much more
uniform and random character.

This is clearly not the right outcome and affects the extremes load effect distribution. The parameters
of the distribution will deviate as a result. Since the load effects based on the probabilistic wind pres­
sure model have a much more uniform character in time, a relatively high value will occur in almost
all blocks. This in comparison with the timeseries approach, in which many blocks also have relatively
low extreme values, as the correlation in time ensures that there are peaks and dips in time. Because
the load effects in this probabilistic model are now high in almost all blocks, the 𝜇 parameter of this
distribution is also much higher. Another interesting fact is that due to the fact that the extreme value
in most blocks is roughly the same, the 𝜎 parameter is a bit lower. All in all, the current probabilistic
wind pressure model is not able to describe the complex wind behaviour in time very well. Differences
can be observed between the load effects in time and this has major consequences for the fit of a
distribution to these extremes.

What the probabilistic wind pressure model is capable of doing is taking into account the correlations
between the different zones. Since the values that are adopted are approximately the same for both
methods.

Another factor influencing the load effects is that for the time series case, only 𝑛 = 65, 000 timesteps
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(full scale duration: 5 hours) are used. Therefore, this is actually purely a snapshot of a much longer
wind tunnel test. In total, over 2.3 million timesteps (full scale duration: 175 hours) are available from
the wind tunnel, so only 3% of the total wind tunnel data is used. However, all data (2.3 million time
steps) are used to generate the probabilistic wind pressure model. Therefore, this model is better able
to include all intrinsic data and characteristics. This may explain some of the differences between the
methods.

Since the two methods are not yet a perfect match, it is decided to determine only the load effects for
both methods for the steel bracing. This element has the most impact of the wind forces and therefore
the effects of the load effects are also the most visible. What this means for the reliability assess­
ment is shown in the next chapter. For the other elements this comparison is not taken into account,
because it gives little insight in the accuracy of the probabilistic wind pressure model. Moreover, the
current probabilistic wind pressure model is not yet adequate enough to be really used for the analyses.
As already indicated, the correlation in time must be added to the model in order to obtain better results.





12
Reliability Assessment

This chapter focuses on the actual reliability assessment. First an overview is given of all input pa­
rameters for the assessment. In combination with the limit state functions determined in Chapter 9:
Reliability Assessment Procedure these can be used to determine the failure probability of the ele­
ments. As indicated earlier in this report, a FORM analysis is used. This gives, besides the reliability
level 𝛽, also insights in the individual influences of the various variables on the final reliability in the
form of sensitivity factors 𝛼2.

12.1. General information
In order to include the influence of certain stochastic models in the reliability assessment of the ele­
ments, four different reliability analyses 𝑅𝐴𝐴 − 𝑅𝐴𝐷 are performed (see table 12.1). For each type of
analysis the 𝑣𝑝𝑜𝑡 model and the load effects model are varied. These 𝑣𝑝𝑜𝑡 models are based on the
research of la Gasse and include both a Type I GEV and Type III GEV. Also the variation between the
time­series load effects model and probabilistic wind pressure model is investigated. This probabilistic
wind pressure model is further explained in Chapter 7: Probabilistic Wind Pressure Model.

All input variables, distribution types and corresponding parameters of the load and resistance side
respectively can be found in tables 12.2 and 12.3. In addition, other input parameters can be found in
Appendix Reliability Assessment ­ Additional Input Parameters.

For all investigated elements, both sensitivity factors 𝛼2 and reliability index 𝛽 are plotted. Based on
these results, conclusions about the reliability of each specific element can be drawn. The deterministic
design of the case study building based on the Eurocode, is designed based on a reference period of
50 years and consequence class 2. In other words, the recommended minimum reliability index 𝛽 for
this structure is 3.8. Next the obtained reliability index values can be compared with this 𝛽𝑡𝑎𝑟𝑔𝑒𝑡. If the
reliability index value is above the 𝛽𝑡𝑎𝑟𝑔𝑒𝑡 it is more reliable than necessary according to the Eurocode,
in the opposite case when the value is below the target it is less reliable than recommended. Next, the
reliability assessment can be used to further optimise the profile, such that the reliability is just above
this 𝛽𝑡𝑎𝑟𝑔𝑒𝑡.

The loads acting on the structure vary in time. These loads are therefore also included as stochastic
variables in the reliability analysis. However, for the combination of these different loads that vary in
time, think of the imposed load and the wind load, it is good to note that the probability of these loads
both reaching an extreme value at the same time is very unlikely. To take this into account, the Turkstra
rule [33] can be used. The principle is that for one of the loads the extreme value is taken in combi­
nation with the instantaneous value of the other loads. The different combinations are then examined
and the one with the highest probability of failure is considered governing.

In this study, however, it is assumed that both the wind load and the variable load can have extreme
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values at the same time. This is a conservative approach and will therefore result in higher failure
probabilities. However, given that the effects of the wind in most elements are small, this will not differ
much from the Turkstra method. And in the case of the steel bracing, which has to endure a lot of wind
loads, this will not make any difference since there is no variable load acting on it.

The reliability analysis of the columns includes the buckling length. In order to simulate reality as good
as possible, it is decided to make a stochastic model of this variable as well. Based on the tolerances of
steel beams produced with regulations in the Eurocode (EN 10051), a stochastic model can be made.
For steel beams with a length between 2000 and 8000 𝑚𝑚, the lower limit of the length tolerance is
equal to 0 and the upper limit is equal to +0.005⋅ length [2]. Or in this case with a 𝑙𝑏𝑢𝑐𝑘 of 4000 𝑚𝑚,
the upper limit is equal to 20𝑚𝑚. So the length is between 4000 and 4020𝑚𝑚. The stochastic model
for 𝑙𝑏𝑢𝑐𝑘 is created on this basis.

Indication Reliability
Analysis (RA)

𝑣𝑝𝑜𝑡 model Load effects model

𝑅𝐴𝐴 Type I GEV (Gumbel) Timeseries

𝑅𝐴𝐵 Type III GEV (Weibull) Timeseries

𝑅𝐴𝐶 Type I GEV (Gumbel) Probabilistic model

𝑅𝐴𝐷 Type III GEV (Weibull) Probabilistic model

Table 12.1: Different types of reliability analyses, including indication for in the further analyses below in this chapter

12.2. Reliability assessment steel structural elements
A reliability assessment is carried out for the different elements of the main steel supporting structure
of the case study building. The results are in the form of sensitivity factors 𝛼2 and reliability index 𝛽.
For most elements a distinction is also made between a type (1) and (2) calculation. This concerns the
extent to which the uncertainties related to the strength side of the material / element are taken into
account. These stochastic models related to the uncertainty of the strength of the material ­ think of
𝑚𝑏𝑒𝑛𝑑𝑖𝑛𝑔, 𝑚𝑏𝑢𝑐𝑘𝑙𝑖𝑛𝑔, 𝑚𝑙𝑎𝑡−𝑏𝑢𝑐𝑘𝑙𝑖𝑛𝑔, 𝑚𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛 ­ have a mean value higher than 1.0. In other words,
on the basis of experiments that also form the basis of background documentation to Eurocode 3, the
strength of the element often turns out to be higher than initially expected. The calculations in which this
extra capacity is included with the higher mean values are type (1) calculations. This has subsequently
also been compared with the type (2) calculations, whereby the mean value has been adjusted to 1.0.
In other words, no extra reserve capacity of the element, as found in experiments, is included in the
analysis. In this type (2) calculation, the COV is included in the same way as in type (1). The type (2)
calculations are therefore on the conservative side.

It is good to realise that these experiments are carried out in the laboratory under practically perfect
conditions. Therefore, the amount of extra capacity of the elements is quite high on the basis of these
experiments. In reality, however, this will be more subtle, as there are different conditions on the build­
ing site in which the construction is realised. In theory, the geometry and positioning is all perfect, but
this is of course not realistic in the real world. Therefore, small differences will always occur. To get a
grip on these differences that can occur on the building site and to ensure that these discrepancies do
not become too extreme, the allowed tolerances are described in standards such as NEN­EN 1090­2
[12] (Execution of steel structures and aluminium structures ­ Part 2: Technical requirements for steel
structures). In this document requirements are set for the quality of construction products such as
steel, for example strength, elongation, tolerances on dimensions and shape, chemical composition,
etc. Various inspection documents serve to monitor the quality of the products. Since certain minimum
requirements are often set, it appears that most products have properties that are considerably higher.
Tests will show, for example, that the 𝑓𝑦 of a steel profile is often much higher than how it is classified.
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Variable Distribution type Parameters Remarks

𝜌𝑎𝑖𝑟 Deterministic 𝜌𝑎𝑖𝑟 = 1.225 𝑘𝑔/𝑚3 ­

𝑣𝑝𝑜𝑡 Type I GEV (Gumbel), Type
III GEV (Weibull)

Type I: 𝑢 = 19.24, 𝛼 = 0.43;
Type III: 𝑢 = 19.42, 𝛼 = 0.41,
𝜉 = −0.14

Based on research la Gasse
[23]

𝑆𝑣 Normal 𝜇 = 1.0, 𝐶𝑂𝑉𝑡𝑦𝑝𝑒𝐼 = 0.04,
𝐶𝑂𝑉𝑡𝑦𝑝𝑒𝐼𝐼𝐼 = 0.09

Based on research la Gasse
[23]; Different 𝐶𝑂𝑉 for type I
and type III GEV distribution
of 𝑣𝑝𝑜𝑡

𝑐2𝑟 Log­normal 𝜇𝑐2𝑟 = 1.15, 𝐶𝑂𝑉𝑐2𝑟 = 0.15 See Chapter 9: Reliability
Assessment Procedure

𝑐̂𝑀, 𝑐̂𝑁, 𝑐̂𝑉 ­ ­ See Chapter 11: Description
Load Effects

𝑆 ̂𝑐𝑀 , 𝑆 ̂𝑐𝑁 ,
𝑆 ̂𝑐𝑉

­ ­ See Chapter 11: Description
Load Effects

𝜒𝑚𝑜𝑑𝑒𝑙 Normal 𝜇 = 1.0, 𝐶𝑂𝑉 = 0.1 ­

𝐴𝑟𝑒𝑓 Deterministic 8 ⋅ 30 𝑚2 Area of the facade of the
building

ℎ Deterministic 8 𝑚 Height of the building

𝑧0 Deterministic 𝑧0 = 0.8 m ­

𝑧0,𝐼𝐼 Deterministic 𝑧0,𝐼𝐼 = 0.03 m ­

𝐺 Normal 𝜇 = 𝐺𝑘, 𝐶𝑂𝑉 = 0.05 Based on ’Proqua’ research,
see table 5.6

𝑄 Gumbel 𝜇 = 0.6𝑄𝑘, 𝐶𝑂𝑉 = 0.35 Based on ’Proqua’ research,
see table 5.6

Table 12.2: Input variables, distribution types and associated parameters regarding load side of the reliability assessment of
the case study building

Measurements in accordance with ISO 4463­1 must be taken before assembly of the structure on the
building site. This is to ensure that the positioning of the steel element is correct. NEN­EN 1090­2
[12] also lists geometrical tolerances that influence both functional (e.g. fit and appearance) and con­
structive fundamental (e.g. influence on mechanical strength and stability of construction) criteria. A
complete overview of these tolerances can be found in Annex Tolerances on construction building ­
NEN­EN 1090­2 [12].

As can be seen from the figures in the Annex, the deviations from the theoretical design can vary quite
considerably. All these differences can result in a different play of forces in the entire structure. There­
fore it is good to realise that the results obtained in this reliability assessment are valid in the theoretical
case that the structure perfectly matches the drawings. This is often not completely the case and de­
viations within the allowed tolerances are therefore normal and have influence on the reliability of the
various elements.

A further optimisation of the profiles based on the reliability assessment is performed for all elements.
The input parameters of the relevant profile based on the deterministic Eurocode design are adjusted to
other profile parameters. This gives a first indication what happens with the reliability of the elements if
another profile is chosen. It should be noted that in principle, the change of a certain profile, affects the
permanent loads of the other profiles that also carry this weight. However, for this first indication this
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Variable Distribution type Parameters Remarks

𝑓𝑦 Log­normal 𝜇 = 𝑓𝑦,𝑘 + 2 ⋅ 𝜎, 𝐶𝑂𝑉 = 0.08 See table 5.1

𝑊𝑝𝑙,𝑦 Normal 𝜇 = 0.99𝑋𝑛𝑜𝑚, 𝐶𝑂𝑉 = 0.025 See table 5.3

𝐴 Normal 𝜇 = 0.99𝑋𝑛𝑜𝑚, 𝐶𝑂𝑉 = 0.025 See table 5.3

𝐼 Normal 𝜇 = 0.99𝑋𝑛𝑜𝑚, 𝐶𝑂𝑉 = 0.025 See table 5.3

𝐸 Log­normal 𝜇 = 𝐸𝑘, 𝐶𝑂𝑉 = 0.03 See table 5.1

𝑙𝑏𝑢𝑐𝑘 Normal 𝜇 = 𝑙 ⋅ 1.0025, 𝐶𝑂𝑉 = 0.001 See explanation in beginning of
this chapter

𝑚𝑏𝑒𝑛𝑑𝑖𝑛𝑔 Normal 𝜇 = 1.1, 𝐶𝑂𝑉 = 0.05 See table 5.6

𝑚𝑏𝑢𝑐𝑘𝑙𝑖𝑛𝑔 Normal 𝜇 = 1.2, 𝐶𝑂𝑉 = 0.1
1.2 = 0.083 See table 5.6

𝑚𝑖 Normal 𝜇 = 1.0, 𝐶𝑂𝑉 = 0.05
1.0 = 0.05 See figure 5.7

𝑚𝑙𝑎𝑡.𝑏𝑢𝑐𝑘𝑙𝑖𝑛𝑔 Normal 𝜇 = 1.1755, 𝐶𝑂𝑉 = 0.0954
1.1755 =0.081

See Annex Model uncertainties

𝑚𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛 Normal 𝜇 = 1.3, 𝐶𝑂𝑉 = 0.122
1.3 = 0.093 See Annex Model uncertainties

Table 12.3: Input variables, distribution types and associated parameters regarding resistance side of the reliability assessment
of the case study building

change of permanent weight is not included, also because the contribution of the weight of the profiles
is relatively small compared to the permanent floor or roof load and the variable loads on the structure.
This assumption is also conservative, since we now assume that the permanent load remains the same
and does not decrease.

12.2.1. External beam level 2 (S42)

(a) Sensitivity factors 𝛼2 (b) Reliability index values 𝛽

Figure 12.1: Sensitivity factors 𝛼2 of the stochastic variables and 𝛽­values of the reliability assessment for external beam level
2 (S42) with IPE240 profile (deterministic Eurocode design). (A) 𝑣𝑝𝑜𝑡: Type I GEV (Gumbel) and load effects based on

timeseries, (B) 𝑣𝑝𝑜𝑡: Type III GEV (Weibull) and load effects based on timeseries, (1) 𝜇𝑚𝑏𝑒𝑛𝑑𝑖𝑛𝑔 = 1.1, (2) 𝜇𝑚𝑏𝑒𝑛𝑑𝑖𝑛𝑔 = 1.0

Figure 12.1a and 12.1b show the sensitivity factors 𝛼2 and the reliability index 𝛽 for the various analy­
ses, respectively. What is noticeable here is that the variable load 𝑄 has the largest contribution to the
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External Beam Level 2 (S42)

u.c. = 0.91 Profile 𝑅𝐴𝐴(1) 𝑅𝐴𝐴(2) 𝑅𝐴𝐵(1) 𝑅𝐴𝐵(2)
Eurocode Design⟶ IPE240 7.17 6.53 7.16 6.53

IPE220 5.46 4.76 5.46 4.76

IPE200 3.46 2.66 3.46 2.66

Table 12.4: Optimisation of profile for External beam level 2 (S42) based on reliability assessment including both probabilistic
action and resistance models

reliability. This contribution of 𝑄 is smaller for the type (2) calculations, in those cases the influence of
𝑓𝑦 is somewhat more influential. The stochastic variables related to the wind load side are almost not
visible, i.e. the moments generated by the wind load are negligible relative to the permanent and vari­
able load. The average bending moment that occurs due to 𝐺, 𝑄 and the wind respectively (assuming
the average value of all factors) is roughly distributed as follows: 88%, 11%, 1%. In this case, 𝐺 clearly
creates the largest moment in this beam, but the spread of 𝐺 is much smaller than 𝑄. This explains
why 𝑄 still has more influence in the reliability.

What is interesting is that the 𝛽­values based on the deterministic Eurocode design with profile IPE240
are relatively high. This while the u.c. based on the Eurocode standards is 0.91. This clearly shows
that the partial factor in the Eurocode for the permanent load 𝐺 is on the conservative side for this
specific case. If the profile is further optimised in table 12.4, it can be seen that an IPE220 profile would
be the best choice in this case. Further optimisation of the profile to an IPE200 results in a reliability
below the 𝛽𝑡𝑎𝑟𝑔𝑒𝑡 of 3.8 for all analyses. The further optimisation from IPE240 to IPE220 means a net
decrease of 15% in material for this element.

12.2.2. External beam level 1 (S18)

(a) Sensitivity factors 𝛼2 (b) Reliability index values 𝛽

Figure 12.2: Sensitivity factors 𝛼2 of the stochastic variables and 𝛽­values of the reliability assessment for external beam level
1 (S18) with IPE450 profile (deterministic Eurocode design). (A) 𝑣𝑝𝑜𝑡: Type I GEV (Gumbel) and load effects based on

timeseries, (B) 𝑣𝑝𝑜𝑡: Type III GEV (Weibull) and load effects based on timeseries, (1) 𝜇𝑚𝑏𝑒𝑛𝑑𝑖𝑛𝑔 = 1.1, (2) 𝜇𝑚𝑏𝑒𝑛𝑑𝑖𝑛𝑔 = 1.0

Figure 12.2a and 12.2b show the sensitivity factors 𝛼2 and the reliability index 𝛽 for the various anal­
yses, respectively. The reliability of this element is completely dominated by the variable load 𝑄. The
contributions of the different stochastic variables are also the same for the different methods. This
also clearly shows that the wind related load effects hardly influence the reliability of this element. The
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External Beam Level 1 (S18)

u.c. = 0.82 Profile 𝑅𝐴𝐴(1) 𝑅𝐴𝐴(2) 𝑅𝐴𝐵(1) 𝑅𝐴𝐵(2)
Eurocode Design⟶ IPE450 5.14 4.72 5.14 4.72

IPE400 3.98 3.55 3.98 3.55

IPE360 2.82 2.34 2.82 2.34

Table 12.5: Optimisation of profile for External beam level 1 (S18) based on reliability assessment including both probabilistic
action and resistance models

average bending moment that occurs due to 𝐺, 𝑄 and the wind respectively (assuming the average
value of all factors) is roughly distributed as follows: 67%, 32%, 1%. In this case, the contribution of 𝑄
to the acting moment in the beam is considerably larger than in the previous case. Partly because the
variable floor load on level 1 is greater than the variable roof load on level 2.

The 𝛽­values of this element are already relatively close to the target reliability of 3.8. The difference
between including or excluding extra capacity in the strength (type (1) vs (2)) is roughly 0.4 ­ 0.5 𝛽. If
the profile is further optimised in table 12.5, it can be seen that an IPE400 profile would be the best
choice in this case.

It should be noted that the type (2) analyses are on the conservative side and do not include additional
strength capacity. Experiments and other test results, which also form the basis of the background doc­
umentation of Eurocode 3, show that the strength is often higher than purely based on theory. Based
on those experiments and models that follow, it is very plausible that the reliability of the IPE400 profile
should be above the beta target. However, it is very optimistic to assume the full additional capacity
that follows from the laboratory experiments. After all, conditions on the building site are never perfect.
However, the engineer always bears the final responsibility for this and will have to make a sound de­
cision.

Further optimisation of the profile to an IPE360 results in a reliability below the 𝛽𝑡𝑎𝑟𝑔𝑒𝑡 of 3.8 for all
analyses. The further optimisation from IPE450 to IPE400 means a net decrease of 15% in material
for this element.

12.2.3. Steel bracing (S65)

Steel Bracing (S65)

u.c. = 0.88 Profile 𝑅𝐴𝐴 𝑅𝐴𝐵 𝑅𝐴𝐶 𝑅𝐴𝐷
Eurocode Design⟶ rod 𝜙 = 45 𝑚𝑚 4.77 5.48 4.83 5.80

rod 𝜙 = 35 𝑚𝑚 3.82 4.21 3.85 4.38

rod 𝜙 = 30 𝑚𝑚 3.22 3.45 3.24 3.53

Table 12.6: Optimisation of profile for Steel bracing (S65) based on reliability assessment including both probabilistic action
and resistance models

Next, the element in which the wind load has a major influence. This provides insights into the specific
variables that play a role in these wind loads. Figure 12.3a and 12.3b show the sensitivity factors 𝛼2 and
the reliability index 𝛽 for the various analyses, respectively. This also shows the difference between
the time series of wind pressures (A­B) and the probabilistic wind pressure model (C­D). The results
show that the reliability is lower for a type I GEV 𝑣𝑝𝑜𝑡. This is because of the fixed skewness is the type
I GEV description, which results in a conservative distribution of the wind speeds. The contribution of
𝑣𝑝𝑜𝑡 on the reliability is also higher in the type I GEV cases (𝑅𝐴𝐴 and 𝑅𝐴𝐶) than for the type III GEV 𝑣𝑝𝑜𝑡
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(a) Sensitivity factors 𝛼2 (b) Reliability index values 𝛽

Figure 12.3: Sensitivity factors 𝛼2 of the stochastic variables and 𝛽­values of the reliability assessment for steel bracing (S65)
with steel rod 𝜙 = 45𝑚𝑚 profile (deterministic Eurocode design). (A) 𝑣𝑝𝑜𝑡: Type I GEV (Gumbel) and load effects based on
timeseries, (B) 𝑣𝑝𝑜𝑡: Type III GEV (Weibull) and load effects based on timeseries, (C) 𝑣𝑝𝑜𝑡: Type I GEV (Gumbel) and load
effects based on probabilistic wind pressure model, (D) 𝑣𝑝𝑜𝑡: Type III GEV (Weibull) and load effects based on probabilistic

wind pressure model

(𝑅𝐴𝐵 and 𝑅𝐴𝐷). Because of the larger sampling uncertainties for the type III GEV 𝑣𝑝𝑜𝑡, the contribution
of 𝑆𝑣 to the reliability is also larger in those cases. What is also noticeable is that the contribution of 𝐶𝑁
to the reliability is higher in the case of a type III GEV 𝑣𝑝𝑜𝑡.

The reliability based on the deterministic design results in relatively high 𝛽­values. Further optimisa­
tions of the profile are shown in table 12.6. The diameter could be reduced such that it would result
in a 𝛽 just above the target. The 𝛽’s based on the probabilistic wind pressure model are higher than
in the time series case. This is mainly because the 𝜎 parameter in the Gumbel fit for the probabilistic
wind pressure model case is smaller (0.081 vs 0.121). As a result, the tail in the 𝐶𝑁 distribution is less
present and will result in lower values, in other words, higher reliability.

Based on the reliability assessment, the design value of 𝐶𝑁 can be determined and compared with the
value of the Cook­Mayne fractile. If these values are similar, then the design value has been estimated
correctly and the corresponding sampling uncertainties are also correctly estimated. Based on the 20𝑠­
extremes, the design value based on 𝑅𝐴𝐴 is 1.375 and based on Cook­Mayne 1.42. In other words,
the predetermined sampling uncertainties around the Cook­Mayne fractile are a good estimate. Since
this is a Gumbel distribution, in which the tail lies on a straight line, the values do not differ much from
each other.

𝑅𝐴𝐴 𝑅𝐴𝐵 Eurocode

𝐴 1565.71 1560.64 1590.43

𝑓𝑦 398.56 384.87 355

𝑣𝑑 32.67 32.84 33.11

𝑐𝑟(ℎ𝑟𝑒𝑓)2 1.38 1.51 1.79

𝜒𝑚𝑜𝑑𝑒𝑙 1.08 1.12 1.00

Table 12.7: Design values (steel bracing) based on reliability assessments in comparison with design values based on
deterministic Eurocode design
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In order to get a better understanding of the individual stochastic variables, an overview of the design
values based on the reliability assessments is given in table 12.7. Only the design values based on
the timeseries approach (𝑅𝐴𝐴 and 𝑅𝐴𝐵) are considered. In table 12.7 it can be seen that most of the
variables are in line with the Eurocode value. The yield strength 𝑓𝑦 of the steel in the Eurocode is lower
than what is shown in the reliability assessment. Therefore the material can handle more than what we
expect. The wind speed also corresponds well to the Eurocode design value. The main difference is
the roughness factor 𝑐𝑟(ℎ𝑟𝑒𝑓)2, which implies that the wind load on the building according to the design
values of the reliability assessment is lower than according to the Eurocode. Also in the reliability
assessment a model uncertainty factor 𝜒𝑚𝑜𝑑𝑒𝑙 is introduced. This factor is not present in the Eurocode
design and is therefore set to 1.0. As can be seen the factor causes a small increase in the design
wind load.

12.2.4. Internal column (S13)

(a) Sensitivity factors 𝛼2 (b) Reliability index values 𝛽

Figure 12.4: Sensitivity factors 𝛼2 of the stochastic variables and 𝛽­values of the reliability assessment for internal column
(S13) with HEA200 profile (deterministic Eurocode design). (A) 𝑣𝑝𝑜𝑡: Type I GEV (Gumbel) and load effects based on

timeseries, (B) 𝑣𝑝𝑜𝑡: Type III GEV (Weibull) and load effects based on timeseries, (1) 𝜇𝑚𝑏𝑢𝑐𝑘𝑙𝑖𝑛𝑔 = 1.2, (2) 𝜇𝑚𝑏𝑢𝑐𝑘𝑙𝑖𝑛𝑔 = 1.0

Internal Column (S13)

u.c. = 0.89 Profile 𝑅𝐴𝐴(1) 𝑅𝐴𝐴(2) 𝑅𝐴𝐵(1) 𝑅𝐴𝐵(2)
Eurocode Design⟶ HEA200 6.57 5.77 6.57 5.77

HEA180 5.53 4.69 5.53 4.69

HEA160 4.39 3.50 4.39 3.50

HEA140 2.66 1.57 2.66 1.57

Table 12.8: Optimisation of profile for Internal column (S13) based on reliability assessment including both probabilistic action
and resistance models

Figure 12.4a and 12.4b show the sensitivity factors 𝛼2 and the reliability index 𝛽 for the various anal­
yses, respectively. Also for this element, the variable load 𝑄 has the most influence on the reliability.
However, a small difference can be seen between type (1) and (2); the contribution of 𝑚𝑏𝑢𝑐𝑘𝑙𝑖𝑛𝑔 is just
slightly smaller for the type (2) analyses than for type (1). The difference in contribution of 𝑚𝑏𝑢𝑐𝑘𝑙𝑖𝑛𝑔 is
1𝑣𝑑 = √1.5𝑣𝑏
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then compensated by the variable load 𝑄. Otherwise, all stochastic variables are almost the same for
the different analyses.

The 𝛽­values are relatively high based on the deterministic Eurocode design with HEA200. If the profile
is further optimised in the reliability assessment, a HEA160 profile would also suffice. The difference
between including or excluding the extra capacity of the element is quite large. The further optimisation
from HEA200 to HEA160 means a net decrease of 28% in material for this element.

12.2.5. External column (S2)

(a) Sensitivity factors 𝛼2 (b) Reliability index values 𝛽

Figure 12.5: Sensitivity factors 𝛼2 of the stochastic variables and 𝛽­values of the reliability assessment for external column
(S2) with HEA220 profile (deterministic Eurocode design). (A) 𝑣𝑝𝑜𝑡: Type I GEV (Gumbel) and load effects based on

timeseries, (B) 𝑣𝑝𝑜𝑡: Type III GEV (Weibull) and load effects based on timeseries, (1) 𝜇𝑚𝑏𝑢𝑐𝑘𝑙𝑖𝑛𝑔 = 1.2 and
𝜇𝑚𝑙𝑎𝑡−𝑏𝑢𝑐𝑘𝑙𝑖𝑛𝑔 = 1.1755, (2) 𝜇𝑚𝑏𝑢𝑐𝑘𝑙𝑖𝑛𝑔 = 1.0 and 𝜇𝑚𝑙𝑎𝑡−𝑏𝑢𝑐𝑘𝑙𝑖𝑛𝑔 = 1.0

External Column (S2)

u.c. = 0.68 Profile 𝑅𝐴𝐴(1) 𝑅𝐴𝐴(2) 𝑅𝐴𝐵(1) 𝑅𝐴𝐵(2)
Eurocode Design⟶ HEA220 6.04 5.22 6.03 5.21

HEA200 4.76 3.89 4.75 3.88

HEA180 3.37 2.39 3.36 2.38

Table 12.9: Optimisation of profile for External column (S2) based on reliability assessment including both probabilistic action
and resistance models

Figure 12.5a and 12.5b show the sensitivity factors 𝛼2 and the reliability index 𝛽 for the various anal­
yses, respectively. Also in this element, especially the variable load 𝑄 and the 𝑓𝑦 of the material are
important factors in the reliability. Furthermore, here also little difference can be seen in the influence
of the various stochastic variables on the reliability in the different analyses. However, the reliability in
the type (2) cases is significantly lower than for type (1). The average normal force that occurs due
to 𝐺, 𝑄 and the wind respectively (assuming the average value of all factors) is roughly distributed as
follows: 68%, 24%, 8%. And these distributions in the case of the bending moment are as follows for
𝐺, 𝑄 and wind: 69%, 24%, 7%. In this element, the contributions of the wind to the internal forces are
present to a reasonable extent. However, the permanent load 𝐺 clearly dominates. The large influence
of 𝑄 on the reliability can be explained by the large variation that occurs with this factor.
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What is remarkable is that the 𝛽­values based on the deterministic Eurocode design with profile HEA220
are relatively high. If the profile is further optimised in table 12.4, it can be seen that an HEA200 profile
would be the best choice in this case. Further optimisation of the profile to an HEA180 results in a
reliability below the 𝛽𝑡𝑎𝑟𝑔𝑒𝑡 of 3.8 for all analyses. The further optimisation from HEA220 to HEA200
means a net decrease of 16% in material for this element.

12.2.6. Corner column (S1)

(a) Sensitivity factors 𝛼2 (b) Reliability index values 𝛽

Figure 12.6: Sensitivity factors 𝛼2 of the stochastic variables and 𝛽­values of the reliability assessment for corner column (S1)
with HEA220 profile (deterministic Eurocode design). (A) 𝑣𝑝𝑜𝑡: Type I GEV (Gumbel) and load effects based on timeseries, (B)

𝑣𝑝𝑜𝑡: Type III GEV (Weibull) and load effects based on timeseries, (1) 𝜇𝑚𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 1.3, (2) 𝜇𝑚𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 1.0

Corner Column (S1)

u.c. = 0.66 Profile 𝑅𝐴𝐴(1) 𝑅𝐴𝐴(2) 𝑅𝐴𝐵(1) 𝑅𝐴𝐵(2)
HEA240 5.06 3.83 5.05 3.81

Eurocode Design⟶ HEA220 3.85 2.48 3.83 2.46

HEA200 2.40 0.84 2.38 0.82

Table 12.10: Optimisation of profile for Corner column (S1) based on reliability assessment including both probabilistic action
and resistance models

Figure 12.6a and 12.6b show the sensitivity factors 𝛼2 and the reliability index 𝛽 for the various anal­
yses, respectively. For the type (1) analyses, the reliability is dominated mainly by the variable load
𝑄. This contribution of 𝑄 is smaller in the type (2) analyses. In addition, the factor 𝑚𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛 has a
relatively large contribution to the reliability. Also, the influence of 𝑓𝑦 is larger in the type (2) cases than
for type (1). The average normal force that occurs due to 𝐺, 𝑄 and the wind respectively (assuming the
average value of all factors) is roughly distributed as follows: 67%, 23%, 10%. And these distributions
in the case of the bending moment 𝑀𝑦 are as follows for 𝐺, 𝑄 and wind: 63%, 22%, 15% and in the
case of bending moment 𝑀𝑧: 68%, 24%, 8%. The wind has comparatively the most influence in the
bending moment 𝑀𝑦.

The deterministic design based on the Eurocode, resulted in profile HEA220. The reliability results
with this profile also show well that this was indeed the optimal profile for this element. The additional
capacity of the element in the type (1) analyses demonstrates this. However, if one wants even more
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certainty, one could always go for a heavier profile (in this case a HEA240). Then the element also
satisfies for the conservative case (2).

𝑅𝐴𝐴(1) 𝑅𝐴𝐴(2) 𝑅𝐴𝐵(1) 𝑅𝐴𝐵(2) Eurocode

𝐴 6363.00 6364.78 6363.02 6364.82 6434

𝐸 209911.95 209933.44 209911.93 209933.82 210000

𝑓𝑦 372.70 386.05 372.80 386.32 355

𝐼𝑦 5.35 ⋅ 107 5.35 ⋅ 107 5.35 ⋅ 107 5.35 ⋅ 107 5.41 ⋅ 107

𝑊𝑝𝑙,𝑌 560827.28 561219.70 560825.34 561224.07 568000

𝑊𝑝𝑙,𝑍 266164.00 266739.21 266170.68 266752.71 271000

𝑙𝑏𝑢𝑐𝑘 4010 4010 4010 4010 4000

𝑣𝑑 22.42 22.00 23.45 22.98 33.12

𝑐𝑟(ℎ𝑟𝑒𝑓)2 1.20 1.19 1.20 1.19 1.79

𝜒𝑚𝑜𝑑𝑒𝑙 1.02 1.02 1.02 1.02 1.00

𝑄 71.26 56.49 70.78 56.08 93.75

𝐺 110.62 110.25 110.61 110.23 145.94

Table 12.11: Design values (corner column) based on reliability assessments in comparison with design values based on
deterministic Eurocode design

Table 12.11 shows the design values based on the reliability assessments and the Eurocode. What is
noticeable here is that the variables related to the profile ­ i.e. 𝐴, 𝐼𝑦,𝑊𝑝𝑙,𝑌,𝑊𝑝𝑙,𝑍 ­ based on the reliability
assessments are quite a bit lower than those based on the Eurocode. However, the yield strength 𝑓𝑦
of the material is a higher value than assumed in the Eurocode. The buckling length is in all cases
slightly higher than the deterministic design, therefore the element is slightly more buckling sensitive.
The derived design value of the wind speed is significantly lower than based on the Eurocode, therefore
the wind load on the building is also lower. The guidelines in the Eurocode are formulated in such a
way that in a general sense it results in safe structures, therefore it can happen that the design value of
a certain variable is on the conservative side in specific cases. This is clearly visible in the case of the
wind speed. Also the roughness factor 𝑐𝑟(ℎ𝑟𝑒𝑓)2 is on the conservative side in the Eurocode design.
Finally, it can be seen that the permanent and variable load, respectively 𝐺 and 𝑄, in the Eurocode are
on the high end and therefore conservative. Based on this it can be concluded that the partial factors
𝛾𝐺 = 1.35 and 𝛾𝑄 = 1.5 are on the high side in the Eurocode design for this specific case. This reliability
assessment shows that the design value of both the permanent and variable load may be a little lower.

12.3. Conclusions
Based on the results of this reliability assessment on this case study building, the following conclusions
can be made:

• The results of the reliability assessment on this particular case study building show that in most
cases; the deterministic design based on Eurocode standards result in too safe elements which
could have been optimised further. Applying an (extensive) reliability assessment for this case
study building, has certainly added value with respect to the optimisation of the profiles and thus
realising an economical design. The disadvantage is that this probabilistic design requires more
knowledge and time of the engineer.

• These reliability assessment results show for this specific building that the reliability is often on the
high side, but this does not mean that this is true for all structures based on these Eurocode guide­
lines. This reliability assessment is only one case which has been examined in detail. Drawing

2𝑣𝑑 = √1.5𝑣𝑏
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conclusions about the reliability of other buildings ­ with a different form factor, height, typology,
etc. ­ based on these results is therefore not advisable.

• The reliability assessment of the steel bracing shows the most insights into the different wind­
related aspects. Since the wind forces are mainly absorbed by this bracing.

– What stands out here is that the wind speed variable 𝑣𝑝𝑜𝑡 has the most influence on the
reliability. If a type I GEV (Gumbel) distribution is used for the stochastic variable 𝑣𝑝𝑜𝑡, the
contribution of 𝑣𝑝𝑜𝑡 to the reliability is greater than for a type III GEV (Weibull) 𝑣𝑝𝑜𝑡 distribution.
In the case of a type III GEV (Weibull) 𝑣𝑝𝑜𝑡, however, the associated sampling uncertainties
𝑆𝑣 are larger and also have a larger influence on the reliability. Also the contribution of 𝐶𝑁 to
the reliability is larger in the case of a type III GEV 𝑣𝑝𝑜𝑡. The total reliability of the bracing is
lower in the case of a type I GEV. This can be explained by the fact that the type I description
of 𝑣𝑝𝑜𝑡 has a fixed skewness and therefore generates very conservative wind speeds.

– For the stochastic model of 𝑣𝑝𝑜𝑡 both a type I and type III generalized extreme value (GEV)
distribution are used, based on research by la Gasse. The major difference is mainly that
type I GEV has a fixed skewness value and type III GEV does not, i.e. for type I GEV only 2
parameters are needed (shape parameter 𝜉 = 0) and for type III GEV 3 are needed. Since
more parameters need to be estimated for the type III GEV, this type is more sensitive to
sampling uncertainties. The advantage of type III GEV, however, is that due to the skewness
parameter not being fixed, the wind speed data can be better fitted. Whereas type I GEV
has a fixed skewness parameter, resulting in more conservative values.

– The deterministic design based on the Eurocode results in an overly safe design for the steel
bracing. The occurring wind forces on the building based on the Eurocode standards are
higher than the transformed full­scale wind loads as measured in the wind tunnel. Partly be­
cause the design value of roughness factor 𝑐𝑟(ℎ𝑟𝑒𝑓)2 in the Eurocode is considerably higher
than that based on the reliability assessment. For tall buildings in particular, conducting a
wind tunnel test is very useful to properly account for the effects of wind on the structure. This
wind tunnel data is also useful to perform other type of calculations, like dynamic analysis.

• In elements dominated by permanent and variable load, 𝐺 and 𝑄 respectively, it appears that the
design value of those variables based on the Eurocode is higher than that based on the reliability
assessment for this specific case study building. The partial factors 𝛾𝐺 = 1.35 and 𝛾𝑄 = 1.5 are
in that case too high.

• From the reliability assessment of most of the elements in this case study building, it is evident
that the variable load 𝑄 has by far the greatest influence on the final reliability. This is mainly
explained by the large uncertainty associated with this variable (𝐶𝑂𝑉 = 0.35). Being able to better
predict and identify what this variable load will do, could go a long way in improving reliability and
optimising the design.

• The reliability assessment results show that further optimisation is certainly worthwhile. What is
noticeable is that the difference in 𝛽­value between successive profiles (e.g. HEA200 ­ HEA180)
is quite present. The difference in 𝛽­value between the different profiles is often in the range of
1.0 − 2.0 𝛽.
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Discussion

In this chapter a discussion follows on the reliability assessment carried out in this research. Certain
assumptions and also their influence on the final result are discussed. Firstly, the newly developed
method in this study is discussed, in which wind tunnel data, wind speed models and a finite element
model are coupled. Then, by means of a reliability assessment on a case study building, the use of
the method is demonstrated. The assumptions that influence the determination of the load effects and
finally the reliability assessment itself are also discussed.

13.1. Developed method
• In this research, a method is developed in which wind tunnel data, wind speed models and a
finite element model are coupled. This was not possible until now and this research offers a lot
of exciting prospects for the future. The great advantage of linking the different models is that
the reliability based design gives more accurate results, since the behaviour of the structure in a
FEM is included. Furthermore it is a lot easier to perform the reliability based design because the
models and data are often already available but now they can be directly linked in the analysis.
The big advantage of a reliability based design is that the design can often be further optimised
compared to a deterministic design based on the Eurocode. Normally a full reliability based
design is not feasible because of the longer time and more knowledge required (also in the field
of statistics) of an engineer compared to a relatively fast deterministic Eurocode design. However,
with the newly developed method a first step has been made to make a reliability based design
more efficient and therefore more interesting to use. Some examples of how this method can be
used and what the possibilities for the future are are as follows:

– Imagine that somewhere a (wind excited) building has to be designed and built. With the
new method, the process will look like this. First of all, it is possible to use representative
wind speed measurements (such as from KNMI) and create stochastic wind speed models
from these. Next, a wind tunnel study can be carried out, in which the shape of the building
is matched with the design and surrounding buildings are included. This will then result in
a series of pressure measurements on the building over a certain period of time (just like in
this research). Finally, a FEM is made, in which the structure is modelled (elements not yet
optimised) or possibly only the boundary conditions are modelled in combination with the
parametric design methodology. Then it is possible with the new method to link all models
and data and a reliability based design is created. With one push on the button all elements
are optimised and the design of the building emerges from the analysis based on certain
minimum reliability requirements.

– This study focuses mainly on linking wind tunnel data, but the possibilities are much more
diverse. Some examples of other data / measurements that can be directly linked are as
follows: traffic measurements, temperature measurements, earthquake measurements, etc.

• This research revealed that the bottleneck of the new method is in particular the required com­
puting power and time. In the case of a linear calculation to obtain the load effects it took about
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9 𝑠 per calculation in this study. If another type of calculation such as a non­linear calculation is
performed, the required time will be even longer. It is therefore advisable to increase the compu­
tational power. Think for example of computing in the cloud methods, where many calculations
are performed parallel to each other.

13.2. Determination load effects
• It is assumed that the wind only comes from one direction (resulting in wind pressures on all sides
and top of the building), perpendicular to side A of the building. However, previous studies such as
that by Meinen [25] show that the orientation of the wind in respect to the building does influence
the reliability. It is therefore recommended that this orientation of the wind on the building should
be included in the analysis to determine the governing wind direction and resulting load effects. It
is possible that wind from a different direction will result in lower reliability in the various elements.

• Something that is worth noting and affects the determination of the load effects and also the reli­
ability assessment results, which is also described in section Remark on fully uncorrelated zones
in Chapter 7: Probabilistic Wind Pressure Model, is the fact that the pressure measurements
obtained from the wind tunnel research contain uncorrelated zones. This is due to the way the
pressure measurements are obtained in the wind tunnel; 86 measuring points on 2 sides and top
of the building. After the first experiment and obtaining the pressure measurements on these two
sides (side A and C) and top (run 1), the model is rotated and the measurements for the other two
sides (side B and D) and top (run 2) are obtained in experiment two. Later, all data is combined
and therefore does not include the correlation between, for example, pressure measurements on
the front of the building (side A) and the sides of the building (side B and D). Because of this, the
wind tunnel research does not contain a crucial part and this has influence on the obtained relia­
bility assessment results, both in the case of timeseries approach and probabilistic wind pressure
model approach. Since it is very logical that when a relatively high wind pressure occurs at the
front of the building (side A), the pressures on the sides of the building (side B and D) will also be
relatively high. As a result, the total wind loads on the building will be higher than what is currently
assumed in the case of uncorrelation between side A and B­D for example. The wind load on the
building is probably underestimated, which makes it very likely that the reliability of the various
elements will be on the higher side. It is therefore recommended that wind tunnel studies are
conducted in such a way that measurements are obtained on all sides at the same time, so that
the correlations between all zones are fully accounted for.

13.3. Reliability assessment
• What is good to point out here is that there are differences between theory and reality. All these
deviations ultimately affect the reliability of the elements. In this research, factors such as ­
𝑚𝑏𝑒𝑛𝑑𝑖𝑛𝑔, 𝑚𝑏𝑢𝑐𝑘𝑙𝑖𝑛𝑔, 𝑚𝑙𝑎𝑡−𝑏𝑢𝑐𝑘𝑙𝑖𝑛𝑔 and 𝑚𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛 ­ are used, whereby on the basis of exper­
iments in a laboratory, extra capacity of elements under certain load configurations is demon­
strated. However, the full inclusion of this extra capacity would be very optimistic, as structures
built in the real world are subject to deviations such as initial imperfections. As explained in the
beginning of Chapter 12: Reliability Assessment, for the construction there are certain guidelines
concerning geometry tolerances. If these initial imperfections, which occur during construction,
are taken into account in the reliability assessment, the reliability of the various elements will
be reduced. It is therefore good to consider the results of the reliability assessment in this per­
spective and not to draw any firm conclusions based on these results. Incorporating these initial
imperfections as stochastic models directly into the FEM will be very interesting and will result in
even more accurate results.

• In this reliability assessment it is assumed that both the wind load and the other loads can reach an
extreme value at the same time. This is a conservative approach, as the probability of both loads
reaching an extreme value at the same moment is very unlikely. Because of the relatively small
wind effects in most elements and the fact that the bracing only takes wind load, this conservative
approach is justified. However, applying the Turkstra rule [33] would be an improvement. Here
different combinations of loads are considered, where for one load an extreme value is taken and
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for the other loads the instantaneous load. The combination that results in the highest failure
probability is considered governing.

• In this study also a further optimisation of the profiles is performed based on the reliability as­
sessment. The fact that changing a certain profile also influences the permanent load of another
profile is not included in the analysis. This assumption is on the conservative side, since it as­
sumes that the permanent load remains the same and does not decrease (which would happen if
a profile is further optimised). The influence of this assumption on the reliability values of the fur­
ther optimised profiles will be minimal, since the difference in weight of the profiles with respect to
the permanent floor or roof load and the variable loads is small. However, this assumption should
be kept in mind.

• In this reliability assessment, the stochastic models related to 𝐴, 𝑊 and 𝐼 are assumed to be
uncorrelated with each other. However, it would be better to include a correlation between these
factors. After all, if for example a higher value for 𝐴 is found, also𝑊 and 𝐼 are higher.

• In the case of buckling or lateral torsional buckling in the limit state function, one specific value of
respectively 𝛼 or 𝛼𝐿𝑇 is assumed. This value corresponds to the profile as it is derived from the de­
terministic Eurocode design. In further optimisations this imperfection factor is not reconsidered.
Therefore it is possible that in further optimisations with smaller profiles, the imperfection factor
should have been adjusted. This has consequences for the reduction factor 𝜒 and ultimately also
for the reliability results. It is worthwhile to investigate if and how the imperfection factor can be
implemented in a better way in the reliability assessment.

• In this study, probabilistic models for both the load and resistance side are used, based on an
extensive literature study. The exact choice of these input variables, distribution types and asso­
ciated parameters will ultimately influence the results of the reliability assessment. For example,
for 𝑓𝑦 the most conservative option is used (see table 5.1 in Chapter 5: Probabilistic Structural
Resistance Model, version 2, 𝑘𝑠 = 2). If for example version 1 for 𝑓𝑦 is used, the 𝛽’s are approxi­
mately 0.5−2.0𝛽 higher for the various elements. It is clearly visible that the analysis is sensitive
to the input parameters. In this reliability assessment the 𝐶𝑂𝑉 for 𝐴, 𝑊 and 𝐼 variables is set to
0.025 (the average as indicated in literature). Another choice for this 𝐶𝑂𝑉 would also have led to
slightly different results.
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Conclusions
In this research, all relevant previous researches, probabilistic models and uncertainties are taken into
account, also the load side as well as the resistance side of the reliability analysis are investigated.
Where previous researches used simplistic models for the strength or modelled buildings as one ele­
ment or did not include the construction interaction for the reliability analysis of certain elements, this
research focuses on these aspects. The behaviour of the structure is included by means of a FEM ­
consisting of all the elements of a steel main bearing structure ­ and subsequent load effects. This is
achieved by using a newly developed method in this research, in which various models and data, such
as wind tunnel data, can be linked to a finite element model. This method is also very flexible and can
be used for other research purposes as well.

In this way a more complete reliability analysis is developed taking into account more aspects. In doing
so, the deterministic design based on the Eurocode (see Appendix Deterministic Design Case Study
Building according to the Eurocode) is compared with the results of the reliability analysis of the vari­
ous elements. This gives an insight in the level of reliability and also which elements in this case study
building are the most reliable or unreliable. This study is only a small part of the larger quest for the
most optimal design of buildings; designing buildings in such an efficient and economic way (minimizing
resources) while still complying with the current reliability standards.

At the beginning of this report in the introduction, the main question is described, to which an answer
is sought in this report. The main question is as follows:

”Howcan the reliability of the steel structural systemofwind excited buildings be assessed,
based on probabilistic models accounting for uncertainties in wind forces and resistance,
resulting in failure probabilities on element level?”

This research firstly provides a method to carry out a reliability assessment and then applies it to a
case study building. In order to decompose this main research question in a thorough and structured
manner, a number of sub­questions are formulated. Each of these sub­questions relates to a particular
part of this research. Answers to these sub­questions are provided below.

• How can a probabilistic model of the resistance part be made to account for all the uncertainties
in the material and the structural behaviour?
On the basis of an extensive literature study, the probabilistic models known on the resistance
side of the reliability assessment were identified. With this, an attempt has been made to include
the material properties and uncertainties in the best possible way. Also different models are used
that serve as basis for the background documentation of the Eurocode, where certain load con­
figurations are investigated in the laboratory. This shows that the material often has more reserve
capacity than would be apparent at first sight according to purely theoretical considerations.

• How can a wind load effect model be incorporated into the reliability assessment procedure?
In order to be able to quantify the forces ­ caused by the wind load ­ occurring in the structure,
a wind load effect model is created in this research. There are different types of effect models;
related to moment, normal force or shear force. These models have several deterministic (𝜌𝑎𝑖𝑟,
𝐴𝑟𝑒𝑓, ℎ) and stochastic parameters as input; think of basic wind velocity 𝑣𝑝𝑜𝑡 and associated sam­
pling uncertainties 𝑆𝑣, terrain roughness factor 𝑐𝑟(ℎ𝑟𝑒𝑓), model uncertainty 𝜒𝑚𝑜𝑑𝑒𝑙 and finally the
peak load effects 𝐶̂𝑋 and associated sampling uncertainties 𝑆𝐶̂𝑋 . For the determination of these
peak load effects and the associated sampling uncertainties, a FEM of the case study building is
used on which the transformed full­scale wind pressures from the wind tunnel data are applied.
For each element considered in the reliability assessment, the governing wind load effects are
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determined in a linear calculation. Next, extreme value analyses is applied, resulting in distribu­
tion functions for the peak load effects due to the wind load. Next, the sampling uncertainties are
quantified using the bootstrap method. This results in a wind load effect model that can be used
in combination with the other probabilistic models in the reliability assessment.

• How can the reliability assessment procedure be linked with a finite element model?
In this study SCIA Engineer FEM is used in combination with SCIA OpenAPI and a Python mod­
ule. The big advantage of this approach is that a lot of data, like loads or geometry of the structure,
can be adjusted and updated in the FEM by means of a Python script. This python script can
then control the FEM for a large number of time steps and adjust data. It is therefore also suitable
for the application of a reliability assessment. This relatively new method certainly offers plenty
of new opportunities and could be very interesting for other studies. Further explanation of the
developed method in this study can be found in Annex Explanation on Coupling SCIA FEM with
Python using SCIA OpenAPI.

• Which reliability method (such as Monte Carlo, FORM, etc.) is best suited for the analysis?
The Monte Carlo method executes a large number of simulations and if failure occurs this is re­
ported. Eventually, the failure probability can be determined in this way. The major disadvantage
of this method is that it is pretty computationally heavy and has to run for quite a long time to get
results. A second disadvantage is that the specific influence of certain factors cannot be deter­
mined in most cases. However, with certain software and methods, this could be determined.
The great advantage of FORM is that, based on the sensitivity factors, it can be determined how
large the contribution of specific factors is. This provides a lot of insight into the reliability at a
detailed level. The FORM method also converges quite quickly, which makes it computationally
more efficient than Monte Carlo. Therefore, the FORM method is used in this study.

• How do the reliability values compare to the target reliability of 𝛽 = 3.8 according to the Eurocode
for this type of structure?

– The reliability assessment of this specific case study building shows that the Eurocode stan­
dards in most cases result in elements with a higher reliability than necessary. Most profiles
could have been further optimised. Performing a probabilistic analysis for the design of a
structure, certainly has its added value. However, compared to a deterministic design based
on the Eurocode, it requires more knowledge and time of the engineer. Keep in mind that
this reliability assessment examined only one case study building in detail. Reaching con­
clusions about the reliability of other buildings ­ with a different form factor, height, typology,
etc. ­ based on these results is therefore not advisable.

– The wind pressures on the building according to the Eurocode calculation are higher than
those based on the wind tunnel data. For tall buildings in particular, it is therefore advisable
to carry out a wind tunnel study in order to accurately determine the wind load on the building.
After all, this can be used to further optimise the design.

– In almost all cases, the variable load 𝑄 is the biggest factor in reliability. This is because
of the large uncertainty associated with it. The ability to properly map this uncertainty will
benefit the reliability and will enable further optimisation of the design.

– Experiments in the laboratory show that elements can often cope with more than we initially
think on the basis of theory alone. It is therefore very useful to identify these discrepancies
between theory and reality. As the reliability assessment results also show, the inclusion or
exclusion of this extra capacity has a significant impact on the reliability results. However, it
must be kept in mind that these results obtained under perfect conditions in the laboratory
differ from the actual conditions on the building site.

To return to the main question posed in this study, the following conclusions are presented.

In this study, wind speed models from the study by la Gasse [23], boundary layer wind tunnel pressure
measurements and a FEM of the case study building are used and coupled using a newly developed
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method. This in combination with probabilistic models that take into account the strength of the ma­
terial, the extra capacity regarding certain failure modes based on experiments in the laboratory, but
also other load related aspects. A full reliability assessment procedure is developed which is able to
determine the reliability and associated failure probability of elements in a (case study) building, taking
into account uncertainties in wind forces, other loads and resistance. All in all, this research shows
that the possibilities with the new method, where the link can be made between the various data and
FEM, are very optimistic for the future. The application of a reliability based design will become more
efficient and therefore more interesting in the future, where the design is further optimised taking into
account the minimum reliability requirements.





Recommendations
As a result of this study, there are certainly a number of aspects that can be further investigated. These
are discussed further below.

Recommendations for future research
• This research made use of the relatively new SCIA Engineer OpenAPI, which supports various
programming languages and can be linked to a SCIA Engineer finite element model. This tech­
nique offers many new possibilities for research purposes. Possible further aspects for research
related to this are as follows:

– The current calculation method requires quite a lot of computing power and time, even in
the case of linear calculations as in this study. It is therefore advisable to be able to scale up
the required calculation power, for example by applying computing in the cloud, which also
reduces the required calculation time. Then more data can be collected in the same time
and the sampling uncertainties will further decrease. This is certainly worthwhile in the case
of non­linear calculations, where the calculation time per time step is already considerably
larger.

– Instead of a linear calculation, performing a non­linear calculation will also give interesting
results. This will then be particularly relevant for higher case study buildings, where signifi­
cant displacements can occur that generate additional eccentricity and thus additional forces
in the main bearing structure elements.

– Initial imperfections of the elements could be added to the model as stochastic variables.
Whereby the FEM is updated based on these stochastic models. In this way, these imper­
fections are included directly in the model and not as a separate model uncertainty.

– As buildings become taller and more slender in the future, while the design is further opti­
mized and the structure becomes lighter, aspects related to dynamic response will become
more important. Performing dynamic calculations related to wind loaded buildings within
the framework of structural reliability will therefore also be interesting, think also about the
different types of response; alongwind, across­wind and torsional.

• The advantages and potential of a probabilistic wind pressure model are certainly present. How­
ever, for the correct application of such a model, an extra aspect needs to be added to the model
made in this report. In this report the model takes into account all characteristics and correlations
over the different zones. However, for the best result the correlation of the pressures over time
should also be taken into account. This should result in a more accurate description of the wind
pressures and should better correspond to the wind pressures as they occur in the wind tunnel.

• In this research only one case study building is investigated, it is recommended to investigate
more different case study buildings with different characteristics and typologies. Also the inclusion
of surrounding buildings and their influence on the reliability of the building can be investigated.

• Finally, in addition to the reliability assessment on element level, the reliability of the entire building
­ on system level ­ could also be examined. The failure of one element does not necessarily mean
that the whole building has failed. The associated robustness of the structure and aspects like;
redundancy, continuity, ductility and energy absorption of the structure, may be incorporated.
Some questions that can be asked here are; how can the dependency between the different
elements be included in the analysis? How many elements need to fail before the complete
collapse of the structure?
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A
Deterministic Design Case Study

Building according to the Eurocode
In order to determine the reliability of specific elements of a steel main bearing structure, first a repre­
sentative case study building need to be designed according to the Eurocode. The design of the case
study building is not fully optimised, since the main focus of this study is to perform a reliability analysis
and not on designing the building.

A.1. Actions on the building
The structure need to withstand the loads ­ also called the actions ­ which might occur on the building.
There are several types of actions; permanent actions are loads which are always present, like the
self­weight of the structure and variable actions only occur in certain situations and are therefore not
always present. The Eurocode formulated certain critical combinations of actions for certain elements
in the structure, the most governing load case is used to design the specific element.

A.1.1. Permanent actions
The permanent actions consist of the total self­weight of the (non­)structural elements. The structure
consists of certain elements and they all have a specific self­weight (formulated in 𝑘𝑔/𝑚 or 𝑘𝑁/𝑚).
For the roof construction a typical value of 0.9 𝑘𝑁/𝑚2 is used based on literature [4] and for the floor
construction a value of 3 𝑘𝑁/𝑚2 is used [26].

A.1.2. Imposed loads
The imposed loads are due to the specific function of the building. There are several categories men­
tioned in table 6.1 of En 1991­1­1 [13]. The case study building is assumed to be an office building
(category 𝐵). The associated characteristics values ­ as stated in the Dutch National Annex ­ on the
floors, balconies and stairs in the building are 𝑞𝑘 = 2.5 𝑘𝑁/𝑚2 and 𝑄𝑘 = 3𝑘𝑁. The 𝑞𝑘 value is used
for general effects and the 𝑄𝑘 value for local effects.

The imposed loads on the roof of the building, depend on the use and accessibility of this roof. For
the case study building it is assumed that the roof is not accessible except for maintenance and repair
(category 𝐻). The imposed loads are therefore (for a roof inclination of 𝛼 = 0) 𝑞𝑘 = 1.0𝑘𝑁/𝑚2 (on a
surface area of 10𝑚2) and 𝑄𝑘 = 1.5𝑘𝑁 (on a surface area of 0.1 𝑚 ⋅ 0.1 𝑚). An additional statement in
paragraph 3.3.2 of EN 1991­1­1 [13] is that for roofs, the imposed loads and wind loads should not be
applied together simultaneously.

A.1.3. Wind loads
The dominant loading on the case study building is due to the wind loads. Since the building is symmet­
ric, only one wind direction is assumed: 𝜃 = 0. The wind load is determined using the EN 1991­1­4 [6]
regulations. Also the Dutch National Annex is used, since the case study building is located at Schiphol
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(Amsterdam) in The Netherlands. The wind forces are calculated based on the original building shape
30 ⋅ 30 ⋅ 120𝑚, which is also the subject in the wind tunnel test.

Wind forces
The wind forces on the building are determined using both the external 𝐹𝑤,𝑒 and the internal 𝐹𝑤,𝑖 forces.
These forces are determined using equations A.1 and A.2. The 𝑐𝑠𝑐𝑑 factor is a structural factor, which
is set to 1.0 in this case (the facade and roof elements are not subjected to dynamic effects, since they
have a natural frequency greater than 5 Hz). Factor 𝐴𝑟𝑒𝑓 is the reference area of the structure or the
structural element.

𝐹𝑤,𝑒 = 𝑐𝑠𝑐𝑑 ⋅ ∑
𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑠

𝑤𝑒 ⋅ 𝐴𝑟𝑒𝑓 (A.1)

𝐹𝑤,𝑖 = ∑
𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑠

𝑤𝑖 ⋅ 𝐴𝑟𝑒𝑓 (A.2)

The external and internal pressures 𝑤𝑒 and 𝑤𝑖 respectively are calculated in equation A.3 and A.4.
Where 𝑞𝑝(𝑧) is the peak velocity pressure and the pressure coefficients for external and internal are
𝑐𝑝𝑒 and 𝑐𝑝𝑖, respectively.

𝑤𝑒 = 𝑞𝑝(𝑧𝑒) ⋅ 𝑐𝑝𝑒 (A.3)

𝑤𝑖 = 𝑞𝑝(𝑧𝑖) ⋅ 𝑐𝑝𝑖 (A.4)

Reference height and velocity pressure distribution
The reference heights 𝑧𝑒 depend on the aspect ratio ℎ/𝑏. The case study building has dimensions:
30𝑚 ⋅ 30𝑚 ⋅ 120𝑚, so ℎ > 2𝑏 and figure A.1 hold [6]. For the case study building, the shaded mid­
section in figure A.1 is 60𝑚. An appropriate length for ℎ𝑠𝑡𝑟𝑖𝑝 = 12𝑚, so in total there are 5 strips in the
velocity pressure profile in the mid­section of the building. All these strips have a different 𝑞𝑝(𝑧) value
and this increases with height. Since the velocity of the wind increases with height.

Figure A.1: Reference height 𝑧𝑒, depending on ℎ and 𝑏, and corresponding velocity pressure profile [6]

External and internal pressure coefficients
The external and internal pressure coefficients are determined according to 7.2 of EN 1991­1­4. For
the external pressure coefficients 𝑐𝑝𝑒, two different cases are considered in the Eurocode; loaded areas
𝐴 of 1𝑚2 and 10𝑚2 resulting in 𝑐𝑝𝑒,1 and 𝑐𝑝𝑒,10, respectively. For the design of the overall load bearing
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Zone A B D E F G H I

𝑐𝑝𝑒,10 ­1.2 ­0.8 0.8 (0.68) ­0.65 (­0.55) ­1.8 ­1.2 ­0.7 +0.2 and ­0.2

Table A.1: External pressure coefficients for the facade and roof zones

structure ­ which is relevant for this design of this case study building ­ value 𝑐𝑝𝑒,10 may be used. It is
assumed that the external and internal pressures act at the same time.
The facade and also the roof is divided in several pressure zones (labelled A up to I). The dimensions
of these pressure zones depend on factor 𝑒, which is the minimum of 𝑏 or 2ℎ:

𝑒 = 𝑚𝑖𝑛(30; 240) = 30 𝑚 ≥ 𝑑 = 30 𝑚

The pressure zones on the facade are in figure A.2 and A.3. The pressures on the flat roof are in
figure A.4.The external pressure coefficients 𝑐𝑝𝑒,10 can be determined using table NB.6­7.1 in the Dutch
National Annex. These values also depend on the ℎ/𝑑 = 120/30 = 4 ratio. Linear interpolation
between the ℎ/𝑑 = 5 and the ℎ/𝑑 ≤ 1 is performed. The external pressure coefficients for the different
zones on the facade and on the roof are in table A.1.

Figure A.2: Wind pressure zones top view

Figure A.3: Wind pressure zones side view for 𝑒 ≥ 𝑑 [6]

The internal pressure coefficient 𝑐𝑝𝑖 depend on the size and distribution of the openings in the building
envelope. For the case study building, this is not possible, so the internal pressure coefficient 𝑐𝑝𝑖 should
be taken as the most unfavourable of +0.2 or −0.3.
Finally, paragraph 7.2.2(3) of EN 1991­1­1 [13], states that the lack of correlation between the wind
pressures on the windward and leeward zone (𝐷 and 𝐸) may be taken into account by a factor of 0.85
(Dutch National Annex). The corrected external pressure coefficients for zone 𝐷 and 𝐸 are between
brackets in table A.1.

Peak velocity pressure 𝑞𝑝(𝑧)
In the Eurocode a mean and fluctuating part of the wind velocity and the velocity pressure are con­
sidered. Therefore first some basic variables need to be calculated (see section 4.2 of [6]). The fun­
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Figure A.4: Wind pressure zones for flat roofs [6]

damental value of the basic wind velocity 𝑣𝑏,0 1, depends on the location in The Netherlands (figure
A.5) and is formulated in the Dutch National Annex. For the location of the case study building, which
is Schiphol, wind zone II is of interest and result in a value of; 𝑣𝑏,0 = 27.0 𝑚/𝑠. The peak velocity
pressure 𝑞𝑝(𝑧) is determined using equation A.5. Where 𝐼𝑣(𝑧) is the turbulence intensity, 𝜌 is the air
density (1.25 𝑘𝑔/𝑚3) and 𝑣𝑚(𝑧) is the mean wind velocity.

𝑞𝑝(𝑧) = (1 + 7 ⋅ 𝐼𝑣(𝑧)) ⋅ 0.5 ⋅ 𝜌 ⋅ 𝑣2𝑚(𝑧) (A.5)

Mean wind velocity 𝑣𝑚
The mean wind velocity 𝑣𝑚(𝑧) at a height 𝑧 above the ground is determined using equation A.6. Where
𝑐𝑟(𝑧) is the terrain roughness factor, 𝑐𝑜(𝑧) is the orography factor and 𝑣𝑏 is the basic wind velocity,
which is calculated in equation A.7. The 𝑐𝑑𝑖𝑟 and 𝑐𝑠𝑒𝑎𝑠𝑜𝑛 factors deal with the direction of the wind and
the seasonal variations respectively. The recommended values for both factors are 1.0 in the Dutch
National Annex.

𝑣𝑚(𝑧) = 𝑐𝑟(𝑧) ⋅ 𝑐𝑜(𝑧) ⋅ 𝑣𝑏 (A.6)

𝑣𝑏 = 𝑐𝑑𝑖𝑟 ⋅ 𝑐𝑠𝑒𝑎𝑠𝑜𝑛 ⋅ 𝑣𝑏,0 = 1.0 ⋅ 1.0 ⋅ 27.0 = 27.0𝑚/𝑠 (A.7)

In order to calculate the terrain roughness factor 𝑐𝑟(𝑧) a certain terrain category (as stated in the Dutch
National Annex in table NB.3­4.1) is determined. For this case study building, terrain category II (area
with low vegetation and few obstacles) is assumed. For this category the values for the roughness
length 𝑧0, minimum height 𝑧𝑚𝑖𝑛 and maximum height 𝑧𝑚𝑎𝑥 are respectively 0.2𝑚, 4.0𝑚 and 200.0𝑚.
Since 𝑧𝑚𝑖𝑛 ≤ 𝑧 ≤ 𝑧𝑚𝑎𝑥, the procedure to determine the 𝑐𝑟(𝑧) value is in equation A.8. The value for
the terrain orography 𝑐𝑜(𝑧) is set to 1.0. The terrain factor depending on the roughness length 𝑧0 is 𝑘𝑟
and is calculated using equation A.9.

𝑐𝑟(𝑧) = 𝑘𝑟 ⋅ 𝑙𝑛 (
𝑧
𝑧0
) (A.8)

1”The characteristic 10 minutes mean wind velocity, irrespective of wind direction and time of year, at 10 m above ground level in
open country terrain with low vegetation such as grass and isolated obstacles with separations of at least 20 obstacle heights”
[6]
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Figure A.5: Wind zones in The Netherlands (Dutch National Annex [6])

𝑘𝑟 = 0.19 ⋅ (
𝑧0
0.05)

0.07
= 0.2094 (𝑧0 = 0.2𝑚) (A.9)

Turbulence intensity 𝐼𝑣
The turbulence intensity 𝐼𝑣 is given in equation A.10 (in the case of 𝑧𝑚𝑖𝑛 ≤ 𝑧 ≤ 𝑧𝑚𝑎𝑥), where 𝜎𝑣 is the
standard deviation of the turbulence and is given in equation A.11. With the terrain factor 𝑘𝑟 = 0.2094,
𝑣𝑏 = 27𝑚/𝑠 and turbulence factor 𝑘𝑙 = 1.0.

𝐼𝑣(𝑧) =
𝜎𝑣

𝑣𝑚(𝑧)
(A.10)

𝜎𝑣 = 𝑘𝑟 ⋅ 𝑣𝑏 ⋅ 𝑘𝑙 = 0.2094 ⋅ 27 ⋅ 1.0 = 5.6538 (A.11)

Finally, the peak velocity pressure 𝑞𝑝(𝑧) for the different heights 𝑧 are determined, using equations A.6
up to A.11. The results are in table A.2.

External and internal pressures
The 𝑞𝑝(𝑧) values from table A.2 can be used in combination with the pressure coefficients from figures
A.6 and A.7. For all the different heights and zones, the wind pressures (𝑘𝑁/𝑚2) on the facades and
roof are in table A.3.

A.1.4. Load combinations
In order to design the structural elements, the governing loads on these elements need to be calcu­
lated. These governing loads depend on specific load combinations for the ultimate limit state design.
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z 𝑐𝑟(𝑧) 𝑣𝑚(𝑧) 𝐼𝑣(𝑧) 𝑞𝑝(𝑝)[𝑘𝑁/𝑚2]
30 m 1.0492 28.3284 0.1996 1.2023

42 m 1.1197 30.2319 0.1870 1.3190

54 m 1.1723 31.6521 0.1786 1.4090

66 m 1.2143 32.7861 0.1724 1.4826

78 m 1.2493 33.7311 0.1676 1.5454

90 m 1.2793 34.5411 0.1637 1.6002

120 m 1.3395 36.1665 0.1563 1.7120

Table A.2: Calculation of the peak velocity pressure 𝑞𝑝(𝑧) for all relevant heights 𝑧

Figure A.6: Pressure coefficients on walls, wind coming from 𝐷

Figure A.7: Pressure coefficients on roof, wind coming from the left

Equation A.12 is used to determine the load combination based on the Eurocode.

∑
𝑗≥1
𝛾𝐺,𝑗𝐺𝑘,𝑗 + 𝛾𝑄,1𝑄𝑘,1 +∑

𝑖>1
𝛾𝑄,𝑖𝜓0,𝑖𝑄𝑘,𝑖 (A.12)
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Height 𝑧 A B D E F G H I

0 ­ 30 m ­1.6832 ­1.2023 0.5771 ­0.9017

30 ­ 42 m ­1.8466 ­1.3190 0.6331 ­0.9893

42 ­ 54 m ­1.9726 ­1.4090 0.6763 ­1.0568

54 ­ 66 m ­2.0756 ­1.4826 0.7116 ­1.1120

66 ­ 78 m ­2.1636 ­1.5454 0.7418 ­1.1591

78 ­ 90 m ­2.2403 ­1.6002 0.7681 ­1.2002

90 ­ 120 m ­2.3968 ­1.7120 0.8218 ­1.2840

120 m ­3.0816 ­2.0544 ­1.1984 ±0.3424

Table A.3: Wind pressures 𝑘𝑁/𝑚2 over height on facade (𝐴 ­ 𝐸) and roof (𝐹 ­ 𝐼) zones

The reduction factors 𝜓 for the combination of actions is formulated in the Dutch National Annex. The
relevant values are in table A.4. The 𝛾𝐺 value (permanent load factor) is 1.35 and 𝛾𝑄 (variable load
factor) is 1.5.

Type of action 𝜓0 𝜓1 𝜓2
Imposed load office (category B) 0.5 0.5 0.3

Imposed load roof 0 0 0

Wind load 0 0.2 0

Table A.4: Reduction factors 𝜓

The different types of loads and the corresponding values are in table A.5. The abbreviations are used
in the formulation of the load combinations.

Description Type Value

𝐴𝑐1 Self­weight structural elements Permanent Varies per profile

𝐴𝑐2 Imposed load office (category B) Variable 𝑞𝑘 = 2.5𝑘𝑁/𝑚2

𝐴𝑐3 Imposed load roof Variable 𝑞𝑘 = 1.0𝑘𝑁/𝑚2 2

𝐴𝑐4 Wind load Variable Varies per zone

Table A.5: Description, type and value of the loads

It is assumed that the wind load is the dominant loading. The load combinations which are of interest
and are further investigated are as follows:

𝐸𝑑1 = 1.35 ⋅ 𝐴𝑐1 + 1.5 ⋅ 𝐴𝑐2

𝐸𝑑2 = 1.35 ⋅ 𝐴𝑐1 + 1.5 ⋅ 𝐴𝑐3

𝐸𝑑3 = 1.35 ⋅ 𝐴𝑐1 + 1.5 ⋅ 𝐴𝑐4 + 1.5 ⋅ 0.5 ⋅ 𝐴𝑐2

𝐸𝑑4 = 1.0 ⋅ 𝐴𝑐1 + 1.5 ⋅ 𝐴𝑐4
2On a surface area of 10𝑚2, not in combination with wind loads
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A.2. Design of the structural elements
The calculations in this report only show the highlights. The analysis of all the different load cases is
not in this report, only the most governing load case and the associated bending moments, axial and
shear forces are formulated. And also the design of certain elements took several iterations to perform,
however, in this report only the final iteration is shown.
Since the building is symmetrical, only the significant elements are designed. Then the other elements
which are related, by means of symmetry, can be designed in the same way.

A.2.1. External beam level 2
Beam A­B on grid 1, level 2
Let’s consider beam A­B on grid 1. The beam is simply supported and spans 10 𝑚. The bay width is
5𝑚 (figure A.8). Based on all the different wind pressure zones and the different load combinations, the
most governing load case is analysed. After checking all the possible load cases, the maximum design
moment is 𝑀𝑌,𝐸𝑑 = 118.16𝑘𝑁𝑚 (occurs in wind pressure zone 𝐼 for load case 𝐸𝑑3) and the maximum
shear force is 𝑉𝐸𝑑 = 55.46𝑘𝑁 (occurs in wind pressure zone 𝐹 − 𝐻 for load case 𝐸𝑑4). It is assumed
that the compression (top flange) is fully restrained due to the roof construction.

Figure A.8: Beam A­B on grid 1, level 2

𝑀𝑌,𝐸𝑑 = 118.16 𝑘𝑁𝑚 (occurs at mid­span), 𝑉𝐸𝑑 = 55.46 𝑘𝑁 (occurs at the end supports)

𝛾𝑀0 = 1.00, 𝑓𝑦 = 355 𝑁/𝑚𝑚2 and 𝐸 = 210000 𝑁/𝑚𝑚2

Using the𝑀𝑌,𝐸𝑑 value, a possible profile could be estimated. The profile needs to have a plastic modulus
𝑊𝑝𝑙,𝑦 bigger than:

𝜎 = 𝑀
𝑊 ⟶𝑊𝑝𝑙,𝑦 =

𝑀𝑌,𝐸𝑑⋅𝛾𝑀0
𝑓𝑦

= 332563.38 𝑚𝑚3

Possible profile: IPE240 (𝑊𝑝𝑙,𝑦 = 366000 𝑚𝑚3)

Classification cross­section
First the cross­section needs to be classified. Since steel grade S355 is used, 𝜖 = 0.81. The internal
compression parts are subjected to bending and the outstand flanges to compression.

Internal web bending:
𝑐
𝑡 =

190.4
6.2 = 30.71 ≤ 72𝜖 = 58.32 ⟶ 𝐶𝑙𝑎𝑠𝑠 1
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Outstand flange pure compression:

𝑐
𝑡 =

(120 − 6.2 − 2 ⋅ 15)/2
9.8 = 4.28 ≤ 9𝜖 = 7.29 ⟶ 𝐶𝑙𝑎𝑠𝑠 1

So the section is class 1, which means it can form a plastic hinge with the rotation capacity required
from plastic analysis without reduction of the resistance.

Shear resistance
The basic design requirement is:

𝑉𝐸𝑑
𝑉𝐶,𝑅𝑑

≤ 1.0

For class 1 sections:

𝑉𝐶,𝑅𝑑 = 𝑉𝑝𝑙,𝑅𝑑 =
𝐴𝑣 ⋅ (𝑓𝑦/√3)

𝛾𝑀0
For rolled I and H sections, load parallel to the web, 𝐴𝑣 may be taken as follows (𝜂 may be taken as
1.0 to be conservative):

𝐴𝑣 = 𝐴 − 2𝑏𝑡𝑓 + (𝑡𝑤 + 2𝑟)𝑡𝑓 ≥ 𝜂ℎ𝑤𝑡𝑤 ⟶ 𝐴𝑣 = 1912.76 𝑚𝑚2 ≥ 1366.48 𝑚𝑚2

𝑉𝐶,𝑅𝑑 = 𝑉𝑝𝑙,𝑅𝑑 =
1912.76 ⋅ (355/√3)

1.0 ⋅ 10−3 = 392.04 𝑘𝑁

𝑉𝐸𝑑
𝑉𝐶,𝑅𝑑

= 55.46
392.04 = 0.141 ≤ 1.0

So profile IPE240 fulfils the requirement regarding shear resistance.

Shear buckling
The shear buckling resistance need to be considered if:

ℎ𝑤
𝑡𝑤

> 72𝜖𝜂 ⟶ 35.55 > 58.32

This is not the case, so shear buckling is not considered.

Moment resistance
The basic design requirement is:

𝑀𝐸𝑑
𝑀𝑐,𝑅𝑑

≤ 1.0

For class 1 sections:

𝑀𝑐,𝑅𝑑 = 𝑀𝑝𝑙,𝑅𝑑 =
𝑊𝑝𝑙 ⋅ 𝑓𝑦
𝛾𝑀0

= 366000 ⋅ 355
1.0 ⋅ 10−6 = 129.93 𝑘𝑁𝑚

𝑀𝐸𝑑
𝑀𝑐,𝑅𝑑

= 118.16
129.93 = 0.91 ≤ 1.0

Therefore the design bending resistance is good enough. Thus IPE240 is a suitable profile.

Beam B­C on grid 1, level 2
Another possible external beam, is beam B­C on grid 1 (figure A.9). The wind loads ­ and thus the
calculation ­ differ slightly from beamA­B. The beam is simply supported and spans 10𝑚. The bay width
is 5𝑚. After checking all the possible load cases, the maximum design moment is𝑀𝑌,𝐸𝑑 = 114.79𝑘𝑁𝑚
(occurs in wind pressure zone 𝐼 for load case 𝐸𝑑3) and the maximum shear force is 𝑉𝐸𝑑 = 45.91𝑘𝑁
(occurs in wind pressure zone 𝐼 for load case 𝐸𝑑3). It is assumed that the compression (top flange) is
fully restrained due to the roof construction.
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Figure A.9: Beam B­C on grid 1, level 2

𝑀𝑌,𝐸𝑑 = 114.79 𝑘𝑁𝑚 (occurs at mid­span), 𝑉𝐸𝑑 = 45.91 𝑘𝑁 (occurs at the end supports)

𝛾𝑀0 = 1.00, 𝑓𝑦 = 355 𝑁/𝑚𝑚2 and 𝐸 = 210000 𝑁/𝑚𝑚2

Using the𝑀𝑌,𝐸𝑑 value, a possible profile could be estimated. The profile needs to have a plastic modulus
𝑊𝑝𝑙,𝑦 bigger than:

𝜎 = 𝑀
𝑊 ⟶𝑊𝑝𝑙,𝑦 =

𝑀𝑌,𝐸𝑑⋅𝛾𝑀0
𝑓𝑦

= 323352.11 𝑚𝑚3

Possible profile: IPE240 (𝑊𝑝𝑙,𝑦 = 366000 𝑚𝑚3)

Classification cross­section
This is the same cross­section as for beam A­B on grid 1, so this is also a class 1 section.

Shear resistance
Since the same cross­section is used as for beam A­B on grid 1, the shear resistance is already known:

𝑉𝐶,𝑅𝑑 = 𝑉𝑝𝑙,𝑅𝑑 = 392.04 𝑘𝑁
𝑉𝐸𝑑
𝑉𝐶,𝑅𝑑

= 45.91
392.04 = 0.12 ≤ 1.0

So profile IPE240 fulfils the requirement regarding shear resistance.

Shear buckling
The shear buckling resistance need to be considered if:

ℎ𝑤
𝑡𝑤

> 72𝜖𝜂 ⟶ 35.55 > 58.32

This is not the case, so shear buckling is not considered.

Moment resistance
Since the same cross­section is used as for beam A­B on grid 1, the moment resistance is already
known:

𝑀𝑐,𝑅𝑑 = 𝑀𝑝𝑙,𝑅𝑑 = 129.93 𝑘𝑁𝑚
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𝑀𝐸𝑑
𝑀𝑐,𝑅𝑑

= 114.79
129.93 = 0.88 ≤ 1.0

Therefore the design bending resistance is good enough. Thus IPE240 is a suitable profile.

A.2.2. Internal beam level 2
Beam B­C on grid 2, level 2
Let’s consider beam B­C on grid 2. The beam is simply supported and spans 10 𝑚. The bay width is
10𝑚 (figure A.10). Based on all the different wind pressure zones and the different load combinations,
the most governing load case is analysed. After checking all the possible load cases, the maximum
design moment is 𝑀𝑌,𝐸𝑑 = 222.83 𝑘𝑁𝑚 (occurs in wind pressure zone 𝐼 for load case 𝐸𝑑3) and the
maximum shear force is 𝑉𝐸𝑑 = 89.13 𝑘𝑁 (occurs in wind pressure zone 𝐼 for load case 𝐸𝑑3). It is
assumed that the compression (top flange) is fully restrained due to the roof construction.

Figure A.10: Beam B­C on grid 2, level 2

𝑀𝑌,𝐸𝑑 = 222.83 𝑘𝑁𝑚 (occurs at mid­span), 𝑉𝐸𝑑 = 89.13 𝑘𝑁 (occurs at the end supports)

𝛾𝑀0 = 1.00, 𝑓𝑦 = 355 𝑁/𝑚𝑚2 and 𝐸 = 210000 𝑁/𝑚𝑚2

Using the𝑀𝑌,𝐸𝑑 value, a possible profile could be estimated. The profile needs to have a plastic modulus
𝑊𝑝𝑙,𝑦 bigger than:

𝜎 = 𝑀
𝑊 ⟶𝑊𝑝𝑙,𝑦 =

𝑀𝑌,𝐸𝑑⋅𝛾𝑀0
𝑓𝑦

= 627690.14 𝑚𝑚3

Possible profile: IPE300 (𝑊𝑝𝑙,𝑦 = 628000 𝑚𝑚3)

Classification cross­section
First the cross­section needs to be classified. Since steel grade S355 is used, 𝜖 = 0.81. The internal
compression parts are subjected to bending and the outstand flanges to compression.

Internal web bending:
𝑐
𝑡 =

248.6
7.1 = 35.01 ≤ 72𝜖 = 58.32 ⟶ 𝐶𝑙𝑎𝑠𝑠 1

Outstand flange pure compression:

𝑐
𝑡 =

(150 − 7.1 − 2 ⋅ 15)/2
10.7 = 5.28 ≤ 9𝜖 = 7.29 ⟶ 𝐶𝑙𝑎𝑠𝑠 1
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So the section is class 1, which means it can form a plastic hinge with the rotation capacity required
from plastic analysis without reduction of the resistance.

Shear resistance The basic design requirement is:

𝑉𝐸𝑑
𝑉𝐶,𝑅𝑑

≤ 1.0

For class 1 sections:

𝑉𝐶,𝑅𝑑 = 𝑉𝑝𝑙,𝑅𝑑 =
𝐴𝑣 ⋅ (𝑓𝑦/√3)

𝛾𝑀0
For rolled I and H sections, load parallel to the web, 𝐴𝑣 may be taken as follows (𝜂 may be taken as
1.0 to be conservative):

𝐴𝑣 = 𝐴 − 2𝑏𝑡𝑓 + (𝑡𝑤 + 2𝑟)𝑡𝑓 ≥ 𝜂ℎ𝑤𝑡𝑤 ⟶ 𝐴𝑣 = 2566.97 𝑚𝑚2 ≥ 1978.06 𝑚𝑚2

𝑉𝐶,𝑅𝑑 = 𝑉𝑝𝑙,𝑅𝑑 =
2566.97 ⋅ (355/√3)

𝛾𝑀0
⋅ 10−3 = 526.12 𝑘𝑁

𝑉𝐸𝑑
𝑉𝐶,𝑅𝑑

= 89.13
526.12 = 0.17 ≤ 1.0

So profile IPE300 fulfils the requirement regarding shear resistance.

Shear buckling
The shear buckling resistance need to be considered if:

ℎ𝑤
𝑡𝑤

> 72𝜖𝜂 ⟶ 39.24 > 58.32

This is not the case, so shear buckling is not considered.

Moment resistance
The basic design requirement is:

𝑀𝐸𝑑
𝑀𝑐,𝑅𝑑

≤ 1.0

For class 1 sections:

𝑀𝑐,𝑅𝑑 = 𝑀𝑝𝑙,𝑅𝑑 =
𝑊𝑝𝑙 ⋅ 𝑓𝑦
𝛾𝑀0

= 628000 ⋅ 355
1.0 ⋅ 10−6 = 222.94 𝑘𝑁𝑚

𝑀𝐸𝑑
𝑀𝑐,𝑅𝑑

= 222.83
222.94 = 0.99 ≤ 1.0

Therefore the design bending resistance is good enough. Thus IPE300 is a suitable profile.

Beam A­B on grid 2, level 2
Another possible external beam, is beam A­B on grid 2 (figure A.11). The wind loads ­ and thus the
calculation ­ differ slightly from beam B­C. The beam is simply supported and spans 10 𝑚. The bay
width is 10 𝑚. After checking all the possible load cases, the maximum design moment is 𝑀𝑌,𝐸𝑑 =
148.05𝑘𝑁𝑚 (occurs in wind pressure zone 𝐹−𝐺−𝐻 for load case 𝐸𝑑4) and the maximum shear force
is 𝑉𝐸𝑑 = 85.44 𝑘𝑁 (occurs in wind pressure zone 𝐹 − 𝐺 −𝐻 for load case 𝐸𝑑4). Since these forces are
lower than in the previous case of the beam B­C on grid 2, profile IPE300 also fulfils the requirements
in this case and is thus a good profile to use.
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Figure A.11: Beam A­B on grid 2, level 2

Figure A.12: External beams level 1

A.2.3. External beam level 1
For the external beams on level 1, the self­weight of the floor is 3 𝑘𝑁/𝑚2 and the variable imposed
load for offices (category B) is 2.5 𝑘𝑁/𝑚2. The beam is simply supported and spans 10 𝑚. The bay
width is 5 𝑚 (figure A.12). The design moment is 𝑀𝑌,𝐸𝑑 = 497.63 𝑘𝑁𝑚 and the design shear force is
𝑉𝐸𝑑 = 199.05 𝑘𝑁. It is assumed that the compression (top flange) is fully restrained due to the floor
construction.

𝑀𝑌,𝐸𝑑 = 497.63 𝑘𝑁𝑚 (occurs at mid­span), 𝑉𝐸𝑑 = 199.05 𝑘𝑁 (occurs at the end supports)

𝛾𝑀0 = 1.00, 𝑓𝑦 = 355 𝑁/𝑚𝑚2 and 𝐸 = 210000 𝑁/𝑚𝑚2

Using the𝑀𝑌,𝐸𝑑 value, a possible profile could be estimated. The profile needs to have a plastic modulus
𝑊𝑝𝑙,𝑦 bigger than:

𝜎 = 𝑀
𝑊 ⟶𝑊𝑝𝑙,𝑦 =

𝑀𝑌,𝐸𝑑 ⋅ 𝛾𝑀0
𝑓𝑦

= 1401760.56 𝑚𝑚3

There are two possible profiles: HEA320 (𝑊𝑝𝑙,𝑦 = 1630000 𝑚𝑚3, 𝐺 = 97.6 𝑘𝑔/𝑚) and IPE450
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(𝑊𝑝𝑙,𝑦 = 1700000 𝑚𝑚3, 𝐺 = 77.6 𝑘𝑔/𝑚). Since the IPE450 profile uses less steel and is thus lighter,
this profile is used. The additional height due to the higher profile is not a problem, since the story
height is big enough.

Classification cross­section
First the cross­section needs to be classified. Since steel grade S355 is used, 𝜖 = 0.81. The internal
compression parts are subjected to bending and the outstand flanges to compression.

Internal web bending:
𝑐
𝑡 =

378.8
9.4 = 40.30 ≤ 72𝜖 = 58.32 ⟶ 𝐶𝑙𝑎𝑠𝑠 1

Outstand flange pure compression:

𝑐
𝑡 =

(190 − 9.4 − 2 ⋅ 21)/2
14.6 = 4.75 ≤ 9𝜖 = 7.29 ⟶ 𝐶𝑙𝑎𝑠𝑠 1

So the section is class 1, which means it can form a plastic hinge with the rotation capacity required
from plastic analysis without reduction of the resistance.

Shear resistance
The basic design requirement is:

𝑉𝐸𝑑
𝑉𝐶,𝑅𝑑

≤ 1.0

For class 1 sections:

𝑉𝐶,𝑅𝑑 = 𝑉𝑝𝑙,𝑅𝑑 =
𝐴𝑣 ⋅ (𝑓𝑦/√3)

𝛾𝑀0
For rolled I and H sections, load parallel to the web, 𝐴𝑣 may be taken as follows (𝜂 may be taken as
1.0 to be conservative):

𝐴𝑣 = 𝐴 − 2𝑏𝑡𝑓 + (𝑡𝑤 + 2𝑟)𝑡𝑓 ≥ 𝜂ℎ𝑤𝑡𝑤 ⟶ 𝐴𝑣 = 5082.44 𝑚𝑚2 ≥ 3955.52 𝑚𝑚2

𝑉𝐶,𝑅𝑑 = 𝑉𝑝𝑙,𝑅𝑑 =
5082.44 ⋅ (355/√3)

𝛾𝑀0
⋅ 10−3 = 1041.69 𝑘𝑁

𝑉𝐸𝑑
𝑉𝐶,𝑅𝑑

= 199.05
1041.69 = 0.191 ≤ 1.0

So profile IPE450 fulfils the requirement regarding shear resistance.

Shear buckling
The shear buckling resistance need to be considered if:

ℎ𝑤
𝑡𝑤

> 72𝜖𝜂 ⟶ 44.77 > 58.32

This is not the case, so shear buckling is not considered.

Moment resistance The basic design requirement is:
𝑀𝐸𝑑
𝑀𝑐,𝑅𝑑

≤ 1.0

For class 1 sections:

𝑀𝑐,𝑅𝑑 = 𝑀𝑝𝑙,𝑅𝑑 =
𝑊𝑝𝑙 ⋅ 𝑓𝑦
𝛾𝑀0

= 1700000 ⋅ 355
1.0 ⋅ 10−6 = 603.5 𝑘𝑁𝑚

𝑀𝐸𝑑
𝑀𝑐,𝑅𝑑

= 497.63
603.5 = 0.82 ≤ 1.0

Therefore the design bending resistance is good enough. Thus IPE450 is a suitable profile.
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A.2.4. Internal beam level 1
For the internal beams on level 1, the self­weight of the floor is 3 𝑘𝑁/𝑚2 and the variable imposed
load for offices (category B) is 2.5 𝑘𝑁/𝑚2. The beam is simply supported and spans 10 𝑚. The bay
width is 10 𝑚 (figure A.13). The design moment is 𝑀𝑌,𝐸𝑑 = 990.19 𝑘𝑁𝑚 and the design shear force
is 𝑉𝐸𝑑 = 396.08 𝑘𝑁. It is assumed that the compression (top flange) is fully restrained due to the floor
construction.

Figure A.13: Internal beams level 1

𝑀𝑌,𝐸𝑑 = 990.19 𝑘𝑁𝑚 (occurs at mid­span), 𝑉𝐸𝑑 = 396.08 𝑘𝑁 (occurs at the end supports)

𝛾𝑀0 = 1.00, 𝑓𝑦 = 355 𝑁/𝑚𝑚2 and 𝐸 = 210000 𝑁/𝑚𝑚2

Using the𝑀𝑌,𝐸𝑑 value, a possible profile could be estimated. The profile needs to have a plastic modulus
𝑊𝑝𝑙,𝑦 bigger than:

𝜎 = 𝑀
𝑊 ⟶𝑊𝑝𝑙,𝑦 =

𝑀𝑌,𝐸𝑑⋅𝛾𝑀0
𝑓𝑦

= 2789260.56 𝑚𝑚3

There are two possible profiles: IPE600 (𝑊𝑝𝑙,𝑦 = 3512000𝑚𝑚3, 𝐺 = 122 𝑘𝑔/𝑚) and HEA450 (𝑊𝑝𝑙,𝑦 =
3216000𝑚𝑚3, 𝐺 = 140 𝑘𝑔/𝑚). Since the IPE600 profile uses less steel and is thus lighter, this profile
is used. The additional height due to the higher profile is not a problem, since the story height is big
enough.

Classification cross­section
First the cross­section needs to be classified. Since steel grade S355 is used, 𝜖 = 0.81. The internal
compression parts are subjected to bending and the outstand flanges to compression.

Internal web bending:
𝑐
𝑡 =

514
12 = 42.83 ≤ 72𝜖 = 58.32 ⟶ 𝐶𝑙𝑎𝑠𝑠 1

Outstand flange pure compression:

𝑐
𝑡 =

(220 − 12 − 2 ⋅ 24)/2
19 = 4.21 ≤ 9𝜖 = 7.29 ⟶ 𝐶𝑙𝑎𝑠𝑠 1

So the section is class 1, which means it can form a plastic hinge with the rotation capacity required
from plastic analysis without reduction of the resistance.

Shear resistance
The basic design requirement is:

𝑉𝐸𝑑
𝑉𝐶,𝑅𝑑

≤ 1.0
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For class 1 sections:

𝑉𝐶,𝑅𝑑 = 𝑉𝑝𝑙,𝑅𝑑 =
𝐴𝑣 ⋅ (𝑓𝑦/√3)

𝛾𝑀0
For rolled I and H sections, load parallel to the web, 𝐴𝑣 may be taken as follows (𝜂 may be taken as
1.0 to be conservative):

𝐴𝑣 = 𝐴 − 2𝑏𝑡𝑓 + (𝑡𝑤 + 2𝑟)𝑡𝑓 ≥ 𝜂ℎ𝑤𝑡𝑤 ⟶ 𝐴𝑣 = 8380 𝑚𝑚2 ≥ 6744 𝑚𝑚2

𝑉𝐶,𝑅𝑑 = 𝑉𝑝𝑙,𝑅𝑑 =
8380 ⋅ (355/√3)

𝛾𝑀0
⋅ 10−3 = 1717.56 𝑘𝑁

𝑉𝐸𝑑
𝑉𝐶,𝑅𝑑

= 396.08
1717.56 = 0.23 ≤ 1.0

So profile IPE600 fulfils the requirement regarding shear resistance.

Shear buckling
The shear buckling resistance need to be considered if:

ℎ𝑤
𝑡𝑤

> 72𝜖𝜂 ⟶ 46 > 58.32

This is not the case, so shear buckling is not considered.

Moment resistance
The basic design requirement is:

𝑀𝐸𝑑
𝑀𝑐,𝑅𝑑

≤ 1.0

For class 1 sections:

𝑀𝑐,𝑅𝑑 = 𝑀𝑝𝑙,𝑅𝑑 =
𝑊𝑝𝑙 ⋅ 𝑓𝑦
𝛾𝑀0

= 3512000 ⋅ 355
1.0 ⋅ 10−6 = 1246.76 𝑘𝑁𝑚

𝑀𝐸𝑑
𝑀𝑐,𝑅𝑑

= 990.19
1246.76 = 0.79 ≤ 1.0

Therefore the design bending resistance is good enough. Thus IPE600 is a suitable profile.

A.2.5. Steel bracing
The wind loads on the building are taken by the two bracing systems on both side of the building. The
floors will transfer the forces and acts as diaphragms. Also the equivalent horizontal forces, due to the
vertical loads on respectively the roof and the floor are taken by the bracing system. Since the building
is symmetric, only consider the most severe load case.

Figure A.14: Most severe wind pressures on building

The most severe wind force on the building is (figure A.14):

𝐹𝑤 = (0.8218 + 1.2840) ⋅ 30 ⋅ 8 = 505.392 𝑘𝑁
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So for each braced bay:

𝐹𝑤 =
505.392
2 = 252.7 𝑘𝑁

In addition to the horizontal wind loads, also the equivalent loads on the two levels are of interest for
the design of the bracing. The vertical loads based on the permanent and (most severe wind) variable
loads and the governing combination, result in a total roof load of 330.80𝑘𝑁 and floor load of 5332.5𝑘𝑁.

The equivalent horizontal forces are calculated using the initial sway imperfections:

𝜙 = 𝜙0𝛼ℎ𝛼𝑚

Where:
𝜙0 =

1
200

𝛼ℎ =
2
√ℎ

= 2
√8

= 0.707 (23 ≤ 𝛼ℎ ≤ 1.0)

𝛼𝑚 = √0.5 + (1 +
1
𝑚) = √0.5 + (1 +

1
4) = 0.791

So:
𝜙 = 𝜙0𝛼ℎ𝛼𝑚 =

1
200 ⋅ 0.707 ⋅ 0.791 = 0.0027962

Thus the equivalent horizontal force for each bracing system:

Roof level: 330.80 ⋅ 0.0027962 ⋅ 0.5 = 0.462 𝑘𝑁

Floor level: 5332.5 ⋅ 0.0027962 ⋅ 0.5 = 7.456 𝑘𝑁
The total horizontal load per bracing system:

𝐹ℎ = 1.5 ⋅ 252.7 + 0.462 + 7.456 = 386.97 𝑘𝑁

Using the geometry, spacing between the columns and the story height, the axial force in the bracing
can be computed (figure A.15).

Figure A.15: Axial force in bracing

𝑁𝐸𝑑 = 495.6 𝑘𝑁

𝛾𝑀0 = 1.00, 𝑓𝑦 = 355 𝑁/𝑚𝑚2 and 𝐸 = 210000 𝑁/𝑚𝑚2

It is assumed that the bracing only takes tension forces. The bracing act as a system, so the horizontal
loads on the building from each direction will be taken by one of the bracing diagonals (under tension).
For a steel bracing, a steel rod is very convenient. Based on the tension force 𝑁𝐸𝑑 = 495.6 𝑘𝑁, a
suitable profile is determined.

𝑁𝐸𝑑
𝑁𝑡,𝑅𝑑

≤ 1.0
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Where 𝑁𝑡,𝑅𝑑 = 𝑁𝑝𝑙,𝑅𝑑
𝑁𝑝𝑙,𝑅𝑑 =

𝐴𝑓𝑦
𝛾𝑀0

So a suitable profile has a minimal surface 𝐴𝑚𝑖𝑛 of:

𝐴𝑚𝑖𝑛 =
𝑁𝑝𝑙,𝑅𝑑𝛾𝑀0

𝑓𝑦
= 495.6 ⋅ 103 ⋅ 1.0

355 = 1396.06 𝑚𝑚2

So a steel rod with a round diameter of 45𝑚𝑚 and surface of 𝐴 = 1590.43 𝑚𝑚2 is sufficient.
The associated unity check is:

𝑁𝐸𝑑
𝑁𝑡,𝑅𝑑

= 495.6 ⋅ 103

(1590.43⋅3551.0 )
= 0.88 ≤ 1.0

A.2.6. Internal column
There are three types of columns in this building. This section is about the internal column. There are
4 internal columns on 2­B, 2­C, 3­B and 3­C. The calculation is performed for the column on 2­B (figure
A.16), however, this design also holds for the other internal columns. The permanent and variable
forces ­ using the governing combination ­ on both the roof and floor level lead to vertical forces (figure
A.17). The area used for these loads is 10 ⋅ 10𝑚. The column is 8 𝑚 tall, but it is simple connected in
the middle at 4 𝑚 height. The buckling length of the column for both axis is 4000 𝑚𝑚.

Figure A.16: Internal column

Figure A.17: Internal column forces

𝑁𝐸𝑑 = 861.83 𝑘𝑁
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𝛾𝑀0 = 1.00, 𝑓𝑦 = 355 𝑁/𝑚𝑚2 and 𝐸 = 210000 𝑁/𝑚𝑚2

After several iterations, profile HEA200 (S355) is used in the calculation.

Classification cross­section
First the cross­section needs to be classified. Since steel grade S355 is used, 𝜖 = 0.81. Both the
internal and external parts are subjected by pure compression.

Internal web pure compression:

𝑐
𝑡 =

134
6.5 = 20.62 ≤ 33𝜖 = 26.73 ⟶ 𝐶𝑙𝑎𝑠𝑠 1

Outstand flange pure compression:

𝑐
𝑡 =

(200 − 6.5 − 2 ⋅ 18)/2
10 = 7.875 ≤ 10𝜖 = 8.1 ⟶ 𝐶𝑙𝑎𝑠𝑠 2

So the section is class 2, which means it can develop their plastic moment resistance, but have limited
rotation capacity because of local buckling.

Compression resistance
The axial compression basic requirement is:

𝑁𝐸𝑑
𝑁𝑐,𝑅𝑑

≤ 1.0

For class 2 sections:

𝑁𝑐,𝑅𝑑 =
𝐴 ⋅ 𝑓𝑦
𝛾𝑀0

= 5383 ⋅ 335
1.0 ⋅ 10−3 = 1910.97 𝑘𝑁

𝑁𝐸𝑑
𝑁𝐶,𝑅𝑑

= 861.83
1910.97 = 0.45 ≤ 1.0

So profile HEA200 fulfils the requirement regarding axial compression resistance.

Flexural buckling resistance
The basic requirement regarding flexural buckling resistance is:

𝑁𝐸𝑑
𝑁𝑏,𝑅𝑑

≤ 1.0

𝑁𝑏,𝑅𝑑 is the design buckling resistance and is calculated as follows (for class 1, 2 and 3 cross­sections):

𝑁𝑏,𝑅𝑑 =
𝜒𝐴𝑓𝑦
𝛾𝑀1

𝜒 is a reduction factor for the buckling resistance. For profile HEA200, ℎ𝑏 ≤ 1.2, 𝑡𝑓 ≤ 100𝑚𝑚, axis z­z,
buckling curve 𝑐 is used. The corresponding imperfection factor 𝛼 = 0.49.

The non­dimensional slenderness 𝜆 is (for class 1, 2 and 3 cross­sections):

𝜆 = √
𝐴𝑓𝑦
𝑁𝑐𝑟

= 𝐿𝑐𝑟
𝑖
1
𝜆1

Where 𝐿𝑐𝑟 is the buckling length:
𝐿𝑐𝑟 = 4000 𝑚𝑚
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Factor 𝑖 is the radius of gyration about the relevant axis (z­z in this case), and for profile HEA200 this
is 49.8 𝑚𝑚. And factor 𝜆1 is given by (for steel grade S355⟶ 𝜖 = 0.81):

𝜆1 = 𝜋√
𝐸
𝑓𝑦
= 93.9𝜖 = 93.9 ⋅ 0.81 = 76.06

So 𝜆 is:
𝜆 = 4000

49.8
1

76.06 = 1.056

𝜙 = 0.5 (1 + 𝛼 (𝜆 − 0.2) + 𝜆
2
) = 1.267

𝜒 = 1

𝜙 + √𝜙2 − 𝜆
2
= 0.508 (𝜒 ≤ 1.0)

So the design buckling resistance 𝑁𝑏,𝑅𝑑 is:

𝑁𝑏,𝑅𝑑 =
𝜒𝐴𝑓𝑦
𝛾𝑀1

= 0.508 ⋅ 5383 ⋅ 355
1.0 ⋅ 10−3 = 971.46 𝑘𝑁

𝑁𝐸𝑑
𝑁𝑏,𝑅𝑑

= 861.83
971.46 = 0.89 ≤ 1.0

Therefore the design flexural buckling resistance is good enough. Thus HEA200 is a suitable profile.

A.2.7. External column
The external columns are located on the periphery of the building, however, not in the corners (these are
called ’corner’ columns, see next section). The calculation is performed for the column on 1­B (figure
A.18), however, this design also holds for the other external columns. The permanent and variable
forces ­ using the governing combination ­ on both the roof and floor level lead to vertical forces (figure
A.20). The area used for these loads is 10 ⋅ 5 𝑚. Also the horizontal wind load 𝑞 generates a bending
moment in the column. The most governing wind load case is examined. The column is 8 𝑚 tall, but
it is simple connected in the middle at 4𝑚 height. The buckling length of the column for both axis is
4000𝑚𝑚. Since the vertical loading is not completely symmetrical on the column, an additional moment
at both the roof and floor level is present. Assume that the reaction force of the vertical loading acts at
100 𝑚𝑚 from the face of the column, then the moment arm is ℎ

2 + 100 𝑚𝑚 (figure A.19).
The wind loading 𝑞 is varied for wind zone A, B, C and D. The bending moments in the column are
examined and the most governing forces (normal and bending moments) are in table A.6. The bottom
part is 0 − 4𝑚 height and top part 4 − 8𝑚.

𝑁𝐸𝑑 𝑀𝐸𝑑
Top part 25.74 kN 111.79 kNm

Bottom part 434.45 kN 55.85 kNm

Table A.6: Forces in external column for bottom and top part

After two iterations, profile HEA220 (S355) is used in the analysis.

Classification cross­section
First the cross­section needs to be classified. Since steel grade S355 is used, 𝜖 = 0.81. The internal
part is subjected to bending and compression and the external parts to compression. Considering both
the top and bottom part of the column, the cross­section is classified as a class 2 section.

Cross­section resistance: bending and axial force
Since both an axial force and moment are present, the effect of the axial force on the plastic moment
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Figure A.18: External column

Figure A.19: External column vertical force generates bending moment due to eccentric loading (moment arm)

Figure A.20: External column forces

resistance need to be investigated. For class 1 and 2 cross­sections the following criterion hold, where
𝑀𝑁,𝑅𝑑 is the reduced plastic moment resistance due to axial force 𝑁𝐸𝑑:
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𝑀𝐸𝑑 ≤ 𝑀𝑁,𝑅𝑑
This reduction on the plastic moment resistance about the y­y axis need only be considered, if one of
these criteria below is not true:

𝑁𝐸𝑑 ≤ 0.25 ⋅ 𝑁𝑝𝑙,𝑅𝑑 ⟶ 434.45 ≤ 571.0

𝑁𝐸𝑑 ≤
0.5 ⋅ ℎ𝑤 ⋅ 𝑡𝑤 ⋅ 𝑓𝑦

𝛾𝑀0
⟶ 434.45 ≤ 188.9

Since the second criterion is not true, a reduction on the plastic moment resistance is accounted for.
Two parameters 𝑛 and 𝑎 are introduced to calculate the exact reduction:

𝑛 = 𝑁𝐸𝑑
𝑁𝑝𝑙,𝑅𝑑

⟶ 434.45
2284.1 = 0.19

𝑎 =
(𝐴 − 2 ⋅ 𝑏 ⋅ 𝑡𝑓)

𝐴 ≤ 0.5 ⟶ 0.25 ≤ 0.5

The reduced plastic bending moment resistance about the y­y axis therefore becomes:

𝑀𝑁,𝑦,𝑅𝑑 = 𝑀𝑝𝑙,𝑦,𝑅𝑑 ⋅
1 − 𝑛

1 − 0.5 ⋅ 𝑎 ≤ 𝑀𝑝𝑙,𝑦,𝑅𝑑 ⟶ 201.64 ⋅ 0.93 = 187.5 𝑘𝑁𝑚

The cross­section resistance check of the combination of bending and axial force becomes:

𝑁𝐸𝑑
𝑁𝑅𝑑

+ 𝑀𝐸𝑑
𝑀𝑁,𝑦,𝑅𝑑

≤ 1.0 ⟶ 0.79

Flexural buckling resistance
The basic requirement regarding flexural buckling resistance is:

𝑁𝐸𝑑
𝑁𝑏,𝑅𝑑

≤ 1.0

𝑁𝑏,𝑅𝑑 is the design buckling resistance and is calculated as follows (for class 1, 2 and 3 cross­sections):

𝑁𝑏,𝑅𝑑 =
𝜒𝐴𝑓𝑦
𝛾𝑀1

𝜒 is a reduction factor for the buckling resistance. For profile HEA220, ℎ𝑏 ≤ 1.2, 𝑡𝑓 ≤ 100𝑚𝑚, axis z­z,
buckling curve 𝑐 is used. The corresponding imperfection factor 𝛼 = 0.49.

The non­dimensional slenderness 𝜆 is (for class 1, 2 and 3 cross­sections):

𝜆 = √
𝐴𝑓𝑦
𝑁𝑐𝑟

= 𝐿𝑐𝑟
𝑖
1
𝜆1

Where 𝐿𝑐𝑟 is the buckling length:
𝐿𝑐𝑟 = 4000 𝑚𝑚

Factor 𝑖 is the radius of gyration about the relevant axis (z­z in this case), and for profile HEA220 this
is 55.1 𝑚𝑚. And factor 𝜆1 is given by (for steel grade S355⟶ 𝜖 = 0.81):

𝜆1 = 𝜋√
𝐸
𝑓𝑦
= 93.9𝜖 = 93.9 ⋅ 0.81 = 76.06

So 𝜆 is:
𝜆 = 4000

55.1
1

76.06 = 0.954
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𝜙 = 0.5 (1 + 𝛼 (𝜆 − 0.2) + 𝜆
2
) = 1.1398

𝜒 = 1

𝜙 + √𝜙2 − 𝜆
2
= 0.567 (𝜒 ≤ 1.0)

So the design buckling resistance 𝑁𝑏,𝑅𝑑 is:

𝑁𝑏,𝑅𝑑 =
𝜒𝐴𝑓𝑦
𝛾𝑀1

= 0.567 ⋅ 6434 ⋅ 355
1.0 ⋅ 10−3 = 1295.18 𝑘𝑁

Lateral torsional buckling
The column is laterally unrestrained, so the member should also be verified against lateral torsional
buckling. The basic design requirement is:

𝑀𝐸𝑑
𝑀𝑏,𝑅𝑑

≤ 1.0

Where 𝑀𝑏,𝑅𝑑 is defined as follows (for class 2 sections use𝑊𝑦 = 𝑊𝑝𝑙,𝑦):

𝑀𝑏,𝑅𝑑 = 𝜒𝐿𝑇𝑊𝑝𝑙,𝑦
𝑓𝑦
𝛾𝑀1

The non­dimensional slenderness related to lateral torsional buckling 𝜆𝐿𝑇 is determined using the con­
servative formula:

𝜆𝐿𝑇 = 0.9 ⋅ 𝜆 = 0.9 ⋅ 0.954 = 0.859

For profile HEA220, rolled I­section, ℎ𝑏 ≤ 2, buckling curve 𝑎 is used. The corresponding imperfection
factor 𝛼𝐿𝑇 = 0.21. For rolled or equivalent welded sections, the values for 𝜆𝐿𝑇,0 and 𝛽 in the formula for
𝜙𝐿𝑇 are:

𝜆𝐿𝑇,0 = 0.4
𝛽 = 0.75

𝜙 = 0.5 (1 + 𝛼𝐿𝑇 (𝜆 − 𝜆𝐿𝑇,0) + 𝛽𝜆
2
) = 0.825

𝜒 = 1

𝜙 + √𝜙2 − 𝜆
2
= 0.846 (𝜒𝐿𝑇 ≤ 1.0 and ≤ 1

𝜆𝐿𝑇
2 = 1.35)

𝑀𝑏,𝑅𝑑 = 𝜒𝐿𝑇𝑊𝑝𝑙,𝑦
𝑓𝑦
𝛾𝑀1

= 0.846 ⋅ 5.68 ⋅ 105 ⋅ 355
1.0 = 170.59 𝑘𝑁𝑚

Combined bending moment and axial compression
The cross­section is verified using the simplified combined bending moment and axial compression
buckling unity check.

𝑁𝐸𝑑
𝑁𝑏,𝑅𝑑

+ 𝑀𝐸𝑑
𝑀𝑏,𝑅𝑑

≤ 1.0

For both the top and bottom part the unity check is performed:

Top part:
25.74
1295.18 +

111.79
170.59 = 0.68 ≤ 1.0

Bottom part:
434.45
1295.18 +

55.85
170.59 = 0.66 ≤ 1.0

Thus HEA220 is a suitable profile.
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A.2.8. Corner column
The corner columns are located on the corners of the building. The calculation is performed for the col­
umn on 1­A (figure A.21), however, this design also holds for the other corner columns. The permanent
and variable forces ­ using the governing combination ­ on both the roof and floor level lead to vertical
forces (figure A.23). The area used for these loads is 5 ⋅5𝑚. Also the horizontal wind load 𝑞 generates
a bending moment in the column. The most governing wind load case is examined. The column is 8𝑚
tall, but it is simple connected in the middle at 4 𝑚 height. The buckling length of the column for both
axis is 4000𝑚𝑚. Since the vertical loading is not completely symmetrical on the column, an additional
moment at both the roof and floor level is present. Assume that the reaction force of the vertical loading
acts at 100 𝑚𝑚 from the face of the column, then the moment arm is ℎ

2 + 100 𝑚𝑚 (figure A.22).

Figure A.21: Corner column

Figure A.22: Corner column vertical force generates bending moment due to eccentric loading (moment arm)

Thewind loading 𝑞 is different for wind zone A andD. The bendingmoments in the column are examined
and the most governing forces (normal and bending moments) are in table A.7. The bottom part is
0 − 4 𝑚 height and top part 4 − 8 𝑚.
For the analysis use the same profile as for the external columns, HEA220 (S355), which is a class 2
section. The 𝑁𝑏,𝑅𝑑 value is 1295.18 𝑘𝑁 and 𝑀𝑏,𝑅𝑑 is 170.59 𝑘𝑁𝑚.

Bending moment resistance
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Figure A.23: Corner column forces

𝑁𝐸𝑑 𝑀𝑦,𝐸𝑑 𝑀𝑧,𝐸𝑑
Top part 13.52 kN 46.84 kNm 10.91 kNm

Bottom part 219 kN 24.23 kNm 22.5 kNm

Table A.7: Forces in corner column for bottom and top part

For a class 2 section, the bending moment resistance (for the weak z­z axis) is:

𝑀𝑧,𝑅𝑑 = 𝑀𝑝𝑙,𝑅𝑑 =
𝑊𝑝𝑙,𝑧𝑓𝑦
𝛾𝑀0

= 2.71 ⋅ 105 ⋅ 355
1.0 ⋅ 10−6 = 96.205 𝑘𝑁𝑚

Cross­section resistance: bending and axial force
Since both an axial force and moment are present, the effect of the axial force on the plastic moment
resistance need to be investigated. For class 1 and 2 cross­sections the following criterion hold, where
𝑀𝑁,𝑅𝑑 is the reduced plastic moment resistance due to axial force 𝑁𝐸𝑑:

𝑀𝐸𝑑 ≤ 𝑀𝑁,𝑅𝑑
This reduction on the plastic moment resistance about the y­y axis need only be considered, if one of
these criteria below is not true:

𝑁𝐸𝑑 ≤ 0.25 ⋅ 𝑁𝑝𝑙,𝑅𝑑 ⟶ 219 ≤ 571.0

𝑁𝐸𝑑 ≤
0.5 ⋅ ℎ𝑤 ⋅ 𝑡𝑤 ⋅ 𝑓𝑦

𝛾𝑀0
⟶ 219 ≤ 188.9

Since the second criterion is not true, a reduction on the plastic moment resistance for axis y­y is ac­
counted for.

This reduction on the plastic moment resistance about the z­z axis need only be considered, if this
criteria below is not true:

𝑁𝐸𝑑 ≤
ℎ𝑤 ⋅ 𝑡𝑤 ⋅ 𝑓𝑦

𝛾𝑀0
⟶ 219 ≤ 377.8

So a reduction for the plastic moment resistance about the z­z axis is not needed. Two parameters 𝑛
and 𝑎 are introduced to calculate the exact reduction:

𝑛 = 𝑁𝐸𝑑
𝑁𝑝𝑙,𝑅𝑑

⟶ 219
2284.1 = 0.10

𝑎 =
(𝐴 − 2 ⋅ 𝑏 ⋅ 𝑡𝑓)

𝐴 ≤ 0.5 ⟶ 0.25 ≤ 0.5
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The reduced plastic bending moment resistance about the y­y axis therefore becomes:

𝑀𝑁,𝑦,𝑅𝑑 = 𝑀𝑝𝑙,𝑦,𝑅𝑑 ⋅
1 − 𝑛

1 − 0.5 ⋅ 𝑎 ≤ 𝑀𝑝𝑙,𝑦,𝑅𝑑 ⟶ 201.64 ⋅ 1.02 = 201.64 𝑘𝑁𝑚

The cross­section resistance check of the combination of bending and axial force becomes:

𝑁𝐸𝑑
𝑁𝑅𝑑

+
𝑀𝑦,𝐸𝑑
𝑀𝑁,𝑦,𝑅𝑑

+ 1.5 ⋅ 𝑀𝑧,𝐸𝑑𝑀𝑧,𝑅𝑑
≤ 1.0 ⟶ 0.56

Combined bending moment and axial compression
The cross­section is verified using the simplified combined bending moment and axial compression
buckling unity check.

𝑁𝐸𝑑
𝑁𝑏,𝑅𝑑

+ 𝑀𝐸𝑑
𝑀𝑏,𝑅𝑑

+ 1.5 ⋅ 𝑀𝑧,𝐸𝑑𝑀𝑧,𝑅𝑑
≤ 1.0

For both the top and bottom part the unity check is performed:

Top part:
13.52
1295.18 +

46.84
170.59 + 1.5 ⋅

10.91
96.205 = 0.46 ≤ 1.0

Bottom part:
219

1295.18 +
24.23
170.59 + 1.5 ⋅

22.5
96.205 = 0.66 ≤ 1.0

Thus HEA220 is a suitable profile.

A.2.9. Frame stability
The building is verified for frame stability to check whether the building is susceptible for sway instability
or in other words second­order effects. The Eurocode provides an approximate formula for factor 𝛼𝑐𝑟,
which can be used for portal frames with shallow roof slopes and beam­and­column type plane frames.
Where 𝐻𝐸𝑑 is the design value of the horizontal reaction force, 𝑉𝐸𝑑 is the total design vertical load, ℎ is
the storey height and 𝛿𝐻,𝐸𝑑 is the horizontal displacement due to horizontal wind loads and equivalent
loads due to the vertical loads. Second­order effects may be ignored if 𝛼𝑐𝑟 ≥ 10.

𝛼𝑐𝑟 = (
𝐻𝐸𝑑
𝑉𝐸𝑑

)( ℎ
𝛿𝐻,𝐸𝑑

)

Wind loads
The leading action on the building is the wind load. The total wind load is:

𝐹𝑤 = 505.39 𝑘𝑁 ⟶ 𝐹𝑤 ⋅ 𝛾𝑄 = 505.39 ⋅ 1.5 = 758.09 𝑘𝑛

So the wind load per braced bay is:

𝐹𝑤,𝑏𝑟𝑎𝑐𝑖𝑛𝑔 =
758.09
2 = 379.04 𝑘𝑁

This wind load is distributed over the roof and floor level as follows:

Roof level:
379.04
4 = 94.76 𝑘𝑁

Floor level:
379.04
2 = 189.52 𝑘𝑁

Equivalent horizontal loads due to vertical loads
Roof loading (the value of −0.56 is the average wind load on the roof due the different pressures and
zones):

15 ⋅ 30 ⋅ (1.35 ⋅ 0.9 + 1.5 ⋅ −0.56) = 168.75 𝑘𝑁

The equivalent horizontal load is determined as follows (𝛼ℎ =
2
√8 and 𝛼𝑚 = √0.5 + (1 +

1
4)):

168.75 ⋅ 1
200 ⋅ 𝛼ℎ ⋅ 𝛼𝑚 = 0.47 𝑘𝑁
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Floor loading:
15 ⋅ 30 ⋅ (1.35 ⋅ 3 + 1.5 ⋅ 0.5 ⋅ 2.5) = 2666.25 𝑘𝑁

The equivalent horizontal load is determined as follows (𝛼ℎ =
2
√8 and 𝛼𝑚 = √0.5 + (1 +

1
4)):

2666.25 ⋅ 1
200 ⋅ 𝛼ℎ ⋅ 𝛼𝑚 = 7.44 𝑘𝑁

The total horizontal forces, summation of the wind and equivalent loads, are in figure A.24. In order
to determine the horizontal displacements 𝛿𝐻,𝐸𝑑 due to the horizontal loads, the building is modelled in
the finite element program Matrixframe. The displacements and the corresponding 𝛿𝐻,𝐸𝑑 are in figure
A.25.

Figure A.24: Total horizontal forces for the frame stability verification

Figure A.25: Displacements due to the total horizontal loads

Finally, for both levels, it is calculated if it is sway sensitive. This is not the case if 𝛼𝑐𝑟 ≥ 10 and then
the second­order effects may be ignored.

Top level: 𝛼𝑐𝑟 = (
𝐻𝐸𝑑
𝑉𝐸𝑑

)( ℎ
𝛿𝐻,𝐸𝑑

) = ( 95.23168.75) ⋅ (
4000
8 ) = 282.2 > 10 ⟶ not sway sensitive

Bottom level: 𝛼𝑐𝑟 = (
𝐻𝐸𝑑
𝑉𝐸𝑑

)( ℎ
𝛿𝐻,𝐸𝑑

) = ( 95.23 + 196.96
168.75 + 2666.25)⋅(

4000
31 ) = 13.3 > 10 ⟶ not sway sensitive

A.3. Overview chosen structural elements
In table A.8 an overview is provided of all the chosen structural elements and the associated governing
unity check for that element. It can be seen that most of the elements could have been optimised
further, however, for this study regarding the reliability analysis, this design is good enough.
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Element Level Profile Grade Governing unity check Unity check value

Internal beam 2 IPE300 S355 Bending moment 0.99

External beam 2 IPE240 S355 Bending moment 0.91

Internal beam 1 IPE600 S355 Bending moment 0.79

External beam 1 IPE450 S355 Bending moment 0.82

Internal column ­ HEA200 S355 Flexural buckling 0.89

External column ­ HEA220 S355 Combined bending and compression 0.68

Corner column ­ HEA220 S355 Combined bending and compression 0.66

Bracing ­ Steel rod diameter 45 mm S355 Tension 0.88

Table A.8: Overview chosen structural elements and related unity checks



B
Explanation on Coupling SCIA FEM with

Python using SCIA OpenAPI
In this research, a new technique is applied that makes it possible to adapt and control a finite element
model via another software, in this research via Python, using the SCIA Engineer OpenAPI. This of­
fers many new research possibilities and the use of this method is very convenient. However, a basic
knowledge of programming is required to use this method correctly. Since the SCIA OpenAPI has not
been out for long, there are not many examples to see how this method works. Therefore, below some
tips and tricks are given to use the method in the best and most efficient way.

Below is a step by step description of how to use the SCIA OpenAPI 1. The focus here is on the use
of Python, since that is what was used in this research. However, other programming languages, such
as C#, VB.Net, Python, VBA, PowerShell etc., are also possible.

Please check the following websites for additional explanation and documentation on the use of SCIA
OpenAPI (make sure to use the correct version):
https://github.com/scia­garage
https://help.scia.net/api/19.1.0031/index.html

(1) Prepare the environment

• install Scia Engineer (32 / 64 bit)

– .NET Framework is included in setup
– start Scia Engineer to test it (set protection, open new project, etc.)

• install python 3.7

– choose correct platform (32 / 64 bit) based on the Scia Engineer platform
– install using setup https://www.python.org/downloads/release/python­370/ (check
the ”add Python to path” checkbox)

– copy the ./res/python.exe.config and pythonw.exe.config to the directory where the python.exe
and pythonw.exe are (e.g. run cmd ”where python.exe”), download at https://github.
com/scia­garage

– setup should also install the PIP package manager for Python
– test python by running cmd ”python”
– test pip by running cmd ”pip”

1The method described below is applied at the beginning of 2021. Therefore, always check for the latest version of the software.
New features, such as calculation methodologies, may be available via software updates.
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– upgrade PIP by running ”python ­m pip install –upgrade pip”
– install the WHEEL package by running ”pip install wheel”

• install python.net https://github.com/pythonnet/pythonnet/wiki/Installation

– via PIP from local .whl file
– get .whl file

⋄ from https://github.com/scia­garage/SciaOpenAPI_example_parabolic/
tree/master/res

– cmd ”pip install .<path.to.whl.file>.whl”

(2) Build the finite element model
There are two ways to perform this step. The first and most obvious option is to model your building,
as usual, directly in the normal graphical SCIA Engineer interface. This works very efficiently and you
can see exactly if the model that you make is correct. Check the SCIA Engineer manual to see how to
make this model and to see how to put all geometry, elements, connections, etc. in the model correctly.

The second possibility is by modelling the building ­ so also the geometry, elements, connections, etc.
­ through the OpenAPI language. This is less intuitive than the first method, but it does offer more free­
dom to modify the model as desired via a python script, for example. This makes it possible to design
parametrically, whereby on the basis of, for example, a set of data or boundary conditions, the required
profiles and positioning can then be fully determined. An example of how to create such a model
entirely in the OpenAPI environment can be found here: https://github.com/scia­garage/
SciaOpenAPI_example_Python_simple_structure/blob/master/OpenAPIExamplePython/
OpenAPIExamplePython.py

In this study, the first method is applied, where an existing model is linked via the OpenAPI. Since the
documentation for this method is rather limited, a more detailed explanation on how to achieve this
result is given below.

(3) Export all necessary data from the SCIA Engineer FEM into a XML data­file
In order to ensure that the python script can refer to certain aspects in the model, such as construction
elements, load panels, loads, etc., the necessary aspects that need to be referred to later must first be
exported via a XML data file. This is necessary because otherwise the program does not understand
what you want to do with certain elements, for example. Each element such as a beam or load gets a
unique id in the program, which allows for communication and manipulation by means of SCIA Ope­
nAPI.

Example from this study
In this investigation the building is fully modelled in SCIA Engineer via the normal graphical interface.
All structural elements, supports, connections and also for example extra requirements like only tensile
forces in the bracing elements, are added in this model. Since in this research the wind loads have
to be placed on the building in the model in a similar way as in the wind tunnel research, the correct
tributary areas and corresponding dimensions of the various wind zones are placed on the model as
load panels. In this research, a total of 48 different wind zones are used, spread over the 4 side façades
and the top of the building. All these load panels get in the SCIA Engineer program a unique name (e.g.
”LP1”) and ID. Subsequently on all these 48 load panels, surface loads are put with an arbitrary value
of 1 𝑘𝑁/𝑚2. Pay attention to the coordinate system and in which direction positive is in the program.
All these 48 surface loads also get a certain name (for example ”SF1”) and ID.

In this study, it is necessary to adjust, for each time step, the value of the 48 surface loads present
on the building to the values that occur in the wind tunnel. To avoid confusion, an overview is made
of the location of ”SF1” to ”SF48” and how this corresponds to which pressure point from the wind
tunnel research. Furthermore, several pre­process steps are performed on the wind tunnel data in
order to be able to use it on a full­scale building. Since in this research only these surface loads need

https://github.com/pythonnet/pythonnet/wiki/Installation
https://github.com/scia-garage/SciaOpenAPI_example_parabolic/tree/master/res
https://github.com/scia-garage/SciaOpenAPI_example_parabolic/tree/master/res
https://github.com/scia-garage/SciaOpenAPI_example_Python_simple_structure/blob/master/OpenAPIExamplePython/OpenAPIExamplePython.py
https://github.com/scia-garage/SciaOpenAPI_example_Python_simple_structure/blob/master/OpenAPIExamplePython/OpenAPIExamplePython.py
https://github.com/scia-garage/SciaOpenAPI_example_Python_simple_structure/blob/master/OpenAPIExamplePython/OpenAPIExamplePython.py
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to bemodified via python, the XML export also only needs to contain data related to these surface loads.

In the general case: export all data via an XML file which you want to be able to control via a Python
script, for example.

The creation of an XML document is as follows:
Tools > XML IO Document > New > Select elements you want to be able to control (e.g. in this study:
”Surface load”) > click right mouse button > Export > Select path and set type as XML­file

Below is an example of the exported XML file, which contains only all aspects related to the surface
loads. For clarification, only surface load 1 and 2 (”SF1” and ”SF2”) are shown below. In reality, this XML
file contains all 48 surface loads. This XML file is built up as a kind of table, in which data is specified
further and further. Under the engine of SCIA Engineer all this information is noted for the surface
loads, like on which load panel (”LPx”) it is applied, which load case, direction, coordinate system, and
also the value of the surface load. This value, here visible in the lines <ns0 : p6 v=”1000.0” />, we want
to adjust to the correct wind tunnel data. Notice that 1 𝑘𝑁/𝑚2 in XML is specified as 1000.
<ns0 : p r o j e c t xmlns : ns0=” h t t p : / /www. sc ia . cz ”>

<ns0 : def u r i =” Case_Study_Building_Wind_Tunnel_Areas . xml . def ” / >

<ns0 : con ta ine r i d = ” {BC16B3CA−F464−11D4−94D3−000000000000}” t =”DataAddLoad . EP_SurfaceForceSurface .1” >
<ns0 : t ab l e i d =”0EF1839D−EB17−4D4D−950D−40DEA876DC10” name=” Forces on sur face ”
t =”DataAddLoad . EP_SurfaceForceSurface .1” >

<ns0 : h>
<ns0 : h0 t =” Reference Table ” / >
<ns0 : h1 t =”Load case ” / >
<ns0 : h2 t =”Name” / >
<ns0 : h3 t =”UniqueID ” / >
<ns0 : h4 t =” D i r e c t i on ” / >
<ns0 : h5 t =”Type ” / >
<ns0 : h6 t =” Value ” / >
<ns0 : h7 t =”System ” / >
<ns0 : h8 t =” Locat ion ” / > </ns0 : h>

<ns0 : ob j i d =”14” nm=”SF1”>
<ns0 : p0 t =”” >
<ns0 : h>
<ns0 : h0 t =”Member Type ” / >
<ns0 : h1 t =”Member Type Name” / >
<ns0 : h2 t =”Member Id ” / >
<ns0 : h3 t =”Member Name” / >
</ns0 : h>
<ns0 : row id =”0” >
<ns0 : p0 v =” {7B422CC0−6394−403B−8386−1584D5E5E4FD} ” / >
<ns0 : p1 v=”EP_DSG_Elements . 8 . 0 0 . EP_LoadPanel . 1 ” / >
<ns0 : p2 v=”12” / >
<ns0 : p3 v=”LP1 ” / >
</ns0 : row>
</ns0 : p0>
<ns0 : p1 i =”7” n=”BG2” / >
<ns0 : p2 v=”SF1” / >
<ns0 : p3 v = ” {C6F78488−277A−4E07−B3D8−AA51C45FB9AC } ” / >
<ns0 : p4 t =”X” v =”0” / >
<ns0 : p5 t =” Force ” v =”0” / >
<ns0 : p6 v=”1000.0” / >
<ns0 : p7 t =”GCS” v =”0” / >
<ns0 : p8 t =” Length ” v =”0” / > </ns0 : obj >

<ns0 : ob j i d =”15” nm=”SF2”>
<ns0 : p0 t =”” >
<ns0 : h>
<ns0 : h0 t =”Member Type ” / >
<ns0 : h1 t =”Member Type Name” / >
<ns0 : h2 t =”Member Id ” / >
<ns0 : h3 t =”Member Name” / >
</ns0 : h>
<ns0 : row id =”0” >
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<ns0 : p0 v =” {7B422CC0−6394−403B−8386−1584D5E5E4FD} ” / >
<ns0 : p1 v=”EP_DSG_Elements . 8 . 0 0 . EP_LoadPanel . 1 ” / >
<ns0 : p2 v=”13” / >
<ns0 : p3 v=”LP2 ” / >
</ns0 : row>
</ns0 : p0>
<ns0 : p1 i =”7” n=”BG2” / >
<ns0 : p2 v=”SF2” / >
<ns0 : p3 v=”{525911CF−1E8B−4DE9−9CCC−CCFA81A2F39F } ” / >
<ns0 : p4 t =”X” v =”0” / >
<ns0 : p5 t =” Force ” v =”0” / >
<ns0 : p6 v=”1000.0” / >
<ns0 : p7 t =”GCS” v =”0” / >
<ns0 : p8 t =” Length ” v =”0” / > </ns0 : obj >

</ns0 : tab le >
</ns0 : conta iner >

</ns0 : p ro jec t >

(4) Write Python script which is able to modify the SCIA Engineer FEM
Below is a python script used in this research. Certain parts are shown in a more condensed form
([...]), as this python script only serves as an illustration, and in particular concerns the link between
python and the SCIA finite element model. There are also extra explanations in the script itself behind #.

One important aspect that can cause problems is the amount of free memory available. In this study
it was found that it works best if you reload (proj = env.OpenProject(proj­path)) the SCIA environment
every 50 time steps (iter­per­block variable) and remove recent variables in the SCIA environment from
memory (env.Dispose()). Otherwise, Python will have problems and the script will often stop (some­
times even without an error message). This means in most cases that the memory allocation does not
go well and is due to the fact that there is too little free memory available.

# Import necessary programs and packages
impor t numpy as np
impor t pandas as pd
impor t sc ipy
from sc ipy impor t s t a t s
impor t t ime
impor t random
impor t uuid
impor t sys
impor t c l r
impor t os
from pa t h l i b impor t Path

# Selec t the co r r ec t paths o f the OpenAPI_dll f i l e s
sys . path . append ( r ”C : \ Program F i l e s \ SCIA \ Engineer19 . 1 \ OpenAPI_dll ” )
c l r . AddReference ( r ”C : \ Program F i l e s \ SCIA \ Engineer19 . 1 \ OpenAPI_dll \ SCIA .OpenAPI . d l l ” )

from SCIA .OpenAPI impor t *
from SCIA .OpenAPI . S t ruc tu reMode lDe f i n i t i on impor t *
from SCIA .OpenAPI . Resul ts impor t *
from Results64Enums impor t *
from SCIA .OpenAPI .OpenAPIEnums impor t *
from SCIA .OpenAPI . U t i l s impor t *
from System impor t Guid
impor t xml . e t ree . ElementTree as ET

# Pre−processing steps raw wind tunne l data to f u l l −scale wind loads
[ . . . ]

# Resul ts i n below d i s t r i b u t e d loads f o r s ide A − D and Top ( run 1 and 2 ) :

# Convert ing the pressure c o e f f i c i e n t data i n t o d i s t r i b u t e d load data
Load_SideA = 0.5 * rho * v_fs **2 * CP_SideA_Smooth
Load_SideB = 0.5 * rho * v_fs **2 * CP_SideB_Smooth
Load_SideC = 0.5 * rho * v_fs **2 * CP_SideC_Smooth
Load_SideD = 0.5 * rho * v_fs **2 * CP_SideD_Smooth
Load_Top1 = 0.5 * rho * v_fs **2 * CP_Top1_Smooth
Load_Top2 = 0.5 * rho * v_fs **2 * CP_Top2_Smooth
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# Clear some memory : remove data re l a t ed to va r i ab l es no longer needed
# ( from pre−processing wind load step )

[ . . . ]

# Make empty data ar rays which w i l l be f i l l e d dur ing the ca l c u l a t i o n s
[ . . . ]

# Def ine func t i ons which s to re the r e su l t s f o r the elements i n the data ar rays
def ge t_ resu l t s ( Entity_Name , Load_Case , N, Vy , Vz , Mx, My, Mz ) :

IntFor1D = Resul t ( )
keyIntFor1D = ResultKey ( )
keyIntFor1D . CaseType = eDsElementType . eDsElementType_LoadCase
keyIntFor1D . CaseId = Load_Case
keyIntFor1D . Ent i tyType = eDsElementType . eDsElementType_Beam
keyIntFor1D . EntityName = Entity_Name
keyIntFor1D . Dimension = eDimension . eDim_1D
keyIntFor1D . ResultType = eResultType . eFemBeamInnerForces
keyIntFor1D . CoordSystem = eCoordSystem . eCoordSys_Local
IntFor1D = rap i . LoadResult ( keyIntFor1D )
N_max = 0.0
pivot_N = N_max
Vy_max = 0.0
pivot_Vy = Vy_max
Vz_max = 0.0
pivot_Vz = Vz_max
Mx_max = 0.0
pivot_Mx = Mx_max
My_max = 0.0
pivot_My = My_max
Mz_max = 0.0
pivot_Mz = Mz_max
elemcount = IntFor1D . GetMeshElementCount ( )
f o r k i n range ( elemcount ) :

p ivot_N = IntFor1D . GetValue (0 , k )
p ivot_Vy = IntFor1D . GetValue (1 , k )
p ivot_Vz = IntFor1D . GetValue (2 , k )
pivot_Mx = IntFor1D . GetValue (3 , k )
pivot_My = IntFor1D . GetValue (4 , k )
pivot_Mz = IntFor1D . GetValue (5 , k )
i f ( abs ( pivot_N ) > abs (N_max ) ) :

N_max = pivot_N
i f ( abs ( p ivot_Vy ) > abs (Vy_max ) ) :

Vy_max = pivot_Vy
i f ( abs ( p ivot_Vz ) > abs (Vz_max ) ) :

Vz_max = pivot_Vz
i f ( abs ( pivot_Mx ) > abs (Mx_max ) ) :

Mx_max = pivot_Mx
i f ( abs ( pivot_My ) > abs (My_max ) ) :

My_max = pivot_My
i f ( abs ( pivot_Mz ) > abs (Mz_max ) ) :

Mz_max = pivot_Mz
# Store the r e su l t s and normal ize them
N. append (N_max / ( 0 . 5 * rho * v_pot * *2 ) )
Vy . append (Vy_max / ( 0 . 5 * rho * v_pot * *2 ) )
Vz . append (Vz_max / ( 0 . 5 * rho * v_pot * *2 ) )
Mx. append (Mx_max / ( 0 . 5 * rho * v_pot * *2 ) )
My. append (My_max / ( 0 . 5 * rho * v_pot * *2 ) )
Mz. append (Mz_max / ( 0 . 5 * rho * v_pot * *2 ) )

# Also a s pe c i f i c f unc t i on re l a t ed to columns
[ . . . ]

# Div ide the t o t a l amount o f t imesteps needed to performed ( n_ i t e r ) by amount o f t imesteps per b lock
# ( i t e r _pe r_b l ock = 50 in t h i s study )
f o r k i n range ( i n t ( n _ i t e r / i t e r _pe r_b l ock ) ) :

# Make the SCIA Engineer p ro jec t , i n s e r t here the co r r ec t paths
env = Environment ( r ”C : \ Program F i l e s \ SCIA \ Engineer19 . 1 ” , r ”C : \ Temp\OpenAPITemp ” , ” 1 . 0 . 0 . 0 ” )
EnumGuiMode = Environment . GuiMode . ShowWindowHide
env . RunSCIAEngineer ( Environment . GuiMode . ShowWindowHide )

# Pro j_path conta ins the path to 3D model o f the bu i l d i n g
pro j_pa th = r ”C: < project_path_3d_FEM >. esad ”
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# XML_path conta ins the XML f i l e i n which the sur face loads are changed and the
# p r o j e c t i s updated wi th t h i s XML
xml_path = r ”C: <XML_path >. xml ”

# Open the FEM
pro j = env . OpenProject ( p ro j_pa th )

f o r i i n range ( i t e r _pe r_b l ock ) :
# Change the sur face loads based on the wind tunne l data , update the XML f i l e
xmlTree = ET . parse ( xml_path )
roo t = xmlTree . ge t roo t ( )

namespaceTranslat ion = { ' ns0 ' : ' h t t p : / /www. sc ia . cz ' , }

f o r con ta ine r i n roo t . f i n d a l l ( ” ns0 : con ta ine r ” , namespaceTranslat ion ) :
i f con ta ine r . get ( ” t ” ) == ” DataAddLoad . EP_SurfaceForceSurface . 1 ” :

t ab l e = con ta ine r . f i n d ( ” ns0 : t ab l e ” , namespaceTranslat ion )
i f t ab l e :

f o r ob j i n t ab l e . f i n d a l l ( ” ns0 : ob j ” , namespaceTranslat ion ) :
i f ob j . get ( ”nm” ) == ”SF1 ” :

p6Object = ob j . f i n d ( ” ns0 : p6 ” , namespaceTranslat ion )
p6Object . se t ( ” v ” , s t r ( Load_SideA [ 0 ] [ ( k* i t e r _pe r_b l ock )+ i ] ) )

i f ob j . get ( ”nm” ) == ”SF2 ” :
p6Object = ob j . f i n d ( ” ns0 : p6 ” , namespaceTranslat ion )
p6Object . se t ( ” v ” , s t r ( Load_SideA [ 1 ] [ ( k* i t e r _pe r_b l ock )+ i ] ) )

i f ob j . get ( ”nm” ) == ”SF3 ” :
p6Object = ob j . f i n d ( ” ns0 : p6 ” , namespaceTranslat ion )
p6Object . se t ( ” v ” , s t r ( Load_SideA [ 2 ] [ ( k* i t e r _pe r_b l ock )+ i ] ) )

i f ob j . get ( ”nm” ) == ”SF4 ” :
p6Object = ob j . f i n d ( ” ns0 : p6 ” , namespaceTranslat ion )
p6Object . se t ( ” v ” , s t r ( Load_SideA [ 3 ] [ ( k* i t e r _pe r_b l ock )+ i ] ) )

i f ob j . get ( ”nm” ) == ”SF5 ” :
p6Object = ob j . f i n d ( ” ns0 : p6 ” , namespaceTranslat ion )
p6Object . se t ( ” v ” , s t r ( Load_SideA [ 4 ] [ ( k* i t e r _pe r_b l ock )+ i ] ) )

i f ob j . get ( ”nm” ) == ”SF6 ” :
p6Object = ob j . f i n d ( ” ns0 : p6 ” , namespaceTranslat ion )
p6Object . se t ( ” v ” , s t r ( Load_SideA [ 5 ] [ ( k* i t e r _pe r_b l ock )+ i ] ) )

i f ob j . get ( ”nm” ) == ”SF7 ” :
p6Object = ob j . f i n d ( ” ns0 : p6 ” , namespaceTranslat ion )
p6Object . se t ( ” v ” , s t r ( Load_SideA [ 6 ] [ ( k* i t e r _pe r_b l ock )+ i ] ) )

# Also f o r a l l the o ther sur face loads up to SF48
[ . . . ]

xmlTree . w r i t e ( xml_path )

# Update the SCIA Pro jec t w i th the updated XML f i l e ( w i th sur face loads f o r t imestep i )
env . UpdateProject ( Environment . TypeOfExtProject . TypeXML , xml_path , p r o j . P ro jec t ID )

# Perform ca l c u l a t i o n i n SCIA Engineer
p r o j . RunCalculat ion ( )

# Setup f o r s t o r i n g the r e su l t s
r ap i = p ro j . Model . I n i t i a l i z eRe su l t s AP I ( )

# Get the co r r ec t APiGuid f o r the load_case you are i n t e r es t ed in , using XML
# in SCIA Engineer > load_cases
BG2 = ApiGuid ( ” { 9C5EC6D3−EC26−4487−9772−5E8AB71ABED9 } ” )
i f r ap i != None :

# Also get r e s u l t s f o r o ther elements
[ . . . ]

# NR8: Element S65 : Bracing
ge t_ resu l t s ( Entity_Name=”S65 ” , Load_Case=BG2, N=N8, Vy=Vy8 , Vz=Vz8 , Mx=Mx8, My=My8, Mz=Mz8)

# Clear memory f o r the r e su l t s f o r t imestep i
r ap i . Dispose ( )

# A f t e r a l l i t e r a t i o n s are performed , p r o j e c t i s c losed and environment memory i s c leared
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p ro j . C losePro jec t (SaveMode . SaveChangesNo )
env . Dispose ( )

# Store a l l r e s u l t s i n a dataframe and expor t to excel f i l e when f i n i s hed in r e s u l t map
[ . . . ]





C
Finite Element Model Case Study

Building Figures ­ Designation of Various
Elements

The green plane on the left side of the building indicates the direction of incidence of the wind.

Figure C.1: Render of the Case Study Building in the SCIA FEM
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Figure C.2: Side view of the Case Study Building in the SCIA FEM, the green areas are the load panels on the building facade

Figure C.3: Side view 2 of the Case Study Building in the SCIA FEM, wind load is shown on the left of the building

Name in SCIA FEM model Element Level Profile Grade

S42 External Beam 2 IPE240 S355

S18 External Beam 1 IPE450 S355

S13 Internal Column ­ HEA200 S355

S2 External Column ­ HEA220 S355

S1 Corner Column ­ HEA220 S355

S65 Bracing ­ Steel Rod 𝜙 = 45 mm S355

Table C.1: Designation of various elements ­ used in the further analysis ­ in the FEM
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Figure C.4: Top view of the Case Study Building in the SCIA FEM

Figure C.5: Element: S42, External Beam Level 2
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Figure C.6: Element: S18, External Beam Level 1

Figure C.7: Element: S13, Internal Column
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Figure C.8: Element: S2, External Column

Figure C.9: Element: S1, Corner Column
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Figure C.10: Element: S65, Bracing



D
Resistance Model Uncertainties

Based on tables from the ’Probabilistic quantification of safety of a steel structure highlighting the po­
tential of steel versus other materials’ [5] document. The tables provide statistical parameters such as
the mean value 𝑏 and standard deviation 𝑆𝛿.

”Basis for these values are the background documentation to Eurocode 3 where test results are de­
scribed and evaluated. In case of some tests results of different test evaluations are presented, once
using the entire sample, and additionally differentiating in dependence on the steel grade of the speci­
men.” [5]
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E
Tolerances on construction building ­

NEN­EN 1090­2 [12]

175



176 E. Tolerances on construction building ­ NEN­EN 1090­2 [12]
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182 E. Tolerances on construction building ­ NEN­EN 1090­2 [12]



F
Assessment Procedure: la Gasse and

Meinen

Figure F.1: Assessment procedure by la Gasse [23]
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Figure F.2: Assessment procedure by Meinen [25]



G
Extra Figures ­ Description Load Effects

G.1. External beam level 2 (S42)
G.1.1. 𝐸𝑤𝑖𝑛𝑑,𝑀
Load effects ­ Time series

Figure G.1: All the load effect data used for external beam level 2 (S42): 𝑀𝑦
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186 G. Extra Figures ­ Description Load Effects

(a) Gumbel fit (threshold value: 0.0) of 𝑀𝑦 internal column (S13) (b) Bootstrap (threshold value: 0.0) of 𝑀𝑦 internal column (S13) using
300 bootstrapped distributions

Figure G.2: Gumbel fit and Bootstrap (threshold value: 0.0) of 𝑀𝑦 external beam level 2 (S42)

(a) Autocorrelation plot of 𝑀𝑦 external beam level 2 (S42) (b) Reversed univariate method plot of 𝑀𝑦 external beam level 2 (S42)

Figure G.3: Autocorrelation and Reversed univariate method plots of 𝑀𝑦 external beam level 2 (S42), in order to obtain the
correct block duration 𝑡

(a) Gumbel fit (threshold value: 0.0006) of 𝑀𝑦 external beam level 2
(S42)

(b) Bootstrap (threshold value: 0.0006) of 𝑀𝑦 external beam level 2
(S42) using 300 bootstrapped distributions

Figure G.4: Gumbel fit and Bootstrap (threshold value: 0.0006) of 𝑀𝑦 external beam level 2 (S42) (20𝑠­extremes)

Load effects ­ Probabilistic wind pressure model
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Figure G.5: All the load effect data used for external beam level 2 (S42): 𝑀𝑦 (probabilistic wind pressure model)

G.2. External beam level 1 (S18)
G.2.1. 𝐸𝑤𝑖𝑛𝑑,𝑀
Load effects ­ Time series

Figure G.6: All the load effect data used for external beam level 1 (S18): 𝑀𝑦
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(a) Autocorrelation plot of 𝑀𝑦 external beam level 1 (S18) (b) Reversed univariate method plot of 𝑀𝑦 external beam level 1 (S18)

Figure G.7: Autocorrelation and Reversed univariate method plots of 𝑀𝑦 external beam level 1 (S18), in order to obtain the
correct block duration 𝑡

(a) Gumbel fit (threshold value: 0.002) of 𝑀𝑦 external beam level 1
(S18)

(b) Bootstrap (threshold value: 0.002) of 𝑀𝑦 external beam level 1
(S18) using 300 bootstrapped distributions

Figure G.8: Gumbel fit and Bootstrap (threshold value: 0.002) of 𝑀𝑦 external beam level 1 (S18) (20𝑠­extremes)

Load effects ­ Probabilistic wind pressure model

Figure G.9: All the load effect data used for external beam level 1 (S18): 𝑀𝑦 (probabilistic wind pressure model)
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G.3. Steel bracing (S65)
G.3.1. 𝐸𝑤𝑖𝑛𝑑,𝑁
Load effects ­ Time series

Figure G.10: All the load effect data used for steel bracing (S65): 𝑁

(a) Gumbel fit (threshold value: 0.0) of 𝑁 steel bracing (S65) (b) Q­Q Plot (threshold value: 0.4) of 𝑁 steel bracing (S65)

Figure G.11: Gumbel fit (threshold 0.0) and Q­Q plot (threshold value: 0.4) of 𝑁 steel bracing (S65), in order to obtain the
correct block duration 𝑡

Load effects ­ Probabilistic wind pressure model
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Figure G.12: All the load effect data used for steel bracing (S65): 𝑁 (probabilistic wind pressure model)

G.4. Internal column (S13)
G.4.1. 𝐸𝑤𝑖𝑛𝑑,𝑁
Load effects ­ Time series

Figure G.13: All the load effect data used for internal column (S13): 𝑁
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(a) Gumbel fit (threshold value: 0.0) of 𝑁 internal column (S13) (b) Gumbel fit (threshold value: 0.04) of 𝑁 internal column (S13)

Figure G.14: Gumbel fit (threshold 0.0 and 0.04) of 𝑁 internal column (S13), in order to obtain the correct block duration 𝑡

(a) Q­Q Plot (threshold value: 0.0) of 𝑁 internal column (S13) (b) Q­Q Plot (threshold value: 0.03) of 𝑁 internal column (S13)

Figure G.15: Q­Q plot (threshold 0.0 and 0.03) of 𝑁 internal column (S13)

Figure G.16: Q­Q Plot (threshold value: 0.04) of 𝑁 internal column (S13)
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(a) Bootstrap (threshold value: 0.0) of 𝑁 internal column (S13) using
300 bootstrapped distributions

(b) Bootstrap (threshold value: 0.04) of 𝑁 internal column (S13) using
300 bootstrapped distributions

Figure G.17: Bootstrap (threshold value: 0.0 and 0.04) of 𝑁 internal column (S13)

(a) Autocorrelation plot of 𝑁 internal column (S13) (b) Reversed univariate method plot of 𝑁 internal column (S13)

Figure G.18: Autocorrelation and Reversed univariate method plots of 𝑁 internal column (S13), in order to obtain the correct
block duration 𝑡

(a) Gumbel fit (threshold value: 0.03) of 𝑁 internal column (S13) (b) Bootstrap (threshold value: 0.03) of 𝑁 internal column (S13) using
300 bootstrapped distributions

Figure G.19: Gumbel fit and Bootstrap (threshold value: 0.03) of 𝑁 internal column (S13) (20𝑠­extremes)
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Load effects ­ Probabilistic wind pressure model

Figure G.20: All the load effect data used for internal column (S13): 𝑁 (𝐹 = 100) (probabilistic wind pressure model)
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G.5. External column (S2)
G.5.1. 𝐸𝑤𝑖𝑛𝑑,𝑁
Load effects ­ Time series

Figure G.21: All the load effect data used for external column (S2): 𝑁

(a) Autocorrelation plot of 𝑁 external column (S2) (b) Reversed univariate method plot of 𝑁 external column (S2)

Figure G.22: Autocorrelation and Reversed univariate method plots of 𝑁 external column (S2), in order to obtain the correct
block duration 𝑡

Load effects ­ Probabilistic wind pressure model
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(a) Gumbel fit (threshold value: 0.0) of 𝑁 external column (S2) (b) Bootstrap (threshold value: 0.0) of 𝑁 external column (S2) using
300 bootstrapped distributions

Figure G.23: Gumbel fit and Bootstrap (threshold value: 0.0) of 𝑁 external column (S2) (10𝑠­extremes)

Figure G.24: All the load effect data used for external column (S2): 𝑁 (probabilistic wind pressure model)

G.5.2. 𝐸𝑤𝑖𝑛𝑑,𝑀
Load effects ­ Time series
Load effects ­ Probabilistic wind pressure model
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Figure G.25: All the load effect data used for external column (S2): 𝑀𝑦

(a) Autocorrelation plot of 𝑀𝑦 external column (S2) (b) Reversed univariate method plot of 𝑀𝑦 external column (S2)

Figure G.26: Autocorrelation and Reversed univariate method plots of 𝑀𝑦 external column (S2), in order to obtain the correct
block duration 𝑡

(a) Gumbel fit (threshold value: 0.004) of 𝑀𝑦 external column (S2) (b) Bootstrap (threshold value: 0.004) of 𝑀𝑦 external column (S2)
using 300 bootstrapped distributions

Figure G.27: Gumbel fit and Bootstrap (threshold value: 0.004) of 𝑀𝑦 external column (S2) (20𝑠­extremes)

G.6. Corner column (S1)
G.6.1. 𝐸𝑤𝑖𝑛𝑑,𝑁
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Figure G.28: All the load effect data used for external column (S2): 𝑀𝑦 (probabilistic wind pressure model)

Load effects ­ Time series

Figure G.29: All the load effect data used for corner column (S1): 𝑁

Load effects ­ Probabilistic wind pressure model
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(a) Gumbel fit (threshold value: 0.2) of 𝑁 corner column (S1) (b) Q­Q Plot (threshold value: 0.15) of 𝑁 corner column (S1)

Figure G.30: Gumbel fit (threshold value: 0.2) and Q­Q plot (threshold value: 0.15) of 𝑁 corner column (S1)

(a) Q­Q Plot (threshold value: 0.2) of 𝑁 corner column (S1) (b) Bootstrap (threshold value: 0.2) of 𝑁 corner column (S1) using 300
bootstrapped distributions

Figure G.31: Q­Q plot and Bootstrap (threshold value: 0.2) of 𝑁 corner column (S1)

(a) Autocorrelation plot of 𝑁 corner column (S1) (b) Reversed univariate method plot of 𝑁 corner column (S1)

Figure G.32: Autocorrelation and Reversed univariate method plots of 𝑁 corner column (S1), in order to obtain the correct
block duration 𝑡
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(a) Gumbel fit (threshold value: 0.15) of 𝑁 corner column (S1) (b) Bootstrap (threshold value: 0.15) of 𝑁 corner column (S1) using
300 bootstrapped distributions

Figure G.33: Gumbel fit and Bootstrap (threshold value: 0.15) of 𝑁 corner column (S1) (20𝑠­extremes)

Figure G.34: All the load effect data used for corner column (S1): 𝑁 (probabilistic wind pressure model)
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G.6.2. 𝐸𝑤𝑖𝑛𝑑,𝑀𝑦
Load effects ­ Time series

Figure G.35: All the load effect data used for corner column (S1): 𝑀𝑦

(a) Autocorrelation plot of 𝑀𝑦 corner column (S1) (b) Reversed univariate method plot of 𝑀𝑦 corner column (S1)

Figure G.36: Autocorrelation and Reversed univariate method plots of 𝑀𝑦 corner column (S1), in order to obtain the correct
block duration 𝑡

Load effects ­ Probabilistic wind pressure model
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(a) Gumbel fit (threshold value: 0.005) of 𝑀𝑦 corner column (S1) (b) Bootstrap (threshold value: 0.005) of 𝑀𝑦 corner column (S1) using
300 bootstrapped distributions

Figure G.37: Gumbel fit and Bootstrap (threshold value: 0.005) of 𝑀𝑦 corner column (S1) (10𝑠­extremes)

Figure G.38: All the load effect data used for corner column (S1): 𝑀𝑦 (probabilistic wind pressure model)
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G.6.3. 𝐸𝑤𝑖𝑛𝑑,𝑀𝑧
Load effects ­ Time series

Figure G.39: All the load effect data used for corner column (S1): 𝑀𝑧

(a) Autocorrelation plot of 𝑀𝑧 corner column (S1) (b) Reversed univariate method plot of 𝑀𝑧 corner column (S1)

Figure G.40: Autocorrelation and Reversed univariate method plots of 𝑀𝑧 corner column (S1), in order to obtain the correct
block duration 𝑡

Load effects ­ Probabilistic wind pressure model
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(a) Gumbel fit (threshold value: 0.003) of 𝑀𝑧 corner column (S1) (b) Bootstrap (threshold value: 0.003) of 𝑀𝑧 corner column (S1) using
300 bootstrapped distributions

Figure G.41: Gumbel fit and Bootstrap (threshold value: 0.003) of 𝑀𝑧 corner column (S1) (20𝑠­extremes)

Figure G.42: All the load effect data used for corner column (S1): 𝑀𝑧 (probabilistic wind pressure model)





H
Analysis Wind Pressures from Wind

Tunnel Test ­ For Making Probabilistic
Wind Pressure Model

A distribution may be considered normal if the absolute value of the skewness is less than 0.5 and the
absolute value of the kurtosis is less than 3.5 [22].
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206H. Analysis Wind Pressures from Wind Tunnel Test ­ For Making Probabilistic Wind Pressure Model

Zone Mean 𝜇 Standard deviation 𝜎 Skewness Kurtosis Distribution Type
Zone 1 0.31 0.20 0.53 1.23 Log­Normal
Zone 2 0.46 0.22 0.68 1.50 Log­Normal
Zone 3 0.47 0.22 0.67 1.41 Log­Normal
Zone 4 0.46 0.22 0.65 1.36 Log­Normal
Zone 5 0.46 0.22 0.60 1.23 Log­Normal
Zone 6 0.44 0.22 0.54 1.07 Log­Normal
Zone 7 0.29 0.19 0.35 0.73 Normal
Zone 90 ­0.76 0.29 ­1.37 3.92 Log­Normal
Zone 91 ­0.76 0.30 ­1.26 3.11 Log­Normal
Zone 92 ­0.80 0.31 ­1.19 2.75 Log­Normal
Zone 93 ­0.77 0.32 ­1.03 2.61 Log­Normal
Zone 94 ­0.59 0.31 ­0.96 2.43 Log­Normal
Zone 95 ­0.49 0.29 ­1.04 2.78 Log­Normal
Zone 96 ­0.45 0.26 ­1.06 2.69 Log­Normal
Zone 39 ­0.40 0.20 ­1.08 2.90 Log­Normal
Zone 40 ­0.39 0.19 ­1.09 2.97 Log­Normal
Zone 41 ­0.38 0.18 ­1.10 3.19 Log­Normal
Zone 42 ­0.39 0.18 ­1.10 3.00 Log­Normal
Zone 43 ­0.37 0.18 ­1.10 3.26 Log­Normal
Zone 44 ­0.39 0.19 ­1.08 3.04 Log­Normal
Zone 45 ­0.40 0.20 ­1.04 2.75 Log­Normal
Zone 128 ­0.42 0.25 ­0.95 2.10 Log­Normal
Zone 129 ­0.47 0.27 ­0.97 2.40 Log­Normal
Zone 130 ­0.56 0.29 ­0.92 2.12 Log­Normal
Zone 131 ­0.76 0.32 ­1.02 2.52 Log­Normal
Zone 132 ­0.80 0.32 ­1.30 3.36 Log­Normal
Zone 133 ­0.79 0.32 ­1.42 3.95 Log­Normal
Zone 134 ­0.76 0.31 ­1.48 4.53 Log­Normal
Zone 77 ­0.42 0.23 ­0.88 2.08 Log­Normal
Zone 78 ­0.43 0.24 ­0.93 2.23 Log­Normal
Zone 79 ­0.49 0.25 ­0.88 2.29 Log­Normal
Zone 80 ­0.60 0.25 ­0.83 2.06 Log­Normal
Zone 81 ­0.78 0.31 ­1.03 2.54 Log­Normal
Zone 82 ­0.80 0.31 ­1.20 2.59 Log­Normal
Zone 83 ­0.84 0.30 ­1.26 2.99 Log­Normal
Zone 84 ­0.86 0.32 ­1.26 3.26 Log­Normal
Zone 85 ­0.84 0.33 ­1.80 7.24 Log­Normal
Zone 86 ­0.85 0.32 ­1.38 3.83 Log­Normal
Zone 166 ­0.86 0.34 ­1.44 4.04 Log­Normal
Zone 167 ­0.88 0.33 ­1.30 3.38 Log­Normal
Zone 168 ­0.86 0.35 ­1.98 8.51 Log­Normal
Zone 169 ­0.89 0.31 ­1.25 3.09 Log­Normal
Zone 170 ­0.78 0.27 ­1.16 2.79 Log­Normal
Zone 171 ­0.45 0.23 ­1.04 2.54 Log­Normal
Zone 172 ­0.56 0.25 ­0.80 1.92 Log­Normal
Zone 173 ­0.44 0.24 ­1.01 2.66 Log­Normal
Zone 174 ­0.49 0.26 ­0.87 2.13 Log­Normal
Zone 175 ­0.44 0.25 ­0.93 2.33 Log­Normal

Table H.1: Analysis of wind pressures and associated distribution type, based on values of skewness and kurtosis
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Reliability Assessment ­ Additional Input

Parameters

Profile IPE240
𝑊𝑝𝑙,𝑦 366000 𝑚𝑚3
𝑓𝑦 355 𝑁/𝑚𝑚2

Weight profile 30.7 𝑘𝑔/𝑚
Permanent roof load 0.9𝑘𝑁/𝑚2

Bay width 5𝑚
𝐺 (30.7 ⋅ 9.81)−3 + 0.9 ⋅ 5 = 4.8 𝑘𝑁/𝑚
𝑄 1 𝑘𝑁/𝑚

Table I.1: Input for the reliability analyses of External beam level 2 (S42)

Profile IPE450
𝑊𝑝𝑙,𝑦 1700000 𝑚𝑚3
𝑓𝑦 355 𝑁/𝑚𝑚2

Weight profile 77.6 𝑘𝑔/𝑚
Permanent floor load 3𝑘𝑁/𝑚2

Imposed load office (category B) 2.5𝑘𝑁/𝑚2
Bay width 5𝑚

𝐺 (77.6 ⋅ 9.81)−3 + 3 ⋅ 5 = 15.8 𝑘𝑁/𝑚
𝑄 2.5 ⋅ 5 = 12.5 𝑘𝑁/𝑚

Table I.2: Input for the reliability analyses of External beam level 1 (S18)

Profile Steel rod 𝜙 = 45 𝑚𝑚
𝐴 1590.43 𝑚𝑚2
𝑓𝑦 355 𝑁/𝑚𝑚2

Table I.3: Input for the reliability analyses of Steel bracing (S65)
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Profile HEA200
𝐼𝑦 3.69 ⋅ 107 𝑚𝑚4
𝐴 5383 𝑚𝑚2
𝑓𝑦 355 𝑁/𝑚𝑚2

Permanent roof load 0.9𝑘𝑁/𝑚2
Permanent floor load 3𝑘𝑁/𝑚2

Imposed load office (category B) 2.5𝑘𝑁/𝑚2
Bay width 10 ⋅ 10 𝑚2
𝐺𝑙𝑒𝑣𝑒𝑙2 0.9 ⋅ 102 + (2 ⋅ 10 ⋅ 42.2 ⋅ 9.81)−3 = 98.3 𝑘𝑁
𝐺𝑙𝑒𝑣𝑒𝑙1 3 ⋅ 102 + (2 ⋅ 10 ⋅ 122 ⋅ 9.81)−3 = 323.9 𝑘𝑁
𝐺 98.3 + 323.9 = 422.2 𝑘𝑁
𝑄 2.5 ⋅ 102 = 250 𝑘𝑁

Table I.4: Input for the reliability analyses of Internal column (S13)

Profile HEA220
𝐼𝑦 5.41 ⋅ 107 𝑚𝑚4
𝑊𝑝𝑙,𝑦 568000 𝑚𝑚3
𝐴 6434 𝑚𝑚2
𝑓𝑦 355 𝑁/𝑚𝑚2

𝑢𝑚𝑜𝑚𝑒𝑛𝑡𝑎𝑟𝑚 210/2 + 100 = 205 𝑚𝑚
Permanent roof load 0.9𝑘𝑁/𝑚2
Permanent floor load 3𝑘𝑁/𝑚2

Imposed load office (category B) 2.5𝑘𝑁/𝑚2
Bay width 5 ⋅ 10 𝑚2
𝐺𝑙𝑒𝑣𝑒𝑙2 0.9 ⋅ 5 ⋅ 10 + (5 ⋅ 42.2 ⋅ 9.81 + 10 ⋅ 30.7 ⋅ 9.81)−3 = 50.1 𝑘𝑁
𝐺𝑙𝑒𝑣𝑒𝑙1 3 ⋅ 5 ⋅ 10 + (5 ⋅ 122 ⋅ 9.81 + 10 ⋅ 77.6 ⋅ 9.81)−3 = 163.6 𝑘𝑁
𝐺 50.1 + 163.6 = 213.7 𝑘𝑁
𝑄 2.5 ⋅ 5 ⋅ 10 = 125 𝑘𝑁

Table I.5: Input for the reliability analyses of External column (S2)
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Profile HEA220
𝐼𝑦 5.41 ⋅ 107 𝑚𝑚4
𝑊𝑝𝑙,𝑦 568000 𝑚𝑚3
𝑊𝑝𝑙,𝑧 271000 𝑚𝑚3
𝐴 6434 𝑚𝑚2
𝑓𝑦 355 𝑁/𝑚𝑚2

𝑢𝑚𝑜𝑚𝑒𝑛𝑡𝑎𝑟𝑚−𝑦𝑦 210/2 + 100 = 205 𝑚𝑚
𝑢𝑚𝑜𝑚𝑒𝑛𝑡𝑎𝑟𝑚−𝑧𝑧 220/2 + 100 = 210 𝑚𝑚

Permanent roof load 0.9𝑘𝑁/𝑚2
Permanent floor load 3𝑘𝑁/𝑚2

Imposed load office (category B) 2.5𝑘𝑁/𝑚2
Bay width 5 ⋅ 5 𝑚2
𝐺𝑙𝑒𝑣𝑒𝑙2 0.9 ⋅ 5 ⋅ 5 + (2 ⋅ 5 ⋅ 30.7 ⋅ 9.81)−3 = 25.5 𝑘𝑁
𝐺𝑙𝑒𝑣𝑒𝑙1 3 ⋅ 5 ⋅ 5 + (2 ⋅ 5 ⋅ 77.6 ⋅ 9.81)−3 = 82.6 𝑘𝑁
𝐺 25.5 + 82.6 = 108.1 𝑘𝑁
𝑄 2.5 ⋅ 5 ⋅ 5 = 62.5 𝑘𝑁

Table I.6: Input for the reliability analyses of Corner column (S1)





J
Resistance to Combination of Bending

Moment and Axial Force
In the event that both a bending moment and an axial force are present, the possible effects of these
on the bending moment resistance must be considered. In this case the normal force will be absorbed
in the middle of the cross­section and the bending moment on the outside of the cross­section (see
figure J.1). Based on the magnitude of the normal force, a certain height ℎ𝑁 is used for the normal
force capacity. This can have consequences for the moment capacity and could lead to a reduction of
it.

Figure J.1: Visual representation of combined bending moment and axial force on the cross­section

𝑁𝐸𝑑 = ℎ𝑁 ⋅ 𝑡𝑤 ⋅ 𝑓𝑦 (J.1)

𝑀𝑦,𝐸𝑑 = 2 ⋅ 𝑏 ⋅ 𝑡𝑓 ⋅
ℎ − 𝑡𝑓
2 ⋅ 𝑓𝑦 + 2 ⋅ 𝑡𝑤 ⋅

ℎ − 2𝑡𝑓 − ℎ𝑁
2 ⋅ (

ℎ − 2𝑡𝑓 − ℎ − 𝑁
4 + 0.5 ⋅ ℎ𝑁) ⋅ 𝑓𝑦 (J.2)

The Eurocode takes this into account in the form of a number of formulas. In the case of class 1 and
2 cross­sections with double symmetrical I and H sections or other flanges sections the following for­
mulas hold. However, first some checks if this reduction of the bending moment about the respectively
𝑦 − 𝑦 or 𝑧 − 𝑧 axis is needed.

If these criteria hold, no reduction effect of the axial force on the plastic bending moment about the
𝑦 − 𝑦 axis:

𝑁𝐸𝑑 ≤ 0.25 ⋅ 𝑁𝑝𝑙,𝑅𝑑 (J.3)

𝑁𝐸𝑑 ≤
0.5 ⋅ ℎ𝑤 ⋅ 𝑡𝑤 ⋅ 𝑓𝑦

𝛾𝑀0
(J.4)
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If this criteria hold, no reduction effect of the axial force on the plastic bending moment about the 𝑧 − 𝑧
axis:

𝑁𝐸𝑑 ≤
ℎ𝑤 ⋅ 𝑡𝑤 ⋅ 𝑓𝑦

𝛾𝑀0
(J.5)

In the case that a reduction is necessary, it is determined as follows:

𝑀𝐸𝑑 ≤ 𝑀𝑁,𝑅𝑑 (J.6)

𝑀𝑁,𝑦,𝑅𝑑 = 𝑀𝑝𝑙,𝑦,𝑅𝑑 ⋅
1 − 𝑛

1 − 0.5 ⋅ 𝑎 ≤ 𝑀𝑝𝑙,𝑦,𝑅𝑑 (J.7)

𝑀𝑁,𝑧,𝑅𝑑 = 𝑀𝑝𝑙,𝑧,𝑅𝑑 (if 𝑛 ≤ 𝑎) 𝑜𝑟 𝑀𝑁,𝑧,𝑅𝑑 = 𝑀𝑝𝑙,𝑧,𝑅𝑑 ⋅ (1 − (
𝑛 − 𝑎
1 − 𝑎)

2
) (if 𝑛 > 𝑎) (J.8)

Where:
𝑛 = 𝑁𝐸𝑑

𝑁𝑝𝑙,𝑅𝑑
(J.9)

𝑎 =
(𝐴 − 2 ⋅ 𝑏 ⋅ 𝑡𝑓)

𝐴 ≤ 0.5 (J.10)


