Doctoral theses at NTNU, 2017:342

-

Michele Baravalle

1
1
1
1
1
1
]
1
]
]
1

Risk and Reliability Based
Calibration of Structural Design
Codes

Principles and Applications

ISBN 978-82-326-2752-3 (printed ver.)
ISBN 978-82-326-2753-0 (electronic ver.)

(] D s - oo
1) > 2990 cc
O |_3<Du'C'C
o oo v o
o 4 ful
S c 50 0 O
o < o g £ E
= 80«)8’8’
= = o <c
@ -U_CD.LULU
0 2= ow =
a m5w°E
QO w~—§§‘3
P4 [} o
5 Lo pPE
z hiE n
c = e
s = S}
N ° =
> > c

=
= = @
. s £
2 = @
N c Q

> [}

c (]

.©

o

z

o

z

“ NTNU “ NTNU

Norwegian University of Norwegian University of
Science and Technology Science and Technology

NNJIN @



Michele Baravalle

Risk and Reliability Based
Calibration of Structural Design
Codes

Principles and Applications

Thesis for the Degree of Philosophiae Doctor
Trondheim, December 2017

Norwegian University of Science and Technology
Faculty of Engineering
Department of Structural Engineering

NTNU

Norwegian University of
Science and Technology



NTNU
Norwegian University of Science and Technology

Thesis for the Degree of Philosophiae Doctor

Faculty of Engineering
Department of Structural Engineering

© Michele Baravalle

ISBN 978-82-326-2752-3 (printed ver.)
ISBN 978-82-326-2753-0 (electronic ver.)
ISSN 1503-8181

Doctoral theses at NTNU, 2017:342

Printed by NTNU Grafisk senter



To you, who will be born soon. I can’t wait!



ii



Table of Contents

Table of Contents iii
Preface vii
Abstract ix
Acknowledgments xi
Outline of the Thesis xiii
List of Papers XV
Abbreviations Xvii
Chapter 1 Introduction 1

1.1 Background and research 0bjectiVes...........ceevuerierieriereeiienie e 1

U2 140V 1715 1o ) ST 22

1.3 Highlights and main findings..........cceoceverieiinieieni e, 23

1.4 Conclusions and diSCUSSION .......c...cccvieeeuiieeiiieeeiie e 25

1.5 Future reSearch...........oooviiiiuiiiiiiiiice e 29

Part1 Calibration of Codified Design 33
Chapter 2 Paper I: A Risk-Based Approach for Calibration of Design Codes

35

2.1 ADSIIACE ....i ittt e 35

2.2 INOAUCHON. ....eviiieieeeee e 36

2.3 Background.........occoeoiiiiieee e 37

2.4 MEtROAS ..o 40

2.5 €S STUAY touvieiieiiiieieeie ettt en 49

2.6 Summary and diSCUSSION .........cceevvirrierieriiiieieiteeeereereeee e eeeensesseeenens 59

2.7 CONCIUSIONS....cviiiiiiiiieiietie ettt ettt et et e et e e e ereeeaeeeaeeeaveeeseeneeas 63

Chapter 3 Paper II: Generic Representation of Target Values for Structural
Reliability 65

3.1 ADSITACT c.eeiviiciieceie ettt 65

3.2 INtrOAUCHION......oiviieeii ettt et e 66

3.3 Structural design as an optimisation problem.........c..coccceecvrverenenncenne. 67

3.4  Risk acceptance Criteria .........coeoererierierieierie e 70

3.5  The plot for optimal and acceptable reliabilities ............cccceeeeerereennee. 72

3.6 THUSLrative €XampPles .....cccveeriierieiieeieeieeriee ettt sve e see e e 78

3.7 CONCIUSIONS.....uiiiiiiiiieiiie et ettt ettt et e e e eateeeeaveeeaeeas 82

3.8  Appendix to Chapter 3 — Plots for different distribution types............. 83

il



Chapter 4

Paper III: A Framework for Estimating the Implicit Safety Level

of Existing Design Codes 87

4.1 ADSITACE ...eiciieeieciie ettt s enreen 87

4.2 INErOAUCHION. .. .eeuiiiieiieie ettt 88

4.3  Target safety levels from monetary optimisation ...........ccceeveeeveerueennenne 88

4.4  Estimation of the implicit target reliability of existing codes............... 90

4.5  Comparison with another method............cccooiiieiiiniiciiniceee 95

4.6 CONCIUSIONS.....eouiiiierieieeiieie ettt etee ettt ettt et e e neeneeseesneesesseenaenneens 96

Part 11 Specific Study Cases 99
Chapter 5 Paper IV: Calibration of Simplified Safety Formats for Structural
Timber Design 101

S0 ADSIIACE ..o 101

5.2 INIOAUCHION....cotiitieiiiiieiiec e 102

5.3 Eurocode safety format..........cceeeveriiieiiienienienie e 103

5.4  Proposed simplified safety formats...........cceceevverircieniinieienicieeee 104

5.5  Calibration of safety formats ...........ccccoeeveviriinieniiieeeeee e 105

5.6 Results and diSCUSSION ......ccueiiviiiuieriieieiieie ettt 109

5.7 CONCIUSIONS....uiiieiieiiieiiesiieeie et e sieeete bt steeseeebeesbeessaessaeesbeesseesaseennas 114
ACKNOWIEAZMENES ..ot 114
Chapter 6  Paper V: On the Probabilistic Representation of Wind Climate for
Calibration of Structural Design Standards 115

6.1 ADSIIACE ....itiii e 115

6.2 INIrOAUCHION. .. .etiiiiiiiitieiecee e 116

6.3  Representation of the wind climate...........ccoocvevivieieniieieiieicieeen 117

6.4  Inclusion of wind climate spatial variation in code calibration........... 129

0.5 DISCUSSION ...eviiititeieieiieieete ettt ettt 133

6.6 CONCIUSIONS.....oiiieieiieiieiieie ettt 134

6.7  Appendix I to Chapter 6 - Equations and formulas ..............c.c.cc..... 135

6.8 Appendix II to Chapter 6 - Stochastic models used in the example
CAlIDIATION ..uiiiiiiiiiciiee e e 136

Chapter 7  Paper VI: Risk and Reliability-Based Calibration of Design Codes
for Submerged Floating Tunnels 137

Tl ADSIIACE .. 137

7.2 INEOAUCHION. ...ttt 138

7.3 Design approaches and code calibration..............ccoeevveverrenieniennennnn. 139

7.4  Case study: SFT with reinforced concrete structure............cceevennenen. 142

7.5 CONCIUSION ...ttt 146
ACKNOWICAZMENES ...t 147
References 149
Appendix A Penalty Functions for GOM and AM 157
A.l  Penalty funCtions........coceeviiieieiieiee e 157

A.2  Comparison of calibration methods and penalty functions ................ 159

v



Appendix B Reliability-Based Calibration of Partial Safety Factors in the

B.1
B.2
B3
B4

B.S
B.6
B.7

Eurocodes 163
INtrOAUCTION . ....cviiiiieiieciie ettt sae e 164
IMELROMS ..ottt e snee e 164
Calibration of the partial safety factors on the load side .................... 165

Evaluation of the reliability of the design with the calibrated load partial
safety factors for cases with two variable loads acting simultaneously

............................................................................................................ 178
Calibration of the partial safety factor for a generic load................... 181
Calibration of the partial safety factor for a generic material............. 182
Summary and future WOtk .........ccoocveeviieriienienieeie e 185



vi



Preface

This doctoral thesis is submitted in partial fulfilment of the requirements for the degree of
Philosophiae Doctor (Ph.D.) in Structural Engineering at the Norwegian University of Science
and Technology (NTNU). The research was carried out at the Department of Structural
Engineering at NTNU in Trondheim, Norway.

The project was founded by the Department of Structural Engineering at NTNU. The
project started in October 2013 and the thesis was submitted in September 2017. The founding
included one year of teaching assistance at the Department of Structural Engineering. This
activity was mostly concentrated in the first three years. A part of this research work has been
supported by the Norwegian Public Roads Administration (NPRA) as part of the "Ferry-free
coastal route E39" project.

The main supervisor of the project was Professor Jochen Koéhler (NTNU, Norway). The
co-supervisor was Professor John Dalsgaard Serensen (Aalborg University, Denmark).

Michele Baravalle
Trondheim, September 2017.

vii



viii



Abstract

Structures and infrastructures are essential for most societal activities and are required to
be safe, as well as economically and environmentally sustainable. At the same time, societal
resources of all kinds are limited. Thus, it is of vital importance that these resources are
allocated optimally, not only financially but also in terms of reduction of risk to life. A logical
point to start from in approaching this complex optimization problem is with our building codes
that constitute the primary decision support for structural engineers. Therefore, it is essential
that the building codes are optimised or calibrated for this perspective. The design with
optimised codes balances investments into safety and expected adverse consequences.

This work contributes to the development of theoretical methods for code making. The aim
is to reduce the subjectivity involved in the process and, consequently, to make more solid,
transparent and optimal decisions.

The primary objective is to provide rational methods, frameworks and principles for
optimizing the design requirements. For this purpose, in the first part of the work, code
optimization is seen as a decision problem under risk, where society is the rational decision
maker. Indeed, the outcomes of a decision, such as the assignment of safety factor values, are
not known with certainty. Therefore, the basis is exclusively taken from the normative decision
theory, which provides a strategy ensuring minimal use of resources over time. Three main
methods are proposed: i) a generic and comprehensive risk-based calibration approach for
calibrating the design requirements, ii) a generic representation of target values for structural
reliability and iii) a method for estimating the implicit safety level of existing optimal codes.

The secondary objective is to address the current code calibration and code-related tasks
and to provide objective bases for decision making. Four tasks are addressed: 1) the calibration
of simplified safety formats for the design of common timber structures, ii) the probabilistic
modelling of the wind climate for code calibration, iii) the discussion of the optimality of
designing extraordinary structures using common design codes, iv) the assessment and eventual
re-calibration of the partial safety factors in the Eurocodes.

In conclusion, the present work represents a substantial step forward towards a more
rationally based code making. The methods proposed in the first part might support code
committees in the fundamental decision of selecting target reliabilities and differentiating them
among structures with diverse characteristics. The second part proposes solutions to current
calibration tasks applying existing methodologies.
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Outline of the Thesis

This thesis is a collection of scientific papers. The first Chapter of this thesis presents an
introduction to this research work and a review of the principles and methods of code
calibration. The following Chapters are divided into two parts: the first provides rational
methods, frameworks and principles for optimizing the requirements in the design codes; the
second includes some current code calibration and code-related tasks.

Chapters 2, 3, 5 and 6 are papers published in, or submitted to, international scientific
journals. Chapters 4 and 7 are papers presented at international conferences. The results of the
calibration work performed for the CEN\TC 250 Sub-Commission 10 Working Group 1 are
included in Appendix B since they are still in a preliminary status.
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Chapter 1 Introduction

1.1 Background and research objectives

1.1.1 The need for safe, optimal and sustainable structures

The built environment constitutes the basis for our economy and contributes to the
continuous development of our society. In this respect, structures play an important role, since
their primary purpose is to provide the functionality of the built environment and the safety of
its users. Consequently, a significant portion of societal economic and natural resources is
invested in the continued development, maintenance and renewal of structures. In the European
Union, for example, the construction industry consumes between 1200 and 1800 Million tonnes
of building materials per annum [3].

The total used resources and the total costs of a generic structure over time are not
predictable with certainty. Indeed, different hazards exist during the activities of building,
using, maintaining and decommissioning of the structure. The harm that might result from these
hazards has a social cost that might be expressed in terms of fatalities, monetary units or
greenhouse gas emissions. Hazard indicates here a potential source of harm or damage to life,
the environment or property. The ground motion caused by an earthquake (the hazard), for
example, might lead to the event of structural failure and associated consequences such as loss
of lives and financial losses. The magnitude of a hazard is measured in terms of risk that is the
product of the probability of the damaging event occurring and the average damage given that
the event has occurred. Therefore, the risk is expressed in the same units as the consequences.

The uncertainty regarding the consequences of adverse events and the probability of their
occurrence have been traditionally “compensated” by engineers with a conservative design or,
equivalently, a risk-averse behaviour [4]. In other words, engineers prefer more safe structures
that have more certain, but often higher, expected lifetime cost rather than less safe structures
that have more uncertain, but possibly lower, expected cost. Thus, rare events with high
consequences are over-weighted. The resulting actual level of risk associated with the use of
structures is significantly lower than the risk involved in most human activities [5], and appears
to be widely accepted by society. This risk-averse strategy might be tolerated by society because
the waste of resources associated with over-designed structures is lower than the waste
associated with under-designed structures since the risk function for over-designed structures



is relatively flat [5]. Nevertheless, decision strategies based on conservativeness and risk
aversion are irrational from the perspective of society when all of the hazards and the
uncertainties, as well as the risk to life, are included in the decision making. Indeed, these
strategies lead to a waste of resources and, thus, might not fulfil the requirement for financial
and environmental sustainability. Since society’s economic and natural resources are limited,
their use should be optimised, i.e. directed to efficient life-saving and risk-reducing measures.
The optimal allocation of the resources guarantees that, with the given budget, the maximum
possible number of fatalities is avoided and that the societal needs for structures and
infrastructures are satisfied with the least amount of resources over time.

The first principles of financial optimisation regarding structural design codes date back to
1924, when Forssell [6] argued that resources should be expended for increasing safety against
fire in houses only when the corresponding reduction of the expected consequences is larger
than the resources invested. As later introduced, this principle is applicable for levels of risk to
life and limb that are above a certain absolute acceptable level. Environmental sustainability is
a more modern, but certainly relevant, requirement. In fact, it is estimated that, in Europe, the
emissions from the (cradle-to-gate) production of materials used in construction for buildings
correspond to about 3 to 5 % of the annual greenhouse gas emissions [3]. Therefore, the
decisions taken in this sector have a significant impact on emissions and environmental policies.

A logical point to start approaching the ambiguous and complex optimisation of our
structures is the main interface between research and practical decision making: the structural
design codes, or standards. The codes constitute the primary decision support for practising
structural engineers since the clear majority of structures are designed and controlled according
to these legal regulations. Therefore, it is essential that structural design codes represent a
rationale leading to design solutions that balance expected adverse consequences (e.g., in case
of failure or deterioration) with investments into safety. Structural design codes should,
therefore, be calibrated based on the associated risks or, in the same vein, based on the related
failure probability.

1.1.2 Structural design codes

Codes provide standardisation of structures and facilitate the daily work of engineers [7].
They are also referred to as norms, standards or regulations. Modern codes guarantee, besides
safety, a certain level of serviceability, durability and sustainability.

In the broader societal context introduced previously, the ultimate objective of the
standards is “fo guard the interests of society” [8, p.4] by guiding decision makers to the optimal
allocation of societal resources in structures. The structural optimisation is reached in two stages
[9]: first, the optimisation of each structure and, second, the optimisation of design norms,
which are the constraints placed on the first. In this broader perspective, the codes play a major
role in terms of economic competitiveness and decision making in engineering [5]. They
influence, indeed, part of the construction sector that is a major sector in all developed countries.

Codes covering structural design are tightly interconnected with other standards regulating,
for example, material production, grading and acceptance or construction and installation
tolerances. Consequently, design codes should not be seen as singular regulatory documents,
but rather as elements of a regulatory framework.

Structural design and assessment of decisions can be performed with three main approaches
[10]. Every approach is limited to certain engineering problems and is supported by a specific
kind of standard, as illustrated in Figure 1.1.



o Level 4 or risk-informed approach. The first, most general and widely applicable,
approach consists in making decisions based on full-risk analyses. The international
standard ISO 2394 [10] provides the principles to be followed.

e Levels 3 and 2 or reliability-based approach. The second approach consists of reliability-
based design and assessment. It can be used as a simplification of the first when the
consequences of failure and damage are well understood and within ordinary ranges.
Reliability analyses are based on reliability theory and probabilistic modelling of the
involved random variables and stochastic processes [5, 11, 12]. The Probabilistic Model
Code (PMC) [13] issued by the Joint Committee on Structural Safety (JCSS) codifies and
standardises the modelling approaches and philosophy. Although the PMC has no
regulatory validity to date, it has reached a broad consensus in the last decades.

e Level 1 or semi-probabilistic approach. The third approach consists in the design and
assessment of decisions by means of semi-probabilistic design codes. This approach is a
further simplification of the second one, and it applies to categorised and standardised
consequences, failure modes and uncertainty representation.

The mentioned approaches make use of different analysis techniques which are often
referred to as Levels 4, 3, 2 and 1 [5, 14]. Consequently, the codes regulating their application
are here also referred to as Levels 4, 3, 2 and 1, see Figure 1.1. A thorough description of the
fundamental aspects of the three approaches is given in [I] and in [10].

Approaches: Limitations: Types of norm:

Risk-informed - -

Decisions taken considering full risk No limitations Level 4 cod.es: Gu1de.lmes (e.g., ISO

(Level 4 design ) 2394) and risk analysis techniques
Rel_igbility—basefd . Consequence of failure are Level 3 or 2 codes: Probabilistic
Dgos (iiEn ol sdkiiyg well understood and classified codes (e.g.. JCSS PMC)

requirement to fulfil (Level 3 and 2 design)

Semi-probabilistic
Safety format prescribing the design Consequence of failure, failure Level 1 codes: Semi-probabilistic
equations and/or analysis for modes and uncertainties are codes (e.g. Eurocodes)
assessing decisions (Level 1 design) categorized and standardized
i
K\

N— Application domains

Figure 1.1. Design and assessment approaches with limitations [10] and regulating norms.

The simplification of higher design approaches is performed for specific classes of similar
decision problems. For example, semi-probabilistic codes reduce the assessment of structural
design to a “routine” procedure [9] and are specifically developed for the design of common
structures under normal loading, operational and environmental conditions (see e.g., the
Eurocode 1 Part 1-4 [15] that is limited to structures up to 200 m high). Consequently, they are
only applicable in the domain they have been developed and calibrated for. The semi-
probabilistic and the probabilistic codes should, therefore, state all relevant information
concerning possible limitations and assumptions. Their validity and application should be
specified including legal, temporal and geographical constraints, types of structures, materials,
uses and loads [10]. The philosophy behind the simplification and the following limitations are



described in [I]. The mentioned simplifications come at the cost of a reduction of design
optimality or, equivalently, an economic loss. This loss is partly or totally balanced by the
reduction of the effort in the design. The balance between code simplification and optimality is
discussed in [I] and [IV] where a simplified safety format for timber design is calibrated and
compared with the existing format.

Semi-probabilistic codes are the most used standards for structural design. The reasons are
that they apply to all ordinary structures, their simplicity reduces the engineering costs and the
design checks are highly reproducible (or at least it is believed so) in the sense that they weakly
depend on the engineer performing them. On the contrary, reliability- and risk-based design
approaches require engineers to have information (e.g., consequences of failure, stochastic
models) and knowledge (e.g., reliability methods, probabilistic modelling) that they seldom
have. Moreover, in most cases, reliability analyses’ results depend on the person performing
the analysis since they are conditional on the information available to that person. The
possibility of including all the available information is, indeed, one of the strengths of the
method. At the same time, it is one of the reasons for its limited application, as common
engineers interpret the failure probability as a property of the structure and, therefore, do not
trust design methods that provide different results for the same structure. Consequently,
reliability-based assessment and design are not accepted by the majority of authorities and
professionals [16]. Nevertheless, it should be noted that the semi-probabilistic codes are
calibrated with the probabilistic codes and structural reliability methods. Thus, there are in
principle no differences between the two codes, except the fact that the former simplifies the
design at the cost of an optimality loss. Although the Probabilistic Model Code [13] was
introduced for mitigating these disadvantages, the two higher methods are mainly used at
present for cases that are not covered by semi-probabilistic codes (e.g., the use of new materials)
or when the simplifications of the latter are too conservative, leading to excessive over-design.
However, the conversion of a probabilistic code, such as [13], to a standard and the inclusion
of structural reliability as a basic subject in all structural engineering study programs are seen
as essential requisites for reaching a more extensive use of Level 2 and 3 methods in the future
[17].

Semi-probabilistic formats have been developed and improved continuously over time. The
safety factor was applied originally on the strength side only in the so-called allowable stress
design (ASD) format. Later, the safety factor was applied on the loading side allowing for, e.g.,
the plastic design. The most modern codes (e.g., [18, 19, 20, 21, 22]) are written in the Load
and Resistance Factor Design (LRFD) format with the partial safety factors on both sides [23].
This format was first introduced by Ravindra and Galambos in 1978 [24]. Compared to the
previous semi-probabilistic formats, the LRFD format provides more uniform reliability among
structures, has higher flexibility in introducing a new technology or material and can easily
accommodate adaptions for different geographical areas and uses.

In the LRFD format, random variables are represented by characteristic values, which are
then transformed into design values using partial safety factors (PSFs) [5, 11, 14, 23]. The
structural dimensions (e.g., element cross-section, reinforcement area) are selected to satisfy
the design equations which are often similar to the corresponding limit state functions even
though this is not strictly necessary and may not be optimal [25]. In general, the load PSFs are
material independent, and the material PSFs are load independent. Moreover, the load
combination is independent of the safety check. Besides the PSFs associated with defined
characteristic values, the LRFD safety format includes other reliability elements [10] that



control the reliability of the design; these include the load reduction factors and the modification
factors.

Semi-probabilistic codes usually implement the single-failure-mode checking format
applied at the structural element level. Therefore, system effects are not directly considered.
Nevertheless, the reliability of the resulting structural systems is often larger than the
component reliability due to several reasons such as the contribution of non-structural elements,
the requirements on serviceability and structural redundancy, the hidden safety reserves and the
discretisation of the structural element sizes [23, 26]. However, in some cases, these effects are
not present, and the resulting system reliability might be lower than the reliability of the
components. Therefore, robustness requirements are usually present for limiting the
contribution of the indirect risk to the total risk [27].

1.1.3 Code writing and code revision

The process of writing new codes and revising the existing ones is continuous. In Europe,
for example, European standards for structural design [18] were released between 1998 and
2006, maintained and evolved in the following years and a major revision work (started in 2012)
is ongoing at present [28]. In detail, new codes or review of the existing ones are needed for
different reasons including:

e Technology developments such as new or improved: production methods, structural
analysis tools (e.g., non-linear Finite Element analyses tools), quality control tools,
materials and material properties (e.g., structural glass and cross-laminated timber),
installation procedures and structural concepts (e.g., the submerged floating tunnel [29]).

e The requirement for an extension to new applications (e.g., longer bridges [29], higher
buildings, more slender structures).

e The inclusion of the experience gained using the existing standards (e.g., excessive failure
rates or construction costs).

e  The harmonisation with other standards or sectors.

e The implementation of new findings in research.

e The socio-economic changes that lead to different levels of risk acceptance and
requirements.

e  The variation of climatic actions induced by climate change (see, e.g. [30]).

e  Other requirements from professionals, industry, society or the authorities.

Theoretically, the optimal rate of code change might be estimated by solving an adaptive
control problem since the effects of code changes are not predictable and are evident only after
a certain time [9]. Small changes might be introduced at optimal points in time starting from an
over-optimal code. In fact, frequent changes may lead to overshooting of the optimal safety
level, while slow changes might cause a waste of materials. However, the revision process is
(and was) never planned so rigorously due to practical reasons such as the organisation of code
committees and the availability of resources. Moreover, code changes must be introduced
gradually over time to avoid mistrust and uncertainty of the engineers [5]. In practice, the code
revisions were usually undertaken when one or several of the reasons listed at the beginning of
this Section were present.

Review of structural standards usually consist of one of the following main actions or a
combination of them:



e Change of code format might be performed for converting the ASD to the LRFD format
or to the probabilistic format. It is often performed under the postulate that the existing
code is optimal since, in the contrary case, it would have been revised. It follows that the
reliability elements of the new format are calibrated to lead, as far as possible, to the same
level of safety or same design as the existing code. For converting a LRFD format code
into a probabilistic code, the cost of failure and the reliability level implicit in the LRFD
code can be back calculated by assuming probabilistic models representing the random
variables. When several probabilistic codes are available, the “prudency principle” was
proposed for selecting the best one [31].

e Code calibration or optimisation is the most significant revision action since it changes
the code safety level. Details on code calibration are given in the following Section.

e Introduction of new principles, requirements and reformulation of text are performed
subjectively by experts in the field since no objective real alternatives exist.

o Extension to new applications (e.g., materials, failure modes, loads, types of structures)
is characterised by a lack of experience. Therefore, analytical calibration methods assume
higher importance than experience.

1.1.4 Code calibration or optimisation
1.1.4.1 Motivation

The Level 4 approach consists in making decisions that minimise the risk. In very
simplified terms, the risk associated with a certain decision parameter p (e.g., the cross-
sectional dimension of a column) is R(p)=C,(p)+E[H]-P,(p). The first addend represents
the cost of safety, a larger p costs more but also reduces the likelihood of structural failure.
The second addend is the product between the expected consequences given the failure occurs
E[H] and the probability of failure occurrence P, (p). The product represents the risk
associated with the structural failure event, which decreases with p . Consequently, the sum of
the two addends (i.e., the risk function) is typically convex. Provided that E [H ] and the
functional relationships C. ( p) and P, ( p) are known, the optimal design is individuated
minimising the risk. The designer can minimise the risk by reducing the consequences given
failure, by reducing the failure probability or both.

For the Level 3 or 2 approaches, the consequences given failure are not directly considered
in the design. Instead, the probability of failure minimising the risk (for the expected
consequences of failure characterising the problem at hand) is given. This probability of failure
is referred to as the target or optimal probability of failure (P,, and P, ,, respectively).
Alternatively, the target reliability index is given, which is one-to-one related to P, by
B =—D! ( P, ), where O is the standard normal cumulative probability distribution function.
Subsequently, the designer selects a p value that satisfies P, ( p):PN. In practice, target
probabilities of failure are not differentiated for each specific engineering problem since this
would correspond to a risk-based design, and it would not simplify the design. Instead, a unique
P, is given for each class of engineering problems; within each class the characteristics of the
problems that influence the location of the risk function minimum are similar, although not
identical. In the example introduced before, the structures in a class shall be similar regarding
Co(p), E[H] and P,(p). Thus, the optimal P,, has to be calibrated by answering the
question “given that a unique P, is sought for a class of similar structures, what P, , minimises
the risk?” The structures designed with the calibrated P,, will not all be optimal, but the P,,
will regulate the reliability-based approach optimally.



For the Level 1 approach, neither the P, nor the consequences are directly considered in
the design. The designer selects p by satisfying a certain design equation, f ( p,r) >0, where
r is a vector of reliability elements. The values of the reliability elements are selected so that
if p satisfies f ( D, r) =0, then P, ( p) = P,, and thus the risk is minimum. As before, a unique
set of reliability elements is given in practice for each class of engineering problems which have
similar C.(p), E[H] and P,(p). This requires the reliability elements to be calibrated,
answering the question “given that a unique set of reliability elements is sought for a class of
similar structures, what set minimises the risk?” Again, the design with the calibrated r will
not lead to optimal structures in all cases, but the optimal r will regulate the design optimally
with the semi-probabilistic approach.

As described in this Section, the different approaches are interconnected and all based on
higher levels. This interconnection is described rigorously in [I], where a generic calibration
approach is proposed allowing for a consistent calibration of the different codes. It is also
important to note that the only rational approach satisfying “rigorously” the requirements for
sustainable and optimal structures is the Level 4 approach. All other approaches are
simplifications of this level. This implies that higher levels are implicitly accepted when using
lower levels.

1.1.4.2  Definition

Code calibration or optimisation is defined in the literature as “[...] the process of assigning
values to the parameters in a design code [...] with a view to achieve a desired level of
reliability in error-free structures ” [12, p.126]. Parameters are here considered to be the
reliability elements which in general can be intended to be the partial safety factors, load
reduction factors and modification factors for semi-probabilistic codes or the target failure
probabilities for probabilistic codes.

Calibration of semi-probabilistic codes also includes the selection of the safety format, the
characteristic values, the partial safety and load combination factors, the load combination rules
and all the other reliability elements “such that the level of reliability of all structures designed
according to the design codes is homogeneous and independent of the choice of material and
the prevailing loading, operational and environmental conditions. [...] including the choice of
the desired level of reliability or “target reliability”” [32, p.2].

1.1.4.3 Modern techniques and past experience

Structures designed in the past, with a specific code, have been evaluated and represent
full-scale “experiments” providing information, or “past experience” [9], to be considered
during a code revision. In the past, codes were revised based solely on experience through a
“trial-and-error strategy” since no other rational methods were available. This method is here
referred to as experience-based code calibration. The safety level was changed every time a
non-acceptable lack of balance between construction costs and safety was observed.

Modern code calibration techniques have been developed over the last decades for
overcoming the limitations of experience-based calibration. The methods are essentially based
on the structural reliability and decision theories. They are referred to as reliability-based and
risk-based code calibration. These techniques consider only correctly implemented measures to
take hazards into account. In other words, they do not consider the effects of human errors. The
core of the calibration is essentially to define the extent of the fraction of the hazards that is
taken as risk and the fraction that is taken into account by safety measures, see Figure 1.2.



Although modern calibration methods are available and widely accepted, experience
remains an important part of the code-making process. The reasons are that, as illustrated in
Figure 1.2, neither experience-based calibration nor calibration with modern methods is
complete. On the one hand, i) modern calibration techniques do not account for the human
errors (of any type), ii) the effects of code changes are rather difficult to predict, iii) the
substantial simplification of the complex calibration problem which is indispensable for
applying the calibration techniques might reduce the accuracy of the results, iv) the accepted
risk includes epistemic uncertainties and v) the models adopted might include some hidden
safety. On the other hand, observation of the built environment is not always possible (as in the
case of calibration of a code for a new material or for including the predicted effects of climate
change) and, when possible, it requires a rather extended period of observation. The observed
failure rates in the typical time intervals between two code revisions are characterised by a large
statistical uncertainty due to the low failure rate of typical structures. In addition, the amount
of statistical information obtained from the observation is limited by the fact that the population
of built structures is highly non-homogeneous and that it is difficult to exclude from the
assessment aspects such as human errors and the contributions of the non-structural
components.

Objective hazard potential |
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[ B e B == environment)
Directly accounted in modern code- Observed and assessed on built
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*Including human errors in code-calibration as well as errors in design, construction, use and maintenance of the
structure.

Figure 1.2. Risk picture for structures (adapted from [14]).

The human errors represent a hazard which might result in adverse events and, thus, future
losses. Nevertheless, the objectives of structural reliability and probability theory are not to
treat and prevent human errors in design, construction, maintenance, use and decommissioning
of structures. Gross human errors in these phases are prevented by robustness requirements; the
other minor errors are “controlled” by quality assurance and quality checks. These errors are
not considered in the code-optimization under the assumption that, in the vicinity of the
optimum, the optimal probability of failure or the optimal set of reliability elements is
unaffected by the errors [33]. Under this assumption, the nominal probability of failure is
utilised and different P, or different r values are compared and the most optimal selected.



However, errors can be made in the process of code making and code calibration, for example,
in the application of the optimisation techniques, in modelling the random phenomena or
variables probabilistically, in recognising the hazards, in applying and selecting the reliability
methods and so forth. The consequences of these types of errors might be observed in the
existing structures and provide input for an improvement of the calibration. Nevertheless, it has
to be mentioned that it might be difficult to distinguish human errors, which should be prevented
by quality control, from human errors involved in the calibration. In fact, events of structural
damage or failure are often triggered by a combination of several factors and errors as well as
the unfavourable realisations of the loads and the material properties.

In conclusion, it is important to highlight that the design codes are tools supporting decision
making in structural engineering. Between the models implemented in the code and the real
behaviour of structures (e.g., the failure rate, the costs of construction and so forth) there is a
series of elements that are impossible to account for rigorously but that certainly affect the
performance of the structure. These elements include, for example, the human errors not
discovered during the quality control, the contribution of non-structural elements and the
system effects. The code for structural design represents a set of principles and rules that support
decisions independently of these aspects, but these aspects are implicitly accounted when
evaluating the performance of a code by assessing the structures built following its
implementation.

1.1.4.4 Methods

Code calibration strategies have been formally divided into three main methods [11, 12].
Usually, their combination is adopted.

e Judgment was the first method used when probability and structural reliability theories
were not yet developed. It consists of modifying codes and/or changing reliability elements
based on observations following a ‘trial-and-error’ strategy. The method cannot be used
for writing codes covering new materials, technologies and types of structures due to the
lack of related experience.

o Fitting consists in calibrating the new code in order to achieve the same reliability or same
design as the old code. It is mostly used when rewriting a code considered “optimal” in a
new format. An example regarding the British standards is reported in [34] and [35].

e Optimisation is the highest level and most modern approach consisting in defining risk-
acceptance criteria and an optimal design concerning a certain utility function (e.g.,
expected benefits) and consequently calibrating the reliability elements. Application
examples are reported in, e.g., [2, 7, 23, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44].

Calibration of design codes is the exclusive competence of the so-called code committees
appointed by national or international regulatory bodies and composed of established experts
in the field. The reason for this is that most of the decisions involved in this complex problem
can only be taken wholly or partly based on subjectivity, experience and engineering judgment.
In fact, the existing rational and objective methods are not sufficient to represent the whole
problem due to its complexity. Henderson and Blockley [34] proposed a logical model of the
process of code calibration and showed, in an example application, that the statements and
assumptions outside the detailed reliability-based calibration process were less dependable than
those inside the calibration procedure (e.g., models, weights and penalty functions). The
agreement among the code-committee members on the less dependable statements and
assumptions is the best available method ensuring that best decisions are taken. Critical



decisions not fully supported by objective methods include: the simplification of the real
problem to a simplified one to which rational methods can be applied, the selection of the
representative structures, the formulation of the design requirements, the definition of the safety
format and load combination rules, the writing of the requirements and principles, the selection
of the level of detail and sophistication, etc. Thus, the general aim of this work is to provide
and extend methods and frameworks based on rational principles and, in particular, on
normative decision theory for supporting code committees in their decision-making
process.

A (limited) part of the decisions involved in code calibration is based on objective
calculations of which a theoretical background and principles have been established in the past
decades. Practical calibration of codes can be performed in several consecutive steps, as
proposed in [12, 45], and standardised in the International Standard ISO 2394:2015 [10], see
Section 1.1.4.7. Other similar procedures are proposed in the literature [11]. Although code
calibration concepts are well established, two main tasks still present difficulties: i) the selection
of the target probability of failure or the corresponding target reliability and i7) the detailed
calibration procedure with the individuation of simplified models reflecting the best practice.

1.1.4.5 Code optimisation as a decision problem

Calibration of design codes can essentially be seen as a decision problem under risk. In
fact, the decision does not lead to a certain and unique outcome, but rather to several outcomes
with known probabilities. The general decision to be taken is the selection of a code and, in
detail, the specification of the code requirements, the safety format and the reliability elements.
The decision maker is society since the objectives are set at the societal level. The aim of the
decision is to provide codes that guide engineers to design safe, optimal and sustainable
structures. The rigorous formulation of the entire decision problem is presented and applied to
a relevant case study in [I]. The outcome of a decision in code making depends on variables
describing the “state of the world” which are divided into two groups: i) variables that neither
the code maker nor the designer knows with certainty (e.g., the exact material strength in a
given structure) and ii) variables whose realisations are known with certainty by the designer
but not known with certainty by the code maker (e.g., the number of elements in the structural
systems). The consideration of the latter group introduced in [I] allows taking into account the
difference among the structures covered by the same reliability elements. Differences in system
layout, number of components, material and loads are specifically considered.

The normative decision theory for an individual under risk provides a rational support for
taking the optimal decision [4] and, thus, for allocating societal resources in efficient risk-
reducing measures. This decision strategy is also referred to as risk-based or risk-informed
decision making. Its application to code making is named risk-based code calibration. The code
maker aims at selecting the preferable code within the code space. The code is here intended
generally, i.e., including the design principles and requirements, the format, the reliability
elements and so forth. For a selected code, different consequences are possibly obtained
depending on the state of a world that is not known with certainty. However, the probability
distribution of the different states of the world — and hence of the various consequences — is
considered known for any selected code. Thus, choosing a code corresponds to picking up a
specific probability distribution over the possible consequences or, in formal words, to choose
a lottery between the consequences. The comparison of the different selections can then be
performed based on the utility function defined by the decision maker. Finally, the optimal
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decision is the one that selects the lottery with the largest expected utility. This decision strategy
is rational under the assumption that the decision maker agrees with the axioms stated by von
Neumann and Morgenstern [46]. The strategy ensures that the mean utility approaches the
expected utility (i.e. the maximum) with probability one when several independent decisions
are made.

Various types of resources might enter the utility function including economic, natural,
human, tangible and intangible resources. These resources need to be expressed in the same
units in an optimisation problem. Often, the monetary value is utilised. Therefore, the term
“resources”, of all kinds, and “cost” are interchanged from now on. The conversion to monetary
value is also performed when assessing the risk to life and the efficiency of risk-reducing
measures. The use of monetary units (MU) in this context should not be misunderstood.
Indicators such as the cost of a statistical life or the money society is willing to pay for saving
one additional life (SWTP) is not to be considered the cost of a person’s life. A person’s life
has no value. Nevertheless, these costs are necessary for comparing life-saving measures and,
thus, allocating resources in the most efficient way for saving most lives within a given budget.
The mentioned indicators are derived from small probabilities of missing life. As an example,
consider a device that costs 100 MU and that reduces the chance of missing life by 10~ for each
person using it (e.g., a bike helmet). For this specific device, the cost of saving one statistical
life is equal to 100/10-° =107 MU since a reduction of one fatality is expected for each 107
MU spent. This indicator can be used for comparing life-saving measures. For example, the
mentioned device should be preferred to other ones that cost more than 107 MU for statistical
life. Further, if a society is willing to pay for this device, it can be said that the society is willing
to (or, better, it can afford to) pay 107 MU for saving one statistical life. Consequently, all other
life-saving measures that cost less than 107 MU per statistical life should be implemented for
the society to be consistent.

1.1.4.6  Code optimisation

The concept of “optimal code” as that optimising the use of societal resources was
developed in the early seventies [9, 47]. Semi-probabilistic codes and probability codes were
seen as development steps toward the ideal code format [8]. The theoretical concepts proposed
by Lind [9] regarding codes and their optimality are briefly summarised here (the notation is
slightly modified). Essentially, structural design consists in mapping the space of all possible
structural layouts {S } in the space of all bearing structure proportions {P} . This
correspondence is not uniquely defined by the norms since a given layout can be mapped to
different structures. Nevertheless, a one-to-one correspondence might be established between
{S } and the space of optimal structures {P } under the assumption that only one of these

structures is optimal. Therefore, 7, can be w:itten asafunctionof S and N,FE, =F,, (S ,N ) ,
where N is the norm used for the design that belongs to the space of all possible norms {N } .
Each norm leads to different structural safety levels and has an associated level of risk
R(N)=) H,-F, (POP, (S.N )), where: H, is the socio-economic expected loss related to
failure of the structure i and P, , is the related probability of failure. The sum is extended to all
structures covered by the code. The optimal norm is defined as that minimising the total risk
R, (N)=R(N)+>. C (Po (SN )) , where the second addend represents the total
construction costs calculated as the sum of the costs over all structures [9].

Lind’s general method for optimising codes is hardly applicable in practice. Therefore, the

simplified methods listed below and illustrated in Figure 1.3 are often utilised in practical
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calibration of codes. Both of these simplified methods are included in the generic calibration
approach in [I].

e A practical application of the decision-theoretic approach that consists in pre-selecting
acode N from {N } and then calibrating the reliability elements in the code by maximising
a utility function [32, 36]. The method applies to code Levels 1, 2 and 3; the principles of
code optimisation were extended by Rackwitz [48] and are further developed in [I].

o Simplified methods for calibration of Level 1 codes that consist in pre-selecting a code
N and then dividing the problem into two independent steps. First, the target reliability
level is derived based on the decision-theoretic method described above or on the current
practice, see [48]. The second step consists in calibrating the reliability elements (r ), and
it can be performed with two methods [2]:

o global optimisation methods (GOM); and
o approximate methods (AM).

| Select a code N (except reliability elements values r) |

Find f fulfilling the objective of maximizing the expected

8 utility
]
E l
Find A fulfilling Z - —
objective of maximizing| | 8 § Find r fulfilling the Target reliability §,
the expected utility BiE objective of i the
§ 8 expected utility ) . . .
=i Find design points fulfilling
i the objective f = f,
= Minimize cl
.;.: function varying r Find the “best” single Reliability-based
@ design point representing all code calibration
design points
*
Lind’s decision- Practical decision- Global optimization Approximate methods
theoretic approach theoretic approach method (GOM) (AM)
(for Level 1 and 3 (Only for Level 1 norms)

norms)

Figure 1.3. Summary of different optimisation methods for code levels 1, 2 and 3.

1.1.4.7  The seven-steps procedure for optimisation

A seven-steps procedure for code optimisation was proposed in [12, 45] and was
standardised in the international standard ISO 2394:2015 [10]. Other similar procedures were
proposed in the literature such as the five points procedure in [11]. The seven-step procedure is
slightly generalised here in order to attempt to fit in it the different calibration approaches
illustrated in Figure 1.3. A summary of the procedure is given in Table 1.1, detailed descriptions
of the steps are given in the remaining part of this Section.
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Table 1.1. Application of the seven-steps procedure to difference calibration problems.

Approach Practical decision-theoretic approach Reliability-based calibration
o Calibration of f,
Calibration of L L. GOM for cal. | AM for cal.
o for reliability-based | Calibration of
Calibration problem Level 3 (or 2) . of Level 1 of Level 1
calibration of Level | Level 1 codes
codes codes codes
1 codes

. . . PSFs, sensitivity factors, load PSFs or
Reliability elements r Target probabilities of failure ( P, ) or

. o reduction factors and sensitivity
to be calibrated target reliabilities ( 4, ) . .
modification factors factors
1. Scope Define the structures covered by the code
2. Objective Minimise the use of societal resources | Target reliabilities S,

Define a set of rules, including which and how

many reliability elements (PSFs, load comb.
Define a set of rules .
N factors, mod. factors), how they are used in
3. Format Define groups of design situations . . L
o design equations and load combinations.
covered by the same reliability elements . o
Define groups of design situations covered by the

same r

System effects

4. Failure modes | might be .
Single mode and element level only

and models accounted in
design
. . . o Penalty functions in Appendix
5. Closeness Expected utility or risk function like in Eq. (1.1) A
. . Find @,, or
6. Optimum Find r,, !
then r,
% . . Evaluate solution of step 6
& | 7. Verification . . .
& Decide values for r to include in the code
(8. Check) Design some selected structures with the selected r and assess the design with higher methods

Step 1 - Definition of the scope of the code

Level 1 and Level 3 codes consist of simplified design requirements that are developed for
and limited to a specific class of structures (see Figure 1.1). The first step consists in defining
this class. The types of structures, materials, failure modes, the geographical domain of validity,
the types of loads and accidental scenarios are the principal elements to define. In general, a
broader class of structures implies a larger average difference between each structure and the
code objective. On the contrary, restricted classes allow a higher level of optimality, see [11]
and [I].

Step 2 - Definition of the code objective

The code objective is defined at a higher level. For calibration of Level 3 codes or
calibration of target reliabilities ( f,) for reliability-based calibration of Level 1 codes, the
objective is set at Level 4 and consists in minimising the risk or, equivalently, minimising the
expected use of resources over time. For reliability-based calibration of Level 1 codes, the
code’s objective is the target reliability that might be: i) derived minimising the risk (see [I]),
ii) taken from standards such as [10, 13] or iii) adopted as equal to the safety level of an existing
code covering similar structures and considered optimal (see [III]). Target values may not be
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unique since different optimal reliabilities are associated with different failure modes (e.g.,
plastic and brittle failures), consequence classes and other aspects discussed later. Acceptability
criteria must also be defined, the application of the marginal life saving principle is
recommended in [10], and further details are given in Annex G of [10].

The target reliability levels were first implicitly defined as the intrinsic reliability level of
the “best practice” corresponding to the design codes in use [9, 31]. These codes are the results
of past developments and adjustments based on observations of real structures. The evaluation
of the code implicit safety level is an underdetermined problem since the simplified code
formats in use (e.g., load and resistance factor design format, LRFD) lead to variable reliability
levels, as shown in, e.g., [23, 49]. Several calibration works reported in the literature use the
mean reliability or other fractiles as targets. Alternatively, the problem is approached in [11,
31] with the decision-theoretical principles assuming a simplified calculation of the risk as a
function of the reliability index of the corresponding probability of failure. The degree of
freedom is fixed by postulating that the code in use provides optimal structures or, equivalently,
minimal risk [31]. These methods lead to different results, particularly when the existing code
leads to a large scatter in the reliability of the structures. A different approach was proposed in
[1II] where decision-theoretic methods were applied under the assumption that the code leads
to optimal structures on average. As a result, the implicit safety level of the existing codes is
lower than the mean reliability level of the structures designed with it. This is a consequence of
the fact that i) the reliability variation caused by the simplified safety format needs to be
accommodated and ii) the risk function is skewed. Plots for direct implementation of the method
are provided in [III].

Target reliabilities were later derived from risk or monetary optimisation [47, 50, 51]
interpreting design codes as tools for decision making that guarantee optimal use of societal
resources. Rackwitz brought together these concepts and further developed them in a seminal
article [48] where different objective functions are derived for various scenarios. The case of
structures that are systematically reconstructed after failure, also referred to as the infinite
renewal case, is the most relevant in code making. An example of the calculation of the optimal
failure rate and its sensitivity to the probabilistic models and the safety and failure costs, is
presented in [48].

A single value of target reliability does not satisfy the requirement of an economic optimum
since different structures have in general different optimal reliabilities. It follows that a set of
target reliability indices, or better a “target safety index function” is preferred to reflect the
highest requirement of optimisation [25]. Target reliability indices provided by design codes
are in general differentiated based on the consequences and the safety costs only. Tentative
target reliabilities proposed by the Joint Committee on Structural Safety (JCSS) [13] are the
result of this innovative approach. These values are based on Rackwitz’s work [48], are widely
accepted in the field of structural reliability and they have been included in the International
Standard ISO 2394:2015 [10]. Nevertheless, detailed background calculations are missing,
making these values less transparent and open to misinterpretation. In addition, the attempts to
back calculate these values using Rackwitz’s objective functions lead to several discussions
since they require a significant number of subjective choices. The main discussed and
misinterpreted points are:

o the part of the structure the targets refer to, i.e., the structural system as a whole, a part of
it or a single structural component;
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e the estimation of the failure costs and safety costs for individuating the consequence class
and the cost-of-safety class;

e the selection of the appropriate reference period for the target reliability: 1-year and
lifetime reference periods are discussed;

o the reliability differentiation based on aspects different than the consequences and safety
costs, 1.e., involved uncertainties, service life, limit state functions;

e the selection of a structure representing the whole structural class to be used in the
optimisation.

These points were addressed in [I] were the code-optimisation principles were clarified,
synthesized and extended to reduce the level of subjectivity involved, accounting for the
differences among structures within the structural class and accounting for the system effects.
The method proposed allows for the classification of structures in classes with more similar
characteristics to increase the level of code optimality. For example, reliability differentiation
between series and parallel systems was proposed and compared with a single reliability target
covering all of them simultaneously.

The reliability is differentiated in current codes based solely on the consequences given
failure (see, e.g., [18]) or based on the consequences and cost of safety (see, e.g., [10, 13]). The
values are given in the form of tables for three consequence and safety cost classes. However,
as discussed in [II], the optimal reliability depends on the four most important aspects:

e the ratio between total failure costs and marginal safety costs;

e the uncertainty involved in the problem;

o the obsolescence rate (i.e., the inverse of the expected design life); and
e the discounting rate.

The current tables for target reliabilities only provide differentiation based on the first
aspect. The remaining aspects are accounted for approximately. For example, the target for a
structure with a short design life is obtained from the tables considering the cost of safety to be
larger than “normal”. This reliability differentiation is quite approximate and sub-optimal.
Therefore, simplified plots for communicating target reliabilities are proposed in [II]. The plots
can account for all of the four aspects listed above.

Step 3 - Definition of the code format

The code format ““/...] is a formal system of variables together with a set of rules” [11,
p-315]. In practical calibration procedures, the set of rules is usually fixed first (when selecting
N from {N } ) and the definition of the code format is limited to the selection and definition of
the reliability elements. Moreover, groups of structures or failure modes to be covered by the
same set of reliability elements need to be defined balancing code simplicity and optimality. In
fact, a larger number of reliability elements leads, in general, to more optimal structures but
makes the code more sophisticated. The problem is illustrated in [11] for semi-probabilistic
codes and more generically in [I].

Current design standards have reached a high level of sophistication, at the cost of
increasing their complexity and probably the engineering costs. Several discussions on what
constitutes an adequate level of code sophistication are ongoing [1, 52, 53, 54], and a major aim
of the code revision works, among other objectives, is to improve the ease-of-use of codes [28].
Simplified safety formats may either be included in codes as alternatives to more detailed
formats or be used in the early design stages for pre-design. Simplified safety formats might be
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calibrated so to lead always to an equal or a larger design (i.e. equal or larger cross-sections)
compared to the more sophisticated ones. This calibration might not be optimal since it leads to
an excessive level of safety. At present, no rational methods have been proposed for supporting
decisions on the simplification of design formats. An approach for this purpose was proposed
in [IV] and applied for calibrating a simplified safety format for the design of common timber
structures. The work aimed at calibrating these formats minimising the increase in expected
costs compared to the detailed formats, without compromising the safety level. The simplified
safety formats were calibrated for a specific sub-class of structures representing the most
common timber structures. The reduction of the structural class allowed to obtain a relatively
low scatter of reliability from the target even though the safety formats were greatly simplified.
The calibrated simplified formats were then compared with the existing code to assess the
differences in design, in the number of load combinations used and the reliability level. These
three indicators can support code committees in assessing and comparing safety formats with
different levels of detail.

Step 4 - Identification of typical failure modes and stochastic models

In practice, code calibration is a complex problem that requires a significant amount of
simplification before the existing calibration methods can be applied. In fact, codes are complex
tools applicable to a broad range of different failure modes, structural layouts, materials and
material grades, analysis techniques, system configuration and relevant actions. The reduction
of complexity from the code to the calibration exercise can be observed in several reports [23,
37, 49]. The reduction is based on numerous subjective assumptions, agreements among
experts, simplified representations of phenomena and generalisations that are still a topic of
research. Practical issues arise in conjunction with: selecting the representative structural
elements to be used in the calibration, deciding between more detailed or more general limit
state functions, estimating the uncertainties affecting the resistance and load models proposed
in the code and individuating their hidden safety, simplifying the models representing the loads
and their combination, selecting the reference time interval for reducing time-variant problems
to time-invariant ones, proposing a safety format for more advanced analysis tools such as non-
linear finite element software and several others.

The typical failure modes within the class of structures selected are identified, and the
relative limit state equations are formulated. Two different approaches are found in the
literature:

o the use of limit state functions representing some specific failure modes of selected
elements (see, e.g., [23, 36, 37, 55]); and

e the use of generalised limit state functions (see, e.g., [7, 35]) where only the variables
dominating the failure modes are represented.

While the former method is more detailed for each specific case considered, the latter
allows the covering of approximatively all failure modes governed by the same set of random
variables with a unique limit state function. Thus, it is more general.

Failure modes at element level are often considered. This might seem more appropriate for
the calibration of Level 1 codes that set the design requirements at the component level. On the
other hand, reliability analyses at Level 3 design permit consideration of system effects
explicitly. Therefore, it might be more appropriate to evaluate the reliability at the system level
in calibrating Level 3 codes. In fact, the consequences associated with the failure of a
component and those associated with the failure of the system might be equal (for series
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systems) or substantially different (for robust parallel systems). The inclusion of the system
effects in code optimisation was proposed in [I] also for the calibration of component target
reliabilities to include the system effects.

The representative design situations are individuated, and the associated frequencies of
practical occurrence (named the demand function in [12]) are estimated. The limit state function
g, for the design situation j is a function of the design parameters p (e.g., structural
dimensions and specifications) and some random variables X . In addition, the design depends
on the reliability elements r, g, = g, (p(r),X). In general, r includes:

o the target reliability indices, the minimum acceptable reliability indices and the
requirements on robustness when Level 3 codes are optimised; or

e the PSFs, the load reduction factors and the modification factors when Level 1 codes are
optimised.

A crucial part of a calibration exercise is the selection of the probabilistic models
representing the random variables included in the selected limit states. The stochastic models
representing actions, material properties and degradation are selected based on: measurements,
the literature [56, 57, 58] and probabilistic codes such as [13]. In Level 1 codes, these models
are only used in the calibration, while in Level 3 codes they are also used in the reliability
analysis performed during design. Simplified models need to be considered for simplifying the
problem without compromising the calibration accuracy. Their selection is often a topic of
discussion at code committees. These models should reflect the best practice and represent all
sources of uncertainty that are associated with: the material properties, the geometry, the load
effects, the deviation of the material strength in the structural elements from the tested
specimens, the deviations of the resistance models from the resistance derived from tests and
the deviations of the action models from the real actions. Models on the load side often depend
on the geographical location and should consider the variations within the domain of
applicability of the code (e.g., snow load models vary significantly with climate type, altitude,
latitude, vicinity to the sea and so forth). The analyses and the proposal of stochastic models to
represent the wind climate in Norway for the calibration of PSFs were presented in [V]. In [V],
a method accounting for the variation over the territory covered by the same reliability elements
was also proposed, and the uncertainties on the characteristic values provided by the wind maps
in the standards were included in the calibration.

The stochastic models representing the material properties and geometrical imperfections
might change among countries due to different habits, production methods and quality control
routines. In addition, the model uncertainties express the deviation between the measurements
and the values predicted by the models in the code at hand. Therefore, the model uncertainties
are specific for each design code.

Step 5 - Definition of a “measure of closeness” to the optimum [7] or “degree of fit” or
“penalty function” [11]

This step depends on the calibration method and strategy adopted.

Step S for calibration of Level 3 codes or target reliabilities for Level 1 codes by risk
minimisation uses the risk or expected utility function as a measure of closeness. In fact, this
function has a unique minimum corresponding to the optimal risk level. Different utility
functions were derived in [36, 47, 48] and the detailed optimisation problem is extended and
discussed in detail in [I]. In brief, when the benefits from the existence of a structure (given the
structure performs as it should) are independent of the structural safety, the maximum expected
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utility corresponds to the minimum expected costs. The total risk associated with a given code
is approximated by the risk associated with some selected representative structures designed to
just satisfy the code’s requirements in Eq. (1.1), where: r is the vector of reliability elements,
C; are the construction costs, C, ; are the reparation costs and C, ; are the failure costs
associated with the j” representative structure that occurs with relative frequency w,. Other
costs might be considered such as obsolescence, serviceability limit state violation and

environmental costs.
R(r)= Z w; [CC.«/’ (r)+Cp, (r)+C, Py (r)} (I.)
j=1

Step S for reliability-based calibration of Level 1 codes (i.c., the second part of the AM
and GOM methods) requires a function to measure the closeness to the target reliability. Several
penalty functions have been derived from different objectives. Their main distinguishing
characteristic is the skewness, i.e., the degree of asymmetry around the target value. Highly
skewed functions lead to almost no values below the target. The different penalty functions
found in the literature are reported in Appendix A together with a comparative calibration
example. In general, the final result of code optimisation is not very sensitive to the choice of
penalty function [11]. Nevertheless, significant differences might be observed when the
reliability index scatter among the selected structures is large, or when highly skewed functions
are utilised. The penalty functions M =M (r, ﬂt) are functions of the target reliability f,, the
reliability elements r and eventually other parameters.

Step 6 - Determination of the optimal reliability elements r for the chosen code format

For calibration of Level 3 codes or target reliabilities for Level 1 codes, the optimal
reliability elements are found solving an optimisation problem like the one in Eq. (1.2).

=argmm{iw,- [Co)()4C,, ()4, B, <r>]} (12)

For reliability-based calibration of Level 1 codes, the GOM and the AM approach this step
differently. The former provides more precise and optimal reliability elements, while the latter
requires fewer evaluations of the reliability index and is preferred for cases with
computationally expensive reliability analyses [2]. Further, the GOM allows for the calibration
of the PSFs, load combination factors and modification factors, while the AM is limited to the
PSFs only. This is seldom a relevant limitation since the load combination factors and the
modification factors are calibrated with alternative techniques, see e.g., [58, 59, 60].

In the GOM, the representative structures are first designed as “just safe” for a given ri.e.,
just satisfying the design equations defined in Step 3. Then, the reliability of the designs is
evaluated with structural reliability methods. The First Order Reliability Method (FORM) is
often adopted for its low computational cost since a large number of evaluations are required
in the calibration. Successively, the weighted sum of the selected penalty function M is
evaluated to quantify the closeness to the code objective, see Eq. (1.3), where the weights w,
have been defined in Step 4 and the penalty function in Step 5. Finally, the optimal set of
reliability elements r,, is found, solving the minimisation problem. The number of times the
reliability index is calculated is equal to n times the number of iterations necessary to solve the
minimisation problem.
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n

r,, =argmin ; wM (B, (r).) (1.3)

Jj=1 w; -

The AM is divided into two parts. In the first part, the representative structures are designed
fulfilling the code objective, i.e., giving S = f,. The methods proposed in [2] might be used
for this purpose. The selection of the method depends on the problem at hand and mainly on
the computational cost of the reliability analyses. For each design situation considered, the set
of reliability elements r; fulfilling the code’s objective is calculated knowing the design point

. In detail, the " partlal safety factor in r,, 7, , is calculated as x,,; /x,, . (for load
Varlables) or x,,/x,,  (for resistance Varlables) where x.,, and x,, . =F ‘1 (CD(awﬂt )) are
the characteristic and the design values of the random Varlable i in the design situation j,
respectively, and a; is the vector of FORM sensitivity factors. In the second part of the AM, a
unique set of reliability elements r,, is sought with different methods. Gayton, Mohamed [2]
propose choosing the most conservatlve reliability elements (i.e., 7, , = max{ } ) or choosing
the weighted mean (ic., 7,,, =Zj Wi / 2w, ). Alteratively, a/unlque and optimal
vector of sensitivity factors a,, is sought to represent all sensitivity factors a; corresponding
to the design just satisfying the code objective. Ditlevsen and Madsen [11] proposed an
improved approximate optimisation method for finding the vector a,, solving the linear
problem in Eq. (1.4). The linearity significantly reduces the computational cost. However, the
problem should be constrained to avoid @, vectors outside the cluster of the a; vectors [61]
since the error introduced by the approximation leads, in some cases, to erroneous optima. The
partial safety factors are calculated once the @,, vector and the target reliability are defined
following the first-order reliability theory, see [12].

S wM(aa,.5) (14)

wW. j=1
1V

a,, =argmin
a

Jj=

The @, vector is almost independent of S, in most practical cases. This property allows
for linearisation of the problem and, more importantly, it allows the use of the same vector @,
for the calibration of safety factors with different target reliabilities. This is expedient when
PSFs are to be calibrated, for example, for various consequence classes and hence different
target reliabilities. An application of the method is included in Annex C of EN 1990:2002 [18].

Vrouwenvelder and Siemes [23] proposed an approximate method for calibrating the
partial safety factors by solving the linear problem A-r=b. The mxm matrix A and the
mx1 vector b are given in Eq. (1.5) and (1.6), where: i=L..,m, [=1,..m and
r= [rl, Byseves By Fppts oo mﬂ] has m free PSFs to be calibrated for ¢ ﬁxed In these equations,
the o factors for resistance variables are positive, and they are evaluated from the design
corresponding to the reliability elements in the existing code, from a design fulfilling the code’s
objective or being close to doing so. The a vectors are assumed constant, i.e., independent of
the reliability level. In addition, the PSFs are defined as 7, = x,, /x,, both for resistance and
load variables.

X XXy

AZ”

Jj=1

(1.5)
oy,
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Independently of the method selected, the optimisation problem might be subject to
constraints including:

e Lower bounds on the reliability level S, derived, for example, from applications of
acceptance criteria such as the marginal life saving costs principle when the risk to life is
an issue.

e Constraints on the reliability elements: r/ <r <r* where r’,r* are the lower and upper
bounds for r. This constraint may be included to limit changes in the PSFs and to maintain
historical habits (e.g., use of material PSFs larger than unity in Europe).

e  Upper bounds for zj w,M ( B (r), ﬂt) which suggest, when exceeded, a change of safety
format [25]. The author has not found in any practical calibration reported in the literature
using the application of these constraints. This may be due to the difficulty in the selection
of the bound.

o Limit to the probability of having a reliability index below the target [2] by imposing:
B, =t (r)—noy (r), where g4 (r) and oy (r) are the mean and standard deviation of the
reliability indices for the different design situations considered, and 7 is a parameter. For
a reliability index represented by a normal distribution (B ~ N ( My, Oy ) ), for example, a
5 % probability of having B < £, is obtained with 7=1.64.

e  Other constraints on, for example, the costs, the weight of the structure and the greenhouse
gas emissions.

Step 7 - Verification.

The results from the previous step are assessed by the code committee, and the final
reliability elements are decided with engineering judgment considering traditions and other
relevant considerations. This may lead to adopting reliability elements quite different from the
optimal ones due to different reasons, including the necessity of changing the codes gradually
to avoiding mistrust among the users. An example is reported in [23] where the reliability
elements minimising changes from previous codes were preferred to the ones providing
maximum reliability homogeneity among all considered structures.

Step 8 - Checking of results.

This final step consists essentially in checking some randomly selected structures designed
with the calibrated reliability elements with higher level methods. This step is not included in
the standardised procedure in ISO 2394:2015, and was proposed by Gayton et al. [2] for the
specific case of PSFs calibration. This point may be important when calibration is performed
using generalised limit state functions (e.g., [7]), simple representative structural elements (e.g.,
[37]) or any other types of simplifications, approximations and generalisations.

1.1.5 Current code-related activities
1.1.5.1 Calibration of Eurocodes and background documentation

Calibration of codes plays a key role in the ongoing major revision of the European
standards for structural design [28]. The second generation of Eurocodes is expected to be

published in the early 2020s and will extend the scope of the existing ones. The revision
includes tasks of code calibration such as the differentiation of the partial safety factors for the
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environmental actions, the revision of the load combination rules, the revision and extension of
Annex C and the documentation of background calculations. It is an objective of the present
work to contribute to the ongoing discussions, code revision and calibration. The
calibration tasks specifically addressed in this work are described in the following
paragraphs.

The current revision of the Eurocode 0 (EN 1990:2002) includes tasks such as the
assessment of the current partial safety factors, the differentiation of the partial safety factors
for the different actions such as snow, wind, self-weight and permanent loads and the
documentation of the background calculations. In the current version of the Eurocodes, the
same partial coefficient is used for imposed, wind and snow loads that are characterised by
different uncertainties and represented by different models. In addition, there is a necessity to
assess and eventually recalibrate the sensitivity factors for the so-called design value method to
calculate the design values proposed in Annex C to Eurocode 0 [18]. The method makes use of
the standardised sensitivity, or influence factors, « . The « -factors givenin [18] are o, =—0.8
and ¢, =0.7 for random variables dominating the resistance and the load, respectively. Non-
dominating variables have lower sensitivity factors, more details are given in Annex C to [18].
The current factors were calibrated considering lifetime reliability in [62], i.e., 50-year target
reliability. The absolute value of the « -factors is proportional to the contribution of the
corresponding variable to the total uncertainty in the problem. Yearly maxima have larger
coefficients of variation than lifetime maxima. Consequently, |aE| corresponding to yearly
maxima are greater and, as the sum of the squared « factors is close to 1, the |aR| are smaller.
Thus, the sensitivity factors need to be assessed and eventually re-calibrated in case the design
value method is to be used with yearly target reliabilities as proposed for the new version of the
Eurocode 0. The reliability based calibration of the partial safety factors and the sensitivity
factors is reported in Appendix B. Although the work is still in an early stage, the methodology
and some main results are presented and discussed.

The partial safety factor recommended in [18] for the wind load is y, =1.50. It has been
shown in [63] that a wind load dominated structure designed with y, =1.50 has a reliability
lower than the Eurocode target, which requires a yearly target reliability index f, equal to 4.70.
The calibration of the partial safety factor for wind action requires detailed probabilistic models
representing the different aspects of the wind action on the structure. One of these aspects is the
wind climate, which represents the free-field wind speed. The probabilistic modelling of the
wind speed extremes presents several challenges including i) the extrapolation to high fractiles
where no observations are available, ii) the inclusion of the variability over the territory covered
by the same partial safety factor and iii) the estimation of the systematic error affecting the
georeferenced characteristic wind speeds given in the national Annexes to the Eurocodes.
Consequently, there is a need to represent the wind climate variability in time and space, and to
calibrate the partial safety factor for wind action on structures.

1.1.5.2  E39 Ferry free project in Norway

The Coastal Highway Route E39 project includes several crossings of major fjords in
Norway [64]. The characteristic of these fjords requires bridges much longer than the existing
ones or new types of crossings such as floating bridges and submerged floating bridges
(Archimedes’ bridge). The design of these bridges presents several challenges not only to the
prediction of their mechanical behaviour but also to the identification of their optimal level of
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safety. These structures differ from common structures on many aspects that affect the optimal
reliability level; in general, compared to common structures, these structures have:

e different relevant limit states;

e different magnitudes of the consequences associated with failure and different marginal
safety costs;

e different accuracy of the models predicting the structural response. The models are thus
characterised by large epistemic uncertainty as a consequence of the lack of experience
since only one pedestrian Submerged Floating Tunnel (SFT) has been built so far;

o different load scenarios such as the simultaneous action of traffic, currents, tide etc. leading
to load combinations which rarely occur in other structures.

Therefore, the applicability and optimality of the existing codes should be assessed.
Eventually, the design requirements can be specifically calibrated for these structures in case
the existing codes are found not to be optimal.

1.2 Limitations

This thesis focuses on the risk-based calibration of design codes to optimise the use of
societal resources in structures. Financially optimal solutions do not necessarily guarantee that
the associate level of risk to life and limb is acceptable from the societal point of view. Risk
acceptance criteria should, therefore, be applied and represent a constraint to resource
optimisation. A common representation of the risk to life associated with a given activity makes
use of the so-called Farmer diagrams. These diagrams divide the risk domain into three regions:
1) the non-acceptable region characterised by combinations of consequences and probabilities
that are never acceptable; ii) the acceptable region and iii) the region in between where the risk
should be As Low As Reasonably Possible (ALARP). The marginal life saving cost principle
can be applied to assess whether a risk-reducing measure is “reasonably possible” or not, and
thus deriving the risk acceptance limits [10]. The principle ensures that societal resources are
allocated to efficient risk-reducing measures, i.e., to measures providing a gain larger than the
costs. The principle have been implemented in this work by means of the Life Quality Index
(LQI) [65]. Codes are optimised from the societal perspective and, therefore, harm to people
and environment are directly accounted for in the risk optimisation. Consequently, the
optimum, in most cases, also satisfies the risk-acceptance criteria [66]. However, as discussed
in [I], the application of the risk acceptance criteria to code-calibration require some further
research and investigation that was not part of this work.

This research work focused on the Ultimate Limit States (ULS) and the associated target
reliability levels, while serviceability limit states (SLS) and accidental limit states (ALS) have
been disregarded. As known, serviceability requirements are in some cases more demanding
than ultimate limit states. Therefore, a complete optimisation of design norms should consider
SLS and ALS requirements, as well as all other code requirements regarding, for example,
quality control and structural analysis methods. Such a comprehensive calibration would also
balance the different risk components associated with different hazards such as overload, fire
and explosions. Nevertheless, the optimisation of all these aspects simultaneously is a complex
task. Therefore, for simplification purposes, these aspects are usually optimised individually.
However, the calibration methods proposed in this work might be applied to the calibration of
all code requirements. In fact, SLS and ALS differ from ULS mainly in the types of limit states
and the consequences associated with their violation.
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The results of the examples/study cases presented in this work are conditional on the
stochastic models and the assumptions adopted. Therefore, their validity is restricted to cases
where the selected models are representative. The case studies should be seen primarily as
illustrations of the proposed methods rather than attempts to provide final values for target
reliabilities or partial safety factors. Final values can only be decided by code committees based
on the results of agreed analyses and inputs. For this reason, all Matlab scripts utilised in this
work are published online with the intent of providing tools for supporting the decision-making
process within the code committees. The Matlab® scripts are freely downloadable at [67] under
the GNU General Public License Version 3.

This work often refers to the European Standards (the Eurocodes) [18]. This is because of
geographical location and the ongoing revision of these standards [28] that has opened the
possibility of re-discussing several principles and concepts that were not optimal in the existing
version or that needed to be changed. However, the main research findings are of general
validity and therefore applicable to any standard for structural design.

1.3 Highlights and main findings

In the following, the highlights and the main findings for each Chapter are summarised.

1.3.1 Chapter 2. Paper I: A Risk-Based Approach for Calibration of
Design Codes

e A conceptual and generic formulation of the code calibration based on decision theoretical
principles is presented with the use of decision trees.

e The method avoids the subjective selection of one structure to represent the whole class of
structures for which the optimal reliability target or reliability elements are sought.

e The method accounts for the system effects; consequently, it is able to calibrate target
reliabilities at the component and system level.

e  The method accounts for the code’s safety format and, given the format (e.g., the reference
time for target reliabilities), it allows calibration of the most optimal reliability elements.

e The method applies to different calibration tasks (optimisation of system and component
reliability, calibration of rel. elements) allowing to perform them consistently.

e The method is applied to a case study where a class of structures with different
characteristics are considered; the component and system reliabilities are optimised.

e  The results show that an equal target reliability might be optimal for system and component
level; this result is reasonable under specific circumstances but needs careful interpretation.

e  The method allows quantification of the loss/gain in optimality when structural classes are
enlarged/reduced and, therefore, it can support the definition of the structural classes.

e Target values obtained in a case study are relatively close to the values proposed by the
JCSS. Thus the method might serve as a transparent and solid background to these values.

e Designs with target reliabilities at the system and the component level might be equivalent
regarding expected costs and robustness.

e Neglecting system effects gives larger optimal component reliabilities; nevertheless, when
a more accurate method exists, conservativeness in optimisation is a contradiction.

e Yearly and lifetime target reliabilities optimised with the proposed method are financially
equivalent, i.e. they lead to different design but same total expected costs over the class.

e The differentiation of the target reliability at the system level for classes of series and
parallel systems is proposed, and tentative target values are optimised.
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1.3.2 Chapter 3. Paper II: Generic Representation of Target Values for
Structural Reliability

e The principles of structural reliability optimisation are discussed from a practical
perspective with the aim of supporting practitioners.

e Target reliabilities depend on: the failure cost to marginal safety cost ratio, the amount of
uncertainty, the obsolescence and the discounting rates.

e Current target reliability tables allow accounting only for the first two aspects, while the
others are accounted for in an approximate way “adjusting” the safety and failure costs.

e A simple plot for communicating target reliabilities that allows accounting for all of the
four aspects mentioned above is proposed.

e The financially optimal design does not necessarily guarantee an acceptable risk to life; the
risk acceptance criterion based on the marginal life saving cost principle is described.

e The risk acceptance thresholds depend on societal wealth, the marginal safety costs, the
expected number of fatalities and the interest and obsolescence rates.

e The plots proposed also allow for evaluation of the acceptable reliability levels accounting
for all of the aspects listed above.

e  The proposed plots might complement the target reliability tables in the current standards
and result in a higher reliability differentiation among structures, i.e., higher optimality.

e  Guidance for estimating the parameters affecting the optimal reliability target are discussed
with the aim of helping their estimation in practical design works.

e The optimal target and acceptable reliabilities are calculated in two illustrative examples
concerning real structures.

1.3.3 Chapter 4. Paper III: A Framework for Estimating the Implicit
Safety Level of Existing Design Codes

o Target safety levels for the calibration of design codes or reliability-based design are
derived from monetary optimisation or the best practice (the existing codes).

e A method for deriving the implicit safety level of existing codes is proposed, and is based
on the assumption that the existing code is, on average, providing optimal structures.

e The code mean reliability is larger than the implicit reliability because the reliability
variation resulting from the code simplified safety format needs to be accommodated.

e  Thus, the reliability-based design of structures similar to the ones covered by the code at
hand should be performed with a target reliability lower than the code mean reliability.

e Ready-to-use plots are provided for calculating the implicit reliability level for different
sets of parameters.

e The proposed and existing methods are compared: significant differences are obtained for
large coefficients of variation of the rel. index over the design cases covered by the code.

1.3.4 Chapter 5. Paper IV: Calibration of Simplified Safety Formats for
Structural Timber Design

e A framework for calibrating the reliability elements in simplified semi-probabilistic design
safety formats is presented.

e The objective of the calibration is to minimise the increase in construction costs compared
to the non-simplified safety format, without reducing the level of structural safety.

e Simplified safety formats present large reliability variations. Thus, the penalty function
should be selected carefully since it affects the calibration results significantly.
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The framework is applied to the calibration of two simplified safety formats for the design
of common timber structures.

The simplified plots are calibrated for a restricted class of structures (most common
structures) for reducing the scatter of reliability w.r.t. the target reliability.

The detailed and the simplified safety formats are compared in terms of reliability,
simplicity and dimensions of structural elements.

1.3.5 Chapter 6. Paper V: On the Probabilistic Representation of Wind

Climate for Calibration of Structural Design Standards
The requirements for the stochastic models representing the wind climate for code
calibration are discussed.
Real data are analysed with different techniques to find the probabilistic model representing
the wind climate in Norway with the specified characteristics.
Analyses of data from the Norwegian territory with different techniques support the use of
the Gumbel distribution to represent the yearly wind speed squared maxima.
The uncertainty related to the poor rounding affecting the recorded wind speeds was taken
into account in the estimation of the distribution parameters.
The wind climate coefficient of variation is seen to vary over the territory covered by the
same design code and is, thus, covered by the same safety factor.
A method is suggested to account for the spatial variability of the wind climate considering
the coefficient of variation as a random variable.
The results show that the calibrated partial safety factor corresponds approximately to the
one obtained considering the coefficient of variation known and equal to its mean value.
In addition, the uncertainty on the wind load maps given in the standard is modelled
probabilistically and included in the calibration of the safety factor.

1.3.6 Chapter 7. Paper VI: Risk and Reliability-Based Calibration of

Design Codes for Submerged Floating Tunnels
The article discusses whether the use of design standards that were developed for common
structures for the design of submerged floating tunnels (SFT) is optimal or not.
SFTs are characterised by failure modes, consequences of failure, accuracies of the
mechanical models’ and loads scenarios different than common structures.
Optimal target reliabilities depend on all these aspects; thus, the reliability levels of
common design standards might not be optimal for SFTs.
A case study considering the reversible water tightness limit state is presented and the need
for further detailed assessments and calibrations is highlighted.

1.4 Conclusions and discussion

1.4.1 Conclusions

The fundamental aim of the design codes is to simultaneously support and simplify the

decision making in structural design and to regulate design in order to obtain safe and optimal
structures. The most comprehensive and generic design method that guarantees safe and
optimal structures is the risk-based approach. Its application requires knowledge and
information which are scarcely available.
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Simplified design approaches have proven to perform satisfactorily for common classes of

design problems. The simplified approaches are derived from the risk-based approach and are
achieved by:

1)

2)

Simplifying the design and assessment methods by avoiding estimation of the
consequences given structural failure and the probability of structural failure explicitly.
On one hand, reliability-based design (Levels 2 and 3) avoids the direct consideration of
the consequences given failure. The consequences are indirectly accounted for by selecting
the appropriate reliability target. To date, a large number of methods and computer
programs is available for solving most reliability analyses. The reliability-based design is
regulated in standards such as the ISO 2394:2015.

On the other hand, the semi-probabilistic approach (Level 1) avoids both the direct
estimation of the consequences given failure and the reliability analyses since the target
probability of failure is achieved by using the calibrated safety factors. This format is
implemented in several modern design codes.

These simplified assessment methods ease the calculations that engineers need to perform
during the design.

Providing the same design requirements for classes of similar, but not identical,
structures (e.g., same reliability elements or reliability targets).

Uniform design requirements over classes of structures simplify first and foremost the
design standards, and second the practical design. The differences among the structures in
the regulated class have frequently been considered in the reliability-based calibration of
the semi-probabilistic design formats. However, its consideration in the calibration of the
target reliabilities was firstly proposed in Chapter 2 [I].

The measures for simplifying the design mentioned above are implemented in modern

design standards and have been addressed in this work. The main conclusions are summarized
below.

The codes regulating the different design and assessment levels should be calibrated
consistently from higher levels to lower levels as illustrated in [I]. The Level 1, 2, 3 and 4
approaches are consistent only if calibrated in this manner. Under these conditions, the use
of the semi-probabilistic method implies the acceptance of the higher methods.

The reliability elements should be optimised for structural classes and should account for
the safety format and the design approach. This optimisation can be performed by monetary
optimisation [I] or based on the existing best practice [III]. The first method does not rely
on the accumulated experience and is based on sound principles of decision and probability
theories. The second approach relies on experience in using an existing standard. The
“performance” of the standard is assessed observing the structures that comply with it.
Design codes tend to be more sophisticated to cover more design cases, types of materials
and technologies. Code sophistication might not be necessary for the most common and
frequent design problems. Since code simplicity is one of the two elements for simplifying
design, there might be a need to assess whether a simplification is necessary, quantify the
loss of optimality that a code simplification implies and eventually calibrate the simplified
formats as illustrated in [IV]. Further, the risk-based code-calibration approach proposed
in [I] allows to optimize the level of code sophistication, including the classification of
structures under the same design requirements.
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e  The probabilistic models should include the variation over the class of structures regulated
by the same code. The example of the space variation of the wind characteristics over the
territory covered by the same reliability elements was presented in [V].

e A careful assessment and eventually a re-calibration of the design codes should be
performed when they are used to design structures outside of the class they have been
developed and calibrated for [VI]. In short, structures that differ in those characteristics
affecting the optimal and acceptable reliability levels should not be treated by the same
reliability requirements or reliability elements.

1.4.2 Discussion

Design codes regulate design approaches by providing sets of rules and requirements that
have been agreed by society. It is noteworthy to make clear that design codes are not a series
of mathematically derived design requirements that show the absolute “right” design or the
absolute “right” safety level. A significant part of the codes is based on statements, hypotheses
or decisions that are not falsifiable. Thus, important parts of the codes do not have a scientific
basis. This statement should not be misunderstood: scientific (falsifiable) methods and theories
are used in code making but not exclusively.

Concepts such as the higher requirement of minimising the use of societal resources are
certainly rational but not falsifiable. Thus, they do not have scientific validity. However, they
are the “rules of the game” agreed within the society and thus preferred to any other rules.
Consequently, design codes should be interpreted as such and they should be modified from
this perspective. This core characteristic of the design codes should be transparently
communicated by, for example, making all of the background documentation and calculations
available to anyone in order to avoid misinterpretation of the code users and, sometimes, of the
code makers. These misinterpretations are discussed in the following.

Although some design requirements (particularly in the semi-probabilistic codes) are
written in a mathematical language, they should not be confused with scientific (falsifiable)
statements. They are only the rules of the game written in a mathematical language.
Consequently, design codes can and should be continuously updated, refined and improved
based upon the gained experience and technological and scientific advancements. These
characteristics should be clearly communicated. To quote a pioneer in the field of structural
reliability, “[...] progress is no more than a continuous refinement of operational procedures
(“rules for a game”) that capture just enough reality to protect the public and profession from
low quality practice, on one hand, and, on the other, to be supportive of the competent
engineering designer who wants to check himself or to roughly calibrate his new design relative
to others where we have experience” Cornell [68].

The understanding of the above concepts will help to trust and to increase the use of higher
level design methods which are consistent with the widely accepted semi-probabilistic method.
Nevertheless, when the background to the design codes and their philosophy are not understood,
the interpretation is radically different: semi-probabilistic design codes are seen as a collection
of scientific, exact, reproducible and falsifiable principles while higher design approaches are
not, since “you can get any result you want out of them”. Practically, the differences between
the approaches are that:

1) The outcome of a semi-probabilistic design is (or, better, it seems) more reproducible since
a significant number of decisions are taken once and for all by the code committees. On
the other hand, higher level approaches leave a larger number of decisions to the
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engineering designers who possess different information and thus make different decisions.
However, it must be remarked that the same decisions must be made in the three
approaches. The only difference is who is taking them. This problem can be overcome by
standardising reliability-based design by providing the probabilistic models and
methodologies [17] and by making the decisions made during code calibration publicly
available and transparent.

2) The deterministic models can be put to the test of falsification, while the falsification of
the probabilistic models is slightly more complex. Nevertheless, a “pragmatic falsification”
can be utilised to assess the objectivity of a probabilistic model [69].

If the higher requirement is to design financially optimal structures with acceptable levels
of risk of loss of life and limb, the alternatives discussed in code making should be ranked with
respect to their optimality and acceptability. Thus, within reasonable limits, there are no “right”
and “wrong” design requirements, but there are more or less optimal design requirements,
broader or smaller domains where the design requirements can be efficiently applied. Decisions
of the code committee should be based on these aspects.

Apparently, the risk-based design approach was developed historically after the
deterministic codes and semi-probabilistic codes. Practically, a risk-based approach was
implicitly used in the past for tuning the design codes and this resulted in the current design
codes. When calibration was performed by trial and error, in fact, the code safety level was
increased any time the failure events were observed too frequently, and it was lowered any time
the construction costs (i.e., safety costs) were considered too high to satisfy societal needs. We
can say, at least for some cases, that this process resulted in codes that were risk optimal or
close to it. Modern techniques provide theories and more rigorous methods for undertaking the
same risk optimisation. The trial and error strategy that correspondeds to build and assess the
consequences over time is now replaced by risk analyses based on decision and probability
theories that partly avoid the trials and, more importantly, the errors. These modern techniques
are necessary to address new problems that are not covered by current standards. These
problems include: design against terror attacks, the calibration of design rules for new materials
(e.g., structural glass and cross-laminated timber), the design of new types of structures (such
as suspension bridges with floating towers and Archimedes’ bridges), the assessment of existing
structures and so on. Existing structures represent a tremendous challenge that our society must
face since they are continuously increasing in number and age, and because they often do not
satisfy the current design requirements. Risk-based assessments could be utilised, for example,
at societal level to make decisions on whether to retrofit the existing structures with new
technologies to make them earthquake resistant or not. It could be further evaluated whether it
is acceptable not to retrofit the structures with respect to the established risk acceptance criteria
and whether it is financially beneficial for society to invest in the retrofitting. In the case that
the retrofit must be performed, the level of intervention should be calibrated. Without higher
level approaches these societal challenges are difficult to address.
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1.5 Future research

1.5.1 The inclusion of risk-acceptance criteria in the proposed risk-based
approach for calibration of design standards

The most interesting continuation of the work presented in this thesis would be the
inclusion of the risk acceptance criteria in the framework for risk-based calibration of codes
presented in [I]. In detail, it should be investigated if it is the acceptability of the decision rule
itself that should be assessed or the acceptability of each single structure designed with it that
should be considered.

In the first case, the decision rule is the decision variable, and the acceptability of the
decision is evaluated with the marginal life saving cost principle over the entire class of
structures. In this case, a simple risk acceptance analysis could be requested for subclasses of
design problems that could result in a non-acceptable level of safety. The categories of design
problems for which a risk acceptance assessment is necessary should be individuated (e.g.,
temporary tribunes) and the method presented in [II] could be applied for estimating the
minimum acceptable reliability.

In the second case, it should be checked that all possible structures designed with the
calibrated design rule have an acceptable level of safety. Besides the obvious difficulty in
assessing all the possible cases covered by the design rule (including the extreme cases), the
design rule could result in significantly over-designed structures just to accommodate some
critical cases.

1.5.2 Optimal level of code detail

An interesting additional continuation of this work is the investigation of the code optimal
level of detail including the subdivision of structures into classes with uniform design
requirements. The principles exposed in [I] could be applied for this purpose. The result could
be a further differentiation of the design requirements in comparison to the current standards.
For example, as shown in [I], target reliability levels for parallel and series system could be
differentiated.

1.5.3 Identification of the hidden safety

Regarding the practical code calibration, a key research objective would be the
identification of the hidden safety, i.e. the bias of the models for calculating the load effects and
the load-bearing capacities. The bias is significantly affecting the output of the calibration. The
absolute bias should be estimated when the calibration is performed with the objective of
reaching an absolute level of safety. On the contrary, the bias relative to all the other resistance
models or load models simultaneously accounted in the calibration is of importance when the
calibration aims at making the reliability more uniform over structures built with different
materials or dominated by different actions. For example, in the calibration of the load factors
in Appendix B, the “redistribution of safety” from one load to another for reaching a more
homogeneous reliability is significantly affected by the safety hidden in the models for
representing the effects of actions. However, there is scarce information about the safety hidden
in the models included in the Eurocodes.
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1.5.4 The modernisation of design codes

Besides the work presented in this thesis, there are, in the author’s view, several interesting
research areas related to code making and to the design approaches that are worthy of further
investigation and modernisation. Their common denominator is the need to adapt current codes
to the technological and scientific advancements of the last decades. To date, these
advancements are not been reflected in the structural design codes. The civil engineering branch
and, in particular, the structural engineering branch are too static and conservative in the
author’s opinion. The available technology could be applied to change the form of the codes
and their content, as well as to simplify the calculations performed by the engineers. Two
proposals are discussed in the following.

1.5.4.1 Dynamic design codes

A first interesting area worth exploring is how the current technology could be used to
radically modernise the design codes. Except for the content and the safety formats that have
changed considerably, the codes in use are documents with static text similar to the first building
regulations that appeared some centuries ago. Since then, several technological revolutions
have taken place. Codes might be made more dynamic utilising the available technology.

The use of technologies such as hypertext and online resources might change the codes and
their use substantially. For example, online calculations might provide the design wind speed
for a specific site and continuously update it based on field measurements at the specific site.
Similar modifications of the design codes could allow for a higher level of detail, continuous
updating, a lower likelihood of human errors and possibly also catch some of the trends of
climate change.

Dynamic codes might also simplify design and minimize the disadvantages associated with
the use of simplified design approaches. Consider, for example, a dynamic design standard that
provides partial safety factors optimised online and in real time for each specific case at hand.
The code would automatically update the partial safety factor values, the characteristic loads
and the requirements on robustness based on the information provided by the designer including
the type of structure, the material utilized, the geographical location, its intended use, the design
service life and so forth. This could essentially eliminate the main drawback of the simplified
design methods by providing optimised reliability elements for each design case. The benefits
that technology could bring to the design codes seem worth a more detailed investigation.

1.5.4.2  The use of the information technology to simplify the higher design
approaches

My second research interest consists in developing the technologies for supporting and
increasing the use of higher design approaches. The use of reliability-based design could be
increased by:

e Making a standard regulating this approach, as suggested in [17]. The JCSS Probabilistic
Model Code [13] could be converted into a standard. An extensive application of the
reliability-based design method might require differentiating the reliability target even
more compared with the existing model code where only nine structural classes are
included. For this purpose, the plots in [II] might be of use, and the work in [I] might serve
as a basis for treating system effects and grouping structures in classes in an optimal way.

e Developing simplified and user-friendly software for reliability-based design. The existing
computer programs for reliability analyses are quite advanced and made for users that are
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expert in reliability methods. Easy-to-use programs for reliability-based design should
simplify reliability-based design by allowing engineers with some basic knowledge of
reliability analysis and probabilistic modelling to perform reliability analyses. The
development of such “user-friendly” software should initiate from the research community
since the industry does not see the need for program development since they are not aware
of the benefits. The reader can think of a finite element software that performs reliability
analyses which require only the input of the type of material utilised and that has in-built
probabilistic models to represent the random variables on the resistance side. The software
could, for example, update the models automatically when the user provides some field
measurements without requiring the user to master advanced statistical methods. At the
same time, the software could allow the expert users to insert the specific probabilistic
model if known. This would simplify the use of the methodology significantly. The
available technology seems sufficient for these advancements. The inspiration could be
taken from the non-linear finite element programs that are used more and more and also
from engineers that have basic knowledge of finite element methods.

The two points above might also support the attempt to even out the level of detail of the
models describing the structural response, the component capacities and the effects of
actions. It is the author’s opinion that, to date, there is a tendency to perform structural
analyses with very accurate mechanical models and structural analysis methods together
with (extremely) poor modelling of the uncertainties on the material properties, models and
loads. The reason is perhaps that the analysis methods and the mechanical models are
theoretically sound and “deterministic” while the other variables need to be modelled with
probabilistic models. In this respect, it is to be observed that probabilistic modelling is just
a methodology necessary for modelling phenomena whose “experimental data in our
possession are compatible with such and such a probabilistic model |...], and we do not
have any deterministic model which can account for them in a more satisfactory fashion”
[70, p.10]. Consequently, there should not be such a difference of detail among models or
variables that require stochastic models and the ones that do not. This is, perhaps, a change
that should start with the education of future engineers. Probabilistic modelling and
reliability methods should not only be present in a course during the degree, but should be
considered in all subjects that require their application.

31



32



Part 1
Calibration of Codified Design

33



34



Chapter 2 Paper I: A Risk-Based
Approach for Calibration of Design
Codes

Authors: M. Baravalle?, J. Kohler®
# Department of Structural Engineering, Norwegian University of Science and Technology,
Trondheim

Submitted to an international scientific journal in September 2017.

2.1 Abstract

This paper contributes to the ongoing discussion on the tentative target reliability levels for
the design of structures and calibration of codes. An extension of the existing approach for code
optimisation is proposed. The basis is taken from the normative decision theory as the rational
strategy for taking a decision under risk. The proposed method allows to explicitly account for
the structural system effects and the differences among the structures belonging to the same
class in the code optimisation. The theoretical decision aspects that are often misunderstood
and object of discussions in the research community are clarified. The work contributes to a
more robust and transparent background to target reliabilities in design standards.

Keywords: risk, design codes, code calibration, target reliability, decision theory,
optimisation.
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Representation of Target Values for
Structural Reliability

Authors: M. Baravalle?, J. Kohler®
# Department of Structural Engineering, Norwegian University of Science and Technology,
Trondheim
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3.1 Abstract

A simple plot for communicating target and acceptable reliabilities is proposed in this
article. The plot might supplement the tables for target reliabilities in existing design codes.
The optimal target reliability is derived with the objective function suggested by Rackwitz. The
parameters entering the function are discussed for guiding their estimation. The acceptable
reliability is derived with the marginal life saving cost principle implemented using the Life
Quality Index. The plot allows differentiating target reliabilities concerning the failure costs,
the relative safety costs, the obsolescence rate, the interest rate used by the decision maker for
discounting future cash flows and the uncertainty characterising the problem at hand. The
acceptable reliabilities are distinguished with respect to the number of expected fatalities given
failure, the societal willingness to pay for saving one additional life, the type of uncertainties,
the relative safety costs, the obsolescence rate and the societal interest rate. The proposed plot
allows for higher reliability differentiation and consequently higher levels of structural
optimisation compared with the tables in current design codes.

Keywords: design codes, code calibration, target reliability, acceptable reliability,
reliability differentiation, plot.
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Proceedings of the 12th International Conference on Structural Safety & Reliability ICOSSAR
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4.1 Abstract

Target safety levels ( 5,) are key elements for reliability-based design and calibration of
design codes. They are derived by monetary optimization or from existing codes. The current
article discusses these two approaches and proposes a novel method for estimating f, from
existing codes, based on a specific optimality assumption. The method leads to implicit target
reliabilities lower than the existing code’s mean reliability. It further estimates how much a
simplified safety format can increase the cost of structures compared to codes of higher levels,
and also can reduce the code’s mean reliability when a more homogeneous safety level is
reached through the optimization of the partial safety factors. The results are compared with the
ones obtained from another method presented in literature.

Keywords: target reliability, code calibration, existing codes, decision theory, best
practice.
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5.1 Abstract

A framework for calibrating the reliability elements in simplified semi-probabilistic design
safety formats is presented. The objective of calibration is to minimize the increase of
construction costs, compared to the non-simplified safety format, without reducing the level of
structural safety. The framework is utilised for calibrating two simplified safety formats which
aim at reducing the number of load combinations relevant in structural timber design. In fact,
the load-duration effect makes the design of timber structures more demanding since a larger
number of load combinations need to be considered compared with other construction
materials.

Keywords: simplified safety formats, code calibration, timber, reliability, load-duration
effect.
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5.2 Introduction

Current standards for timber design, such as the Eurocode 5 [87], have reached a high level
of sophistication, extensiveness, efficiency and completeness at a cost of increasing the number
and complexity of design rules, principles and requirements. This is the result of a code-
development process driven mainly by the need to extend the standards to new materials,
solutions, technologies, calculation tools and mechanical models. The associated drawback is
an increased, and sometimes unnecessary, complexity of structural design, particularly for
common and simple structures. Therefore, code provisions should balance simplicity, economy,
comprehensiveness, flexibility, innovation, and reality [88]. These properties are usually
mutually exclusive and their adjustment must not affect the safety level of the design. In
addition, the adequate complexity level depends on manifold factors, including the types of
structures designed, the materials and technological solutions adopted, the design phase, and
the experience of the engineers [53, 54, 88]. For example, complex structural solutions require
detailed codes, while simple structures do not. Consequently, discussions about the adequate
level of code sophistication are ongoing [1, 52, 53, 54].

Simplification and improvement of the ease of use of codes are essential criteria in all code
development projects, including the publication of the second generation of European structural
design codes [28]. Sophistication is obviously required only when bringing benefits since
unnecessary detailing will solely increase bureaucracy. Therefore, two research directions are
of interest. The first is the assessment of modern codes, the quantification of the benefits given
by sophistication compared with existing simpler alternatives. The second is the proposal of
less complex solutions that can either substitute the complex ones (when the latter brings no
benefits) or work as alternatives when the engineer needs a simpler and faster design for
different reasons [1, 52, 53, 54].

Part of the complexity of timber design standards is due to the wide range of material-
specific phenomena, which can lead to a more demanding structural engineering design
compared to other building materials. The most important phenomena are anisotropy, grain
deviation, shrinkage, creep and the load-duration effect. These phenomena are influenced by
the environmental conditions. The load-duration effect is considered in the ultimate limit state
design with modification factors, as k, , in Eurocode 5 [87], and has an effect on the
determination of the decisive load combination. For other building materials, the load
combination with the maximum load is automatically decisive for the design. This is not equally
applicable to timber structures. In fact, due to the influence of load duration and service class -
accounted for by the corresponding values for k,_, - the decisive load combination could also
result in a lower absolute sum of loads if it has to be divided by a smaller modification factor.
As a consequence, a larger number of relevant load combinations must be considered during
structural design. This increases the engineering effort significantly, especially when hand
calculations are performed, as is often the case for simple structures or structural components.

Beside the time-consuming search of the decisive load combination, there are further
demanding aspects of the design of timber structures. There are a large number of values for
timber specific factors (especially &, ,), depending on the materials and the regulations of the
different countries. Thus, a harmonization and reduction of the corresponding values seem to
be necessary and helpful.

Different simplifications of load combination rules for timber design have been discussed
and proposed in the literature [52, 54]. This article proposes two simplified safety formats that
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facilitate the detection of the decisive load combination. The work is partly a result of the
European Cooperation in Science and Technology (COST) Action FP1402. Preliminary
formats and concepts were developed and proposed in [1]. Previous investigations in the field
of simplified rules for load combinations in structural timber design led to good results,
comparing the design and economic aspects with the Eurocodes [18, 87]. First rough
calculations regarding reliability aspects showed that the designs identified by simplified rules
led to higher reliability indices than the ones identified by the present Eurocodes [89]. However,
further reliability analyses and calibrations were necessary for more profound results.
Therefore, this article attempts to provide a more scientific basis for further discussions in code
committees.

5.3 Eurocode safety format

The Eurocodes [18, 87] comprise the Load and Resistance Factor Design format (LRFD)
as several other modern codes (see e.g. [19, 20, 21]). It is referred to as semi-probabilistic, i.e.
the safety assessment of structural members is simplified and reduced to a comparison of the
resistance design value r, with the design value of the effect of actions ¢, , i.e. the former has
to be larger than the latter in order to provide appropriate reliability (7, > e, ).

In Eurocode 0 [18], 7, is written in general terms as in Eq. (5.1) where z, is the vector of
design values of geometrical data, f,; are the characteristic values of the material properties
involved, y,,, are the partial safety factors and 7 is the mean value of the conversion factor
that keeps into account several effects including the load-duration effect. The partial safety
factor y,, is dependent on: the uncertainties on the material property, the uncertainties on 7,
the uncertainty on the resistance model as well as the geometric deviations.

S
Iy =ryn sZy
Vi

For the ultimate limit state design of timber elements, the conversion factor 7 is represented
by the modification factor £, that considers the time-dependent decrease of the load bearing
capacity of timber. It depends on the moisture content of the timber elements (defined in service
classes) and the type of load or, more precisely, the load duration. Generally, the strength
reduction is greater when the moisture is high and the load is being applied for longer periods.
The values of the factors are usually determined empirically by experience or by using
probabilistic methods, which are referred to as damage accumulation models (see e.g. Gerhards

model [90] or Barrett and Foschi’s model [91, 92]), example values are given in Table 5.1.

Table 5.1. Values for the modification factor k

mod

(5.1)

for solid timber and glulam according to

[93].

Moisture Service Load-duration class of action

content class Permanent Long-term Medium-term Short-term Instantaneous
<12% 1 0.60 0.70 0.80 0.90 1.10

12-20% 2 0.60 0.70 0.80 0.90 1.10

> 20% 3 0.50 0.55 0.65 0.70 0.90

The effect of action e, for the verification of structural ultimate limit states can be written
in general terms as presented in Eq. (5.2), where one variable load is dominant and the
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remaining ones are accompanying. The partial safety factors for permanent actions y, and
variable actions y, cover the uncertainties on the actions, their effects and models. The load
combination factors y, reduce the effect of accompanying actions since the coincidence of
maxima has a low probability of occurrence.

€y :e{7c,j gk,j;yQ,lqk,l;yQ,il//(),iqk,i} (J >Li> 1) (5.2)

The design effect of action shall be determined for each relevant load case by combining
the effects of actions that can occur simultaneously. The combination of actions in curly
brackets in Eq. (5.2) might be expressed as in Equation 6.10 of EN 1990:2002 (see Eq. (5.3)
below), where the symbol *“+” means “to be combined with”. The k&, on the resistance side
should be chosen as the one corresponding to the load with the shortest duration considered in

the combination.
ijl V6, 8k; T Voidka T Z,->1 V0.i¥0.i k. (5.3)

For resistance models which are linear in the material property, the design check can be
rewritten as in Eq. (5.4), where the resistance side is independent of the load duration and
moisture content. The assumption of linear models is maintained hereinafter.

rd>ed—>r{fﬁ;zd}>ke" =e (5.4)
M.i

mod

As is clear from Eq. (5.4) the load case with highest ¢ is decisive for design. This requires
the consideration of a larger number of load combinations compared to other construction
materials where the combination giving the largest e, is decisive. For the case with permanent
loads and two variable loads (7, =2), five load combinations should be considered, see Eq.
(5.5) to (5.7). The notation k stands for the k,_,-value corresponding to the action [].

mod[]
e{z‘le 7G,jgk,j}

e (5.5)
mod,G
€ ->7/,'g>,'+7,iq(,i
&= Z 78 0] (i=12) (5.6)
’ kmod,Q,

A\ Y681+ Youllis + YoVl
€5 = (X708 4Tt To st (i=1,2h=12h#1) (5.7)

max {kmod,QI > kmod,QZ }

For ny > 2 the number of load combinations becomes 1+ ZnQ +ny, (nQ — 1).

5.4 Proposed simplified safety formats
5.4.1 General

In order to facilitate the search for the decisive load combination, two simplified rules for
structural timber design are proposed below. The proposals are intended to simplify the design
of structures when there are two or more variable loads in addition to permanent loads. For the
case with one variable load, the simplification is not needed because two load combinations are
to be considered only.
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5.4.2 Simplified safety format I (SFI)

The simplified safety format in [1] is proposed and reviewed here. It is in accordance with
the rules in the German standard DIN 1052:2004-08 [94] in § 5.2 (1). However, additional
restrictions and statements are introduced for a better understanding and larger conservatism.
A total of 1+n, load combinations is to be considered for a structural element loaded by n,
variable loads, see Eq. (5.8) and (5.9). The first equation introduces a “global” safety factor y,
multiplying the sum of all characteristic values of loads. In previous investigations, 1.40 or 1.35
were used as values for y, with respect to y; =1.35 and y,=1.50 [1, 89]. The second
equation combines the permanent load and only one variable load at a time.

e;,] = 6{71-“ (2121 gk,j + z,nfl qk,i )}/max {kmod,Q, L kmod,Q”Q } (58)

€= e{Z:j21 V6.8, t 0.k }/kmod,Q (i =1,..., nQ) 5.9

5.4.3 Simplified safety format IT (SFII)

A second simplified format is proposed consisting of the load combination rules of the
Eurocodes [18] with a fixed value of the modification factor k., =4, ,. This format reduces
the number of different load duration factors, which is indeed the cause of the additional effort
for finding the decisive load combination in structural timber design. In addition, this format
requires considering the same number of load combinations as for any other construction
material (e.g., structural steel and reinforced concrete). A total of n, load combinations is to

be taken into account, see Eq. (5.10).

e;,i = ed,f/kr:qod = e{z‘m V6,8 T V0.dki T Zhii YouiWonli.n }/k;nod (i = 1"-"’79) (5.10)

5.5 Calibration of safety formats

5.5.1 General

The reliability level associated with the proposed simplified safety format are assessed and
compared with the safety level given by the Eurocodes. In general, when the complexity of a
code brings benefits, such as higher structural efficiency, any simplification will reduce the
engineering costs, but likely also reduce the efficiency of the resulting design and/or limit the
code’s application domain. Consequently, the safety factor y,. introduced in SF7 and the £/ ,
introduced in SFII are calibrated by established techniques ([5, 7, 10, 11, 36, 95]) applied in a
novel manner to satisfy the objective of minimizing the reduction of structural efficiency
without compromising the structural safety level. For this purpose, the safety level associated
with the design just satisfying the design equations (i.e. e, =r,) is evaluated using the First
Order Reliability method (FORM). The FERUM package [73] is used in Matlab® [96] for this
purpose. First rough calculations regarding the reliability analysis of the simplification (SFI)
were performed and published in [89]. These calculations are extended and performed more
precisely. As in [89], the work is restricted to:

e service classes: 1 and 2 (see Table 5.1),
e two variable loads: wind (Q, ) and snow (Q,),
e two materials: solid timber (ST) and glulam (GL), and
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e three ultimate limit state failure modes at the full member level (i.e., excluding joints and
construction details): bending, tension and compression parallel to the grain.

These restrictions represent the most common cases of typical wooden structures (e.g. roof
constructions) for which the simplifications are aimed at.

5.5.2 Reliability analyses and probabilistic models
Normalized and standardized limit state functions (LSFs) in Eq. (5.11) to (5.15) have been

considered for the reliability analyses as in [7]. X= [F ,04,G,0,.0,,0, ,Qz]r and
p= [z, kmod,ac,aQ]T are the vectors of random variables and deterministic parameters,
respectively. All random variables in X are considered uncorrelated. The description of the
random variables and the stochastic models representing them are summarized in the Appendix.
The limit states functions are normalized implying that the random variables have all unitary
mean except for the model uncertainties which might have different mean values for
representing biased models. In this way, different load scenarios (i.e. different ratios between
actions induced by self-weight, first and second variable loads) are represented by varying the
parameters @, and &; in the limit state functions. The equations are standardized meaning that
they can represent different failure modes. For example, the representation of failure in bending
considers the general material property F to be the bending strength F and the design
parameter z to be the cross-section modulus. Geometric properties are assumed deterministic
and equal to their nominal or design value. The £, ,-values included in the limit state functions
are assumed to be known (deterministic) and equal to the ones given in the Eurocodes. Their
uncertainty is assumed to be included in the resistance model uncertainty (®, ). Therefore, the
load damage models are not considered explicitly. The probability of failure of the structural
element is the union of the failure events represented by the five limit state functions. For the
specific problem at hand, it is observed that the failure probability of the union is always
governed by one of the five limit states. Hence, for simplification purposes, the reliability index
is calculated as the minimum reliability index among the ones obtained from the five limit state
functions.

gl(x,p):zkmod’GfHR—aGgSO (5.11)
&, (X,P) = Z kg [0 — o8 — (- )| @04, | <0 (5.12)
& (XP) = 2y f O — o2 —(1-a)| (1=, ) 0,9, | <0 (5.13)

24 (%P) = 2max { Ky g - K, | S Or =08 —(1= )| @Oy, + (1= 2p)0p00,, |<O (5.14)
gs(x,p) = zmax {kmod,Q, s Kinod 0, }f@e —asg—(1-a;) [aQQQIqIA +(1- ag)agz%L:' <0 (5.15)

The five LSFs represent different failure events due to: only permanent load G (LSF &),
permanent load with a single variable load (LSFs g, and g,), and permanent load with the
simultaneous occurrence of the two variable loads (LSFs g, and g;). The yearly maxima of
the variable loads (Q,, O,) are used in the LSFs g, and g,. The Ferry Borges and Castanheta
load combination rule is applied in the LSFs g, and &5 (see e.g. [11]) combining together the
loads’ maxima over reference periods of different length. This is done considering one load as
leading (g, ) and the other one as accompanying (g, ). The two loads are represented by a
Poisson rectangular pulse process. The loads are present 7, days a year and have a number of
independent realizations a year equal to »,, a similar combination model is included in e.g.
[97].
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Four major types of climate are regarded by combining snow and wind actions with
different characteristics. The parameters of the processes representing the loads, the associated
modification factors, and load combination factors are reported in Table 5.2. For the snow load
on the ground, a fundamental distinction is made between continental climate (covered by Cases
2 and 4) and maritime or mixed climates (Cases 1 and 3) [58]. Continental climate is
characterised by snow accumulation through the winter and is typical for European sites above
1000 m a.s.l., and for the Nordic countries Finland, Iceland, Norway, and Sweden. Maritime
and mixed climates are characterised by significant melting between snow events and are
typical for European sites below 1000 m a.s.l. Wind action is represented by 365 independent
repetitions a year based on the macro-meteorological period, i.e. the period of passage of a fully
developed weather system, that is typically between 1 and 7 days in Europe (see e.g. [98]).
According to Eurocode 5, wind action can be considered as short-term or instantaneous with
corresponding recommended &, ,-values given in Table 5.1. Classifying wind as short-term,
i.e. load-duration up to one week, seems very conservative. This is supported by the fact that
several European countries classify wind as instantaneous. Other countries, including Germany
and Austria, classify wind as short-term/instantaneous. For all these reasons wind is considered,
in this work, short-term/instantaneous (Cases 1 and 2) and instantaneous (Cases 3 and 4). The
national choices might be considered including the country-specific climate characteristics. The
four cases might represent the climates and the national choices for, in order: Germany
(locations below 1000 m a.s.l.), Austria (locations above 1000 m a.s.l.), Denmark and Norway.

The self-weight of structural and non-structural parts (G ) is classified as permanent action
and therefore has a modification factor &, , =0.60 for service classes 1 and 2 (see Table 5.1).

Table 5.2. Different climatic conditions and relative parameters of the load models and
recommended v, and k., values from Eurocodes.

Wind Snow
Case

Load dur. ko | ¥ n, n, | Load dur. Ko 78 n, n,
1 - Germany Short /inst. 1.00 Short 0.90 0.50 100
2 - Austria Short /inst. 1.00 Medium 0.80 0.70 150

0.60 | 365 | 365 11

3 - Denmark Inst. 1.10 Short 0.90 0.50 100
4 - Norway Inst. 1.10 Medium 0.80 0.70 150

5.5.3 Reliability level of the current Eurocodes

The proposed simplified load combinations are calibrated in order to provide safety levels
which are equal to or larger than the safety levels implicitly provided by the Eurocodes. The
partial safety factors recommended in the Eurocodes are:

ey, =135 for all permanent loads (self-weight of structural and non-structural parts),
* 7, =150 for all variable loads,

® 7.5 =1.30 for the strength of solid timber, and

® V. =1.25 for the strength of glulam timber.

The weighted mean and standard deviation of the reliability indices obtained for different
material properties and different load scenarios are calculated. The weights for the different
material properties (w,. ) are assigned with engineering judgment representing the frequency of
occurrence in real structures, see Table 5.3. Two cases have been investigated. The first
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considers solid timber as dominant material. The simplified design equations presented in this
article are expected to be applied in the design of simple housing structures that are mostly
made of solid timber. The second considers glulam timber as the dominant material representing
industrial buildings. The first case can also be considered as a conservative selection of Wy -
values since it weighs more the material presenting the largest uncertainties.

Table 5.3. Weights for material properties (w.) for ST dominating (case of GL dominating in

brackets).
Material Bending F, Tension I, Compression F Total (per material)
Solid Timber (ST) 0.42 (0.06) 0.07 (0.01) 0.21 (0.03) 0.70 (0.10)
Glulam (GL) 0.18 (0.54) 0.03 (0.09) 0.09 (0.27) 0.30 (0.90)
Total (per failure mode) 0.60 0.10 0.30

Different load scenarios are included in the study. They are characterised by the proportions
between the different loads expressed as y, =g, / ( g+, +q2,,() and y,=q,, / (q,,k + Qz,k)-
The required values of y, and y, are obtained by varying the parameters ¢, and «, in the
limit state functions (Eq. (5.11) to (5.15)). Load scenarios are divided into two domains as listed
below, representing different typologies of structures:

*  Structures with dominating permanent loads (e.g. green roofs): y,; 20.6 and 0< y, <1;
e Structures with dominating variable loads (e.g. common buildings): 0< y, <0.6 and
0<y,<l.

All load scenarios are equally weighted, i.e. the weights associated with different y, and
X values are equal (w, =w, ) This considers the load scenarios equally frequent. The sum
of all weights is fixed to unlty (Z z Z w,w, w_,=1).

Fi'"xg.J " xg:k
5.5.4 Calibration objective

Tentative values of the reliability elements y included in the proposed simplified safety
formats (y,, k. ,) were calibrated solving the minimization problem in Eq. (5.16). The term
in squared brackets is a skewed penalty function proposed in [11]. It penalizes under-design
(S <) more than over-design (S > f,). In fact, under-design is associated with larger
expected costs due to larger expected failure costs, see e.g. [48] for more details. The sums are
extended over the six considered material properties (or failure modes) and the different values
of x, and g, . The objective of the calibration was to obtain a level of safety equal to or larger
than the level given by the current standard. Therefore, the target reliability index was selected
as B =E [ ﬂEC], where E[ ﬂEC] is the weighted mean reliability index associated with the
design given by the Eurocode.

mm{iiiwﬁ w, @{W—l+exp[—WH} (d ~0.23) (5.16)

i=l j=1 k=1

It is to be highlighted that the estimation of the target reliability f, from the existing codes
and the calibration of reliability elements are performed with the same probabilistic models.
Therefore, the (nominal) reliability indices are used to compare safety levels rather than
expressing the “exact” level of safety. As expected, the absolute value of £ [ ﬂEC] is sensitive
to the stochastic models adopted. Nevertheless, the calibrated reliability elements are seen to
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be almost insensitive to changes of the coefficients of variation of the distribution functions
within the realistic domain. For this reason, the random variables are represented by simplified
stochastic models (Table 5.4). For the same reason, the biases of the resistance and load models
were not considered. Beside the difficulty of their estimation, their inclusion will affect the
values of [ considerably, but not the values of the calibrated reliability elements. Larger
reliability indices are expected due to the conservativeness (bias larger than 1) of the Eurocode
models (see e.g. [99] for wind load model).

Table 5.4. Stochastic models for the reliability analysis from [13] unless otherwise specified
C[37], *yearly maxima).

Characteristi
Random variable Symbol | Type Mean cov )
¢ fractile
Resistance model uncertainty Opsr Lognormal 1.00 0.07 /
Solid Bending strength E, o Lognormal 1.00 0.25 0.05
timber
(ST) Tension parallel to grain Fos Lognormal 1.00 1.2:0.25 0.05
Compression parallel to grain Fosr Lognormal 1.00 0.8:0.25 0.05
Resistance model uncertainty Ora Lognormal 1.00 0.07 /
Glulam Bending strength F, o Lognormal 1.00 0.15 0.05
(GL) Tension parallel to grain Foa Lognormal 1.00 1.2:0.15 0.05
Compression parallel to grain F o6 Lognormal 1.00 0.8:0.15 0.05
Dead load G Normal 1.00 0.10 0.5
Wind time-invariant part (gust c, ,pressure ¢,, and 0.78 (¢,
part (gust ¢,.p 5 o, Lognormal 1.00 0.27 (€pe)
roughness ¢, coefficients) ' u for c,.c.)
Wind mean reference velocity pressure * 0 Gumbel 1.00 0.25 0.98
Snow time-invariant part (model uncertainty and
. 0, Lognormal 1.00 0.20§ (u)
shape coefficient) §
Snow load on roof * 0, Gumbel 1.00 0.35§ 0.98

5.6 Results and discussion

5.6.1 Results

The calibrated reliability elements are calculated for the different cases included in the
study and summarized in Table 5.5. The influence of the dominating material on the calibrated
reliability elements is observed to be of little importance within each case. The differences in
the calibrated values of &, among the 4 different cases are considered small for dominating
permanent load. All k; ,-values are indeed close to £, thatis 0.60. This might suggest the
use of a single value for all four cases. In contrast, larger differences are observed for
dominating variable loads. In fact, the reliability level was observed to be quite sensitive to
small variations of k| ,. This suggests representing the suggested &, values, as precise as
practically feasible in the possible revision of the design format. In general, the calibrated
modification factors are all within the range of the standardized values in Table 5.1. For SF/,
¥ 1s varying in the same magnitude among the four cases. For permanent load dominating,

the calibrated y, are close to (;/G Koo ) / koq @s expected.
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Table 5.5. Calibrated reliability elements.

Case
Dominant Dominant Rel. element (Safety P B 3 4
material loads format)
Germany Austria Denmark Norway
7 (SFI) 2.14 2.17 2.35 2.38
Permanent
ST k4 (SFII) 0.63 0.62 0.63 0.62
. 7 (SFI) 1.46 1.48 1.56 1.58
Variable
k' . (SFII) 0.89 0.84 0.92 0.86
7 (SFI) 2.16 2.18 2.37 2.39
Permanent
6L k4 (SFII) 0.63 0.62 0.63 0.62
X 7 (SFI) 1.42 1.42 1.51 1.53
Variable
k' .. (SFII) 0.90 0.82 0.93 0.84

The two proposed formats and the Eurocode format are compared in terms of safety levels,
structural dimensions and number of relevant load cases.

The reliability levels associated with the calibrated reliability elements are compared with
the Eurocode format in Figure 5.1 for solid timber (ST) dominating. Detailed plots are
illustrated in Figure 5.2 for a selected case. The boxplots for the case with dominant glulam
(GL) are very similar to the ones in Figure 5.1 in terms of minimum, maximum, average and
skewness of the reliability indices. For this reason, they are not shown in the paper. Both cases
show larger safety level and scatter in reliability indices compared to the considered design
code due to the selected objective function. The performance of SFI and SFII are quite similar
and no significant differences in terms of reliability are observed for the case with dominant
permanent loads.
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Per tloads dominant (0.0 < x, < 1.0; 0.6 < x, < 1.0)
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Figure 5.1. Reliability indices corresponding to the design performed with Eurocodes and
the two simplified safety formats with calibrated reliability elements for ST dominating
(Box-and-whisker plot with boxes from first to third quartiles with median (line) and mean
value (circle), whiskers from minimum to maximum).

Eurocodes SFII

Figure 5.2. Reliability indices for Case 1, compression parallel to grain F,,, dominating
variable loads and solid timber: Eurocodes (left), calibrated SFII (right) and Eurocodes
weighted average (dashed line).
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The proposed simplified formats drastically reduce the number of load combinations as
summarized in Table 5.6. The reduction is increasing with the number of variable loads n,, .
SFII always requires one load combination less compared to SF7 and, as already mentioned, it
requires the same number of load combinations for any other construction material.

Table 5.6. Number of relevant load combinations to consider in design.

ng Eurocodes SFI SFIT
1 2 2 1
2 5 3 2
3 13 4 3
4 21 5 4

The proposed simplified formats lead in average to larger design solutions, i.e. increased
construction costs. This is the price of the simplifications introduced. The structural dimensions
are compared in Table 5.7 through the weighted average over-design £ [Az] , calculated from
Eq. (5.17), where z;,.fF ) is the design obtained by the simplified safety format proposed and
2" is the design according to Eurocode. It is important to highlight that the average increase
in construction costs is lower than the £ [Az] values in Table 5.7 since a large part of the
construction costs is independent of the structural dimensions -. Weighted over-design
averages were found higher for the case of dominant permanent loads. For variable loads
dominating, it was found that the absolute maximum over-design was around 25 % for SF/, and
very close to the average over-design for SFII. The maximum overdesigns were found to be
around 60 % for cases where the permanent load is dominating.

6 10 10 Z(_iF)
E[AZ]:ZZZWFJWZGJWZQ~k Zl(jEC)_1 (5.17)

i=l j=1 k=1 ik

It is important to note that the monetary benefit/loss associated with the use of simplified
safety formats cannot be assessed by accounting the construction costs only. In fact, simplified
safety formats can significantly reduce the effort in engineering work and associated costs. The
quantification of these savings in a general way is not an easy task and is left to code-committees
who will assess whether it is more efficient to use a simplified or a sophisticated format. The
framework proposed in this paper will support this assessment in a rational way. Further, larger
safety levels reduce the risk associated with the event of failure, where risk is defined as costs
associated with failure times the probability of failure. The weighted average expected failure
costs were found to be between 30 % and 60 % lower compared to the Eurocode. This is clearly
a consequence of the higher safety levels reached with the simplified formats. The net benefit
(or loss) obtained from the increase in construction costs and the decrease in both the
engineering and failure costs can only be assessed by knowing the absolute values of these
costs. However, this was beyond the scope of the work at hand.
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Table 5.7. Weighted average over-design E [AZ] (values in percentage).

Dominant Dominant Safety Case
material loads format 1 - Germany 2 - Austria 3 - Denmark 4 - Norway
SFI +21.7 +21.3 +21.7 +21.3
Permanent
ST SFII +21.7 +21.9 +21.7 +21.9
. SFI +8.1 +5.4 +11.8 + 8.4
Variable
SFII +10.0 +13.1 +13.2 +16.3
SFI +22.6 +21.9 +22.6 +21.9
Permanent
GL SFII +22.6 +22.5 +22.6 +22.5
SFI +5.4 +2.9 +9.0 +6.2
Variable
SFII +9.1 +15.9 +11.8 +19.1

5.6.2 Discussion

The resulting calibrated formats are shown to greatly reduce the number of load
combinations with a minimal increase in structural dimensions and construction costs. This
proves, as expected, that the complexity of the load combination rules provided in [87] does
lead to more efficient structural design compared with the simplified formats. Therefore, it is
important to emphasize that the formats proposed do not have the desire to substitute the
existing combination rules, but rather to be alternatives that engineers can choose any time they
need a rougher and faster design and/or they believe that these simpler formats reduce the
engineering costs more than the increase in construction costs. In addition, simplified formats
might be useful for checking the plausibility of results obtained from structural analyses
performed by computer software with a large number of detailed load combinations. In this
manner, analysis errors might be identified.

Both proposed safety formats with the calibrated reliability elements meet the requirement
of simplifying design without decreasing the level of safety. Based on the performed
calculations, the format SF7 has the potential to be more economical in average but also leading
to the largest absolute differences in design compared to the current version of the Eurocodes.
The SFII includes a lower number of load combinations. In addition, SFII is expected to be
easier implemented within the Eurocode framework, since it basically proposes to use the same
load combination rules as used for the other materials. Hence, it follows the fundamental
requirement of having material-independent load combinations. SFII can indeed be seen as a
simplified way for accounting the load-duration effect on the material properties by dividing
the material partial safety factor by a fixed factor (& ;).

The proposed formats were derived specifically for the cases with dominating variable
loads, which are the most common for timber structures. As expected, they provide a balance
between simplification and additional costs within this restriction. On the contrary, quite high
over-design was obtained for the cases with dominating permanent load. These cases are seldom
in timber structures and were mostly given for sake of completeness and for showing that, with
different additional costs, the proposed formats lead to acceptable levels of safety in all cases.
The work was limited to load combinations with snow, wind and permanent loads.
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5.7 Conclusions

Two simplified safety formats have been proposed for simplifying the design of timber
structures. Due to the timber specific load-duration effect on the material strength, the design
of timber structures is more demanding compared to other construction materials. The first
format consists of novel load combination rules maintaining the current modification factor
values. On the contrary, the second format maintains the current combination rules while
reducing the modification factor values to a single fixed one. Simplifications in design imply
different design costs, different safety levels or both. For these reasons, the proposed formats
have been calibrated in order to reach a satisfactory level of safety and limiting the increase in
construction costs. The resulting calibrated formats greatly simplify the design. At the same
time, they limit the additional costs and maintain (or increasing) the resulting safety level of the
designed structures compared to the current Eurocodes.

The work at hand is expected to provide a generic framework applicable to further
assessments and refinements of simplified safety formats. A higher degree of detail requires
considering specific contexts including country-specific climates (see e.g. [100, 101]), load
damage models, construction habits and normative requirements included in the National
Annexes to the Eurocodes.

Although the investigations are strictly focusing on the Eurocodes, the proposed
simplifications, concepts and calculations are in principle also applicable to other standards.
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6.1 Abstract

The article presents a contribution to the current debate on the probabilistic representation
of the wind speed extremes for calibration of the partial safety factor covering wind action. The
requirements for the probabilistic model are formulated. The Gumbel distribution is shown to
represents best the 10-minutes mean wind velocity yearly maxima based on theoretical
considerations and analyses of real data with different statistical techniques. Data from
locations across a large geographical region indicate that the coefficient of variation of the
distribution varies over the territory. A method is proposed for accounting this variation in order
to calibrate a single partial safety factor for the whole territory. The distribution location is
indirectly given in design standards through the georeferenced characteristic wind speed values.
A solution for including the uncertainty affecting these values is suggested. The findings are
implemented in an illustrative calibration exercise. The proposed methods and concepts might
be applied to other environmental actions such as the snow loads.

Keywords: wind actions, probabilistic modelling, code calibration, partial safety factors,
extremes.
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6.2 Introduction

Modern structural design codes or standards as the Eurocodes [18] provide simple and safe
basis for the design of structures. The simplicity is achieved mainly by the fact that structural
safety is checked by comparing the design values of action effects with the design value of the
resistance. Semi-probabilistic design equations in the Load Resistance Factor Design format
(LRFD, see e.g. [5]) use partial safety factors (PSFs) applied on the resistance and action sides.
These factors control the reliability of the corresponding design solutions. Their values are
selected by code committees in order to achieve the desired level of safety [5, 7, 12, 25]. In the
present version of the European Standards (The Eurocodes [18]), for example, one single partial
safety factor (7, =1.50) is recommended for all unfavourable environmental variable actions
such as snow and wind. However, it has been shown in [63] that a wind load dominated structure
designed with y, =1.50 has a reliability lower than the Eurocode target, which requires a
yearly target reliability index f, equal to 4.70 (for consequence class 2). It also appears
reasonable to differentiate the partial safety factors of the environmental actions, such as snow,
wind and temperature, since these actions originate from different physical phenomena and are
represented by different models involving various random variables.

Modern calibration methods are based on reliability theory considering fully probabilistic
models [11, 12, 25]. If wind action is involved, this requires models representing the wind
action on structures from the basic physical phenomenon (i.e. the geostrophic wind), and the
representation of the governing variables, which may have a deterministic or a random nature.
A widely accepted model is the Alan G. Davenport wind load chain [102] illustrated in Figure
6.1. Many semi-probabilistic codes such as the Eurocode 1 [15] represent wind actions on
structures based on this model. The chain model includes five fundamental aspects, shortly: 1)
the wind climate comprising the weather systems generating geostrophic winds due to
temperature gradients on the Earth surface; ii) the influence of terrain, which modifies the wind
flow in the atmospheric boundary layer; iii) the aerodynamic effects depending on the structure
shape; iv) the dynamic effects of the structure, and v) the criteria for verifying the predicted
load models. More details are given in [103, 104].
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Figure 6.1. Alan G. Davenport wind loading chain.

Although the model is widely accepted, challenges are still faced when defining the
probabilistic models representing different aspects. In fact, several probabilistic models for
representing the aspects in the Davenport chain have been proposed for calibration of design
codes, see e.g. [105]. Therefore, this article discusses some open issues related to the stochastic
modelling of the 10-minutes mean wind velocity yearly maxima (¥, . ) used for representing
the wind climate for code calibration purposes. In detail, the following aspects are addressed:

e The selection of the type of distribution function representing V, .. . This is still openly
discussed in the scientific community since several distributions seem to fit well the
available data, but they result in different calibrated safety factors due to the so-called tail
sensitivity problem affecting the reliability analyses. Gumbel, Generalised extreme,
Weibull, three-parameters Lognormal and other distributions are proposed in the literature,
see for example [99, 104, 106].

116



o The estimation of the distribution parameters that are relevant for the calibration of partial
safety factors. These parameters are the coefficient of variation (COV' ) and the uncertainty
on the distribution location. The former should include the aleatory uncertainty (random
nature of wind) and the epistemic uncertainties (originated by the lack of knowledge and a
limited amount of information). The latter should include the uncertainties originated from
the (surrogate) models utilised for creating the wind maps included in the design codes.

o The representation and inclusion of the V, . space-variation in the partial safety factor

calibration. This is required since a single partial safety factor for wind action is used for
large geographical areas, although the wind climate is highly regional dependent.

The selection of the distribution type, the estimation of its parameters and their variation
over a vast territory are addressed in Section 2 of the article. The second part of the article
proposes a method for integrating, in the partial safety factor calibration, both the space-
variation of the wind characteristics and the uncertainty on the distribution location. Wind speed
records from five weather stations across Norway were analysed for catching the space-
variation. The uncertainty on the distribution location was estimated based on measurements in
several places over the territory. The findings are implemented in an illustrative calibration
exercise.

6.3 Representation of the wind climate

6.3.1 Requirements of the model

The variation of the wind climate can be described by the wind velocity averaged over a
period corresponding to frequencies in the spectral gap of the horizontal wind speed spectra
[98, 103]. Periods of 10 minutes to 1 hour are typically used [107]. In the European Standard
Eurocode 1 Part 1-4 (EC1-1-4) [15], the wind climate variation is represented by the basic wind
velocity (7,) which is defined as the 10-minutes mean wind velocity, irrespective of wind
direction and time of the year, at 10 meters above the ground level in open terrain. The reliability
assessment of a structure exposed to wind actions is a time-variant problem since the wind is
varying in time. The reliability problem can be simplified to a time-invariant problem, if it can
be assumed that the resistance is independent of the wind process, by the so-called time-
integrated approach (see [5]) considering the V, yearly maxima V, . .

As any random variable, V, . might be represented by a distribution function, which is in
general defined by the #ype of distribution and its parameters. The parameters determine the
location, scale and shape of the distribution, while the fype determines the tail behaviour.

The type of distribution and the coefficient of variation COV (i.e. the scale or scatter
independent of the location) play an important role in reliability-based code calibration. This
role can be observed in Eq. (6.1) where the partial safety factor for a Gumbel distributed
variable X is determined using the design value method [18]. In the Equation, f, is the target
reliability, « is the sensitivity factor (see, e.g., [5]), p, is the fractile corresponding to the
characteristic value, ®(-) is the standard normal cumulative density function and a,,, = 0.5772
is the Euler-Mascheroni constant. The analytical expressions of the distributions functions
utilised in the article are given in Section 6.7 at the end of the Chapter.

6COV, In{~In[®(a B)]}+6a,, COV, -6
~ 6COV, In{~In[p,]}+6a,, COV, — 6

(6.1)

Vx
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The distributions location or magnitude is not affecting the partial safety factor when the
extreme wind speeds are originated from a single physical phenomenon. In this case,
standardised random variables can be used for PSF calibration as in [7]. For the wind, this is
advantageous since the magnitude varies considerably in space due to different local climates
and exposures. Design codes provide the regional magnitude or distribution location through
the V, .. characteristic value. In the Eurocode 1 [15], the characteristic value corresponds to
the 98 % fractile (i.e. p, =0.98) of the yearly extreme value distribution and is referred to as
the fundamental value of the basic wind velocity v, ,. The regional distribution of v, ; is given
in the Eurocode 1 National Annexes in the form of tables or maps. It has to be highlighted that
the uncertainties affecting v, , do influence the calibration of the partial safety factor. Thus, a
good probabilistic representation of these uncertainties is of importance.

Correspondingly, in the authors’ view, the distribution function representing V, .. should
have the following properties:

a) The distribution function type should represent ¥,
area of the standard at hand.

b) The distribution function type and parameters have to be validated by recorded time series
over an adequate period, say, longer than 15 years [108].

¢) The distribution function type must agree with the phenomena generating randomness.

d) The stochastic model should be suited for the reliability methods used in the calibration
procedure. Usually, a parametric probability distribution is sought since the first order
reliability method (FORM) is commonly used in calibration of partial safety factors
because of its accuracy and its low computational cost.

e) Itshould include the statistical uncertainties which arise from the lack of data and the model
uncertainties in order to estimate the predictive reliability index, see e.g. [109].

f) It should be accurate in the upper tail defined as the surroundings of the design point. The
fractile corresponding to the design point is approximatively equal to <1)(a- ﬂ:) =5-10"*,
which is the fractile associated with the design point of the wind induced action obtained
with & =0.7 and S =4.7 according to [18].

in the whole geographical application

max

In principle, different types of distributions can be fitted to the data upper tail, and the best
one can be individuated by using statistical tools, probabilistic reasoning and judgment.
Nevertheless, the point c¢) above is of particular importance especially due to the lack of
observations in the surrounding of the design point. The application of extreme value theory
(see e.g. [81, 110]) does limit the choice of distribution function type correspondingly, see also
[111] for further discussion.

In the following, different analyses techniques are selected and utilised for individuating
the distribution function representing the wind speed yearly maxima having all the properties
listed above. These techniques differ in the basic assumptions, data considered and output. The
techniques are divided into two main groups. The first group is based on the classical extreme
value theory, which proposes different asymptotic distributions representing maxima under
some specific assumptions that are discussed and assessed. The asymptotic convergence is
improved when the parent distribution is considered. The distribution parameters are estimated
from the yearly maxima, implying that one measurement for each year is considered only. The
second group of techniques makes use of a larger amount of data by analysing the rate of
threshold exceedance. These techniques allow to estimate the parameters as well as to evaluate
the type of distribution that best represents the maxima.
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The three-parameters lognormal (LN3) is proposed as a possible candidate distribution type
for the representation of extreme wind phenomena [106]. The authors believe that, compared
to other distributions discussed later, the distribution provides just a better fit to some samples
of data due to the third parameter. In any case, the goodness of fit in the upper tail region of
interest cannot be assessed due to lack of data. Nevertheless, the 3LN distribution was excluded
because the distribution representing the N -years maxima (V. ) derived from LN3-
distributed yearly maxima, as £;, = FVi‘fW , is not of the type LN3. This is neither reasonable
nor practicable since the type of distribution should not change with the selected reference
period (for reference periods that are long enough to ensure independence between maxima).
Therefore, this distribution is excluded in this paper since no theoretical background is found
supporting its use.

6.3.2 Data set

Records from the Norwegian Meteorological Institute (MET) [112] of the highest hourly
and 6-hours 10-minutes mean wind speed (MET code: FX [ and FX, respectively) were
analysed. In detail, the 10-minutes mean wind speed was measured for each 10-minutes, and
only the highest in each hour or in each 6-hours-period was recorded. X records cover time
periods between 25 and 58 years long. The data are of poor quality since the records are affected
by rough rounding especially before 1980 (see Table 6.1). Nevertheless, no better data are
available in Norway for periods long enough to support the probabilistic modelling of yearly
maxima. Five stations across Norway were selected (see Figure 6.2) for representing different
geographical regions. For illustration purposes, the data for Torsvag Fyr (TOR) are reported in
Table 6.1. FX I records (Figure 6.3) are more accurate since rounded at +0.05 m/s(= O.lkn)
but they are available for periods not longer than 22 years. In general, a good agreement
between FX and FX [ was observed in periods covered by both datasets. The data were quality
checked, and two corrections were done for TOR data that included two entries equal to
45.2m/s . These measurements were considered erroneous because of the extreme magnitude
and due to the absence of reports on major storms in the corresponding period. Linear
interpolation between previous and posterior entries was used for correcting the corresponding
records.
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Figure 6.2. Weather stations (from Google My Maps).
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Table 6.1. FX values for TOR in m/s converted from knots (kn)
(rounding:”+2.31m/s(=4.5kn), $ £1.80m/s(=3.5kn), £0.26 m/s(=0.5kn) otherwise).

Year v, Year v, Year v, Year v,

1957 26.75" 1969 22.648 1981 30.879 1993 36.01
1958 30.879 1970 26.75" 1982 27.78 1994 22.64
1959 34.98" 1971 26.75" 1983 25.72 1995 26.75
1960 22.649 1972 26.75" 1984 27.78 1996 34.98
1961 22.649 1973 26.75" 1985 26.75 1997 34.98

1962 22.64 1974 30.87" 1986 24.18 1998 27.78
1963 26.75" 1975 26.75" 1987 26.75 1999 22.12
1964 22.649 1976 26.75" 1988 25.72 2000 29.32

1965 26.75" 1977 26.75" 1989 33.95 2001 26.24
1966 22.64 1978 26.75" 1990 34.98 2002 24.18
1967 22.64° 1979 22.64% 1991 39.10 2003 26.75
1968 30.87° 1980 26.75" 1992 25.21 2004 23.15

TOR (70.24N, 19.49E); (1.45 %)

T B A S T R IR R AUR R TR LI
R R AR Je

Figure 6.3. FX 1 series for TOR station with station coordinates and percentage of missing

measurements (units: m/s ).

6.3.3 Assumptions and limitations

a)

b)

The data were analysed under the following assumptions, limitations and simplifications.

Data from one location were considered sampled from the same population although the
physical phenomena producing extreme wind velocity realisations might be different (e.g.
extra-tropical cyclones, thunderstorms, etc.). This simplification was set to be consistent
with the level of detail of the current version of the Eurocode 1, which includes a unique
model for wind loads based on extra-tropical cyclone generated winds.

The wind climate was considered independent from the influence of terrain since the latter
creates turbulences characterised by temporal frequencies that differ from the wind climate
frequencies by one or two orders of magnitude, see e.g. [104]. This approximation is also
considered in the Eurocode 1 [15].

Despite the fact that wind direction is important when the structural resistance and the wind
are direction-dependent, see e.g. [113], wind directionality was not considered in the
analyses. The reasons are that i) considering structures with direction-independent
resistance only (or equivalently considering the wind worst direction) is conservative; ii)
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directionality is highly location-dependent reducing the generality of the model which is
sought; iii) the basic wind velocity in the Eurocode 1 is not conditional on a specific wind
direction that is accounted by the direction factor.

d) The number of missing measurements is low for all the stations (see Figure 6.3) and it was
assumed that the lack of registration was not correlated to extreme wind speeds.

e) The five selected measurement locations are located in small islands close to the shore or
on the coast. The locations are surrounded by open terrain and by open sea. The latter has
a lower roughness compared to open country. Nevertheless, when extreme wind speeds are
registered, the sea is assumed in “ultimate limit state” and, hence, presenting the same
roughness as the open country (see [107] Annex C). Therefore, the surroundings of the
measuring stations are assumed to have a terrain roughness equivalent to the category II of
the Eurocode 1, which is the reference category for deriving the basic wind velocity (V)
according to [15].

f) The effects of the climate change on the wind speed are not considered, i.e. the wind is
assumed to be an ergodic process. Although the climate change is predicted to affect the
wind speed in future (see e.g. [114]), its inclusion in the design standards should involve
several disciplines [30] and was not part of the current study.

6.3.4 Classical extreme value theory

According to the classical extreme value theory, the maxima of independent, identically
distributed variables tend to a Gumbel distribution (see Eq. (6.11)) under the following
assumptions [110]: 7) the number of independent realisations is constant, and ii) the parent
distribution has an exponential tail. These assumptions do not seem to be strictly verified for
the 10-minutes mean wind speed since the number of independent weather systems and the
parent distribution representing the 10-minutes mean wind speed differ from year to year.
However, for practical analyses, the annual maxima present a linear behaviour in the Gumbel
plot meaning that the assumptions are not strongly violated [108] and suggesting the Gumbel
as the asymptotic distribution. The most accurate method for fitting the Gumbel distribution to
the data is the so-called Gumbel-Lieblein method as shown in [115]. Nevertheless, the
distribution parameters were estimated in this work utilizing the maximum likelihood (ML)
method since it allows accounting for the rough rounding characterising the data at hand. The
likelihood is formulated as a function of the distribution parameters conditional to the
observations and the selected distribution function. The validity of the assumed distribution can
be assessed based on the magnitude of the maximum (also relative to the maxima that
correspond to different assumed distribution types). The deviation of the (unknown) real
distribution is partly reflected (and considered) by the covariance of the parameters. In addition,
the ML method provides the estimates of the parameters uncertainty which is integrated into
the predictive distribution f (x) in Eq. (6.2),

S (x):.l.f)q@ (X|9)f@ (9) de (6.2)

[0}
where: @ is a vector with the distribution parameters and f, (9) is the joint density function
representing the parameter uncertainties. These uncertainties might be significant when the data

are limited in number or have poor quality. The ML method also allows considering the
rounding and the left censoring by using the likelihood function reported in Eq. (6.12). The use

121



of left censored data allows to fit better the upper tail but it requires an adequate number of
years of records for having a sufficient number of observations in the tail. The selection of the
censoring threshold is not trivial. In fact, high thresholds lead to significant variance in the
estimates while low thresholds produce estimations biased toward the central part of the
distribution.

The distributions fitted to the measurements in TOR are illustrated in Figure 6.4. Data
censoring improved the upper tail fit, and simultaneously increased the statistical uncertainty
leading to a fatter tail of the predictive distribution. The predictive distributions were obtained
with Eq. (6.2). The integral was approximated numerically by Monte Carlo (MC) sampling.
Consequently, the predictive could not be represented in a closed form. Therefore, its upper tail
was approximated by a Gumbel distribution obtained fitting the highest 30 % of the sampled
values (i.e. the values characterised by —ln(—ln(F )) >1.0 in Figure 6.4) since these data
were observed lying on a straight line in the Gumbel probablhty plot. The estimated COVs of
the Gumbel distribution are displayed in Figure 6.5 as a function of the censoring threshold V...
Their order of magnitude agrees with the values given in [13]. FX data were used only when
the more precise FX [/ data were missing. The largest censoring thresholds were
approximatively corresponding to the 70 % fractile values.

All data Censored data (FV w )= 07)
bmax_ €
T T
4t 4
3k
= =
o =
~ -
= 1 =
- -
= =
| 0r )
A
2 . L . L . _ . L . L .
15 20 25 30 35 40 45 15 20 25 30 35 40 45
h max [m/s] h ax [m/s]
. Gumbel approximating the
Rounding interval -+ Data Fl/’h \(—)(Vh,mlzx‘ 7% FVh (Numerical approx.) —. . — F,  upper tail
e
b,max

Figure 6.4. Gumbel probability plot with measured data (FX and FX 1) for weather station
TOR and fitted Gumbel distributions. Data sorted according to the central values of the
rounding intervals. Predictive distributions approximated by Montecarlo sampling with 10°
simulations.
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6.3.4.1 Classical extreme value theory considering parent distribution

A significant amount of information contained in the weather data is not utilised when
yearly maxima are analysed. Additional information can be included considering the underlying
statistic. The probability distribution representing the 10-minutes mean wind speeds (i.e. the
basic wind velocity V) is referred to as the “parent distribution” in the following. The parent
distribution is the distribution from where the extreme wind speeds are “sampled”. In Europe,
the distribution that best represents V, is the Weibull (see Eq. (6.14)) with shape parameter
b, (Vb) € [1.8,2.2] as extensively reported in the literature and supported theoretically by the
study of Harris and Cook [116]. It follows that the so-called preconditioned random variable
V,,"‘“ is exponentially distributed (i.e. Weibull distributed with unitary shape parameter). The
maxima of the exponentially distributed random variable 7" converge faster than ¥, to the
Gumbel distribution. Consequently, the “penultimate” extreme value distribution for #
corresponds to the “ultimate one” [117] meaning that the error when using Gumbel asymptote
is reduced. Cook introduced first this procedure considering a preconditioning parameter equal
to 2 [24]. The obtained variable, V2, is proportional to the 10-minutes mean wind pressure
(1/2 p¥?) and is represented by a Weibull distribution with b, (V2)=5,(V,)/2. b, (V}) is
close to one for b, (V,)€[1.8,2.2] and, hence, ;? is close to exponential distributed.

The Gumbel distribution COVs estimated from the preconditioned data were around
double than for non-preconditioned data, see Figure 6.6. In addition, it was observed that the
COV variation for different censoring thresholds and the variation among different weather
stations were of the same order of magnitude. This made the selection of the censoring threshold
less critical as a generalised representation of the COV was sought. The change of trends in
Figure 6.5 and Figure 6.6 shows that the characteristics of the upper tail are caught by censoring
fractiles above, approximatively, 50 %. For the data analysed, a censoring threshold
corresponding to fractiles around 60 to 70 % was judged to balance the statistical uncertainty
on the parameter estimates and the accuracy in the upper tail. In general, higher censoring
thresholds might be selected when longer time series are available and data have better quality.
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Figure 6.6. COV,, for Gumbel distributions estimated varying lefi-censoring threshold

v, on FX and FXLI Predictive distributions approximated by Montecarlo sampling with
10° simulations.

The knowledge on the parent distribution allows estimating the error affecting the use of
asymptotic distributions. Assuming that the Weibull parent distribution F, is known, the
(theoretically) exact distribution of maxima is obtained from Eq. (6.3), where r is the number
of independent events per years.

F, (x)=[F(x|a,.b,)] (6.3)

max

This derivation is not directly used since small errors on 7,b,,a, lead to significant errors in
F, . Nevertheless, Eq. (6.3) can be utilised for estimating the errors induced by approximating
the exact F ' with a Gumbel distribution. The resulting error at the design point is depicted
Figure 6.7 (rgﬂf)roduced after [117]). The error is in the order of £2% for a Weibull distributed
variate with b, =1 like V;?, and much larger for a variate with b, = 2 like V. Therefore, it can
be concluded that the use of the preconditioned wind speed is advantageous for calibration of
codified design since the convergence error on the part of the upper tail of interest is almost
eliminated. The values of COV,, obtained from Eq. (6.3) are depicted in Figure 6.8 and are
compared with the Gumbel asybigptote obtained with asymptotic parameters given in [118].
They agree quite well with the values obtained in the data analysis, see Figure 6.5. This verifies
the hierarchical model which considers Weibull parent and Gumbel maxima. More importantly,
the results obtained from this hierarchical model (Figure 6.8) suggest that the COV,, values
over the territory of interest cannot differ much from the ones obtained analysingmthe five
selected locations. Therefore, the use of few representative locations is sufficient for
individuating a generic representation of the wind climate.
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Figure 6.7. Error in percentage affecting the design value x, = Fy' (Cb(a P, )) for
a=0.7 and B =4.7, overestimation positive. Grey areas represent possible domains of r
and b, for wind speed.

0.8

Figure 6.8. Yearly maxima distribution COV  from exact formula Eq. (6.3) (dashed line)
and Gumbel asymptotic approximation (continuous line). Grey areas represent possible
domains of r and b, for wind speed.

6.3.4.2 Generalised extreme value distribution

A more general application for the analysis of extreme wind velocity data makes use of the
Generalised Extreme Value distribution which includes three types of distributions (Gumbel,
Fréchet and Weibull maxima) characterised by three different tail behaviours. The data
indicates which type of distribution is better through inference on the shape parameter (&, )
(see e.g. [81]). The uncertainty on the estimated parameter (fGEV) can be interpreted as the
uncertainty on the distribution and tail type. It has to be noted that, when the statistical
uncertainty is neglected, the GEV distribution always fits better the data compared with the
Gumbel distribution due to the third additional parameter. Nevertheless, due to the asymptotic
property of GEV, convergence errors still affect the estimate, see e.g. [117]. As reported in the
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literature, &, <0 is typical for 10-minutes mean wind speed yearly maxima, implying that
the distribution tail converges to a limit value being the domain right-bounded (—oo; a—b/ 5(;51/] .

The GEV shape parameters estimated from the data were affected by high uncertainty. A
standard deviation in the order of 0.3 was obtained. In addition, some most likely values of the
shape parameters were positive (see Table 6.2) corresponding to distributions defined on a
lower bounded domain. Unreasonable and very unstable COV and QEGEV were estimated from
censored data with different censoring threshold. All these results were believed to be a
consequence of the fact that the limited number of data points and their low quality led to
considerably high statistical uncertainty on the parameter estimates. In fact, it is shown in the
literature that a limited amount of data leads to unreasonable GEV parameters [119]. This
deficiency is related to the ML estimation. In case the GEV distribution was to be used, the
Bayesian estimation could have overcome this difficulty by selecting appropriate priors.
However, this technique was not applied since the GEV distribution was excluded also based
on the analyses presented in the remaining part of the article.

The results obtained from non-censored data need careful interpretation. The authors
believe that GEV provides only a better empirical fit to the data for two reasons. The first is
that the GEV distribution always provided greater Akaike Information Criteria ( A/C') scores
compared to the Gumbel and, thus, Gumbel is to be preferred [120]. The largest differences in
AIC scores were observed for censored data. In detail, A/IC = 2k—21n§ci x| é,M ) , where
M is the selected statistical model with k parameters (e.g., Gumbel with £ =2, and GEV with
k=3), and i(x 10,M ) is the maximum likelihood of the data . (corresponding to the
parameters § estimated with the ML). The second reason is that, as also commented in [117],
the domain limits for GEV distributions representing V> . and V, .. were inconsistent, and
did not correspond to the natural domain limits of the variables, see Table 2. For example, for
OBR location, the parameters estimated from V,,,. gave a domain upper bound equal to
44.1m/s , while the estimates from V;2 .~ gave an upper bound of 2746 (m/ s)2 =(52.4m/s)>.
Further, in [117] it was proven that Weibull parents with b, =2 and 1 give &, =—0.1 and 0,
respectively. The fact that the average values of EGE,, in Table 6.2 are very close to these values
and that all the ZEGEV 90 % confidence bounds contain -0.1 can be seen as an indirect proof that
the assumption of a Weibull distributed parent and therefore asymptotically Gumbel distributed
maxima leads to a good representation of data. Based on the observations above, the use of
GEYV distribution is excluded.

Table 6.2. Estimated GEV shape parameter and coefficient of variation from FX and FX 1.

GEV -V, GEV - V2.

N CoVv Domain A Cov Domain

Sav (conditional) Saev (conditional)
HEL 0313 0.14 (—:37.3] 0256 0.26 (—o0z+1391]
OBR -0.191 0.13 (—oer+44.1] | 0,087 0.26 (—o03+2746]
SKR 0.068 0.1 [6.1;+0) 0.161 0.25 [-33.1;+0)
TOR 0.135 0.14 [+22.440) | 0.234 032 [+134.2;+00)
SUL 0326 0.14 (=05 +41.5] | L0209 0.28 (—o03+1942]
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6.3.5 Threshold exceedance analysis

The analysis of yearly maxima excludes a significant amount of available data in contrast
with methods based on analysing exceedances, exceedance rates and peaks over threshold as
illustrated in Figure 6.9. Certain results are reported in this Section for the weather station TOR
only, similar trends and behaviours were observed for the other four stations.

TOR (70.24N, 19.49E)

| All Realizations O Fearly maxima *  Peals over 15m/sec |

000 2003 2004
Years

2000

Figure 6.9. FX 1 time-series between 01-01-2000 and 31-12-2004 with all recorded
values, yearly maxima and independent peaks over the threshold v, =15m/sec.

6.3.5.1 The mean upcrossing rate

The mean upcrossing rate 77+ (v,) functional relationship with the threshold v, provides
significant information about the distribution of maxima. The starting point is Eq. (6.4) which
relates FV,, to 77+ (v, ) , where T is the reference period equal to one year.

F, (v)=exp{-77"(v,)-T} (6.4)

The up-crossing rate for large enough thresholds v, > v, ; is usually related to v, through a
function of the form 77+ (v,) = c7(vt )exp?—a(vt —b)c ; where a,b,c are constants and c}(vt) is
near-constant [121]. The case ¢ =1 gives ln(ﬁ+ (vt ) linear in v, and corresponds to Gumbel
asymptote. On the contrary, cases with ¢ #1 represent sub-asymptotic behaviours.

Up-crossings of a threshold are in general dependent. De-clustering is performed for
extracting independent events considering clusters to start (and end) when at least n,
consecutive values are below a threshold v,, see e.g. Coles [81]. The average number of up-
crossings (or cluster) over a defined period (e.g., one year) is referred to as the average
conditional exceedance rate (ACER) ¢, (v,). The empirical ACER functions are estimated
from the data by the ACER method and can be used instead of 77+ (vt) in the above equations
[122].

The plots of ln(gn‘ (vt)) versus v, for the analysed data show the dependencies between
up-crossings. It was observed that n, >4 eliminates the dependency without affecting the upper
tail, see Figure 6.10. Thus, upcrossings separated by 4 or more hours are considered
independent or, equivalently, belonging to different storm events. On the contrary, upcrossings
separated by less than 4 hours might belong to the same storm and thus be dependent. This is
in accordance with the average duration of a storm that is indicated in [13] to be in average 8

hours. For n, =4 the fitted line had ¢ #1 for ¥, meaning sub-asymptotic behaviour and ¢ =1
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for V2. This further proves that the wind speed maxima are sub-asymptotic while the
preconditioned wind speed converges to the asymptote in the tail.
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Figure 6.10. Logarithm of the ACER versus threshold for wind speed (right) and wind
speed squared (left) at TOR weather station obtained with the Matlab-based free software
[123]. Estimated parameters with n, =4 for v,: a=0.20, b=13.58,¢=1.27, ¢=0.01;
and for v}: a=0.01, b=64.59, ¢=1.00, ¢ =0.04.

6.3.5.2 Peaks over threshold

Threshold exceedance analysis can also be utilised for evaluating the use of the GEV
distribution and for estimating its parameters. In detail, the GEV shape parameter &, is
estimated by the Pickands method [124] analysing the peaks over threshold (POT). For large
enough thresholds v, >v,; and under the assumptions that the realisations are independent,
identically distributed and their maxima have a GEV domain of attraction, the distribution
function of the exceedance Y =V, —v, conditional on ¥, >v, is represented by a generalised
Pareto distribution (GPD). Pickands [124] proved that the GPD and the GEV distribution have
the same shape parameter &, =&, asymptotically. Maximum likelihood estimates of fGPD
are reported in plots A in Figure 6.11. Data dependencies were eliminated by declustering data
as described before. In this case, the largest value in each cluster was kept while the rest were
discarded.

The POT analysis presents the non-trivial task of selecting the right threshold V, . Different
methods for threshold selection are proposed in the literature, see e.g. [125]. As discussed in
[81], the following is valid for thresholds v, >, ;: i) the mean of the exceedances y is linear
in v,; ii) éGPD is near-constant and the Pareto scale parameter & is linear in v,; iii) the
reparametrized GPD scale parameter o* =&, —fGPDv, is constant. These three points can be
used inversely for finding the appropriate v, . For the TOR data, a minimum threshold V,, of
approximatively 15m/sec was judged to satisfy all these three requirements as illustrated in
plots B, C and D in Figure 6.11. Thresholds v, larger than, but close to, v,, should be selected
for balancing statistical uncertainty and precision in the upper tail. Trends exactly equal to the
theoretical ones cannot be expected due to inherent variability and the limited amount of data.
The assessment of the appropriate threshold must be performed for each case and may be highly
subjective and arduous in real problems.
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Figure 6.11. ML estimates of éGPD from POT method (A) and plots for selecting threshold
V.o (B, Cand D) for wind speed (top) and wind speed squared (bottom) for weather station
TOR. 90 % confidence intervals drawn with light grey lines for illustrating the statistical
uncertainty, dotted lines were drawn manually for representing identified trends.

The plots in Figure 6.11 present trends that further support the selection of the Gumbel for
representing the extremes of a Weibull parent. In details, the signs of dy/dv, are equal to fGPD
as expected when the parent is Weibull as demonstrated in [126]; dy/dv, for V, decreases to
zero with increasing v, , and it is (near-)constant for ¥,>. This is in accordance with the relations
derived in [117] based on the assumption of Weibull parent, and the EGPD is negative for ¥,
(around - 0.1) and close to zero for V;? reflecting the behaviour shown in [117]. In conclusion,
all results from exceedance analyses were consistent with the assumption of Weibull parent and
indicated Gumbel for representing maxima, as concluded from the analysis of yearly extremes.

An alternative approach for identifying the distribution #ype uses the tail heaviness index
that is proportional to the negative of the curvature of the minus log-exceedance plot [118, 127].
In the authors’ view, the method is a useful decision-making tool for selecting the distribution
representing maxima when lacking information on the underlying phenomenon and theoretical
background supporting one or another distribution type. Consequently, application of this
method was not documented in this article since the knowledge on the underlying phenomenon
originating wind extremes allowed proofing theoretically that the Gumbel distribution is best
for representing maxima.

6.4 Inclusion of wind climate spatial variation in code
calibration

The first part of the article shows that the partial safety factor depends on the COV (see
Eq. (6.1)) and that the COV wvaries in space. At the same time, semi-probabilistic codes
typically include only one partial safety factor for the wind actions over the entire territory.
Therefore, this Section proposes a framework for calibrating the wind partial safety factor and
suggests a method for accounting the space-variation of the climatic actions.
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6.4.1 Representation of the wind action on structures

Reliability-based calibration of the wind partial safety factor uses reliability analyses where
the wind action is represented probabilistically. The models given in [13], that have been used
in other calibration works [99], were adopted in this work. The model is based on the Alan G.
Davenport wind load chain illustrated in Figure 6.1. The wind action on structure yearly
maxima (W, ) is modelled as 7, =1/2pC, C,C,C,V;2,,. . The air density (o) is considered
deterministic since its scatter is small at large wind speeds [128]. The influence of the terrain
is accounted by the roughness factor C, and by the gust factor C, . The former describes the
variation of the mean velocity pressure with height, the latter is the ratio between the peak
velocity pressure to the mean velocity pressure. The aerodynamic effect is accounted for by the
shape factor C, that is named external pressure coefficient C,, when W, is the external
pressure. Similarly, the internal pressure and friction are obtained with the corresponding
factors C,, and C, . The structural dynamic effect is accounted for by the dynamic factor C, .
The C -factors are affected by aleatory and epistemic uncertainties, the details on the stochastic

models representing them can be found in [13].

6.4.2 Reliability-based calibration of partial safety factors

Following the methodology proposed by the JCSS [7], the partial safety factor (PSF)
calibration is performed using a normalised and generalised limit state function as the one given
in Eq. (6.5). The event of structural failure is characterised by / (x) <0.

Z(x[hragsCdycpeacgscwv}imax) = ZxR V—[é‘g+(1 _5)xgcdcpe Cg Cr v}f,mwc} (65)

In the limit state function, ¢ is a parameter representing different proportions between
permanent action g and wind action w, r is the material property dominating the failure mode,
X, is the resistance model uncertainty, x, the wind-load model uncertainty and : is the design
variable governing the failure mode. This limit state function is generalised, i.e. it represents,
with a satisfactory level of detail, different failure modes. For example, failure of a timber beam
in bending is represented by » being the timber bending strength and x, the model uncertainty
on the bending capacity of timber elements. In addition, the limit state function is normalized,
i.e. the random variables R, G and V2, have unitary mean. This allows for the simultaneous
consideration of materials with different grades, and different load intensities. The
normalisation and scaling of random variables, as for example by the factor 1/2p, are
‘absorbed’ by z and simplify the problem without affecting the calibration outcome as
discussed in the introduction.
The generic structural element is designed with a semi-probabilistic approach. An example
of a design equation corresponding to the limit state equation in Eq. (6.5) is given in Eq. (6.6),
where the Eurocode 0 [18] safety format is used. 7,,,7,7, are the material, permanent action
and variable action partial safety factors, respectively. The subscript “k” indicates the
characteristic value of the random variable.
z =Z(7/M’7/G’7Q) =7;_M[ g, 7 +(1_5)7/Q CakCpe Cg,kcr,kvg,0:| (6.6)
k
In EC1-1-4, for example, the fundamental value of the basic wind velocity v, , or velocity
squared v}, is defined as the 98 % fractile of V, . or V2 . , respectively. v;, is calculated in

b,max b,max >

Eq. (6.7) for the normalised V;’ . (i.e. My =1.00) and a given geographical location (i.e.
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known COV ). The statistical uncertainty is integrated into the distribution and therefore
included in the coefficient of variation hereinafter.

(6a,,COV,. +6In(~In(098))COV,. —m5)
Vie=Vi, (CO V,, ) =— e 7% = (6.7)
e 67

The reliability index S associated with the limit state function in Eq. (6.5) is a function of the
partial safety factors through the design parameter z,i.e. f= ﬂ(z(y)). The calibrated safety
factors are obtained imposing S (z(y)) = [, where S, is the target reliability index. When
several design situations are considered simultaneously, calibration is performed by minimising
the penalty function subject to the partial safety factors. Further details on calibration of design
standards can be found in [5, 7, 11, 25, 45].

6.4.3 Wind action space-variation

Code calibration is generally performed for large interregional areas that correspond to the
validity domain of the code format to be calibrated. In this area, the COV,, is varying as
shown in Section 6.3 and this has to be taken into account in the calibration pfggess. A possible
strategy for providing a unique safety factor could be to choose conservatively a large CO Vlﬁfm
which results in a large 7, . The selection of the largest value over the entire domain covered
by the code at hand includes some obvious difficulties. Alternatively, the variation of the
COV in space is accounted by treating the COV,,,  explicitly as a random variable in the
limit state function. The variation of the COV caf;ﬁxlnclude not only the variation over the
space but also the statistical uncertainty and the uncertainty related to the selection of the
appropriate censoring threshold. The new limit state function is given in Eq. (6.8) was obtained
by including Eq. (6.7) in Eq. (6.6) and by expressing the random variable V7., in Eq. (6.5) as
a function of a normal standard variable U and the distribution parameters a and b .

l(xR,r,g,cd,cpe,cg,c,,,xa,u) =zx, r—[é‘g+(1—§)x CiCpe Cy €, [xﬂ—blﬁ(—ln(@(u)))ﬂ
(6.8)

The parameters ¢ and b for the normalised V2, are a function of the random variable

max

COV,. :b=COV,, \6/x and a=1-a,,COV,, 6 /7[ Itis highlighted that the COV,,.
enters the limit state)?ﬁnctlon through both the de51gn parameter and the wind action term. The
v, (or v;,) value for a specific location is, indeed, obtained from Eq. (6.7) with the COV/,
characterising the maxima in that location. ™

The random variable X, in Eq. (6.8) represents the uncertainty on the location of the
distribution function £, _or, equivalently, the uncertainty on the fundamental value of the
basic wind velocity squared v; o provided in wind maps and tables. Therefore, X, depends on
the model used by the code committees for deriving the v, , or v;, values over the territory.
Statistical analyses of wind speed in several locations across the territory, or surrogate models
(as in [129]) might be used to make the wind maps or the tables with v, , or v} values.

6.4.4 Calibration example

A calibration example is reported in this Section for illustrating the application of the
findings. The calibration was performed considering the design equation in Eq. (6.6) and the
limit state function in Eq. (6.8). The probabilistic models and the PSFs are summarized in Table
6.3 at the end of this Chapter. All variables were assumed uncorrelated. Only structures loaded
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by permanent load and external wind pressure without dynamic effects were considered, since
they represent the most common design situations.

The partial safety factor covering wind actions for the Norwegian territory was calibrated.
Therefore, the uncertainties X, affecting the v}, values corresponding to the v, , values given
in the Norwegian National Annex to EC1-1-4 were estimated. The v,, values for the
Norwegian territory were derived in [129] based on hindcast data collected at defined grid
points over the North Sea, Norwegian Sea and Barents Sea for the period 1955-1997. In detail,
sea surface pressure data were used to produce geostrophic wind data, and from the data the 10-
minutes mean wind velocity averaged over area units of 75x 75 km? was determined four times
a day (at 00, 6, 12 and 18 UTC). Successively, transformation parameters calibrated against
real wind records were used to transform the data to point-in-time and point-in-space values for
the standard terrain roughness (z =0.05m). The Gumbel-Lieblein method was used to fit a
Gumbel distribution to the generated wind speed squared data [117, 130] and deriving the v},
values.

The uncertainty on the distribution location, X, is represented by a Lognormal
distribution with parameters estimated with Maximum Likelihood method from the realisations
x,; computed according to Eq. (6.9), where (Vh O)M and (Vb O)HC are the characteristic values
(98 % fractiles) obtained from in-land measured and hindcast- generated time series,
respectively. The values in 21 locations on the Norwegian coast given in [129] were used for
estimating the distribution parameters. The statistical uncertainty was integrated by Eq. (6.2),
and the integral was approximated by Monte Carlo simulations. The parameters of the
lognormal distribution approximating the predictive distribution were found to be x, =0.96
and COV, =0.14. ‘

(VZ’O )M i

=M (6.9)

Xai (vz)
5.0 e i

The calibrated y,, was obtained solving the minimization problem in Eq. (6.10), where: £,
and wy , are the reliability index and the weight associated with a certain J,; w,, ; is the weight
associated with the j” material, and g, is the target reliability. A target rehablhty B =41
was chosen as given in [18] and in [10]. Three material properties were considered
simultaneously: the structural steel yielding strength (w,,, =0.4), the reinforced concrete
compression strength (w,, , =0.4) and the glulam timber bending strength (w, ; =0.2). These
three construction materials are the most used in Europe. The associated weights were estimated
subjectively. Ten values of & equally spaced between 0 and 1 and equally weighted represented
a broad range of design situations, from light structures (6 =0) to gravity-based structures
(0 =1). The material and permanent load PSFs were fixed, see Table 6.3.

argymin{iww [iw&i (ﬂl (Z(7M TorYo )) -8 )2 } (6.10)

The solution of the minimization problem gave y,, values varying from 1.57 to 1.80 in the
relevant range of COV,, values, say [0 15,0. 5], see Figure 6.12. The selection of the
COV was therefore crﬁ?nal for the accurate calibration.

The limit state function in Eq. (6.8) with unknown COV, - represented by a normal
distribution  with Heor, =0.25 and  COV,,, =02 gave 7o =1.60. This value

corresponds, with good approx1mat10n to the PSF calibrated with known coefficient of
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variation equal to the mean (COV,, =0.25). In fact, the COV omission sensitivity factor
[131] was found to be very close to 1, and the FORM sensmwty ‘factor was approximatively
equal to zero. Hence, the COV design point was close to its mean value. Therefore, the
random variable could be substltuted by its mean value in the limit state function. This made
the distribution representing COV,,  of little interest, and avoided the selection of a
distribution type that is a non-trivial task since there is no theoretical evidence supporting one
or another distribution. In addition, the use of the COV,, mean value reduced the possible
values of the calibrated 7, to the range [1.57,1.65] (correspondlng to0 Loy, €[0.2,03] ). A
conservative selection of Heor, =0.3 led to y,=1.65 that could be cofiSidered an upper

bmax

limit. The reliability indices befSfe and after calibration are illustrated in Figure 6.13.

Known COVV7
bomax
_ CUVVz ~ Normal (COV(,‘OV = 0.2)
bmax Vo
_____ COVV; ~ Lognormal (COVCOVVJ =02)
max T
COVVJ ~ Lognormal (COVC()V . 0.4)
bomax V.

0.15 0.2 0.25 0.3 0.35 04 0.45 0.5

Figure 6.12. Calibrated partial safety factor for wind action from the accurate calibration
with Eq. (6.10) and the limit state function in Eq. (6.8).
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Figure 6.13. Reliability indices associated with y, =1.50 (grey lines) and y, =1.60 (black
lines).

6.5 Discussion

The accuracy and goodness of the distribution representing the wind climate were not
assessed in the classical absolute sense. However, the criteria related to the accuracy and
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goodness were defined in Section 6.3.1, and a model that satisfies all these points was
considered accurate, good in a Bayesian sense, i.c. as a basis for engineering decision making.

The calibration method and the probabilistic modelling approach proposed in the paper are
able to account for the following epistemic uncertainties.

e The uncertainties on the choice of distribution type. These uncertainties are reduced by a
careful and profound assessment of the phenomenon originating the wind and the
underlying statistics. Different analyses techniques, based on various basic assumption,
provide the same result.

e The uncertainties on the distribution parameters due to the limited number of measurements
and the poor quality of measurements. These uncertainties are integrated into the
distribution function.

e The uncertainty affecting the characteristic values of the wind maps for Norway due to
their estimation with numerical model used. This uncertainty is represented by a stochastic
variable that is included in the calibration of the safety factors.

The values of the partial safety factor proposed in the calculation example are sensitive to
the chosen probabilistic models and are relative to the assumptions made. In particular, y,, is
highly sensitive to both the resistance and the wind model biases (e.g.
My, > Mo e M, He, My, » My, ). For example, the Eurocode 1 model includes hidden safety as
reported in [99]. The inclusion of the model bias is crucial for an accurate calibration. Therefore,
further research and investigations are needed for modelling probabilistically the influence of
terrain, the aerodynamic effects and the dynamic effects links of the Davenport chain in order
to calibrate y, more accurately. In addition, the calibration of 7, was performed keeping the
material and self-weight partial safety factors constant. More homogeneous reliability and a
different value for y, would be obtained optimising all the three partial safety factors
simultaneously. Nevertheless, the scope of the example was to illustrate the proposed method,
rather than proposing final values of y,,.

6.6 Conclusions

The analyses of the wind data with different statistical techniques indicated the use of
Gumbel distribution for representing the 10-minutes mean wind speed squared yearly maxima
Ve in reliability analyses for calibration of design codes. All techniques indicated that this
distribution is accurate in the upper tail, consistent with the underlying statistic and minimising
the asymptotic errors. No theoretical evidence was found supporting the use of the three-
parameters Lognormal distributions. The variations of the distribution coefficient of variation
COV in space and for different censoring thresholds were found to be of the same order of
magnitude. Values between 0.20 and 0.35 were observed for the COV of V2 . in the analyses.
The location or magnitude of the distribution is given in design standards through tables or wind
maps. The uncertainty affecting the values provided in the Norwegian National Annex to the
Eurocode 1 was estimated. A method for accounting both this uncertainty and the space-
variation of the distribution coefficient of variation in the calibration of partial safety factors
was proposed. The method can be used for solving similar problems in code calibration such as
the space-variation of the snow load characteristics.

In a calibration exercise, it was found that the space-variation can be accounted with good
approximation by using the mean value of the coefficient of variation in the reliability analyses.

The use of the average parameter avoided the need of modelling the parameters variation in
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space probabilistically. The calibrated partial safety factor for wind actions was found to be
around 1.60. The high sensitivity of the calibrated safety factor to the biases affecting the load
and resistance models implemented in the codes was discussed, and the need for detailed
probabilistic modelling of these uncertainties was highlighted. Although the present work
focused on the European standards (Eurocodes), the analyses techniques, modelling principles
and the proposed calibration method have general validity.

6.7 Appendix I to Chapter 6 - Equations and formulas

Generalised Extreme Value (GEV) distribution (support xe [a -b/ §GEV) for &, >0
(Fréchet); x e(—oo, +oo) for &, =0 (Gumbel) and x e(—oo,a—b/écE,,] for &, <0
(Reversed Weibull or Weibull maxima)):

{ |: xX—a 71/‘5(;/-:1/'

expy—| 1+ &g ( j:| Sour 20
b

€xXp {_ €xp |: } Sopr =0

Likelihood for rounded values X corresponding to the (unknown) measured value
% e(x; %] with: X7 =%, —-A, & =% ,+A and A being half the rounding interval.

=li[L(e|fcm.) (6.12)
i=1

Fy ('x|§GEV’a’b):

6.11)

e(%:x,))+[ F(%10)-F(x,10)]-Pr(% (x. %)) elsewhere
(6.13)

where x, is the censoring threshold, X, is the sample of rounded values, 0 is the vector of
parameters and Pr(A) is the probability of the event 4.

Weibull distribution (support x>0):

bn
Fy(x|a,.b,)= l—eXp{—[i] ] (6.14)
aw

Generalised Pareto distribution (GPD) (support x>0 for &, 20, x<-g/&,, for
Sopp <0):

y( GPD
1 ( é:GPD'x\J . #* 0
Fy (x| &4pp-0) = e (6.15)
X
1-exp [_Tj Sorp =0
o
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6.8 Appendix II to Chapter 6 - Stochastic models used in
the example calibration

Table 6.3. Stochastic models representing the basic random variables (from [13] unless
otherwise stated) and partial safety factors (“ [56] °[132], ¢[35], ¢[133], ¢[87],7[134], ¢[99],
hrist o7y, *range of possible values given in [13]).

Partial
. Distribution Characteristic
Description Mean | COV } safety
type fractile
factor (})
Structural steel
element in Lognormal 1.15 5% / /
compression ?
% Model Reinforced concrete
K uncertainty | element in Lognormal 1.20 15% / /
compression ?
Glulam timber
. . Lognormal 1.00 15% / /
element in bending
Struct. Steel yielding
Lognormal 1.00 | 7% 5% 1.00®
strength
Material Concrete
R . Lognormal 1.00 15%:¢ 5% 1.50 4
property compression strength
Glulam timber
. Lognormal 1.00 15 % 5% 1.25¢
bending strength
15 %
C, Roughness factor Lognormal 0.80 Fe ( He ) /
(10 to 20%)* N
15 %
C, Gust factor Lognormal 1.00 F. ( He ) /
(10 to 15%)*
. X 25%¢ .
C, External pressure coefficient Gumbel 1.00 80 %' /
(10-30%)*
G Permanent action Normal 1.00 10 % 50 % 1.35"
. To be
V2 e Mean wind speed (1yr max) Gumbel 1.00 coy,, 98 % .
o bomax calibrated
X, FV;:’,,W location uncertainty Lognormal 0.96 0.14 F (1) /
coy,, V2 . coefficient of variation Normal 0.25 0.20 / /
X, Wind load model uncertainty * Normal 0.80 0.20 Fy (1) /
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7.1 Abstract

Submerged floating tunnels (SFTs), also known as Archimedes’ bridges, allow crossing
waterways where common bridges, underground tunnels or immersed tunnels are not feasible.
In spite of this, no SFTs have been built yet in the world except for a prototype in China. The
reasons are numerous and widely discussed in literature. The lack of past experience and ad hoc
design codes or guidelines represents a great challenge in design. In fact, the direct use of target
reliabilities and design codes, which are specifically developed for common structures and
adapted through the years based on the gained experience, is questionable. This is because STFs
might be characterised by different failure consequences and marginal safety costs. Optimal
target reliabilities can be estimated through a full-risk assessment following the ISO standard
2394:2015 guidelines. Successively simpler design approaches and assessment of decisions
such as reliability-based and semi-probabilistic design can be calibrated.

Keywords: risk, design codes, calibration, submerged floating tunnels.
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7.2 Introduction

Submerged floating tunnels (SFTs) for crossing waterways have the potential to be a great
technological solution allowing to cross water depths and spans which, nowadays, are
impossible to cross with common bridge solutions. Although the first detailed studies on SFTs
date back to the late Sixties no SFT have been built yet in the world except for a prototype for
pedestrians in the Qiandao Lake (People’s Republic of China). This is certainly due to several
reasons; among them the lack of experience for this specific type of structures is probably the
most important. In fact, the experience gained from other structures can be only partly used
since the SFTs differ from common structures since in general they have:

o  different relevant limit states. Water tightness and failure against submarine or boat impacts
are two examples of relevant limit states that are rarely relevant in common structures.

e Different magnitude of the consequences associated to failure of a relevant limit states and
different marginal safety costs, i.e. the costs for increasing the structural safety. Crack
opening might for example lead to flooding of the SFT additionally to re-bars corrosion as
in common structures. As it will be clear later, different consequence and safety costs affect
the optimal safety level, which is defined as the safety level that minimizes the total
expected costs. Moreover, different marginal safety costs result in different levels of
acceptable safety.

e Different accuracy of the models predicting the structural response, which are associated
with large epistemic uncertainty that, on its turn, is a consequence of the lack of past
experience since only one pedestrian SFT has been built so far. This limits the back-
assessment of the models and requires to glean information from laboratory test on down-
scaled prototypes and/or to apply the know-how gained in similar, but not equal, structures.

e Different load scenarios such as the simultaneous action of traffic, currents, tide etc. leading
to load combinations which rarely occur in other structures.

The use of semi-probabilistic codes such as the Eurocodes [18] greatly facilitates the
engineering design work and standardize the structural safety level has shown during the past
decades. Nevertheless, their use in designing non-common structures, i.e. structures they were
not calibrated for, such as SFTs, might result into levels of safety that are in general non-optimal
(i.e. uneconomic design) and, in the worst case, non-acceptable in terms of fatality risk. As
discussed later, this can be avoided by using more general decision assessment approaches
either directly in design or indirectly for specifically re-calibrating the existing codes for a
certain type of structure.

The article summarizes first the link between the different design approaches and how
higher level approaches can be used for calibrating lower levels. It then presents a tentative and
qualitative estimation of the consequences and safety costs associated to the relevant limit states
of a selected SFT concept. Further, the reliability of the design performed with existing codes
is assessed and discussed.

It is worth mentioning that the article aims to open a discussion on the treated topics rather
than providing final results.

Nomenclature
d Reinforcement distance from outer fibre
fc,, Concrete tension resistance
r Inner diameter
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Reinforcement steel area

Buoyancy

Current

Steel and concrete Young’s modulus

Permanent self-weight (G, = Z; G,)

Weight of main structure

Weight of internal structural elements

Weight of permanent ballast

Weight of asphalt

Weight of equipment

Additional weight due to environment (G, = Z; G,,;)
Marine growth

Water absorption main structure

Water absorption in ballast

Bending moment (@ y-axis induced by action []
Pre-stressing bending moment

Axial force induced by action []

Pre-stressing axial force

Outer diameter

Traffic

Waves

Uncertainty on the model representing action [+
Model uncertainty for the structural response under environmental and traffic loads
Model uncertainty for the structural response under static loads
Model uncertainty for the resistance

Partial safety factor (psf) covering uncertainty in the resistance model
Psf for the material property []

Psf for the prestressing action

Psf covering uncertainties in the effect of actions

Psf for the action []

Maximum stress

Load reduction factor

Pre-stressing losses

Design approaches and code calibration

Structural design and assessment of decisions can be performed with three main approaches
as included in the ISO 2394:2015 [10]. Each of them is supported by a specific type of standard
and is subjected to limitations, see Figure 7.1.
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Limitations Norms

Consequence of failure are well Probabilistic codes (e.g. JCSS
understood and classified PMC)

Semi-probabilistic

Safety format prescribing the design Consequence of failure, failure Semi-probabilistic codes (e.g.
equations and/or analysis for modes and uncertainties are Eurocodes)

assessing decisions categorized and standardized

Figure 7.1. Design and assessment approaches with limitations and regulating norms
according to 1SO 2394:2015 [10].

7.3.1 Risk-based approach

The most general and widely applicable design approach is the identification of the optimal
design alternative based on a full-risk analysis. Risk is defined as consequence associated to an
event times the probability of occurrence of the event. The designer can find the optimal
solution by playing on both the probability of occurrence of the event (e.g. failure probability)
and the consequences given occurrence. The acceptability of optimum ( p, > p* ) has to be
assessed when life- and environmental-safety are relevant. Optimal decision can be adopted
only when the corresponding safety level is above the minimum acceptable. An illustrative
example of full-risk analysis is represented in Figure 7.2 where the risk is evaluated in monetary
terms. The optimal decision ( p*) is associated with minimum-risk or, equivalently, minimum
expected costs. Suboptimal structures ( p # p*) are associated with higher expected costs either
due to large construction costs ( p > p*) or large expected failure costs due to large probability
of failure (p < p*).

Costs

Poce P* Decision parameter ()

Figure 7.2. Total expected costs (thick black line) obtained adding the safety costs to the
marginal failure costs calculated as probability of failure times the consequence of failure,

from [10].
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7.3.2 Reliability-based approach

Reliability-based design and assessment of decision are a simplification of the risk-based
approach to be used when the consequence of failure and damage are well understood and in
ordinary ranges. In detail, experts or standardization bodies individuate optimal reliabilities
through a risk-based analysis for groups of similar structures in terms of construction, safety
and failure costs, see Table 7.1. Structures are then designed so to fulfil the reliability
requirement specified for the class they belong to. It is worth highlighting that no distinction
between different magnitudes of reparation costs is made in Table 7.1. Reparation costs might
be significant in a SFT and their inclusion in a risk-based analysis might result in different target
reliabilities. As clearly stated in [10], structures characterised by very large consequence or
structures whose failure and failure mechanisms are unknown or different than those considered
for providing target values need to be designed following a risk-based approach.

Table 7.1. Tentative yearly target reliability indices and associated failure probabilities given

by Joint Committee of Structural Safety [13].

Ultimate limit states Irreversible

Minor failure Moderate failure Large failure serviceability limit

consequences consequences consequences states
Relative Large 3.1 (P =107) 33(F =5-10%) 3.7(P,=10%) L3 (P, =10")
cost of

Normal | 3.7(FP,, =10™*) 42(P,,=107) 44(P,,=5-10°) L7(P, y=5-107)

safety = : : :
measures Small 42 (P, =107) 44 (P, ~5:10°) 4.7 (P, =10°) 23(P,,=102)

7.3.3 Semi-probabilistic approach

This approach consists in the design and assessment of decisions by means of semi-
probabilistic design codes. It is a simplification of the reliability-based approach developed for
categorized and standardized consequences, failure modes and uncertainty representation. As a
consequence, semi-probabilistic codes are only to be used in the domain they were developed
for.

Semi-probabilistic codes contain reliability elements such as the partial safety factors
which control the reliability of the structures. These reliability elements are calibrated by code
committee and/or experts and are valid only for the domain of applicability of the code. Code
calibration is “[...] the process of assigning values to the parameters in a design code. [...] with
a view to achieve a desired level of reliability in error-free structures” [4]. In a broader sense,
code calibration is the selection of the safety format of the design equation, the characteristic
values, partial safety and load combination factors, load combination rules and all other
reliability elements “such that the level of reliability of all structures designed according to the
design codes is homogeneous and independent of the choice of material and the prevailing
loading, operational and environmental conditions. [...] including the choice of the desired
level of reliability or “target reliability” [5]. Calibration of a code is performed with higher
level approaches such as reliability or risk-based approaches. Risk-based calibration consists in
selecting the values of the reliability elements such that the corresponding design is associated
with minimum risk. All consequences and hazards are explicitly considered in the calibration.
Reliability-based calibration might be performed when the consequence of failure and damage
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are well understood and in ordinary ranges. For each limit state or type of structure the reliability
elements are calibrated with a target reliability corresponding to the appropriate class.

7.4 Case study: SFT with reinforced concrete structure

The concepts discussed above are applied to a SFT made of a reinforced concrete tube
which is anchored to the seabed with tethers in tension, i.e. similar principle as e.g. for offshore
tension leg platforms.

7.4.1 Relevant limit states

The relevant limit states are analysed in terms of consequences associated to failure,
reparation costs after failure and cost of safety measure, i.e. the cost for increasing safety by
varying the design parameter (or decision parameter). A summary of the analysis is reported in
Table 7.2. The cost estimation has been performed with pure engineering judgment due to lack
of detailed information. Higher levels of detail can be reached with a more detailed study and
further research. The limits states reported in the table clearly show large differences of costs
that result in different optimal safety levels.
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Table 7.2. Relevant limit states for a SFT with qualitative estimation of costs of safety
measures, failure and reparation.

Limit state / Definition
of failure event

Decision parameter /

Cost of safety

measure

Failure consequences /
Associated costs

Reparation action / Associated
costs

Concrete tube water
tightness (reversible) /
Tension stresses larger
than tension strength

Pre-stressing steel
and pre-stressing
forces / Low-
medium

Minimum amount of water
entering during a structural
oscillation / Very low

No reparation required

Concrete tube water
tightness (permanent) /
Tension stresses in re-
bars above yielding
strength

Re-bars dimension
and location / Low-
medium

Depending on crack opening,
pumping system capacity etc. /
From low to high

Filling of permanent cracks /
Medium-high

Slack of tethers /
Tether(s) with no
tension stresses

Permanent ballast /
Low

Tether yielding

Tethers cross
section, steel quality
/ Low-medium

Loss of one tether or a
tether group / Rupture of
tethers of joints tether-
SFT

Tether-to-SFT joint
strength / Low-
medium

Foundation failure /
Uplift of foundation

Foundation uplift
capacity / Low

Pontoon freeboard lack /
Lack of freeboard in one
pontoon to absorb
downward forces

Pontoon geometry
and weight / Low

Water ingress in
pontoon / Punching or
permanent cracks in
pontoon

Pontoon wall
reinforcement
location and amount
/ Low-medium

For one tether (pontoon):
overloading of other tethers / Low

For two or more tethers
(pontoons): overload of other
tethers or pontoon, overload of
tube / Medium-high

Tether re-gain tension after one
oscillation / Very low.
Reparation of concrete structure
/ Medium-high

Tether-SFT joint reparation /
Low-medium

Reparation of concrete structure
/ Medium-high

Tether-SFT joint replacement /
Medium-low

Reparation of concrete structure
/ Medium-high

Foundation replacement,
strengthening / Low
Reparation of concrete structure
/ Medium-high

Pontoon replacements,
modification / Low

Reparation of concrete structure
/ Medium-high

Pontoon replacements,
modification / Low-medium
Reparation of concrete structure
/ Costs depends on degree of
damage

7.4.2 Detailed reliability analysis and partial safety factor calibration for
the reversible water tightness limit state

The reversible concrete tube water tightness limit state is studied more in detail. The
reliability of the design performed with the partial safety factor taken from the Eurocodes is

assessed.

The limit state equation is reported in Eq. (7.1) where tension stresses are considered
positive, for symbols and probabilistic models see Table 7.3. The SFT cross section is
represented as a circular tube with inner diameter r, outer diameter R and symmetrical
reinforcement placed on the vertical axis at a distance d from the outer fibers, see Figure 7.3.
Temperature variation, creep and shrinkage in concrete and water level variation are neglected
in order to simplify the case study. Furthermore, the formation of through-thickness cracks and
the time needed for water to penetrate is not considered. Instead, failure is considered when the
inequality in Eq. (7.1) is satisfied in any point of the cross-section.
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()=S0 = O =

B N, (1—AP)+XEJ,NE’V MP(I—AP)-FXE’VME%V + XMy, 6 rl<o (7.1)
- RJer A + 1 <

0 0,y

In Eq. (7.1) 0, is the maximum stress in the cross-section,
A, =7n(R*—r?)+(E,/E,)24, and I, =z(R* —r4)%+(ES/EC)2A: (R-d)’ are the
homogenized cross-sectional area and the moment of inertia; N, = X .N.+X, N, is the
time-variant axial force induced by current and waves; M, ,, = X ;M + X, M, is the time-
variant bending moment induced by traffic and wavesand M, , ; =X M, +X; M + X M,
is the bending moment induced by permanent actions.

Figure 7.3. SFT cross-section (grey: concrete, black: reinforcement), not in scale.

The model uncertainties are expected to be low/medium for models where there is
experience, e.g. resistance models ( X ) and structural response to static loads ( X, ; ), while
high model uncertainties might affect the models predicting the structural response under
dynamic loads ( X , ) as discussed previously.

The tube is designed “just safe”, i.e. just satisfying the design equation written in the load
and resistance factor design format reported in Eq. (7.2), where the subscripts k and & indicate
the characteristic and design values, respectively. The decision parameters are the pre-stressing
axial force and bending moment, N, and M, respectively. Due to infinite possible solutions
one of the two decision parameters is arbitrarily fixed. Optimization studies or other limit states
may individuate a unique and optimal couple of values.

;/PNP,k (I_AI)Ic)+NE,d 4 yPMP,k (1_A1)k)+ME,y,d R _L& <
4 I ¢

0,d o,y,d 7/Rd ym,fu

0 (7.2)

The design values of the cross-sectional geometrical properties, axial force and bending
moment are:

e 4,= ”(Rd2 =7’ ) + (J’m,EﬂEs,k /7/,,1,4 E., )2A5,d )

o L= Yr(RA 1) (Vs Bk [V s ) 24,0 (R, =, )

o Npy=Vsu(7,cNew+7,wNysi)»

o My, =V (%/-,rRMm,k +7 My, )+ Vsa.G (7’,/',0, M +7 1.6, Mox +75Mpy ) :

Three design situations are considered: 1) maximum sagging moment at tether-SFT joints,
2) maximum hogging moment in the free-spans and 3) unloaded design situation. The most
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critical among them is seen to be the one with maximum positive moment (sagging) on a
support and minimum axial compression force. This load scenario consists in waves and traffic
actions giving sagging moment, G, giving hogging moment and G, loads (marine growth, water
absorption etc.) absent.

Table 7.3. Probabilistic models representing random variables.

Random variable Distribution Coe.fﬁ.cient of Characteristic fractile
variation
d Lognormal 0.07 Mean
S Lognormal 0.32 0.05
E. Lognormal 0.16 0.05
G, Normal 0.03 0.50
G, Normal 0.03 0.50
G5 Normal 0.03 0.50
G, Normal 0.10 0.50
G s Normal 0.15 0.50
G, Lognormal 0.40 0.98
G,, Lognormal 0.40 0.50
M, Lognormal 0.04 0.50
M, Normal 0.06 0.50
M,, Gumbel 0.40 0.999
No, M. Gumbel 0.30 0.99
N, Normal 0.06 0.50
Ny .M, Gumbel 0.30 0.99
Xeg Lognormal 0.05 /
Xey Lognormal 0.15 /
Xy Lognormal 0.11 /
R,r Normal 0.03 0.50
AP Lognormal 0.30 Mean

The limit state considered here is a Serviceability Limit State (SLS) so all partial safety
factors are taken equal to unity (s, =7, =7, =7z =1.00) as given in the Eurocodes. Load
reduction factors (i) are assumed equal to 0.7 since no values are given in the used code. Three
load combinations are considered, each of them has one time-varying action leading and the
remaining two accompanying, see Table 7.4.
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Table 7.4. Partial safety factors multiplying time varying variables.

C TR w
LCl C leading 7, =1.00 y,w=100-0.7 | y,r=1.00-0.7
LC2 TR leading 7w =1.00-07 | y,=1.00 ¥,w =1.00-0.7
LC3 W leading yw=100-07 | y,w=100-07 | y, =100

The reliability of the just safe design is assessed with FORM performed in Matlab® with
the FERUM package [73]. All random variables are considered uncorrelated. The largest
correlation is expected between the axial force and the bending moment induced by the waves
(W), although the reliability index is seen to be not sensitive to it. Time-variant actions (C,
W, TR) are combined following the Ferry Borges and Castanheta load combination rule. The
loads are modelled with 90, 360, 720 repetitions a year, respectively.

7.4.2.1 Results

The yearly reliability index is found to be around 3.9 for different levels of N, and
associated M ,. The variation of reliability for different geometry, load proportions etc. is
investigated. The reliability index is found, for example, to vary from around 3.6 to 4.2 for
reinforcement ratios (4, /7 (R> —r?)) varying from 1% to 4%, respectively.

Sensitivity factors from the FORM analysis are interesting outputs which allow to quantify
how much a random variable affects the probability of failure. Random variables with
sensitivity factors close to zero can be approximatively treated as deterministic variables
simplifying the reliability calculations. On the contrary, random variables with large sensitivity
factors might be further investigated in order to reduce the epistemic uncertainty affecting them
(if there is any) through more research, measurements and/or using more refined models. The
four highest sensitivity factors are found for the axial force induced by waves ( N, ), the bending
moment induced by buoyancy (M ), the concrete tensile strength ( f,,) and the uncertainties
on the model for calculating the response to dynamic loads ( X, ).

Considering Table 7.1 valid for the SFT at hand we can conclude that the level of safety
associated with the used partial safety factors (characteristic load combination and unitary
material partial safety factors) is much higher than the optimal target that is equal to or lower
than 2.30 for an irreversible SLS. This means that the partial safety factors used lead to an over-
design and that partial safety factor calibration is required. If, contrarily, the validity of Table
7.1 for the studied SFT is in doubt, a full-risk assessment and optimization should be performed
for estimating the optimal target level. In both cases, the calibration of the reliability elements
should be performed considering different scenarios like, for example, different amount of
reinforcement, intensities of loads and so on. In this way the calibrated partial safety factors
will provide a level of safety as homogeneous as possible over the various scenarios.

7.5 Conclusion

Although the here reported results are just as good as the made assumptions, the article
shows that further research is needed in the field. First of all, a detailed full-risk-based analysis
is required for estimating tentative optimal target reliabilities for SFTs. The use of targets
typically used for other types of structures might not be optimal due to different consequences
and safety costs. Optimal target reliabilities might be used for reliability-based design or

146



reliability-based calibration of existing standards in order to use them for design. In fact, as
shown in the case study, the use of partial safety factors (or reliability elements in general)
given in a selected design standard leads to levels of safety that might not be optimal for a SFT.
A calibration exercise, considering different geometries and load scenarios, is needed in order
to provide partial safety factors giving homogeneous levels of safety over different SFTs. In
fact, the reliability level is seen to vary consistently with the cross-section geometry, pre-
stressing force and relative magnitude of the different loads.

The aforementioned assessments rely on a consistent amount of assumptions and subjective
evaluations. This might lead to prefer typical target safety levels rather than undertaking a full-
risk assessment and risk-optimization. Nevertheless, a large number of “hidden” assumptions
are tacitly accepted and validated when typical targets are adopted.
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Appendix A Penalty Functions for
GOM and AM

The penalty functions (PF) proposed and utilised in the literature are summarized and
compared in this Appendix.

A.1 Penalty functions
A.l.1  Penalty functions for the Global Optimisation Method (GOM)

The PFs for the generic j# representative structure are listed below, the superscript number
in brackets is introduced for distinguishing the functions.

e Squared deviations from f,, see e.g. [7, 10]:
M 5)=(5,()-A) (AD

Calibration objective: minimise the dispersion of £ .
Characteristic: symmetric in the /£ -domain.

e Squared deviations from P, [10]:

2 2
M7 (e P, )= (P (r)=F,) (A2)
Calibration objective: minimise the dispersion of P, (since the expected failure
consequences are proportional to P, and not f).

Characteristic: symmetric in the P, -domain, highly non-symmetric in the /3 -domain.

e  Cost optimisation [95]:

MY (r,B.d) :W—l+exp(—W] (d ~0.23) (A3)

Calibration objective: minimise the total expected cost.

Characteristics: the PF is derived modelling total expected costs as
C, (,Bj ) =a (1 +bp; ) +C, ! (—ﬂj) that is approximated as
a (1 +bp, ) +C.cexp (— B; / d ) , where: a,b are constants for modelling the initial costs, and
c,d are constants for approximating the normal inverse cumulative density function. For
differences S, (r)— 3, close to zero, M®) can be approximated by c- (ﬂj (r)-8, )b where
¢ and b are constants. The latter controls the skewness of the closeness function. For c¢=1
and b=2 M0 is obtained [25].

e  Generalised M© [25]:
M (v, =k(f,(r)= 5 ) -1 +exp(-k(5,()-4))  (k>0) (A4

Calibration objective: control the asymmetry of the PF.
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Characteristics: the PF is a generalization of M) that allows to control the asymmetry or
skewness through the parameter k (the skewness increases with k ). M ) ( ﬂ,,k—l) is
approximatively equal to M () wh1leM ( B.k=1/d ) is exactly equal to M0

Unique calibration solution [36]:
M(S)(’Y’ t’g):(ﬂ]_('y)—ﬂ’)z+gZ(;/[—}/;[)2 (A.5)

Calibration objective: account for the non-uniqueness problem into account and therefore
providing a unique set of calibrated PSFs (In most calibration problems the solution is not
unique since, in the LRFD, the material PSFs multiply the load PSFs leading to infinite
sets of optimal PSFs).

Characteristics: The penalty functions force the PSF y, to be close to y}; that is the i" PSF
estimated considering design situation j in isolation, & weights the relative importance of
the two terms and values of magnitude 1 are proposed. The summation in Eq. (A.5) is
extended over all partial safety factors to be calibrated.

Minimize dispersion [35]:

Calibration objectives: i) maintain the mean reliability equal to the previous version of the
code and ii) minimise the scatter of reliability index. Since no PFs were explicitly reported
in [35], the author proposes the following penalty function for reaching this objective:

M©) (r(new)’r(ﬂld)’é’) _ (#B (r(new) ) — 1, (x ( (old) )) g"( ( Fnew) ))2 (A.6)

where , ( Zm B;(r)/m and o (r \/Zm ,) /(m 1) are the mean
and standard devratlon of the reliability indices ass001ated to the different representative

structures, respectively; the superscripts indicate the old and new code; and ¢ controls the
relative importance between minimizing the scatter and obtaining the same mean value.
Characteristics: an appropriate value of ¢ is essential for reaching both the objectives. In
fact, the absolute minimum scatter might be found for 4, (r(”‘“")) # Uy (r("/d)). According
with the author’s experience the value of ¢ depends on the case at hand.

Squared deviations from logm( ) [34]:
M (r, P, ,) {logw (P“ (r)) —log,, (P,t )}2 (A7)

Calibration objective: minimise the deviations of log,, ( ) the use of logarithm is
proposed since log,, ( ) has a more linear relationship with the initial cost of the structure
compared with P, .

Characterlstrcs in the referenced article, P, is obtained from the existing version of code

ZWPOId) with Zw =1.

Maximum absolute scatter [25]

O (x.3) =max|3 -, (r)| (A.8)

Calibration objective: minimizing the maximum absolute deviation from S, .
Characteristics: the PF neither limit nor minimise the reliability index scatter.

Squared deviations from target design [135]:
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MO (r,z)=(p,(r)-p,,) (A.9)

Calibration objective: minimizing the deviation from the design p, giving S, =4, .

A.1.2 Penalty functions for calibration with a AM

e PF M" adapted for AM [11]:
' (ala—1 ' (ala—1
M\ (b0, ﬂw_):[—ﬂ ’-’(0; )—1+exp[—ﬂ A )H (A.10)

Calibration objective: see M @
Characteristics: see M.

e PF M® adapted for AM [2].

MO (@B, k)= kB, (a7a—1)-1+exp(—kB, (aza-1))]  (k>0)  (A1D)

Calibration objective: see M “,
Characteristics: see MY

e  Vrouwenvelder and Siemes [23]:

n| mt rx, . — +o. O x X
Ml('n) (r’Xk:ﬂtauX ,O'X,(l) = {zaﬁ { S /uXi ﬂﬂ - }} — (AIZ)
i=1

J=1 O-X, O-X,

Where: x, is the vector of characteristic or nominal values, p,,6, are the vectors of mean
values and standard deviation values, and a is the vector of FORM sensitivity factors
(a >0 for resistance variables, x, = yx, for all variables).

Calibration objective: minimise the squared differences between FORM design point
coordinates and design value obtained as characteristic value multiplied by PSF y,x, , .

e PF M0 adapted for AM:

2
M (@,8)=[ B (aia-1)] (A.13)
Calibration objective: see M ,
Characteristics: see M.

A.2 Comparison of calibration methods and penalty
functions

The AM and GOM applied with the different penalty functions are compared in an
illustrative calibration exercise. The standardized limit state function in Eq. (A.14) and the
related design equations in Eq. (A.15) based on the Eurocode semi-probabilistic safety format
are considered. The random variables are summarized in Table A.1 together with the partial
safety factors of the existing code.

g(X,p):pG)iRi—é'G—(l—é')Q (A.14)
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p=" 76, +7,(1-0)g,] (A15)
ki
In total 33 representative and equally weighted design situations are considered by varying
5=[0,0.1,...1] for three different materials. The FORM was used for calculating the reliability
index by using the FERUM scripts [73] in Matlab [96]. The average reliability index with the
PSFs given in Table A.1 was found to be z (r("l")) ~4.42 and the standard deviation
oy (r("l‘*’)) ~0.48. All reliability indices refer to 1 year period.

Table A.1. Basic random variables, characteristic fractiles and initial partial safety factors.

Distr. Iy cov, Fy(x,) ()

R, - steel yielding strength Logn. 7% 0.05 7 = 1.10
R, - concrete compression strength Logn. 15% 0.05 Va2 = 1.50
R, - timber bending strength Logn. 20 % 0.05 Vs = 1.30
©, - model unc. for steel elements Logn. 5% Fy, ( Ho, ) /

©, - model unc. for concrete elements Logn. 10 10 % F, ( Ho, ) /

©, - model unc. for timber elements Logn. 10 % Fy, ( Ho, ) /

G - self-weight Norm. 10 % 0.50 7e =135
O - variable load yearly maxima Gumb. 40 % 0.98 7o =150

The following reliability elements are calibrated r=[ 7,,. 7,2 Vi3 7670 |» B, =44 was
arbitrarily selected. The optimal vectors of PSFs are reported in Table A.3 and the results are
compared in Figure A.1. Since the problem presents o' solutions, the condition y, =1.35 was
imposed. The calibrated partial safety factors using different measures of closeness were similar
except for penalty functions with large skewness (M and M with large k) that were
leading to reliabilities close to or larger than the target beta. Larger differences on the calibrated
partial safety factors are expected when the reliability index standard deviation over the
considered design situations increases.

For the AM method, the @, were calculated choosing the design parameter p giving
S = .. The elements of the @ -vector corresponding to the model uncertainty were fixed since
the design values of the model uncertainty were set equal the mean. Moreover, the element of
the @ -vector corresponding to the self-weight is fixed since y,; is arbitrarily fixed to 1.35 for
comparing the different methods.

The @ -vector at optimum utilizing the closeness function A% is reported in Table A.2
and is compared with the a; vectors in Figure A.2. The corresponding PSFs are
r= [1.08 1.23 1.29 135 1.65]. The a-vector obtained with S =4.0 (see Table A.2)
results in partial safety factors for a target reliability of 4.4 equal to
r =[1.05 1.19 1.25 1.39 1.70] that are similar to the ones calibrated before. This shows
that the S, used for determining @ -vector is of little importance. Thus, this calibration method
very practical. The method proposed by Eurocode 0 [18] for calibrating partial safety factors
based of test results is based on this method and makes use of fixed sensitivity factors which
are independent of the target reliability.
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Table A.2. Components of the &.-vector (* 1/ 3, ®!
$1/8 @ (FXG (gd)) with g, =7,-g, =1.35- g, ; "a-vector derived with 8, =4.0 ).

(F@) (ed,i)) with 6, =6, ;- Ve, = He, 1.0,

ay, G, * @t G
-0.643 -0.006
Steel
-0.536% - 0.006%
-0.688 -0.011 +0.800 +0.783
Concrete
- 0.635% -0.013* +0.875* +0.804%
. -0.669 -0.011
Timber
- 0.629% -0.013*
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Figure A.1. Mean reliability index (top) representing the “conservativeness” of the penalty
function and reliability index standard deviation (bottom) representing the “homogeneity”
of the resulting reliability index.
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Table A.3. Calibrated partial safety factors for different penalty functions with fixed y, =1.35
(*y; not fixed to 1.35; §Pf’I = Z/W,P(Old) =2.2-10"; *a calculated with 3, =4.0).

J S
MO Vo Tz s 7 7o s oy
1 1.08 1.24 1.31 1.35 1.66 4.38 0.32
2 1.41 1.44 1.51 1.35 1.46 4.84 0.61
3 1.18 1.32 1.41 1.35 1.60 4.59 0.37
4(k =1 1.11 1.26 1.33 1.35 1.64 4.43 0.33
4(k =5) 1.20 133 1.42 1.35 1.59 4.62 0.38
4 (k =50) 1.35 1.40 1.53 1.35 1.53 4.88 0.53
GOM | 5(s=1) 1.14 1.31 1.39 1.24% 1.55 4.28 0.32
6({=0.1) 1.09 1.25 1.32 1.35 1.67 4.42 0.32
6({=1) 1.09 1.25 1.31 1.35 1.67 4.39 0.32
6 (¢ =10) 1.06 1.21 1.26 1.35 1.61 4.22 0.31
78 1.03 1.16 1.21 1.59 1.57 4.04 0.30
8 1.06 1.27 1.36 1.11 1.65 4.41 0.34
9 1.10 1.16 1.20 1.35 1.82 4.42 0.38
10 (d=10.23) 1.18 1.30 1.39 1.35 1.59 4.55 0.37
k=1 1.11 1.25 1.32 1.35 1.63 4.40 0.33
11 (k =5) 1.20 1.31 1.40 1.35 1.58 4.57 0.38
AM 11 (k =50) 1.21 1.38 1.50 1.35 1.70 4.86 0.37
12 1.11 1.44 1.74 1.35 1.17 4.22 0.64
13 1.08 1.23 1.29 1.35 1.65 4.35 0.32
13% 1.08 1.19 1.25 1.39 1.70 4.29 0.32
Steel Concrete Timber
0.4 0.4 0.4
0.2 0.2 0.2
0 0 0
.n.z“w -0.24 -0.24
=04 L 04 Wk -0.4 %
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Figure A.2. FORM sensitivity factors and a.-vector for the three materials and the different
representative structures.
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Appendix B  Reliability-Based
Calibration of Partial Safety Factors
in the Eurocodes

Authors: M. Baravalle?, J. Kohler*, J. D. Serensen °

@ Department of Structural Engineering, Norwegian University of Science and Technology,
Trondheim

® Department of Civil Engineering, Aalborg University, Aalborg

This Appendix presents the preliminary calibration of the Partial Safety Factors (PSFs) in
the Eurocodes performed in the CEN/TC250 Subcommittee 10 Working Group 1
(CEN/TC250-SC10-WGl1). The calibration aims to reduce the variability of reliability among
different example structures maintaining the current average reliability level.

To date, the Eurocodes recommend a unique PSF for all variable loads such as snow, wind
and imposed loads. In this study, the PSFs are differentiated among the variable actions. This
allows achieving a more uniform reliability after calibration. Further, it is investigated whether
the safety factor for permanent actions should be differentiated between the permanent load and
the self-weight of the load-bearing structure. In addition, the variable load PSF is calibrated for
a generic time-variant action as a function of the coefficient of variations of the load yearly
maxima and the load model uncertainty. A similar calibration is performed for a generic
material. The obtained PSFs can be utilized when detailed information on the stochastic models
representing the actions or the resistance are available. For the material side, the sensitivity
factors to be used in the design value method (Annex C to EN 1990:2002) corresponding to the
calibrated material PSFs are also calculated. Finally, the future work necessary to complete this
preliminary study is discussed.
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B.1 Introduction

This Appendix reports the calibration of the reliability elements in the Eurocodes. The work
is part of the task of the CEN/TC250-SC10/WGH and is still in a preliminary state since input
from other Subcommittees and Working Groups are missing. At this stage, the document aims
primarily at illustrating the methodology for calibrating the reliability elements. The final
results could change after all input have been agreed.

The calibration aims to reduce the variability of reliability levels among different example
structures. This is achieved by calibrating the partial safety factors (PSFs) with a target
reliability equal to the average reliability index obtained with the partial factors recommended
in the present version of the Eurocodes [15, 18, 87, 132, 133, 136, 137, 138]. The average
reliability of the structures designed with the current reliability elements is considered
satisfactory. Thus, it is outside the scope of this work to calibrate the partial load factors to an
absolute reliability level.

The basic approach is to estimate the target reliability level using the stochastic models for
the uncertain parameters, generic and simple limit state equations, and representative generic
example structures.

B.2 Methods

The calibration is performed in two main steps. The first step aims at calibrating the partial
factors on the load side that are later utilized for calibrating the PSFs on the resistance side by
the committees revising the Eurocodes covering the different construction materials.

In the first part, the load PSFs are calibrating maintaining the PSFs on the resistance side
and the load combination factors (y, and & in [18]) fixed and equal to the recommended
values. A reduction of the reliability variability is achieved by differentiating the load partial
safety factors. In the EN 1990:2002, a unique safety factor is recommended for the permanent
load and the self-weight of the load-bearing structure (7, =1.35), and a unique safety factor is
recommended for all variable loads such as snow, wind and imposed load (7, =1.50). In the
current work, different partial factors are calibrated for the mentioned loads. The calibration is
performed for both load combination rules included in EN 1990:2002 [18]. These load
combinations are given in the EN 1990:2002 in Eq. 6.10 and Eq. 6.10a&b. Thus, they are
referred to as load combination “6./0” and “6.10a&b” in this work. Further, the PSF for a
generic variable load is calibrated with the aim of providing a more detailed value of the safety
factor for cases when precise information on the stochastic models representing the variable
loads is known.

The second part of the work aims at calibrating the material partial safety factor (y,, ) and
the sensitivity factor for the design point method in [18]. At this stage, the calibration is
performed for a generic material for two reasons: 1) illustrating the methodology that can be
later applied by the committees responsible for revising the Eurocodes for the different
materials and ii) provide detailed values of y,, dependent on the uncertainties on the material
property and on the resistance model. This part will be completed by considering material-
dependent limit state functions representing specific failure modes in order to accurately
calibrated the safety factors on the resistance side.
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B.3 Calibration of the partial safety factors on the load
side

B.3.1 Limit state function and design situations

A generic limit state function is utilized for calibrating the PSFs on the load side. The
generality allows to catch all the most important details affecting the reliability problem and to
cover a broad range of structures, failure modes and structural elements. Indeed, the load partial
safety factors are material-independent thus they need to be calibrated considering all possible
design situations (e.g., material properties, failure modes and so forth) simultaneously.

The limit state function representing a failure mode dominated by the material property R,
and under the effects of the self-weight ( Gy ), the permanent (G, ) and the variable (Q,) loads
is given in Eq. (B.1)

& (X, Dy ) = PO, R — (1 —dy )[aGGS,U + (1 —dg ) Gry :' —a,0, 0, (B.1)
where:

e The notation, the random variables and the probabilistic models are reported in Section
B.3.2.

® a, isaparameter representing different proportions between variable and permanent loads
(a, =1 for variable load only). Ten equally spaced and equally weighted values in the
ranges reported in Table B.1 are considered.

e a, is a parameter representing different proportions between permanent load and self-
weight (4; =1 for self-weight only). Three equally spaced and equally weighted values in
the ranges reported in Table B.1 are considered.

e The six material properties listed in Table B.1 are considered.

e Wind(;=1),snow (;=2)and imposed ( j =3) loads are considered.

e The design variable p, in Eq. (B.1) is calculated with the design equations in the semi-
probabilistic format for the material property / and the variable load ;j in Eq.(B.2) for
“6.10a&b” and in Eq. (B.3) for “6.10”.

Vi
G, .r

{(1 - aQ)[aGgS,kyGS + (1 - aG)gP,k7GP:| + aQWO,j}/Qng,kqj,k }
p, =maxq (B.2)

g

%{(1 —dy )[acgs,ké:?/Gs + (1 —dg ) 8p i f?’cp] + aQ?’QgQ/,kqj,k }

Ri ik

Py = Lu {(1 - ag)[aGgS,IJ/GS +(1-ag) gP,k}/GP:| +a5700 44,4 } (B.3)
Ori T
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Table B.1. Material properties, weights and ranges of variations of a; and a,,.

i Mat. property W, 4, ranges a, ranges 7y, tecommended in current
’ (weight) ¢ e Eurocodes

1 Structural steel yielding strength 40 % [0.2; 0.8] 1.00[132]

2 Concrete compressive strength 15 % [0.1; 0.7] 1.50 [133]

3 Re-bar yield strength 25 % [0.6: 1.0] [0.1; 0.7] 1.15[133]

4 Glulam timber bending strength 7.5 % o [0.2;0.8] 1.25 [87]

5 Solid timber bending strength 25% [0.2; 0.8] 1.30 [87]

6 Masonry compression strength 10 % [0.1; 0.7] 1.50 [138]

The limit state in Eq. (B.1),

strength.

B.3.2 Stochastic models

The random variables and the stochastic models for the reliability analysis agreed in the
CEN/TC250-SC10/WG1 and mainly based on [9] are summarised in Table B.2. The level of
detail of the set of probabilistic models selected fits to the level of detail of the limit sate

the values of the parameters, the loads and the material
properties were selected with the aim of covering the most common design situations for normal
buildings whereas bridges and other types of structures were excluded from this work. For
example, the failure of reinforced concrete elements (beams and columns) due to the failure of
concrete in compression under different proportions of actions induced by the live load, self-
weight and permanent loads are accounted by R, representing the concrete compression

function utilized in this part of the work.
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Table B.2. Stochastic models based on [13

| unless otherwise specified ( *yearly maxima).

Distr. M Ch.
Random variable ‘ lse ' ( e;)m COV |Fract. Ref. and notes
P # (value)
Resistance model unc. (steel) | ©, [Logn. [1.00 [0.05 [(x)
Resistance model unc.
Logn. {1.00 |0.10
(concrete) O, |Logn (4)
Resistance model unc. (rebar) | ®,, [Logn. [1.00 [0.10 [(x)
Resistance model unc. (glulam) | ®,, [Logn. [1.00 [0.10 [(x)
Resistance model unc. (solid
Logn. {1.00 |0.10
timber) O s |Logn (u)
Resistance model unc.
Logn. [I.1 .1
(masonry) ©,, |Logn 6 |0.175|(u)
Mat. rty (steel yieldi
at. property (steel yielding | o 1y o 11,00 0.07 | 20
strength)
Mat. Tt t .
a Prope y (concrete compr R, |Logn. [1.00 |0.15 [0.05
capacity) B
Mat. P ieldi
at. Property (rebar yielding R, |Logn. [1.00 [0.07 [0.05
strength) ’
Mat. ty (glulam bending
at. property (glulam bending | o 1y 0 1y 00 Jo.15 005
strength)
Mat. property (solid timber
; |Logn. |I. .21 .
bending strength) & ost 00 10.20 10.05
Mat. property (masonry compr. R |Logn. [1.00 [0.16 [0.05
strength)
Self-weight (steel) Gg, [Norm. [1.00 |0.04 [0.50
Self-weight (concrete) G, [Norm. [1.00 |0.05 [0.50
Self-weight (rebar) G, , |Norm. |1.00 |0.05 [0.50 See B.3.2.1
Self-weight (glulam) G, [Norm. [1.00 |0.10 [0.50
Self-weight (solid timber) Gy, [Norm. [1.00 |0.10 |0.50
Self-weight (masonry) G, [Norm. [1.00 [0.065[0.50
Permanent load G, |Norm. [1.00 |0.10 |0.50
Permanent load (large COV) G, |[Norm. [1.00 [0.20 [0.95
* Parameters of the Logn. distribution approximating
the upper tail (> 0.90 fractile) of the distribution
Wind time-invariant part (gust representing ©, =C,C,C,, with: C,, Gumbel [134,
C, ,pressure C,, and 0, [Logn.*|0.79%*|0.24*|(1.095)* |139], U, =1 COVC/M =0.15 and ch. fractile 0.78 [99,
roughness C, coefficients) 140] (0.80 is suggested in [107]); C, Logn.,
He, =0.80; COV, =0.15 and ch. value = 1.00; C,
Logn., . =1;COV,. =0.10 and ch. value = 1.00.
Snow time-invariant part . .
Ch. val 1t 0 13, 141]; ch.
(model uncertainty and shape | ®, |Logn. [1.00 [0.30 |(x+0) vatue equalfo p o given in [13. 141); c
. : Value equal to the mean given in [58].
coefficient)
Wind mean reference velocity When the COV varies over the country and only one
b. [1.00 |0.25 |0.98
pressure * 0 |Gum PSFs is sought the mean COV over the country can be
d, 101]. Alternatively, PSF th
Snow load on roof * 0, |Gumb. [1.00 |0.40 [0.0s  |vsed sce[101]. Alteratively, PSFs can vary over the
territory; this is a national choice.
The COV is assumed since no data are found in the
Imposed load model uncertainty| ®, |Logn. |1.00 |0.10 |(1.00) [literature. To be further assessed. [Not yet discussed in
CEN/TC250-SC10/WGl].
See B.3.2.2. [Not yet di d in CEN/TC250-
Imposed load * 0, |Gumb. [1.00 |0.53 |0.98 ce [Not yet discussed in

SC10/WG1].
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B.3.2.1 Stochastic models representing the self-weight of the load-
bearing structure

In the JCSS Probabilistic Model Code [13] (PMC) Section 2.1, the self-weight of structural
elements of the material i is modelled as

Gy, = [ pav (B.4)

Vol
where:

e  p, is the weight density which is uncertain, and
e Vol is the volume of the structural element which is affected by deviations from the
nominal values which are material-dependent.

The geometrical dimensions (thickness, cross-sectional area and so forth) are modelled as
d=d,, +0J where d, , isthe nominal dimension (deterministic) and ¢ is the deviation which
is represented by a normal distribution with parameters s, COV; . It follows that d is also
normally distributed with parameters u, =d  + 5,0, =0;.

The self-weight of a generic structural element of a specific material is needed in the current
calibration. Therefore, a random variable G, representing the deviation of the self-weight
from its nominal value for a generic element of the i# material is obtained fitting a Normal
distribution to the values sampled with crude Monte Carlo for different types of elements and
absolute dimensions. The self-weight is normalised with respect to the nominal dimensions and
the mean density (i.e. in the following, o is the weight density divided by its mean value and
Vol is the volume divided by the nominal volume). The uncertainties related to the assumed
sampling frequencies and the “empirical fit” might be accounted for by rounding up the
coefficient of variation.

Assuming statistical independence, the self-weight of n elementsis G, = Z} G, which
has COV; < COV; . Thus, using the coefficient of variation for the self-weight of one

element miéht be conservative.

Results

n
-1

The concrete normalized weight density is represented by a Normal distribution
p~N ( H,=1.00,COV, = 0.04) [13]. The self-weight of a concrete element of length / and
cross-section d, xd, is Gy =d,d,lp . The parameters of the Normal distribution representing
the self-weight G, of a generic concrete element estimated from the samples are:
U, =1.00;COV,; =0.044~0.05 (obtained with the stochastic models and sampling
frequencies in Table B.3 and d,,d, uncorrelated). The weight of the reinforcement was
accounted increasing density of concrete.
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Table B.3. Concrete elements cross-section dimensions and sampling frequencies (* Assumed
approximatively one third of the in-situ tolerances).

Geometrical dimension
Relative sampling
Mean
Type of element frequency w, Symbol cov
u
(assumed)
Large elements casted in-situ 10mm
20 % d, (i=1,2) d,, +3mm 4 _+3
1000mm <d, . <2000mm nom + MMM
Small elements casted in situ 50 % 4 (i=1 2) d (1 0 003) 4+0.006d,,,
1= > nom + -
100mm <d,_,. <1000mm ’ : d,, (1+0.003)
3mm
Large precast elements 20 % d, (i=1,2) d,, +lmm* T
1+0.002d,,,
Small precast elements 10 % d, (i=12) d,,, (1+0.001)* d,,, (1+0.001)
The  structural steel normalized weight density is  represented by

P~ N(yp =1.00;COV, = 0.01) [13]. The self-weight of a steel profile with length / and cross-
section area A4 is equal to G, = Al p. The self-weight of a plate of thickness ¢ and dimensions
I, x1, is G, =[Ltp . The parameters of the Normal distribution representing the self-weight G,
of a generic steel element estimated from the samples are: z; =1.00; COV; =0.033~0.04
(obtained with the stochastic models and sampling frequencies in Table B4 and /=1, =1, =1).
The COV is rounded up to 0.04 accounting for welds, bolts, stiffeners and so on.

Table B.4. Steel elements cross-section dimensions and sampling frequencies.

Geometrical dimension
Relative sampling
Type of element frequency w, Symbol u cov
(assumed)
Profiles 50 % Cross-sectional |, (1+0.01) T
area A 4,,(1+0.01)
0.02¢, .
Plates 50 % Thickness ¢ £ (1+0.01) m

The timber normalized weight density is represented by p~ N ( 4, =1.00,COV, = 0.1)
[13]. The self-weight of a timber element of length / and cross-section d, xd, is G, =d,d,lp .
The parameters of the Normal distribution representing the self-weight G, of a generic timber
clement estimated from the samples are: z; =1.00; COV,; =0.105~0.10 (obtained with the
stochastic models and sampling frequencies in Table B.5 and /=1). The steel elements in the
joints (e.g., bolts and dowels) are not accounted.
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Table B.5. Timber elements cross-section dimensions and sampling frequencies.

Relative sampling .
Geometrical
frequency w, . . U cov
dimension
(assumed)
Sawn 2mm
10 % d (i=12 d,. (1+0.05 1008
(0.05m <(d,.d,) <0.45m) ° s (i=12) on ( ) d,, (1+0.05)
Glulam (0.05m < d, <1.55m; 1mm
90 % d, (i=12) d,n y
0.05m < d, <0.45m) nom

B.3.2.2 Stochastic models representing the imposed load

According to the JCSS PMC, the live load is modelled as the sum of equivalent uniformly

distributed sustained ( Q) and intermittent ( P ) loads where:

The sustained load intensity is modelled as Q ~ Gamma ( Uy =Mmy;0, = [o2 +o2KA4,/ A) .
The load process is modelled as a Poisson rectangular pulse process with mean duration
o= 1/ Ao - The sustained load is always “on” in the sense that probability of a non-zero
realisation is equal to 1.

The intermittent load intensity given non-zero realisation is modelled as
P ~ Exponential ( Hp=0p :mp). The load is modelled as a Poisson rectangular pulse
process with mean duration g, , =1/, (A, is the mean occurrence rate of zero and non-
zero realisation). The probability of a non-zero realisation is equal to p,. The mean
occurrence rate of the non-zero realisations is v, = py4,.

The spatial variability of the loads is accounted by using an equivalent uniformly

distributed load (EUDL) as described in the PMC Section 2.0.5.2.

The parameters of the distribution representing the maxima over a specific time period are

estimated fitting a Gumbel distribution to the maxima sampled with crude Monte Carlo. The
Gumbel is fitted to the upper tail of the cumulative density (fractiles larger than 0.75). The
estimated parameters are summarised in Table B.7, the input for its derivation are summarised
in Table B.6. One sampled time history is illustrated in Figure B.1. The cumulative density
functions are shown in Figure B.2.

Table B.6. Parameters of the Poisson processes representing the sustained and intermittent

loads.
Q. Sustained load P - Intermittent load
U my Oy Oy Haig = 1//?'Q mp Hyp =12 | 10, Do =Up/2p
se
(N/m?] | [N/m?] | [N[m?] | [d] [N/m?] | [days] [4]
Office | 500 300 600 5 200 2 0.3 0.018
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Figure B.1. Sampled time history of the sustained and intermittent load for an office space.

Table B.7. Parameters of the distributions representing the yearly and 50-years maxima for
sustained and intermittent loads (parameters of the Poisson processes as in Table B.6).

Models proposed in

. 50-years maxima - Characteristic
Yearly maxima - Gumbel approx. [142] Table 5.7 ([142] . .
. Gumbel approx. based . values given in
based on MC sampling . was used as basis for
on MC sampling the Eurocode 1
the Eurocodes)
Ch. value
H (98 % H H )
Use [V/m] cov fractile) | [/m] cov [V/m?] cov [N/m?]
[N/m]
Office 839 0.53 1992 1918 0.22 2640 0.19 Cat B 2.00-3.00

The sustained load has a low renewal rate. Therefore, the dependence among the live load
maxima in subsequent years might not be negligible as shown in the results. In fact, the
distribution representing the 50-years maxima derived from the yearly maxima and assuming
independence among years has mean 2196 N/m and COV = 0.20. The mean value is
significantly different from the one derived from Monte Carlo simulations (i.e.
u=1918 N/m?), while the COVs are approximatively similar.
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Figure B.2. Cumulative density functions for the live load process for an office space
(F,

o+pc IS the cumulative density function of the sum Q+ P given coincidence of Q and
P).

B.3.3 Calibration strategy

The reliability-based calibration of the load partial safety factors is performed solving the
following minimisation problem

10 2

’anz =arg min {{Zz Z z M/"J’iu(;’[ug .<ﬂ[’j’iu(;’ia(7 (Y) _ﬁl> (BS)

=l j=li,;=1 iaQ:
where:

o y= |:7/GS’}/GP’7/Q1’7/Q2’ ;/Q3] are the PSFs on the load side.
e The target reliability S is equal to the weighted reliability associated to the Eurocode
recommended reliability elements:

1 6 3 3
ﬂt = luﬁ (YEC) = ii i i zlz] ‘Zl _zl M}[’j’[u(; slag ﬂ",jwf,,(;,’}lg (YEC) (B6)
‘/V[,j,iﬂc,[ag i=l j=li,g=lin=

=l j=liyg=lip=1

e  The recommended reliability elements in the current versions of the Eurocodes (v ,,. ) are:
O 7y, given in the last column in Table B.1;
o yep and y.gare equal to y, =1.35 [18];
O Vo1 =Vor=Vps =150 [18];
0 Yo =060, =071, 5, =0.7 and &=0.85 [18].
»  The weights are calculated as w, ;; ; ~=wy;wy W, W, ~with:
O Wy, are given in Table B.1;
o Wy =w, =w, =1/3;
o w,_ and w,, are equal for all (i G,iuQ) and giving the sum of all weights

i a

eq{lal to 1.
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B.3.4 Results

The calibrated partial load factors and the corresponding reliability levels are summarised
in Table B.8. The reliability indices before and after calibration are illustrated in Figure B.3. As
observed in the Table B.8, the calibration provides more similar average reliabilities among the
variable loads. The differences in average reliability over the materials are almost unchanged
since the material PSFs were not optimised.

The results are depending on the assumed stochastic models and the weighting between the
different materials and between the loads. The assumptions made are considered representative,
but comments from SC1 on the models representing environmental loads and also changes in
the models representing the resistance could imply some modifications. The resulting average
reliability index with a one-year reference period is determined to 4.08, close to the target
reliability index recommended in ISO 2394:2015 [10].

Table B.8. Calibrated partial factors (in bold) and associated yearly reliability levels
(* reliability index averaged over the load or the material property in the brackets).

Eq. 6.10a&b Eq. 6.10

Eurocode . Eurocode .

recommended values Calibrated values recommended values Calibrated values
Y 7, =[1.00;1.50;1.15;1.25;1.30; 1.50]
Yos 1.35 1.19 1.35 1.16
Yor 1.35 1.23 1.35 1.22
¢ 0.85 0.85 / /
7, (wind) 1.50 1.42 1.50 1.43
7o (snow) 1.50 1.71 1.50 1.76
7o (imposed) 1.50 1.73 1.50 1.76
B / 4.08 / 427
Hy 4.08 4.08 427 427
Oy 0.54 0.42 0.60 0.44
cov, 0.13 0.10 0.14 0.10
Bin 3.30 3.62 3.33 3.70
Pax 5.39 5.04 5.90 5.41
" (steel) 3.70 3.74 3.87 391
4, (concrete) 4.81 4.78 5.00 497
Hg (re-bar) 3.96 3.91 4.19 4.14
4, (glulam) 4.16 420 432 436
#y (sol timber) 421 4.24 435 4.39
4, (masonry) 4.73 471 491 4.88
4y (wind) 4.46 4.16 4.70 438
Hy (snow) 391 4.05 4.06 4.22
H, (imposed) 3.87 4.04 4.05 422
Penalty function 0.2877 0.1780 0.3655 0.1963
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Figure B.3. Yearly reliability indices before and after calibration of the load partial safety
factors.

B.3.5 Sensitivity to the resistance model biases

The influence of the biases of the resistance models is investigated. As an example, the
calibration is performed with a model resistance for steel elements ®,, represented by a
Lognormal distribution with mean 1, =1.10, coefficient of variation COV, ~=0.05 and
characteristic value 6,,, =1.00.

As expected, the partial safety factors on the load side are almost insensitive to the biases
on the resistance side, see Table B.9. This is a consequence of the fact that the model bias is
included both in the determination of the target reliability and in the calibration of the PSFs. A
similar behaviour is expected for the load combination “6./0”. Obviously, the average
reliability index for steel structures is affected by the bias.
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Table B.9. Calibrated partial safety factors (in bold) and associated yearly reliability levels
for steel resistance model with 10 % bias.

Eq. 6.10a&b

Eurocode .

recommended values Calibrated values
Tu 7y =[1.00;1.50;1.15;1.25;1.30; 1.50]
Yos 1.35 1.20
Yer 135 1.23
< 0.85 0.85
7, (wind) 1.50 1.41
7o (snow) 1.50 1.72
7o (imposed) 1.50 1.72
B / 420
Uy 4.20 4.20
Oy 0.48 0.35
cov, 0.11 0.08
Biin 3.51 3.63
B 5.39 5.06
y (steel) 4.00 4.04
4y, (concrete) 4.81 4.78
 (re-bar) 3.96 3.91
4y (glulam) 4.16 420
Uy (sol timber) 421 404
U (masonry) 4.73 471
4y (wind) 4.60 4.29
U (snow) 4.02 4.16
w; (imposed) 3.99 4.16
Penalty function 0.2318 0.1212

B.3.6 Sensitivity to the time reference period

This section shows the results of the calibration performed with the 50-years reliability
index. The distributions representing the 50-years maxima of the time-variant loads are derived
from the yearly maxima considering independent maxima over the years. This assumption
might be only approximative for the imposed load due to the sustained load that renews in
average every five years, see Table B.6. The mean and the standard deviation of the Gumbel
distribution representing 50-years maxima are calculated from the distribution representing the
yearly maxima in Eq. (B.7). The coefficient of variation for the 50-years maxima is lower than
the COV for the yearly maxima since i, > 4 while the standard deviation is constant.

6
Hso = Hy +§550 n(50); oy =0, (B.7)
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Table B.10. Calibrated partial safety factors in bold and associated 50-years reliability

levels.

Eq. 6.10a&b Eq. 6.10

Eurocode . Eurocode .

recommended values Calibrated values recommended values Calibrated values
Tu 7, =[1.00;1.50; 1.15;1.25;1.30; 1.50]
Yas 1.35 1.16 1.35 1.13
Yar 1.35 1.22 1.35 121
¢ 0.85 / / /
7o (wind) 1.50 1.40 1.50 141
7o (snow) 1.50 1.70 1.50 1.77
7 (imposed) 1.50 1.77 1.50 1.81
B, / 3.12 / 3.35
Hy 3.12 3.12 335 3.35
O 0.70 0.53 0.77 0.55
cov, 0.23 0.17 0.23 0.16
Bin 2.01 2.55 2.06 2.65
. 4.98 4.32 5.38 471
Hy (steel) 2.62 2.67 2.84 2.89
Hy (concrete) 4.02 3.98 424 4.20
My (re-bar) 2.99 2.93 3.26 3.19
Hy (glulam) 3.25 3.30 3.43 3.48
Hy (sol timber) 333 3.38 3.49 3.54
Hy (masonry) 3.98 3.95 4.18 4.15
Hy (wind) 3.64 3.22 3.90 3.46
Hy (snow) 2.94 3.08 3.11 3.29
u; (imposed) 2.80 3.07 3.03 3.30
Penalty function 0.4957 0.2856 0.5920 0.3030

The calibrate PSFs are practically similar to the ones obtained for in the calibration with
the yearly reliability index in Table B.8. The change of the time reference period was expected
to influence more the “redistribution” of safety factors between the resistance and the load sides
since the 50-years maxima have lower COVs than the yearly maxima and thus their contribution
to the failure probability decreases. Consequently, larger material safety factor and lower load
safety factors might be expected using the 50-years reliability in the calibration. However, the
material PSFs were fixed in the calculations presented here so this “redistribution” was not
possible.

B.3.7 Permanent load with large COV G,

The PSF for a time-invariant load with a large coefficient of variation (70; ) is calibrated
in this Section. The permanent load G, is represented by a Normal distribution with
COV,. =0.20. The characteristic value is gp, = Fg.! (0.95). Permanent loads with large
uncertainties are not currently treated in EN 1990:2002 [18]. However, they might be relevant
for cases such as a roof supporting a garden. Therefore, the target reliability is set equal to
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t;(Ype) calculated with a permanent load G, ~ Normal ( g, =1;COV,, =0.10) and
characteristic fractile 0.50.

The results are shown in Table B.11. It is seen that using “6./0a&b” the two partial factors
for permanent load are y, =1.17 (for low COV and 50% fractile) and Yo, = 1.21 (for large
COV and 95% fractile), i.e. only a small difference from the PSFs in Table B.8. Using “6.10”
results in a slightly larger difference. Thus, Y, =Yop can be suggested for practical
applications.

Table B.11. Calibrated partial safety factors (in bold) and associated yearly reliability levels
for the case with a permanent load with large uncertainty.

Eq. 6.10a&b Eq. 6.10

Eurocode i .

recommended values Calibrated values Eurocode Calibrated values

G, - N(1.0:10%) G;, ~ N(1.0;20%) recommended values | G}, ~ N(1.0;20%)
Yu 7y =[1.00;1.50; 1.15;1.25;1.30; 1.50]
Yas 135 1.17 135 1.14
Yor 135 / 1.35 /
Ve (large COV) / 1.21 / 1.19
5 0.85 0.85 / /
7o (wind) 1.50 1.39 1.50 1.39
7o (snow) 1.50 1.67 1.50 1.72
7, (imposed) 1.50 1.69 1.50 1.72
B, / 4.08 / 427
Hy 4.08 4.08 427 427
Oy 0.54 0.44 0.60 0.47
coy, 0.13 0.11 0.14 0.11
Brin 3.30 3.50 333 3.63
. 5.39 5.29 5.90 5.62
uy (steel) 3.70 373 3.87 3.90
4, (concrete) 4.81 4.78 5.00 498
Uy (re-bar) 3.96 3.92 4.19 415
4, (glulam) 4.16 4.19 432 4.35
4 (sol timber) 421 423 435 438
H; (masonry) 473 4.71 491 4.89
Hy (wind) 4.46 4.17 4.70 4.38
y (snow) 3.91 4.04 4.06 421
4 (imposed) 3.87 4.03 4.05 422
Penalty function 0.2877 0.1915 0.3655 0.2193
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B.4 Evaluation of the reliability of the design with the
calibrated load partial safety factors for cases with two
variable loads acting simultaneously

This Section reports the assessment of the reliability level for cases with two variable loads
acting simultaneously and with the load partial safety factors calibrated in Section B.3.4. Three
load scenarios (LS) are considered:

e LS I: Wind and Snow,
e LS 2: Wind and Imposed load, and
e LS 3: Snow and Imposed load.

The three LSs are equally weighted.
B.4.1 Limit state function and design situations

Generic limit state functions are utilised for representing a broad range of design situations
as before. The load combination is approximated by the Ferry-Borges and Castanheta
combination rule (see [5, 11] and Section B.4.2 for details on the processes and the combination
rule). According to the combination rule, the failure under loads O, and (), acting
simultaneously corresponds to the union of four failure events:

load ; acting alone,

load ¢ acting alone,

load j leading and ¢ accompanying, and
load ¢ leading and j accompanying.

It is assumed that one event is always dominating, so the system failure is approximated as
the failure event with the highest probability of occurrence. The limit state functions
representing the four failure events are given in Egs. (B.8) to (B.11)

(X2, )= 2,00 R —~(1-a, )[4,y +(1-a,) Gryy |- p[ €000, +0]  (B.S)
&(Xp,,)=,0n,R —(1-a,)[a;Gsyy +(1-a5) G,y |-, [O+®Q),Qt (1= 4102 )] (B.9)
2 (X0, )= 1,00, R —(1-a, )| a;Gsy +(1-a,) Gy, |+
— 4 [G)Q,ij'L)“Qle +0,,0" (1 ~Agi02 )J
g5 (X, )= P, 0 R —(1-a, )[ 4Gy +(1-a,) Gy, |+

4 |:®Q,/'Q§'A)QQ1Q2 +0,,0" (1 ~dgip2 )J

(B.10)

(B.11)

where:

® 4y, is a parameter representing different proportions between the two variable loads
considered  (ay,, =1 for the first variable load only). Ten values equally spaced and
equally weighted between 0 and 1 for all materials and load combinations are considered.

e (O, is the yearly maxima of the variable load ;.

e OW, 0" stand for the random variables representing the leading and accompanying loads,
respectively. These random variables represent the maxima of different reference periods
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(shorter than or equal to 1 year) derived according to the Ferry-Borges and Castanheta rule
(see Section B.4.2).

o The design variable p,, is calculated according to the EN 1990:2002 semi-probabilistic
design format in Eq. (B.12) for “6./0a&b” and in Eq. (B.13) for “6.10”.

Vot (l_ag)[acgs,k?/cs+(1_ac)gp,k7lcp:|+

Ori ;. +a, [aQ1Q27Q, ‘//g,jeg, it (l 02 ) Yo V0.8 k44 :|
Py =max (B.12)

Vo (l_ag)[acgs,ké:?/cs +(1_a(;)g[’,k§7/01’]+

HR,.,,(I’[’,\, +aQ |:aQ1Q27Q, QQ, o + (1 o102 ) 7Q, '//o,tHQ,,kqt,k :|

b= Vi (l_aQ)[aGgS,k7GS+(1_a6)gP,k76P]+ (B.13)

ijt
Hm,k’?,k a, [anQZyQ/ HQ/’kqj,k + (1 - aglgz)}/gl l,//OﬂQH,{q,wk ]

B.4.2 Details for the Ferry Borges and Castanheta combination rule

Only the simultaneous presence of two of the three loads is considered in the calibration.
The rectangular pulse processes representing Q; and O, has the following properties:

e Duration of one repetition (see Table B.12 for the parameters 7, and n, ):
o d="rig-lw
. ;d,
! nr,j nr,t
e Period of load coincidence (both loads are present):
=min (n

o n n

p.min p.i>Mpa

The distributions representing the load maxima in the limit state functions in Egs. (B.8) to
(B.11) are given below:

e Limit state function with Q; only:
o Distribution representing O, yearly maxima ( £, , > See Table B.2)
e  Limit state function with Q, only:
o Distribution representing (), yearly maxima (£}, , see Table B.2)
e Limit state function with O, leading and Q, accompanying:
o Maxima of Q;, over n combined with the maxima of O, over
max(d d )

Jj2

p.min

o Distributions representing maxima: FQ(/_L) = (FQ/ ) " and FQ’(A) :(FQ, )nl
(with: n, =n, . /n, and n, :max(dj,dt)/npwt
e Limit state function with O, leading and (), accompanying:
o Maxima of O, over n combined with the maxima of Q, over
max(d d )

Jj2

p,min

o Distributions representing maxima: FQ(/A) = ( FQ/_) " and FQ’(L) = ( FQ,) ,

Jj>t

(with: n, :max(d‘ d )/nm and n,=n, . /n )
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Table B.12. Representation of time-variant loads as rectangular pulse processes for the FBC

combination.
Number of days the Number of
. Yearly maxima | load is present in 1 repetitions within
Random variable . .
distr. type year n, the presence period
[days] n,
Wind mean reference velocity pressure * (9} Gumbel 365 365
Snow load on roof* 0, Gumbel 150 10
Imposed load * 0, Gumbel 365 5

B.4.3 Results

The reliability indices obtained with the calibrated PSFs in Section B.3.4 are reported in
Table B.13 and illustrated in Figure B.4.

Table B.13. Yearly reliability indices for cases of two variable loads acting simultaneously
and design with calibrated PSFss.

Eq. 6.10a&b

Eq. 6.10

Eurocode

recommended values

Calibrated values

Eurocode

recommended values

Calibrated values

Tu 7y, =[1.00;1.50; 1.15;1.25;1.30;1.50]

Yas 135 1.19 1.35 1.16
Yer 135 1.23 1.35 1.22
5 0.85 / / 0.85
7o (wind) 1.50 1.42 1.50 1.43
7o (snow) 1.50 171 1.50 1.76
7o (imposed) 1.50 1.73 1.50 1.76
B, / No calibration / No calibration
Uy 4.42 443 4.62 4.63
O 0.58 0.50 0.64 0.51
cov, 0.13 0.11 0.14 0.11
Brain 3.30 3.61 333 3.70
B 6.01 5.81 6.39 6.12
Hy (steel) 4.07 4.13 4.26 431
H (concrete) 5.13 5.10 5.33 530
Hy (re-bar) 431 4.26 4.54 4.49
Hy (glulam) 4.48 453 4.64 4.69
Hy (sol timber) 4.48 4.53 4.64 4.69
4y (masonry) 4.98 4.97 5.17 5.14
H, (wind + snow) 4.50 4.43 4.69 4.63
4y (wind +imposed) | 4 46 4.40 4.68 4.61
4y (snow +imposed) | 431 4.46 4.48 4.64
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Figure B.4. Yearly reliability index for combinations of two variable loads, Eq. 6.10 and
calibrated load partial safety factors. The curves represent the values for different a, -
values and a; =0.8.

B.5 Calibration of the partial safety factor for a generic
load

In this Section, the partial factor y, for a generic variable load is calibrated for different
combinations of COV,, and COV,, values. The output of this calibration allows differentiating
the load partial factor when a detalled model for estimating the action effect is utilised. This
case corresponds, for example, to the calculation of the wind load effect based on wind tunnel
tests that provide a more accurate estimate (i.e. lower COVGQ) compared to the generic and
simplified models included in the Eurocode 1. In addition, the load PSF can be adjusted when
the COV,, is precisely known as, for example, when weather records are analysed.
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The variable load yearly maxima are represented by a Gumbel distribution with coefficient
of variation COV,, and characteristic fractile equal to 0.98. The load model uncertainty is
0, ~ Ln(1.00,COV;, with unitary characteristic value (6,, =1.00). The calibration is
performed with the target reliability 5, =4.08 (i.e. mean reliability with current PSFs and best
estimate of stochastic models) and y;, =1.19,y,, =1.23 as calibrated in Section B.3.4, see
Table B.8.

The results are summarized in Table B.14 and illustrated in Figure B.5. As expected, larger
COVs imply larger load partial factor.

Table B.14. Calibrated y,, for Eq. 6.10a&b for a generic variable load.

Cov,,
0.00 0.10 0.20 0.30 0.45
0.15 1.37 1.45 1.68 2.08 3.06
cov, 0.25 1.46 1.53 1.75 2.12 3.02
0.40 1.59 1.66 1.88 2.25 3.11
0.60 1.72 1.79 2.02 2.40 3.26

h
x*

32t
st ;
281
26
24
Qo22t
2 L
184 —6— COV,,=0.15 |1
1.64 +C0VQ:0.25 ]
1.4§ —A— COV =040 | {
12+ —%— COV,=0.60 | {

1 L 1 1 L 1 1 1 1
0 005 01 015 02 025 03 035 04 045

COV(_)
0

Figure B.5. Sensitivity of 'y, with respect to COV,, and COV@)Q.

B.6 Calibration of the partial safety factor for a generic
material

In this Section, a generic material is considered and the corresponding partial safety factor
¥, 1s calibrated. The output of this calibration allows selecting the proper resistance partial
safety factor when the COV, and the COV, are known. The COV, is known when
measurements are available and could be relevant, for example, in the assessment of existing
structures. Similarly, the y,, could be selected based on the uncertainty of the model utilised
for predicting the structural capacity, i.e. COV,, . This might be relevant when advanced finite
element analysis is performed.
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The material property governing the failure mode is represented by a Lognormal
distribution with unitary mean and coefficient of variation COV,,. The characteristic value
corresponds to the 5 % fractile. The resistance model uncertainty is represented by a Lognormal
distribution with unitary mean and coefficient of variation COV; . Two fractiles for the
characteristic value are considered: the mean value and the 5 % fractile. The latter is accounted
in the EN 1990:2002 Annex D which regulates design assisted by testing. The load PSFs
calibrated in Section B.3.4 are utilized. The mean reliability with the current PSFs is utilized as
a target, i.e. 5, =4.08 for “6.10 a&b”. The parameters representing the proportions among the
weights are assumed varying in the ranges «a,; € [0.6;1.0] and a, € [0.1;0.8] . One variable load
at a time is considered.

The calibrated material partial safety factors are summarised in Table B.15 and Table B.16.
The relationship among the COVs and the partial material factor is illustrated in Figure B.6 and
Figure B.7.

Table B.15. Calibrated y,, for “Eq. 6.10a&b” and 6,, =1.00.

cov,,

0 0.05 0.10 0.15 0.20

0.05 1.06 1.09 1.17 1.29 1.47

0.10 1.05 1.07 1.14 1.26 1.42

0.15 1.07 1.09 1.15 1.26 1.41

cov, 0.20 1.11 1.13 1.19 1.29 143
0.25 1.17 1.19 1.24 134 1.47

0.30 1.25 1.26 132 1.41 1.54

0.35 1.34 1.35 1.41 1.50 1.63

" COV(_)R=0.00

o COV@R:0.05

—+— €OV =010

A COVGR:0'15

e COV(_) =0.20

R

0.05 0.1 0.15 0.2 0.25 0.3 0.35
co VR

Figure B.6. Sensitivity of y,, with respect to COV,, and COV,, for “Eq. 6.10a&b” and
6,, =1.00.
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Table B.16. Calibrated y,, for “6.10a&b” and O, = Fy! (0.05).

cov,,
0.00 0.05 0.10 0.15 0.20
0.05 1.06 1.00 0.99 1.00 1.04
0.10 1.05 0.99 0.96 0.97 1.00
0.15 1.07 1.00 0.97 0.97 1.00
cov, 0.20 L1 1.04 1.00 1.00 1.01
0.25 117 1.09 1.05 1.04 1.04
0.30 124 116 111 1.09 1.09
0.35 1.33 1.25 1.19 1.16 115

* COV(_)R:(). 00

o COV6R=0'05

COV(_)R=0.10

A COVg =0.15
—k— COVg =0.20

0.05 0.1 0.15 0.2 0.25 0.3 0.35
cov f

Figure B.7. Sensitivity of |y with respect to COVy and COVy, for “6.10a&kb™ and
O = Fy) (0.05).

The sensitivity factors for the resistance side (&, ) corresponding to the calibrated y,, are
calculated. The aim is to provide values for ¢, to be used in the design point method included
in the EN 1990:2002 Annex C. The «,, is derived as follows:

e The random variable representing the resistance (including the model uncertainty)
Ry=R-©, is represented by a Lognormal distribution with 4 =4~ and
Cov, = \/COVRZ +COVg +COVzCOoVg .

e The design value of the resistance corresponding to the calibrated y,, is:

T Oi _ F'(0.05) 4o, _H (0.05) st

Tp.a = rdgk,d = (B.14)
ym de 7/)71 de 7/M
(considering 6, = o, )
e The sensitivity factor corresponding to R, and to the calibrated y,, is:
F (0.05) 7 1
Fo (71004 ) = (g B) = 0ty = D! [FR@ (% 7 (B.15)
M t
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The calculated values are summarised in Table B.17. It is worth noting that the values of

o, are not increasing with the coefficients of variations as it could be expected. This is a
consequence of the fact that the PSFs on the load side are fixed. For the combination with low
COVs, for example, the sensitivity factors should be low on the resistance side and high on the
load side. However, the load PSFs are fixed and calibrated considering several design situations
simultaneously. Therefore, the sensitivity factors on the load side that correspond to the
calibrated PSFs are lower than the ones that would be obtained for the case with only one
material with a low COV, . Consequently, the o, are larger for compensating. The opposite
is valid for large COV, .

Table B.17. Sensitivity factors for Ry back-calculated from the calibrated PSFs in Table

B.15.

cor,,
0 0.05 0.10 0.15 0.20
0.05 -0.69 -0.57 -0.50 -0.50 -0.52
0.10 -0.51 -0.50 -0.49 -0.51 -0.53
0.15 -0.50 -0.50 -0.51 -0.52 -0.55
cor, 0.20 -0.52 -0.52 -0.53 -0.55 -0.56
0.25 -0.54 -0.55 -0.56 -0.57 -0.58
0.30 -0.57 -0.57 -0.58 -0.59 -0.60
0.35 -0.60 -0.60 -0.60 -0.61 -0.62

B.7 Summary and future work

The calibration framework presented in this work aimed at providing more uniform

reliability among structures subjected to different types of action and constructed with different
materials. The calibration showed the following main results:

The current partial safety factors (PSFs) recommended in the Eurocodes lead to higher
reliability of design for structures dominated by wind actions compared with structure
dominated by snow or imposed actions.

The differentiation of the variable load safety factor can reduce the differences in
reliability. The calibrated PSFs for wind, snow and imposed loads were found equal to
approximatively 1.45, 1.70 and 1.75, respectively (with the assumed stochastic models and
the currently recommended values for the PSFs on the resistance side).

A unique partial safety factor equal to approximatively 1.2 can be utilised both for the self-
weight and the permanent load. Thus, there is no need for differentiating the PSF for self-
weight and permanent loads.

A PSF of 1.2 can also be used for permanent actions with larger uncertainty when the
characteristic value corresponds to the 0.95 fractile.

The calibration results are almost insensitive to the reference time used in the time-
integrated approach (1 year and 50 years). This is believed to be a consequence of the fact
that the material PSFs were fixed. In addition, the results were insensitive to the resistance
model biases as expected since the biases are accounted both in the estimation of the target
reliability and in the calibration of the PSFs.
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The partial safety factor for a generic load was calibrated as a function of the COVs of the
load maxima and the load model uncertainty. The PSF was increasing with the COV-values
as expected.

The partial safety factor for a generic material and failure mode was calibrated as a function
of the COVs of the material property dominating the failure mode and the resistance model
uncertainty. The PSFs was increasing with the COV-values as expected.

The present work should be continued and completed. For this reason, all the Matlab scripts

utilised for these calculations are available at [67]. In detail:

The stochastic models representing the environmental loads should be refined based on the
Subcommittees input. In particular, the model biases (hidden safety) and the fractiles
corresponding to the characteristic values provided in the corresponding Eurocodes should
be accurately estimated. They are expected to influence considerably the calibration of the
partial factors.

A significant difference among the reliability levels of structures with different materials
was observed. This difference can be reduced by calibrating the material partial safety
factors. For this scope, material specific limit state functions representing the specific
failure modes and detailed stochastic models representing the involved random variables
should be utilised. The resistance model biases are expected to influence the results
significantly. Making the reliability more uniform over the materials might lead to
significant changes in the safety factors on the material side which might not be accepted
nor trusted by the industry and the engineers.

Other materials should be included in the calibration such as soil, structural glass and
aluminium.
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