Aalborg Universitet AALBORG

UNIVERSITY

Fatigue Reliability of Concrete Elements in Bridges and Wind Turbines

Mankar, Amol

DOl (link to publication from Publisher):
10.54337/aau455432943

Publication date:
2021

Document Version
Publisher's PDF, also known as Version of record

Link to publication from Aalborg University

Citation for published version (APA):
Mankar, A. (2021). Fatigue Reliability of Concrete Elements in Bridges and Wind Turbines. Aalborg
Universitetsforlag. https://doi.org/10.54337/aau455432943

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

- Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
- You may not further distribute the material or use it for any profit-making activity or commercial gain
- You may freely distribute the URL identifying the publication in the public portal -

Take down policy
If you believe that this document breaches copyright please contact us at von@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.

Downloaded from vbn.aau.dk on: December 04, 2025


https://doi.org/10.54337/aau455432943
https://vbn.aau.dk/en/publications/e7e85474-9231-4d95-b895-95dd6b69fd58
https://doi.org/10.54337/aau455432943




FATIGUE RELIABILITY OF CONCRETE
ELEMENTS IN BRIDGES AND
WIND TURBINES

BY
AMOL MANKAR

DISSERTATION SUBMITTED 2021

((¢

AALBORG UNIVERSITY
DENMARK






FATIGUE RELIABILITY OF CONCRETE ELEMENTS
IN BRIDGES AND WIND TURBINES

PH.D. DISSERTATION
Amol Mankar

«

AALBORG UNIVERSITY
DENMARK

DISSERTATION SUBMITTED JUNE 2021



Dissertation submitted: June 3rd, 2021

PhD supervisor: Prof. John Dalsgaard Serensen,
Aalborg University

PhD committee: Associate Professor Christian Frier (chairman)
Aalborg University

Professor Bernt Leira
NTNU

Professor Dimitri Val
Heriot-Watt University (HWU)

PhD Series: Faculty of Engineering and Science, Aalborg University
Department: Department of Civil Engineering

ISSN (online): 2446-1636
ISBN (online): 978-87-7210-551-2

Published by:

Aalborg University Press
Langagervej 2

DK — 9220 Aalborg @
Phone: +45 99407140
aauf(@forlag.aau.dk
forlag.aau.dk

© Copyright: Amol Mankar

Printed in Denmark by Rosendahls, 2021



AUTHOR CV

Name

E-mail

Birthday

Work Experience

Dec 2016-

April 2014-Nov 2016

Feb 2012-April 2016

Dec 2009-Feb 2012

Amol Mankar

amol.mankar@hotmail.com

1% May 1983

Ph.D. Fellow, MSCA (INFRASTAR)

Department of Civil Engineering, Aalborg University,
Denmark

Senior Structural Engineer

Technical Advisory Services, DNV GL, Abu Dhabi, UAE
Senior Structural Engineer

Oil & Gas, DNV GL, Mumbai, India

Assistant Manager Structural

Oil and Gas & Special Projects (OGSP), Larsen & Toubro
(LnT), India


mailto:amol.mankar@hotmail.com
http://infrastar.eu/research-framework/wp3-reliability-approaches-for-decision-making/esr9-aau/

Sept 2006-Dec 2009

Education

2004-2006

2001-2004

1998-2001

Senior Engineer

Ocean Engineering Department, Engineers India Limited
(EIL), New Delhi, India

Masters of Technology: Structural Engineering

Department of Civil Engineering, Indian Institute of
Technology Roorkee (IITR) Roorkee, Uttaranchal, India

Bachelors in Civil Engineering

Department of Civil Engineering, Veer Mata Jijabai
Technological Institute (VIJTI), Mumbai, India

Diploma in Civil and Rural Engineering

Department of Civil Engineering, Institute of Civil and
Rural Engineering (ICRE), Gargoti, India

\



SUMMARY

Fatigue life prediction and fatigue safety verification of new and existing reinforced
concrete structures are gaining substantial importance especially for two types of
structures namely bridges and wind turbine foundations & support structures (onshore
as well as offshore).

For wind turbine structures with an increase in the capacity of energy production,
there is an increase in the size of the rotor, nacelle and assembly. This imposes higher
load fluctuations, amounting to fatigue cycles of about 10° in a lifetime of 20 years.
Thus fatigue verification becomes important for assessing the safety of these
structures.

Similarly, for bridges initially with normal strength concrete dead loads stresses were
high while live load fluctuations were relatively low. With the use of high strength
concrete and an increase in the magnitude of vehicle loads, this situation is reversed.
Further slabs of a bridge can experience more than 107 cycles during service life and
fatigue verification becomes important for safety.

Fatigue life prediction for these types of structures is not a trivial task as both actions/
loads and fatigue resistance are stochastic in nature. Wind loads, wave loads on wind
turbines and vehicle loads on bridges, vary in magnitude and frequency with time.
Similarly, on the resistance side, fatigue tests on the concrete show a large scatter of
fatigue life for the same test conditions.

A probabilistic approach can help to quantifying and handling the uncertainties in
loads and resistances. Thus a probabilistic reliability framework is a tool that can be
implemented in order to estimate fatigue safety of these structures.

Further estimating fatigue life for a reinforced concrete structure needs estimating the
compression fatigue of concrete in the compression zone and estimating tension
fatigue strength of the reinforcement in the tension zone. A literature study shows that
for the bending failure mechanism, it is the reinforcement, which fails first. While
there is a possibility of failure of the concrete in compression-fatigue when pre-
stressing is used to avoid tension in concrete.

Based on the above aspects the current Ph.D. work focuses on the development of a
probabilistic fatigue resistance model for compression fatigue of concrete, using a
large database of fatigue test campaigns collected from literature and also probabilistic
fatigue model for reinforcement based on fatigue tests conducted in past by other
researchers.
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The probabilistic reliability framework is exercised by using these newly developed
probabilistic resistance models on three case studies by probabilistic modelling
corresponding actions/ action effects on these structures. The three case studies are a
reinforced concrete composite viaduct in Switzerland, an onshore wind turbine in
Sweden and a gravity-based foundation of an offshore wind turbine in the Belgian
part of the North Sea.

The outcome of these studies using a probabilistic framework is the probability of
failure against fatigue/ fatigue reliability. This outcome can be compared against the
requirements set forth in international standards. Further, it is important to keep these
structures safe during the entire lifetime by maintaining the reliability levels above
the limit set by the codes. For this purpose inspection and maintenance of the structure
is performed. Thus a relation between inspection for the fatigue of concrete and
fatigue reliability framework is established in order to update the reliability based on
information obtained through the inspections. Finally, an approach for probabilistic
design optimisation and reliability-based inspection planning for the fatigue of
concrete structure is presented.
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DANSK RESUME

Forudsigelse af udmattelseslevetid for nye og cksisterende armerede
betonkonstruktioner er vigtig is@r for to typer af konstruktioner, nemlig broer og
vindmellefundamenter (bade pé land og offshore).

For vindmeller, hvor der i disse ar sker en stor foregelse i kapaciteten til
energiproduktion, er der en stigning i sterrelsen pa rotor, nacelle, tarn og fundamenter.
Dette medforer sterre variationer i lasterne, svarende til udmattelsescyklusser pa ca.
10° i en levetid pa 20 &r. Sdledes bliver eftervisning mht. udmattelse vigtig for at
vurdere sikkerheden af disse konstruktioner.

Tilsvarende for broer, der oprindeligt er projekteret med normalstyrke beton, er
spaendinger fra egenlast relativt heje, mens belastningsvariationer fra trafiklast er
relativt lave. Med aget brug af hgjstyrkebeton og en stigning i sterrelsen og antal af
keretajsbelastninger &endres denne situation saledes at en bro kan opleve mere end 107
lastcyklusser i levetiden, og eftervisning mht. udmattelse bliver mere vigtig for
sikkerheden.

Forudsigelse af udmattelseslevetid for disse typer af konstruktioner er ikke en triviel
opgave, da bade belastninger og udmattelsesstyrke er stokastiske. Vindbelastninger,
belgelast pd vindmeller og keretojsbelastninger pa broer varierer i sterrelse og
frekvens med tiden. Tilsvarende pd modstandssiden viser udmattelsesforseg med
beton en stor spredning af udmattelseslevetiden under de samme testbetingelser.

En probabilistisk tilgang kan hjelpe med at kvantificere usikkerheden i belastninger
og styrker. Séledes er pélidelighedsbaseret analyse og design et vaerktej, der kan
benyttes med henblik pa at modellere usikkerheder og estimere pélideligheden med
hensyn til udmattelse for disse konstruktioner.

Endvidere vil det for estimering af udmattelseslevetid for en armeret
betonkonstruktion vere nedvendigt at estimere udmattelseslevetid for beton i tryk af
beton og at estimere udmattelseslevetid af armering i omrdder med treek. Et
litteraturstudie viser, at for begjningssvigt i udmattelse er det armeringen, der forst
svigter. Nér der benyttes forspaending mhp. at undgd trak, er der mulighed for
udmattelsessvigt i betonen i tryk.

Baseret pa ovennavnte fokuserer dette PhD studie pé udvikling af en probabilistisk
udmattelsesmodel for beton i tryk, baseret pa en stor database over udmattelsesforsog
indsamlet fra litteraturen og ogsa en probabilistisk udmattelsesmodel for armering
baseret pa udmattelsesforseg udfert af andre forskere.



Den probabilistiske pélidelighedsmodel benyttes i tre case-studier med probabilistisk
modellering af belastninger pa disse konstruktioner. De tre case-studier er en armeret
betonkomposit-viadukt i Schweiz, en vindmelle p& land i1 Sverige og et
gravitationsfundament for en havvindmelle i den belgiske del af Nordseen.

Resultatet af disse undersogelser ved anvendelse af en palidelighedsbaseret tilgang er
sandsynligheden for svigt i udmattelse. Disse resultater sammenlignes med krav i
internationale standarder. Det er sdledes vigtigt at disse konstruktioner i hele levetiden
opretholder at palidelighedsniveau over det acceptable sikkerhedsniveau, der er
angivet 1 normer og standarder. Med henblik herpd kan der udferes inspektion og
vedligeholdelse af konstruktionerne. Saledes er der etableret en forbindelse mellem
inspektioner for udmattelse af beton og kravene for sikkerhed mode udmattelse ved
at opdatere palideligheden baseret pd information opndet gennem inspektioner.
Endelig praesenteres metoder for probabilistisk designoptimering og
palidelighedsbaseret inspektionsplanlaegning for udmattelse i betonkonstruktioner.
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Chapter 1

Introduction

Throughout the world, many efforts are directed to produce ever-increasing amounts
of energy for social and industrial needs while trying to keep the environmental impact
as low as possible. One of the most rapidly growing sources of sustainable energy is
wind energy. To cope up with energy demands by use of wind energy a trend of rapid
growth in rotor size and rated power generation capacity of wind turbines intended
for offshore as well as onshore installations is also clearly visible. In recent years, the
use of concrete has proved to be a very economical solution to minimize the Levelised
Cost Of Energy (LCOE).

Traditionally, civil engineers did not pay attention to the fatigue of reinforced
concrete, since dead loads are very high (for normal strength concrete) while live loads
are comparatively small and thus to very small stress fluctuations during the service
life of the structure [1], [2], . However, wind turbines structures push the limits of
structural engineering and enter more into the mechanical domain, mostly due to the
dynamic behaviour and the ratio of live loads to dead loads. With the use of concrete
for the support structure of the ever-increasing sizes of wind turbines, understanding
the fatigue process in concrete has gained attention [3]. In addition, with the trend of
using mechanical properties of the material to the highest extent, the importance of
studying fatigue in concrete is pronounced. Similar to wind turbine structures, for
bridge structures, use of high strength concrete is increased further with an increase
in magnitude and intensity of traffic loads, fatigue verification of these concrete
structures is an important aspect concerning safety.

Although concrete is widely used as construction material, the understanding of
fatigue failure in cementitious material is lacking as a comparison to ferrous materials.
The fatigue properties of reinforced and pre-stressed concrete structures are dependent
on the fatigue properties of the concrete, the steel reinforcement and the pre-stressing
steel. The inhomogeneous and complex structure of concrete, along with large spatial
variations, the steel reinforcement and pre-stressing, initial defects in the concrete and
the interaction between the steel and concrete, introduce significant uncertainties.
These can be modelled to some extent in a similar way as for welded steel structures
by using SN-curves and the Miner rule for linear damage accumulation, or
alternatively, fracture mechanics approach.

To optimize the fatigue design of reinforced and pre-stressed concrete structures, it is
important that every possible uncertainty (both resistance and action side) is estimated
and considered while designing the structure. This can be achieved by implementing
a probabilistic design philosophy where the structure is designed for a target reliability
level. Further, fatigue reliability can be estimated by quantifying the stochastically
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modelled uncertainties related to each parameter influencing the fatigue strength. The
fatigue limit state may result in being the governing limit state for bridges or wind
turbine kind of structures; especially due to the fact that these structures are subjected
to a very high number of fatigue cycles per year and also high concentrated stresses
in critical locations e.g. for wind turbines the connection between tower and
foundation.

The work conducted in the present Ph.D. thesis will be applied to wind turbine
foundations and tower, and the fatigue loading conditions for wind turbines will be
modelled considering typical large onshore and offshore wind turbines. Further, pre-
normative calibration of partial safety factors for application in design standards will
be performed as well as considerations of the effect of inspection and monitoring
during operation using a life-cycle approach. The work conducted will also be applied
to road bridges/ viaducts.

1.1 Objective of the thesis

“The main aim of the Ph.D. thesis is to develop a probabilistic framework for
reliability assessment of reinforced concrete structures with respect to compression
fatigue of the concrete. This includes application within the wind turbine industry
where reinforced concrete structures are widely used not only for onshore foundations
but also for new, innovative designs of concrete towers both for onshore and offshore
applications. The probabilistic framework is also applicable to concrete bridges”,
these objectives are set by EU MCSA project, INFRASTAR. The following objectives
are considered in the thesis:

e Development of a probabilistic framework for reliability assessment of
reinforced concrete structures with respect to fatigue.

e Application for wind turbines: foundations and innovative concrete towers.

e Application for concrete bridges.

e (Calibration of partial safety factors including considerations of the effect of
inspections and monitoring.

The thesis focuses mainly on the fatigue of concrete in compression and quantification
of uncertainties related to resistance part (concrete fatigue resistance) thus generic
uncertainty models for the action side are used from literature. The following three
case studies are covered through different papers.

e Case Study #A, a composite steel box girder and reinforced concrete deck
viaduct in Switzerland, see Figure 1-1: Data (construction drawings and long
term monitoring data) related to this case study was available from MCS
department of EPFL, Lausanne, Switzerland.
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e Case Study #B, an onshore wind turbine foundation in Sweden, see Figure
1-2: Data related to this case study was available from thesis available at
Lund University, [4], [5].

e Case Study #C, a Gravity Based Foundation (GBF) of an Offshore Wind
Turbine (OWT) foundation in the Belgian North Sea, see Figure 1-3: Data
(Construction details and Simulations) for this case study was available from
COWI A/S, as COWI A/S has done the design of this GBF for C-Power.

Transfer of results from the case studies is highly dependent on the type of structure
and the governing failure-mode/ limit-state (tension-fatigue, compression-fatigue,
ultimate, etc.) for the structure; however, the presented probabilistic reliability
framework along with reliability updating using inspections is applicable for similar
wind turbines as well as bridges.

Figure 1-2. A typical foundation of an onshore wind turbine, © Peikko




FATIGUE RELIABILITY OF CONCRETE ELEMENTS IN BRIDGES AND WIND TURBINES

b

"_’x-\;'f'r:'iﬂh r l

Figure 1-3. GBF Thornton bank, © C-Power
1.2 Thesis outline

The current Ph.D. thesis is organised as collection of papers. Thus, the main text of
the Ph.D. thesis presents links between all the papers while the papers are presented
in the appendices. Figure 1-4 provides overview covering links between appendix
(paper) and each chapter. Chapter 1 introduces the research work and thus the thesis.
Chapter 2 presents basic theory of structural reliability assessments in probabilistic
way. Chapter 3 focuses on physical understanding of the concrete fatigue and
quantification of uncertainties (epistemic and aleatory) in the fatigue resistance model.
Chapter 4 focuses on quantification of uncertainties on action side for different types
of concrete structures subjected to fatigue, e.g. bridge decks, onshore wind turbine
foundations and offshore wind turbine support structures. This chapter also gives a
short example for probabilistic framework for cyclic loading on monopile foundation
including soil structure interaction. Chapter 5 presents a probabilistic framework for
reliability assessments using inputs from Chapter 3 for resistance part and from
Chapter 4 for action/ load part. Chapter 5 also discusses about modelling of design
parameters and calibration of safety factors. Chapter 6 presents reliability updating
and reliability-based inspection planning along with a short overview of techniques
available for inspection of concrete structures. Chapter 7 presents the conclusions and
outlook. As state of the art and a literature review are presented in respective chapter
for maintaining the ease in reading.

The following aspects are covered in different papers written by the author during his
Ph.D. work:
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e Uncertainty quantification for concrete fatigue resistance, which forms a
major part of a reliability assessment (Papers 1, 3, 13 & 14).

e Uncertainty quantification for action/ load side for different concrete
structures (Papers 1, 2, 3,4,5,6,7,8, 11 and 12).

e  Uncertainty quantification for foundation soil (Paper 10 & 16)

e A probabilistic framework for fatigue reliability assessment (Papers 1, 3, 12,
13 & 16)

e  Structural design optimisation using a reliability framework (Papers 4 & 5)

e Uncertainty quantification of the information available through inspections
and reliability updating using information from the inspections (Paper 6)

{ Chapter 1: Introduction }

|

Chapter 2: ‘
Probabilistic reliability assessment

l

( Chapter 3: Uncertainties related Chapter 4: Uncertainties related to
to fatigue resistance of concrete fatigue loads on Concrete structures

v

- Onshore Offshore wind
wind turbine turbine
decks foundations substructures

Papers: 1,2 & 3 Papers: 5,6 & 7

E Chapter 5: Fatigue reliability and J Papers: 1,3,4,5& 7

calibration of partial safety factors

‘ Chapter 6: Reliability updating by }

inspection

‘ Chapter 7: Conclusions and outlook ]

Figure 1-4. Graphical outline of the thesis







Chapter 2

Probabilistic reliability assessment

Structural engineers considered the problem of the design of structures as mainly
being deterministic until the mid-twentieth century, using mean values of all loads
and material strengths ignoring their dispersion or variance. The safety of structures
was achieved by choosing strength of materials higher than all possible assumed load
levels by a certain margin, thereby an implicit safety consideration is made accounting
for the uncertainty The margin between loads and material strength was known as the
safety factor and this factor served the safety of the structure or ultimately the so-
called reliability of the structure. The values of these safety factors were decided based
on experience and engineering judgement of similar built successful structures [7],

[8].

Structural engineers during that time did not consider that it could be economically
justifiable to spend some money on collecting the data regarding dispersion and
uncertainties in material strength and loads on the structure [7], [8].

Later, with more knowledge on the variability of the random quantities, classical
reliability theory was introduced with some initial resistance by professional
engineers. Reliability considerations and methods were mainly introduced as a basis
for Structural design codes which evolved by using methods of probabilistic design
concepts deviating from the initial paradigms of deterministic design concepts. These
codes introduced partial safety factors, which, are applied to loads and material
strengths. Again, these partial safety factors were based on experience or calibrated to
maintain certain levels of reliability. These target reliabilities were decided based on
the type of structure and the consequence of failure. The consequences can be an
economic, environmental, risk to human lives or combinations of these [7], [8] & [9].

The reliability of a structure or a structural component (structural reliability) can be
defined as the probability that the structural component or the whole structure under
consideration will perform its intended function throughout its planned lifetime. In
addition, reliability analysis can be defined as a probabilistic technique used to
estimate the probability of failure of the structure within its planned lifetime by
modelling all associated uncertainties in a probabilistic way based on available
information.

Structural reliability methods are divided into four groups based on a different level
of idealizations/ assumptions and combinations of these to suit a particular design
problem. Basically the four groups are based on the extent of information available
about the problem, and how detailed the reliability assessment is [7].
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e Level I methods: A characteristic/design value is used for modelling
uncertain parameter, as for example code based partial safety factor concept.

o Level II methods: The mean values, the standard deviations and the
correlation coefficients between stochastic variables are used to describe the
uncertain parameters. These uncertain parameters are indirectly assumed to
be Normally distributed. The reliability index method is an example of a
level II method.

e Level Il methods: Joint distribution functions are used to model the
uncertain parameters. The reliability is measured by probability of failure.

e Level IV methods: In this method consequence is taken into account and risk
is defined as a product of consequence and probability of failure. This
method is used to compare different risk scenarios and also for cost benefit
analysis.

For using these reliability methods in design, they need to be calibrated for getting
consistent reliability levels. Level I methods can be calibrated using Level II methods
and Level II methods can be calibrated using Level I1] methods so on. Most of the
work in the current Ph. D. thesis uses Level III reliability methods.

Basic theory along with overview of probabilistic structural reliability assessment is
furnished in [7], [8], [9] & [10]. Figure 2-1 shows steps in a typical probabilistic
reliability assessment, once the target reliability level of the structure is defined and
significant failure modes are identified. Each identified failure mode can be modelled
using a limit state equation g(x) along with uncertainties using the stochastic
variables X = {X;,X,, ... }.

M= g(x) = R(x) = S(x) (2-1)

where M is the safety margin, R(x) the resistance (typically material strength) and
S(x) the load effects. Design point is considered where the limit state equation is
satisfied i.e. resistance is equal to load effects.

When the limit state equation g(x) is linear then the reliability index is a ratio of
expected value of the safety margin ‘M’ over the corresponding standard deviation,
which is also known as simple reliability index or Cornell’s reliability index [11].

Probability of failure can be obtained from reliability index in the following way,

Table 2-1 shows most commonly used reliability indices with corresponding failure
probabilities:

pr(X) = ®(—p (X)) (2-2)

®() is defined as the standard normal distribution.
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[ Steps in a typical reliability analysis }
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» Consequence of failure [ Formulate failure function }
» International code guidelines [Limit state function, g(x)]
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modes of the structure
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Figure 2-1. Steps in a typical reliability analysis

Table 2-1 Relation between failure probability py and

pr | 10° 105 [10* 103 10”2

B 4.7 43 3.7 3.1 23

The probabilistic design of wind turbine components or reliability assessments is
being initiated within the wind turbine industry. Wind turbines are basically designed
based on the IEC 61400 series of standards where the new IEC 61400-ed. 4 [12]
indicates a target reliability level which can be used for a probabilistic design. This
standard also describes the basis for the calibration of material partial safety factors
to the given target reliability level. Details on probabilistic design and reliability
assessment of wind turbines can be found in [13], [14], [15] and [16], all these studies
are limited to steel support structures.

Probabilistic design is not very common in the bridge industry; the design is based on
design standards with partial safety factors. However, for assessment of existing
bridges for safety or with life extension purposes, probabilistic reliability assessments
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are performed to optimize the infrastructure from economic and ecological
perspectives. Eurocode EN1990 [17] provides some aspects for assessment of new
structures by a probabilistic approach and presents an indicative target accumulated
reliability index for a lifetime of 50 years against fatigue, also some countries have
codes e.g. Swiss codes SIA-261, [18] for new structures and SIA-269, [19] for existing
structures. Most designers apply a code-based verification using partial safety factor
approach, while few researchers e.g. [20], [21], [22], [23], [24], [25] [26] and [27]
have demonstrated fatigue reliability of bridges using probabilistic approaches.
However, again most of the studies are limited to steel bridges or its components.

The current Ph.D. thesis is limited to considering the fatigue limit state (failure mode)
for concrete components of wind turbines and bridges. Fatigue resistance modelling
of the concrete material is presented in Chapter 3, while, fatigue loads on bridges and
wind turbines are presented in Chapter 4. Both chapters also cover modelling of
corresponding uncertainties.

10



Chapter 3

Modelling of fatigue resistance of concrete and
related uncertainties

3.1 Overview

Before modelling of uncertainties associated with the fatigue resistance of concrete a
few basic concepts are presented e.g. the relation between static strength and fatigue
strength, uncertainties associated with static strength of concrete, different ways to
model fatigue resistance, and changes in properties of concrete during cyclic loading.
All these aspects are explained in sections 3.2 to 3.2.4 of this chapter based on a
literature review. Section 3.2.5 deals with modelling of uncertainties associated with
fatigue resistance of concrete based on a compiled database from literature while the
final stochastic fatigue resistance model is presented in Paper 1 of Appendix A.
Section 3.2.6 shows the relative importance of uncertainty associated with concrete
fatigue based on a case study of a GBF of an OWT.

For fatigue of reinforced concrete, it can, in general, be relevant to consider the
following cases: fatigue of concrete in compression and fatigue of reinforcement in
tension. Therefore, section 3.3 explains important issues of fatigue of reinforcement,
and behaviour of reinforced concrete. Section 0 presents a stochastic fatigue resistance
S-N model for reinforcement bars based test data available in the literature. Section
3.3.2 presents details about a stochastic fatigue resistance model for linear elastic
fracture mechanics for reinforcement which is also presented in detail in Paper 3 of
Appendix C.

3.2 Fatigue of concrete
3.2.1 Static strength vs fatigue strength of concrete

Fatigue strength of concrete is assumed to be relatively reduced as the compressive
strength increases due to brittle behaviour of the concrete; relation between the fatigue
strength and the compressive strength is presented in equation (3-1). The fatigue
strength is related to the age of concrete at the time of fatigue loading and a
corresponding reduction factor g, was proposed in [28], which is later modified in
[29] based on [30] stating that this reduction factor leads to uneconomical design.

fck fck
= fot e = 085 frc(®) 15 (1= %)
feafat = fea Xract Pec Ye 40 fexo

fea Afact (3'1)
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where
Eurocode: 1 — Teke
250
. _ fck
Afaer = MC 1990:1 T Fer
MC 2010:1 — L&k
40'fcko

fek 1s characteristic compressive strength.

feq 1s design compressive strength.

fero 1s fatigue reference strength equal to 10 MPa.

B.c(t)is a factor describing development of strength of concrete with time.

¥, is partial safety factor on static strength of concrete.

Figure 3-1 shows the reduction of the fatigue strength compared to the compression
strength imposed by different international codes on fatigue strength, the Eurocode
[31] curve is not visible since it overlaps with MC 1990 [28]. Eurocode [31] and
MC1990 [28] curves get regressive after a characteristic compressive strength of 125
MPa and thus adds an additional safety which is explicitly not mentioned in these
codes. They are applicable for strengths up to 125 MPa only. MC 2010 [29] is
applicable up to f,;, 200 MPa. Similar strength reduction is exercised by the DNV

code [32] by the use of a factor ‘C2’.

N
a
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MC 2010

— =1 0

n
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=]

— =07
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Additional safety for
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design value fatigue reference strength of concrete f_, [MPa]
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characteristic compressive strength of concrete lck [MPa]

Figure 3-1 Static strength vs fatigue strength (Blue line represent compression strength)
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3.2.2  Time dependent (cycle dependent) properties of concrete

Concrete changes mechanical properties during the lifetime, e.g. under uniaxial cyclic
stresses permanent strain gets increased with a reduction in stiffness, see Figure 3-2.
This happens mostly due to continuous micro-cracking process that results in a
macroscopic behaviour as shown in Figure 3-2, [33], [34]. By representing the strain
and stiffness evolution as a function of the number of cycles, typical three-stage curves
are obtained. In the first stage degradation rate is high but decreasing, for the second
stage is this rate is stable and constant, in the third stage degradation grows very
quickly until failure is reached [33], Figure 3-3. Figure 3-3 further shows the
degradation process in the form of development of micro and macro cracks in
concrete. The left figure at the bottom shows pre-damaged material structure (small
black lines indicate micro-cracks) even at the initial no loading stage. These cracks
get further developed during fatigue lifespan; figures to the right show cracking
patterns at 10%, 50%, 90% and 100% of the fatigue life.

45] | Hysteresis |

40 et 21 AN )
351 =/
0] i) i
251 e /a4
RN /| 7
<l S/ //// A=
N/

BN ) 4
[ il : .
Strain [mm/m]

Stress [N/mm?2]

Figure 3-2 Development of stress-strain-behaviour [34]
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Figure 3-3 Fatigue cracks development during lifetime within concrete [34]

3.2.3  Modelling of fatigue resistance.: Concrete

Current section describes theory behind the modelling of fatigue-resistance, especially
for concrete material. For fatigue, which is characterised by cyclic loading, three
different aspects/models are in use to describe fatigue of concrete. First aspect focuses
on an empirical approach using Wdhler curves [35] or so-called SN (stress versus
number of cycles) curves along with Palmgren-Miner rule [36], [37] of linear damage
accumulation; this model is widely used and described in various international
standards (e.g. [32], [28], [29], [31], [38] etc.), which is also the current focus of thesis.
Second approach is based on fracture mechanics’ principles, which considers crack
propagation, a natural way to study material like concrete. Few researchers [39]
explain about the application of the concept of fracture mechanics in concrete using
principle of energy dissipation but typically limited to the ultimate limit state and not
cyclic loading i.e. fatigue limit state. There is one way to describe fatigue behaviour
is by using strain-stiffness relationship [40], as shown in Figure 3-3, however,
prediction of fatigue failure using this approach is still underway.

S-N relations are obtained through laboratory tests on concrete cylinders typically
100mm diameter and 300mm height (1:3 proportion), with multiple stress cycles
between upper and lower stress limits. These stress limits are expressed as a fraction
of the concrete compressive strength and can be written as Sy, * fer and Spin * fek-
The value of S, and S,,;;, are thus between 0 and 1.

14
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Results of the laboratory tests ( [41], [42], [43], [30] etc.) on concrete cylinders/ cubes
show an almost linear relation between the logarithm of the number of cycles to failure
and fraction of static compressive strength S,,,,, to which the element is subjected.
Further, it is observed that the number of cycles to failure is dependent on the fraction
of static compressive strength S,,,;, as well. An increase in S,,;,, results in an increase
in the number of cycles to failure since the increase in S,,;;, results in a reduction in
the amplitude of the stress cycles. Finally, the number of cycles to failure for concrete
elements is not only dependent on stress range but also on the mean level of the stress.
Thus fatigue resistance of concrete cannot be completely defined by S-N curves and
a Goodman diagram [44] is needed.

3.2.4  Uncertainty associated with static strength of concrete

The compressive strength of concrete, f,, at the age of 28 days from a cylinder of
300mm height and 150mm diameter (standard test specimens in standard conditions),
[45] and [46]. All other properties of concrete are (e.g. tensile strength, modulus of
elasticity, compressive strain and fatigue strength) derived based on f,.

This compressive strength of concrete encompasses uncertainties (both aleatory and
epistemic). Modelling of f, stochastically is described in literature e.g. [10], [47], [31]
and [48] et al.

The stochastic modelling explained in Dansk standard [47] is adopted for this thesis
and related all papers. Based on [47], the concrete compression strength is modelled
as lognormal distributed with a mean value of f,, and a standard deviation gy, The
associated Coefficient of Variation is V. = 0.14.

3.2.5 Modelling of uncertainty in fatigue resistance of concrete

SN-curves for concrete fatigue are presented in various international codes and
standards e.g. [32], [28], [29], [31], [38] and are generally developed based on data
from test campaigns e.g. [41], [43], [30], [42]. All researchers, codes and standards
accept scatter in the concrete fatigue test data and typically propose characteristic SN-
curves and partial safety factors to obtain design SN-curves. Review of the literature
shows that there is a lack of probabilistic / reliability-based assessment of the concrete
structures subject to fatigue failure and thus a lack of stochastic models for fatigue
resistance of concrete. With the aim to obtain such stochastic models a large database
of tests conducted for compression fatigue on concrete is collected and compiled from
literature namely, [49], [30], [43], [50] and [34]; it consists of 600+ laboratory tests,
from 10-11 experimenters. These tests cover the following variables:

e compressive strength from 26 MPa - 226 MPa,
e stress range from 5% to 95% of static compressive strength,
e load cycle frequency from 1-65 Hz covering up to 15 million cycles.

15
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Analysis of the data shows that none of these variables has a significant influence on
the fatigue life of the concrete (number of cycles to failure) when the stress ranges for
tests are expressed as fractions of the static compressive strength. Thus all variations
in the data set for the same testing conditions are assumed to represent the variability/
uncertainty of the fatigue life prediction of an SN-curve model and is modelled as:

lOg NF = f{Smax&Smin} +e (3'2)

where, Ny is the number of cycles required for failure which is a function of
Smax and S, . € models the model-uncertainty which is assumed to be unbiased and
Normally distributed. With Normally distributed un-biased error (€), the regression
analysis and the parameter estimation is performed using Maximum Likelihood
Method (MLM) and one of the parameter is the standard deviation of the error
(o.) itself. MLM provides us with the option to include runouts present in the dataset,
[8]. Equation (3-3) shows a typical MLM function, which takes care of runouts in
parameter estimation and provides a better fitting, compared over other methods e.g.
least square fitting where runouts cannot be directly included.

Ng Nr
min L(4,,) = min DP(M(A. ) =n,)- H P(N,(4,0.) = ny) (3-3)

where L is the likelihood function, A is the set of parameters to be estimated, Np =
number of observations where fatigue failure of the specimen was observed and Ny =
number of observations where runouts (no failure) were observed. In addition, MLM
provides us with statistical / parameter (epistemic) uncertainty associated with each
parameter, which can be directly used in reliability analysis. Paper 1 of Appendix A
presents the stochastic fatigue resistance model obtained from the database and
procedure mentioned above.

3.2.6  Relative importance of uncertainty related to fatigue resistance
of concrete

An uncertainty modelling and fatigue reliability assessment of an offshore wind
turbine concrete foundation is performed (Paper 9, [51]) considering the uncertainties
associated with:

e Structural model (steel resistance, concrete resistance, the mass of nacelle,
hub mass, tower thickness & damping ratio)

e  Soil (shear modulus & Poisson’s ratio)

e Metocean parameters (wind speed, turbulence intensity, wind shear, wave
height, wave period, water depth, drag and inertia coefficients for
hydrodynamic calculations)

o Fatigue damage (model, stress, post-tension, damage ratio, concrete)

16
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The study (Paper 9, [51]) concluded that uncertainties related to fatigue resistance of
concrete (X,,,) play a very important role compared to all other uncertainties in a
fatigue limit state assessment [51]. A similar conclusion forms part of Paper 7 of
Appendix G. Figure 3-4 shows variance decomposition [52] of fatigue damage (D)
for two cases Stochastic Load Stochastic Resistance (SLSR) and Stochastic Load
Deterministic Resistance (SLDR). Variance decomposition factor (B) have similar
properties as o factors in reliability analysis. These factors are calculated by
normalising the simple regression coefficients with the ratio of standard deviations of
output to input parameters. They vary from -1.0 to +1.0, where an absolute value close
to 1.0 shows high importance of the input parameter while a value close to zero shows
low importance of the input parameter, [53].

Others Others

G

sl

X

m

(2) SLSR (b} SLDR

Figure 3-4 Variance decomposition of D at interface based on linearized damage models
(taken from [51])

3.3 Fatigue of reinforcement

A special wear process occurs between contact areas of two materials due to relative
motion under vibration or some other similar force [54]. This phenomenon is known
as fretting fatigue. For eccentric fatigue loading on the reinforced-concrete specimen,
this results in an increase in the number of load cycles to failure, showing re-
distribution of the stresses in the concrete part. Such a process sheds off the load from
most initially damaged compression zone to less damaged zones in the vicinity while
at the same time the total and permanent strains are increasing. This large re-
distribution capacity within concrete results into brittle fatigue-fracture of
reinforcement [33].

Partially pre-stressed concrete (PPC) is widely used for bridges and marine structures.
The fatigue behaviour of PPC shows that tensile non-pre-stressed reinforcement
governs the fatigue life of PPC. This may typically be due to differences in bond
behaviour of non-pre-stressed reinforcement as compared to pre-stressed
reinforcement with concrete and also large redistribution of stresses within concrete.
Different codes specify the concept of cracked section analysis and the plane section
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concept such that the ratio of the strain range between pre-stressed reinforcement to
normal reinforcement shall be close to unity. However, measured strain range ratio of
pre-stressing steel to normal steel is less than unity which is caused by the respective
difference in bond behaviour with concrete [55].

In a reinforced-concrete element fatigue failure of concrete is unlikely to occur if the
concrete is in good condition i.e. concrete is not suffering from any deterioration
mechanism (cracking) due to rebar corrosion, frost or aggregate-alkali reaction [56],
[57]. In most cases, the failure of reinforcement governs the fatigue life of a reinforced
concrete element.

Different researchers [58], [59] tested reinforcing bars for fatigue in the laboratory
and found that the number of cycles to failure is proportional to stress range when
plotted on a log scale, similar to welded steel details. A stochastic fatigue resistance
model is developed based on data available and presented in Paper 15 and section 0.
Further [57] showed that the Linear Elastic Fracture Mechanics (LEFM) approach can
be used to estimate the fatigue life of reinforced concrete elements by estimating the
life of a fatigue critical reinforcement bar, a stochastic model for the LEFM approach
is presented in Paper 3 of Appendix C and in section 3.3.2.

3.3.1 Stochastic fatigue resistance model (S-N) for reinforcement

For steel reinforcement bars used in concrete, SN curves are recommended by various
international codes e.g. [28], [29], [32], [31]. Fatigue behaviour of reinforcement is
similar to that of steel in welded offshore structures, mainly described by only one
slope in SN curves. The relation between the number of cycles required for failure
and the stress range is expressed as:

Ni = KASLm
or (3-4)
log(N;) = log(K) — mlog(As;)

where N; is the number of cycles to failure with stress range As; in test number i. K and
m are fatigue parameters to be fitted by MLM here using test data [58] & [59]. A
stochastic fatigue resistance model was proposed in by [60]; however, it includes only
data from only one laboratory test, [58]. The uncertainties in fatigue life (N) can be taken
care of by an error term € and equation (3-4) can be rewritten as:

log(N;) = log(K) — mlog(As;) + € (3-5)

where € represents the model uncertainty of the fatigue life model and is Normally
distributed with mean value equal to zero and standard deviation o,.. As these
parameters are estimated using a limited number of data; consequently they are
subject to epistemic uncertainty. The covariance matrix of these parameters can be
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obtained as negative inverse of the Hessian matrix being obtained from the second-
order derivatives of the log-likelihood function, [61]. From the covariance matrix, it
is typically observed that the parameters K and m are highly correlated with
correlation coefficient (p) larger than 0.98; so, there will be multiple solutions to the
problem of parameter estimation. Therefore the slope parameter m is generally fixed
to 5.0 and the parameter K is estimated along with the model uncertainty/ the standard
deviation of the error (g.). The estimated value of g, is in the study described in
(Paper 15, [62]) observed to be equal to 0.39 which represents a quite large uncertainty
compared to typical SN-curves for the fatigue of e.g. welded details.

3.3.2  Stochastic fatigue resistance model (LEFM) for reinforcement

[57] presented a case study for fatigue safety of a railway bridge by estimating the
fatigue life of critical reinforcement bars by LEFM, this study is limited to the
deterministic domain. The author further developed a similar model using the Paris-
Erdogan Law [63] in the stochastic domain. Further, the LEFM approach is calibrated
to the probabilistic S-N model explained in section 0 by matching the annual
probability of failure, [9]. The attempted LEFM approach works well along with
calibration, and detailed results are presented in Paper 3 of Appendix C.
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Chapter 4

Reliability of bridges, wind turbines and soil
foundations

Safety of the bridges and wind turbines can be governed by different limit states e.g.
extreme/ ultimate limit state (extreme wind, extreme wave, extreme vehicle loads),
fatigue limit states and maybe also accidental limit states. As the current Ph.D. thesis
focuses only on the fatigue limit state of concrete structures, this chapter describes the
importance of fatigue safety of existing bridges in section 4.1, describing fatigue
critical elements in a typical road bridge. Further, section 4.1 explains a need for
realistic load models for estimating reliability, such a load model for Case Study#1 is
proposed in Paper 2 in the Appendix B. Similarly section 4.2 of this chapter gives an
idea about wind load on wind turbines support structures and how industry perform
the fatigue design of the support structure. Further critical components in wind
turbines from a fatigue point of view are listed. Lastly, an example of the cyclic
behaviour of foundation and reliability estimation by probabilistic modelling of soil
is presented in section 4.3.

4.1 Fatigue reliability of existing bridges

A large proportion of today’s bridges have been in service for more than sixty years
and now experience traffic loading and volume far in excess of original design
assumptions [64]. Although many of these structures have outlived their originally
intended design lives, they are often sufficiently safe, especially if they are adequately
maintained. While user safety is paramount, cases arise where over-conservative load
models, coupled with simplistic dynamic amplification factors, result in the
unwarranted condemnation of adequate bridges. These conservative load models are
justified for new construction, with the argument that providing significant load-
carrying reserves is necessary for the case of higher traffic loads in the future and
strengthening of existing bridges is extremely expensive [65]. This implies that many
existing bridges have a much larger load-bearing capacity than required and this is
often due to conservative calculation models. This also implies that there is a potential
for extending the use of these bridges.

With aim to maintain ecological balance (limit CO2 emissions), structural engineers
need to justify the safety of available infrastructure by using the capacity of the
mechanical/ strength properties of the materials to the extent possible; then traditional
methods (use of the code defined load models and the partial safety factor approach)
of safety verification are no longer adequate for efficiently maintaining bridges [66].
Therefore, load models and assessment techniques more appropriate to existing
bridges are required. One of the recent codes in Switzerland is dedicated to existing
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bridges with a reduction factor for loads to estimate the safety of existing bridges,
[19]. However, again these reduction factors are general and a further reduction in the
loads is possible with the use of site-specific measurements/ monitoring performed
during the service life the bridges. An inverse engineering study/ a generic method to
arrive at a load model from monitoring is proposed in Paper 2 of Appendix B.

4.1.1 Fatigue critical components in reinforced-concrete bridges

Stress variations imposed by vehicle loading on the deck slab of bridges are relatively
larger compared to stress variations in support structures, piers and girders [64]. Thus,
most critical elements with respect to fatigue of these bridges turn out to be the deck
slabs. These slabs may experience more than 107 cycles during their service life [57].

4.1.2  Action model for a viaduct bridge

As stated in section 4.1 there is a need to use correct loads for estimating the safety of
the bridge, one way is to long term monitor the behaviour of the bridge, which directly
yields action effects. However, in such case it is not possible to compare these action
effects with load models available in different international codes. Paper 2 of
Appendix B presents an inverse study to obtain the load model from the monitored
action effects model by using Peak Over Threshold (POT) method to filter vehicles
from data. Further to understand the behaviour of the bridge a simple calibration test
is performed by moving a truck of known axle weights. This calibration test is used
to train the model for the inverse study, lastly, the obtained load model is compared
with Weight In Motion (WIM) data and found close proximity. Using such a load
model and Finite Element (FE) model of the bridge it is possible to estimate fatigue
safety of other components where monitoring is not performed. Further Paper 1 of
Appendix B uses this developed load model along with a FE model to estimate fatigue
reliability of an existing bridge viaduct in Switzerland, Case Study #A.

4.2 Fatigue load on wind turbines

Offshore wind turbines can be subjected to very high number of cycles generating
from waves alone further it would experience wind load cycles which are almost 10
times wave cycles [67], [68]. An integrated analysis of the complete structure
including foundation with time history of loads is not normally carried out in the
industry. Foundation designer generally passes super element of the foundation
representing mass, stiffness in the form of matrices. Instead of performing a complete
dynamic analysis, normally simplified approach is adopted for design using these
Super elements along with Markov matrices, [69] i.e. selected load bins gathered
using suitable counting method generally, rain-flow counting. A complete dynamic
integrated analysis of the structure is performed only in limited cases since a large
amount of numerical efforts are required.
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4.2.1 Fatigue critical components in wind turbines

The fatigue components in onshore wind turbines and offshore wind turbines are
studied through different papers which are part of Appendices of this thesis:

e Paper 4 of Appendix D discusses the design optimization and probabilistic
fatigue design by identifying the foundation of an onshore wind turbine
(Case Study #B) as a fatigue critical component.

e Paper 5 of Appendix E discusses the probabilistic design of components by
identifying the interface between cone and shaft of a gravity based
foundation of an offshore wind turbine (Case Study #C) as a fatigue critical
location.

4.2.2  Fatigue of grouted connections

For more than 40 years offshore oil and gas structures have used grouted connections
to connect the foundation pile to the pile sleeves/ jacket legs in fixed offshore jacket
kind of structures. The annulus between the jacket sleeve and the pile is filled with
grout, further to enhance the performance of the grouted connection shear keys or
weld beads are used by industry in grouted connection region on both outside of piles
and inside of sleeves. The same concept is used by the wind industry for offshore
jacket structure as well as mono-pile structures [70]. However, these structures
experience rather severe dynamic loading compared to oil and gas structures. The
dynamic loading includes axial loads as well as moments. For monopile kind of
structures high pressure zone gets developed in grouted connections locally in both
ends of grout connection locally. Due to this high-pressure zone there is local fracture
and crushing of grout. As these bending stresses repeat periodically the fatigue
performance of the grout becomes essential [50].

4.3 Reliability analysis of an offshore wind turbine
foundations under lateral cyclic loading

The behaviour of offshore wind turbine foundations is to a large extent governed by
Soil-Structure Interaction (SSI) and thus influenced by the large uncertainty in
modelling the soil parameters and the soil behaviour. A probabilistic framework could
be helpful for geotechnical engineers to assess the performance of the foundation
within operational tolerance prescribed by wind turbine manufactures, certification
agencies, underwriters or insurance companies. Such a framework estimating, the
reliability not exceeding the tilting allowance of 0.25° for an offshore foundation in
the form of monopile supporting a 10 MW wind turbine, is outlined in Figure 4-5 and
proposed in Paper 15 [71]. An important aspect related to modelling and
quantification of uncertainties is also part of the work during this Ph.D. is explained
here.

23



FATIGUE RELIABILITY OF CONCRETE ELEMENTS IN BRIDGES AND WIND TURBINES

Metocean
data &
HAWC2

model

Cyclic
laboratory
tests

[}
b T
I 3

Uncertainty
quantification
from available

W o#
e

1
s
5%

= o

.

d (e Sined i o £ o Foundation
aa . = Geometry
stiffness N event
diagram

Stochastic input variables X

3D FEM
Response | Check if it yields same model
o i surface | structural tilting as FEM (scp
2 § method)
Soisinessupa) % 10 FocolN] l
Limit State
Equation
l No Updatle
foundation
Monte geometry
Carlo
s'mu;t'on Check if it meets target | Target PoF
Probability Se-4
of failure
Yes
(PoF) Safe design

Figure 4-5 Methodology for reliability analysis (taken from [71])

A limit state equation can be formulated to be used to estimate the probability of
exceedance of the tilting allowance often equal to 0.25° [72] which can be compared
against reliability requirements set forth in international standards e.g. [12].

9X) = Onmax — Ocarc(X)
(4-1)
Pf =P[g(X) < 0] = P[Omax < Ocqic(X)]
where, 6,4, 1s maximum tilting allowance often equal to 0.25° [72]

0.q1c(X) is estimated tilting of pile after extrement event

(X) are stochastic parameters related to soil, loading, cyclic contour diagram based
on which 8.4, (X) is calculated.
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There could be different types of uncertainties associated with this problem, namely
natural/ physical uncertainty associated with soil properties, model uncertainties
associated with understanding the behaviour of soil. Such sources of physical and
model uncertainty associated with this framework are estimated based on available
data for three methods namely:

e Cone Penetration Test (CPT) using an empirical relationship between tip
resistance and Elastic modulus, [73].

e Cyclic Counter Diagrams (CCD), a relation between the number of cycles
required to attain specific plastic strain for a specific level of mean stress and
amplitude stress, [74]

e  Metocean & aero-servo-elastic model, [75]

Out of these three, CCD is quite similar to the fatigue failure surface for concrete. The
contour diagram aims to estimate the amount of plastic/ permanent strain in the soil
as a function of the Average Stress Ratio (ASR) or the mean level of stress, the Cyclic
Stress Ratio (CSR) or the stress amplitude and the number of cycles with specific ASR
& CSR. In order to obtain an accurate CCD a large database of test campaign is
required which would cover different average and cyclic amplitude of stresses. So a
test campaign of undrained single stage two-way cyclic simple shear tests are carried
out in Technical University of Berlin’s Soil Mechanics Laboratories, [71]. A power-
law function is used to relate cyclic behaviour of soil to the data, see equation (4-2):

CSR =X, N¥d + X, +¢ (4-2)

The parameter d represents the shape of the curve, ¢ is a scaling factor, e is the
intersection with the CSR axis, while X;, X, & X, are corresponding stochastic
parameters respectively and ¢ is the fitting error. MLM is used estimate the standard
deviation of all these parameters. The shape parameter d is assumed deterministic
during fitting procedure. Figure 4-6 shows a slice of fitted CCD along with dots
representing the original test data.
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Figure 4-6: A Slice of the cyclic contour diagram at ASR = 0.06.(taken from [71])

Further, using these three input parameters a FE model of an offshore wind turbine
with monopile (with a diameter equal to 8m) is prepared in PLAXIS 3D [76] to
estimate the tilting of the foundation for different load parcels. Each load parcel
basically represents time history load in the form of equivalent load with the same
number of cycles producing the same plastic strain in soil. However, this model is
computationally intensive and expensive to use for different realizations to estimate
the probability of failure; therefore a response surface is established using the theory
of design and analysis of experiments & linear regression [77]. This response surface
is trained to yield the same tilting (8°) as the PLAXIS 3D FE model, keeping it as a
black box. Further, it was observed that the uncertainty associated with the response
surface itself has a negligible impact on the final probability of failure/ reliability
index. Figure 4-7 shows the obtained response surface, where red dots are simulations
obtained from the 3D FE model while surface shows fitted response surfaces to the
simulations. For the fitted function, the R-squared value is 0.9984 underlining a good
fit of the function to the data.
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Figure 4-7: Response surface (taken from [71])

For the current case, a reliability index of 4.03 is obtained, which is higher than the
generally acceptable reliability index for an offshore wind turbine. Further, the
reliability index is found to be sensitive to uncertainty in soil stiffness and uncertainty
in lateral loading. It is also to be noted that the reliability index is not sensitive to
uncertainty in the cyclic contour diagram and fitting error for the response surface.
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Chapter 5

Fatigue reliability and calibration of partial
safety factors

5.1 General safety format

“A limit state can be defined as a state beyond which the structure as a whole or its
component no longer satisfies the design performance”, [78], [79]. These limit states
can be separated as follows:

e Ultimate Limit State (ULS) is a state related to failure due to reaching the
ultimate capacity

e Fatigue Limit State (FLS) is a state related to the failure due to the repetitive/
cyclic loading

e Accidental Limit State (ALS) is a state related to failure due to an accidental
event during operations

e Serviceability limit state (SLS) is a state related to aesthetics or durability or
normal use

The safety format used in limit state standards is schematically illustrated in Figure
5-1 showing the probability density function for load in blue and for resistance in red.
As the current work is limited to the FLS, the loads are the fatigue loads (e.g. wind &
wave on wind turbines and vehicle & wind loads on bridges) and the resistance is the
fatigue resistance. The distinction between the load and the load effect is important
for the cases with nonlinear behaviour see section 5.3. For illustration in Figure 5-1
this relation is assumed linear. As shown in Figure 5-1 the load and the resistance are
modelled as stochastic variables and described by their probability density functions
(here Normal distributions for illustration). Then each quantity (load and resistance)
will vary around its mean value and the first step in introduction of safety is to use
corresponding characteristic value. Characteristic values are typically the 98®
percentile of the load and the 5™ percentile of the resistance. The second level of safety
measure is the limit state format and its use of safety factors on both load and
resistance. These safety factors will increase characteristic load to design load and
reduce characteristic resistance to design resistance and limit state requirement is
decided based on these design quantities, e.g. ¥, explained in section 3.2 is a safety
factor on the resistance side. The probability of failure is estimated, based on integral
as follows, [80], see also Figure 5-1:

Pr=P(R<S)=P(R—-S<0)= waR(x)fS(x)dx (5-1)
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where Fr(x) is the cumulative distribution function for resistance while f5(x)
illustrates the probability density function for loads/ load effects. It should be noted
that the probability of failure is not determined as the overlap of the two curves.
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Figure 5-1 Design principles: estimating probability of failure

5.2 Target Reliability Level

For a reliability-based design approach, the structural reliability acceptance criteria
typically is expressed by a target reliability level. The requirements for the safety of
structural elements/ failure modes/ systems are often represented in terms of a target
reliability level or a target probability of failure, based on an economic optimization
considering initial building costs and consequence of failure costs, [10]. Additionally,
minimum reliability levels may be required to be fulfilled. The target reliability can
be used as a control parameter for optimisation of the structure. For e.g. wind turbines
these target reliability values are derived based on an assumption that of systematic
rebuild or repair in case of failure.

Joint Committee on Structural Safety (JCSS) [10] proposes such target reliability
indices for a reference period of one year (annual reliability indices) for ultimate limit
states based on the relative cost of the safety measure and the consequence of failure.
Similarly, Swiss standard SIA-269 [19] for existing structures specify the requirement
of structural safety through target reliability values for a reference period of one year.
These target values are again dependent on the consequence of failure. These are
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estimated by a coefficient p representing the consequence of structural failure which
is calculated as follow:

0=, (52

According to SIA-269 Cr refers to all direct costs in the event of failure and C,, to
costs of restoration of the structure following a failure, [19]. Further, the
proportionality of safety-related interventions is assessed on the basis of their
efficiency taking into consideration the following aspects:

Safety requirements with respect to individuals and society
Availability of a structure and installation

The extent of damage to persons, material goods and the environment
Preservation of cultural values

The efficiency of interventions is assessed again with the coefficient EF), which is
expressed as follows:

AR

where, AR, represents the reduction in risk as a result of interventions and SCy
represents the safety costs associated with making the structure safe. A safety-related
intervention is regarded as proportionate if EFy > 1.0 and considered as dis-
proportionate if EFy < 1.0. Based on the efficiency of intervention and consequence
following table summarises target reliability indices.

Table 5-2 Target values of annual reliability index

Consequence of structural failure
Efficiency of interventions (EFy) minor moderate Serious
p <2 2<p<5 5<p<10

Low: EFy < 0.5 3.1 3.3 3.7
Medium: 0.5 < EFy; < 2.0 3.7 4.2 4.4
High: EFy > 2.0 4.2 4.4 4.7

As the current Ph.D. thesis is limited to reliability-based approaches, detailed financial
calculations are avoided and for the Case Study #A it is assumed to have a low EFy,
and serious consequences of failure; and thus the target reliability index is set as 3.7
which corresponds to a probability of failure as 10*. However, in case of wind
turbines, the risk of loss of human lives in case of failure of structural elements are
generally small. Therefore, an appropriate target reliability level corresponding to an
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annual probability of failure is considered to be 5-10* (annual reliability index equal
to 3.3), see [12] and [81].

5.3 Calibration of the partial safety factors
5.3.1 Design parameter

The relation between loads and load effects is dependent on the design parameter (z)
chosen for the optimisation of the structure. For performing a reliability analysis this
relationship (between loads and load effects) needs to be established using a simple
mechanics or detailed FE model based on the complexity of the problem and accuracy
needed. A design load effect S; is the most unfavourable combined load effect. Taking
the load effect to be a single quantity derivable by the load effect function (), the
design load effect from say n design loads F,; ; may be expressed as, [82]:

Sa =Y(Fy1,Faz ) Fan) (5-4)

The load effect functionip(-) is established for bridges, onshore wind turbine
foundations, offshore wind turbine gravity-based structures and offshore wind turbine
foundations including SSI during the current Ph.D. work for code calibration and
optimization of the structures. Note that for wind turbines typically characteristic
values of loads are used as input to the numerical calculation model and a partial safety
factor is applied to the obtained load effect. The effect of changing the design
parameter is studied and applied in the following case studies:

1. Case Study #A, a Swiss viaduct: A FE model of the viaduct is prepared in
ANSYS and the effect of changing the following design parameters is
studied and presented in Paper 1 and Paper 2 of Appendix A and B
respectively:

a. The thickness of the deck slab
b. Tensile reinforcement in the deck slab

2. Case Study #B, an onshore wind turbine foundation: A simple structural
mechanics model is used to obtain action effects from actions on a wind
turbine (represented by a Markov matrix for overturning moment received
from M/S Siemens, [4]) based on the theory presented in [5]. The following
design parameters are studied and presented in Paper 4 of Appendix D:

a. Thickness change of foundation slab
b. Tensile reinforcement in the foundation slab

3. Case Study #C, a GBF for an OWT: A simple structural mechanics model is
used to obtain action effects from actions on wind turbines (Markov matrix
obtained by from aero-hydro-servo-elastic model prepared in HAWC-2,
[51]) based on the theory presented in [67]. The following design parameters
are studied and presented in Paper 5, Paper 6 and Paper 7 of Appendix E,
Appendix F and Appendix G respectively:
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a. The thickness of the vertical shaft of GBF
b. Reinforcement in the shaft of GBF
c. Pre-stressing in the shaft of GBF
4. An OWT foundation including SSI: A PLAXIS-3D-FE model is prepared
and the effect of change of soil parameters is studied and a response surface
is created to account for this variation considering an FE model as a black
box as explained in section 4.3, and presented in Paper 16.

Out of four cases presented above the first two cases are almost similar since the
governing failure mode in fatigue is bending of the slab and the effect of change of
mean stress is not prominent; however for the third case study where the structure is
pre-stressed (pre-stressing has a direct effect on mean stress) the modelling of the
effect of change of design parameters is not trivial, which is presented in detail in
Paper 7 in Appendix G.

5.3.2  Calibration of the partial safety factor

Calibration of partial safety factors by the judgement was the main method until 20-
30 years ago. Reliability-based calibration of partial safety factors is applied to
calibrate a lower level reliability method by a superior level reliability method, see
Chapter 1. A general procedure for code calibration is presented in Paper 7 in the
Appendix G and in [80]. The recommended value for the partial safety factor on
resistance (¥, or y.) for the fatigue limit state for concrete is 1.50 and could be
understood as follows:

_ fck,fat (5_5)

Ym =Yc

fcd,fat

This partial safety factor (y,,)is calibrated by varying the design parameter as
explained in section 5.3, in different case studies:

1. Case Study #A (Paper 1 of Appendix A).
2. Case Study #B (Paper 4 of Appendix D).
3. Case Study #C (Paper 7 of Appendix G)

Comparison of three case studies is shown in Figure 5-2. For the case of a bridge
(Case Study #A) the variation of the annual reliability index is shown for three values
of the CoV of live loads due to vehicle CoVy, ; similarly for the case of onshore (Case
Study #B) and offshore (Case Study #C) wind turbines the variation of annual
reliability index is shown for three CoVs of the wind fatigue loads CoVy,, .
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Figure 5-2 Comparison of code calibration for a viaduct bridge an onshore wind turbine and
an offshore wind turbine

It can be seen from Figure 5-2 that, comparison cannot be made as the results are
dependent on each structures’ stress levels, for the case of the bridge it can be seen
that, annual reliability value is very sensitive to partial safety factor compared to other
two cases of wind turbines.
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Chapter 6

Reliability updating by information from
inspection

This chapter gives an overview of updating the reliability of a bridge or a wind turbine
structure by information obtained from inspections. Section 6.1 gives a generic
description of the steps in structural damage inspection. Section 6.2 gives an overview
of some methods or potential methods for inspection of concrete for identifying and
quantifying fatigue damage. Further section 6.3 estimates the uncertainty associated
with an inspection technique by the Probability of Detection (PoD) approach. Section
6.4 explains the use of Bayes rule for updating probability of failure/ reliability of the
structure from equality or non-equality type of information.

6.1 Structural damage inspection

Whenever a structure experience damage, it is reflected in changes in properties of
the structure or with a change in the behaviour of the structure. This could be the
change in mass, damping and/or stiffness, [83]. The damage characterisation process
can be described as follows, [84]:

e Detection of damage: is damage present?
Damage can be detected by identifying the change in the behaviour of the
structure. The change in behaviour of a structure could be identified by a
trained algorithm of a monitoring technique by means of the outlier
identification process.

e Localisation of damage: where is the damage located?
Localisation of damage needs an understanding of the behaviour of the
structure in the intact state as well as in the damaged state. The localisation
can be performed to some extent by understanding the critical elements
identified during the design process of the structure.

e Quantification of damage: what is the size of the damage?
Once the damage is localised, an appropriate inspection technique can be
employed in order to quantify the damage.

Once all above three steps of diagnosis (damage characterisation) are over then it
comes to prognosis (the consequence of the damage).

The current Ph.D. thesis work is limited to step 3) quantification of damage assuming
the two other stages are already performed. Further the current work identifies
uncertainties associated with the damage quantification process.
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6.2 Overview of available methods for inspection of concrete
6.2.1 Ultrasonic Technique (UT)

The velocity of a UT signal changes with change in elastic modulus of the material it
is passing through. Thus the UT signal can be used as an indicator as it can indicate
changes in elastic modulus of concrete which may be due to damage in the concrete.
Use of UT signals to detect and quantify the damage and compare with Miner’s
damage and further update the probability of failure based on information obtained
from such a UT inspection is presented as Paper 6 of Appendix F.

6.2.2  Acoustic Emission (AE) measurements

Acoustic Emission (AE) is a passive technique that records the elastic waves
generated when a local internal micro-displacement occurs in materials. The
frequencies of the recorded waves range between 20Hz and 1MHz. This technique
was first introduced by Joseph Kaiser in 1950 [85] and was applied latter to determine
the characteristics of plain concrete in 1977 [86].

In recent decades, this technique has been used in many laboratory tests, e.g. [87], as
well as in real-time monitoring to estimate the fatigue damage of concrete [88].

An AE system comprises sensors to be fixed to the concrete surface in order to convert
the elastic waves into an electrical signal. The signal is then amplified with embedded
or external amplifiers and transmitted with cables to the data acquisition system,
where it is digitized, treated and stored. A good signal requires an appropriate
coupling between sensors and concrete and well-defined filters. The signal is affected
generally by the characteristics of the AE source to the sensor, the characteristics of
the sensor and the measurement system [89].

To evaluate the fatigue damage of concrete structures, two methods can be used:
parametric AE and signal based AE. The first method focuses on extracting
parameters such as AE hits, signal strength, amplitude and energy from the filtered
signal. One parameter is generally not enough to investigate a structure. Therefore, a
fusion of different parameters is investigated. The second method requires analysing
the waveform, and provides quantitative information about the damage.

The changes in velocity can give an idea about the relative changes of the Young
modulus. The velocity of longitudinal waves V;, and transverse waves V; are linked
to the Young modulus E of concrete and its density p according to equation:

— |EK — / E
vV, = \/jandVT— L) (6-1)

If the AE signal is not attenuated, the changes in wave velocities can give a good
indication about the relative changes in the Young modulus, like the UT technique.
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AE provides also the possibility to detect [90], [91], [92] classify [92] and localize
[93], [94] cracks in concrete. It is, therefore, a promising technique for the bridge
industry and for the wind turbine industry to assess fatigue of concrete of e.g. support
structures like onshore foundations and offshore gravity-based foundations.

6.2.3 Coda Wave Interferometry technique (CWI)

The traditional UT is the UPV (Ultrasonic Pulse Velocity) method, which determines
the velocity by measuring the TOF (Time of Flight). UPV technique does not work
well when the change in the medium is small (i.e. fatigue damage is very small)
generating the same TOFs of the signals (e.g. Figure 6-3 [0.15ms 0.35ms]). When UT
measurements are performed in a frequency range higher than 50 kHz, the waves
interact with the heterogeneities and the wave path becomes longer and more
complicated than the direct waves. Coda wave means the later arrivals of the signal
(e.g. Figure 6-3 [1.5ms 1.7ms]). Different from TOF, the velocity change is
considered as a dilation or compression in time [95]. CWI has a high sensitivity to
subtle changes (strain, temperature, humidity, crack, etc.) in heterogeneous materials.

The basis of CWI is the velocity change and the correlation coefficient which
measures the similarity of the signals. To compare with damage in the structure, the
temperature and stress-induced velocity changes are very small. The opening of
cracks near the sensors normally causes a velocity change of more than 1 % [8]. Thus,
it is very easy to separate the cause of this change.
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Figure 6-3 Signal recorded before and after small perturbation in the medium [96]

The classical way to do UT monitoring is to glue UT sensors on the surface of the
structure (Figure 6-4 (a)). To reduce the influence of near-surface change and focus
on the interior of the structure, a new type of embedded ultrasonic sensors ‘SO807’ is
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invented [97]. These sensors can be installed inside concrete structures easily before
(Figure 6-4 (b)) or after the construction.

(a) (b)

Figure 6-4: (a) UT sensors are glued on the surface of the specimen [98]

(b) Embedded sensor installed on the rebar before casting the concrete [99]

Thus, the CWI method is an emerging technique for periodic inspections or
continuous monitoring of concrete structures. This is a very helpful tool for an early
indication of damage in the structure and works better when fused with other
techniques. Further research is required to relate the outcomes of this method to
fatigue damage in concrete for its commercial use. Moreover, a Probability of
Detection (PoD) curve for the CWI technique can be obtained by similar to the UT
technique. It is expected to have a higher probability of detection for the same crack
sizes compared to UT, as this technique is very sensitive to subtle changes. Currently
sufficient test results are not available to construct a reliable PoD curve.

6.2.4  Distributed Fiber Optic Sensing technique (DFOS)

Recently, Distributed Fiber Optic Sensing (DFOS) techniques showed their capacity
to monitor strain all over a tiny optical fiber. This fiber is able to cover a large part of
the structure, and thus replace the traditional big number of discrete strain gauge
sensors. Aiming to monitor the health of a reinforced concrete structure and follow a
long-term phenomenon like fatigue, DFOS sensors can follow strain in the
reinforcements (Figure 6-5a) and in the concrete material in tension and compression
zones. For this purpose, the optical fiber has to be surrounded by protective layers.
Then, the packaged optical cable can be fixed to rebars during the construction works
or glued on the surface of the structure after casting of concrete (Figure 6-5b).
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(b)

Figure 6-5: (a) Gluing an optical fiber on the reinforcement bars. (b) Packaged optical cable
fixed to rebars and glued on the surface of concrete.

DFOS techniques based on the Rayleigh backscattering phenomenon can reach high
spatial resolutions (in the order of millimetres) and therefore become sensitive to tiny
micro-cracks in the concrete material. These discontinuities disturb the spatial strain
distribution and therefore allow the detection of cracks (Figure 6-6) without being
dependent on the location of the sensor contrary to discrete and long gauge sensors
[100]. Recently, [95] showed that this technique can be as sensitive as CWI to micro-
cracks while providing their locations and monitoring their openings [101]. As a
result, this novel technique forms the only Non-Destructive-Technique (NDT)
capable of following the in-depth cracks propagation. On the other hand, laying the
fiber at different height can also provide information about the crack depth [102].

Concrete Concrete
Crack

£ coD = -

Intermediate |
layers |

roercee [ |
Crack Induced
Strain affected area

Short gauge sensors Long gauge sensors  DFO sensors

Figure 6-6: Crack detection using Distributed Fiber Optics Sensing technique [95].
6.3 PoD for DFOS technique

In order to update the information about the structure or its components, the crack
detection ability of the DFOS technique for a range of crack sizes is investigated by
developing a Probability of Detection (PoD) curve. The PoD is developed based on
test data of three-point-bending tests performed at IFSTTAR (the French Institute of
Science and Technology of Transport, Development and Networks) for 7 beams and
a total of 27 DFOS lines, [95]. The PoD can be calculated based on equation (6-2) and
[103]. Monte-Carlo simulations of the fitted distribution of the signal (Figure 6-7 &
Table 6-1) are used to obtain the PoD [104]. In Table 6-1 ‘a’ is the crack width in mm
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and ‘u and o’ represent the mean value and standard deviation of the DFOS strain
signal in pum/m conditioned on the crack width ‘a’. Figure 6-7 shows the relation
between strain in DFOS and crack width measured by a Linear Variable Differential
Transformer (LVDT). It is seen that uncertainty in the measured strain by DFOS
increases with an increase in crack width. This may be dependent on the change of
bond between the coating material and the concrete (due to fatigue degradation and
development of micro-cracks) or change of shear lag parameter, which governs the
strain in the DFOS, [95].

at crack location 5 cm away 10 cm away
4000 1 900 4
[
' I L]
250
3500 - Y 800 - " g
] 7 =
3000 B o g 5 :’
— ,’ I = re . _ 2007 i
£ 7 £ | 14 S I
£ 1 £ 600 ) = il [
£ 2500 r !, E in Ei - /
= 7 =
—_— ! — — I Y
< B < BES cor o SO
® 2000 F ;- © Lt © Y
= 1 += 117 = 1
n 11y ao0r iy 2 1
w 1 / V] w 1t w I !
O 15001 e @] ! O 10F ¥y 2
s i L300 #87 L 19
o o O e &) al
1000 - 8 ! P
1’ 2001 ;g4 i !,
‘:'I" "’ %04 strain data
L g ¥ '
500 I” 100 I'; E 4 = = = fited mean
,I F r = = == 95% confidence
0 01 02 0 01 02 0 01 02
Crack Width [mm] Crack Width [mm] Crack Width [mm]

Figure 6-7 Linear regression analysis of strain data.

Table 6-1 Distribution of the signal at crack location, 5 cm and 10 cm away from crack

location
Location Mean (p) [um/m] Standard Dev (o) [pm/m]
0 cm 10670-a + 17 1116-a + 50
5cm 2450-a + 60 230-a+18
10 cm 730-a+ 35 131-a+ 10
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Figure 6-8 Noise in DFOS

A study of the noise at zero load level or no crack stage (see Figure 6-7) shows a
normal distribution, see Figure 6-8. Thus, the noise in the system is modelled as
Normal distributed with a mean of 0.24 um/m and a standard deviation of 4.41 pm/m.
Test data from a damaged structure of known crack sizes are compared to decide a
threshold value. A threshold value (‘#” in equation (6-2)) is generally chosen such that
the probability of false alarm (Type-1 error) is minimised, [103]. For the current study,
it is chosen equal to 100 um [95], such that a very low probability of false alarm based
on the study of noise is obtained. It is to be noted that the PoD is highly sensitive to
the threshold. Figure 6-11 shows the sensitivity of the PoD for different threshold
values for a DFO strain at 10 cm away from the crack location.

P(Ila)sz(sla)ds (6-2)

where
t is the threshold value chosen in ‘um’
a is the crack size in ‘mm’

f(sla) is the conditional distribution of the signal size s, given the crack size a
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P(I]a) is the probability of indication or probability of detection for a given crack size.

Mean values and standard deviations of f(s|a) are shown in Table 6-1.

at Crack location Scm from Crack location 10cm from Crack location

PoD [
PoD []
PoD [

€OD [mm] €OD [mm] COD [mm]

Figure 6-9 PoD for DFOS at different locations measured from the crack.

The DFOS technique can detect very low crack sizes when the strain is measured at
the crack location. As a result, PoD for this method is equal to 1.0 for all sizes of the
cracks of practical importance in structural engineering. For a real structure, it is
difficult to know accurately the location of the crack prior to the installation of SHM
and thus, DFOS strain measurements may not be captured at the crack location.
Therefore, the detection of cracks is also dependent on gauge distance chosen for the
DFOS measurements, e.g. if a gauge distance of 10 cm is chosen, then the maximum
distance of crack from any measurement is 5 cm and PoD corresponding to 5 cm
should be used. The current study uses such information of DFOS strain measured
being away from the crack location and uses a PoD curve based on a maximum 5 cm
distance from the damage. Figure 6-10 shows strain in DFOS at different locations: at
crack, 5 cm and 10 cm away from the crack (i.e. gauge distance of 10 cm and 20 cm
respectively). It is observed that the strain at crack location starts crossing the
threshold at a very early stage < 1 um. The strain at 5 cm starts detecting the crack
when its size is ~12 pm, while the strain at 10 cm starts detecting the crack only when
the crack size is more than ~90 pm. This also can be observed from the PoD curves
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presented in Figure 6-9, e.g. at crack location, 5 cm and 10 cm, the detection starts at
~5 pm, ~20 pm ~60 pm respectively.
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Figure 6-10 DFOS strain as function of LVDT crack width

(Small figure below legend shows a zoom-in view around the crossing threshold)

Figure 6-9 shows PoD curves obtained for different Crack-Opening-Displacements
(COD) at three locations (crack location, 5 cm and 10 cm away). The first plot (at
crack location) has the highest PoD as expected, whereas, at 5 cm, the PoD is slightly
lower and at 10 cm, it is the lowest among the three.

DFOS techniques aim at localizing the cracks and quantifying the crack size, treating
the cracking phenomenon locally. However, it is very difficult to relate this
information of local crack size to the global behaviour of the structure, for concrete
structures. This could be a very useful tool for materials like Ultra-High-
Performance-Fibre-Reinforced-Cementitious material (UHPFRC) where discrete
cracks are formed like steel. Then, for such structures with UHPFRC materials,
reliability updating can be performed by using a Probability of Detection (PoD) curve
developed above.
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PoD for different Threshold values for strain at 10cm from Crack location

PoD [-]

COD [mm]

Figure 6-11 PoD for DFOS at 10 cm from crack location for different threshold values

6.4 Updating the reliability based on new information

Regular inspections or structural health monitoring checks are performed in order to
assess the current state/ health of the structure. With each of such inspections, new
information about the structure is available which can be used to obtain updated
failure probability of the structure based on Bayes’ rule. This aspect is explained in
detail for a case study of an offshore wind turbine gravity-based structure in Paper 6
of Appendix F. This paper presents updating failure probability using both cases of
inspection using UT when damage is found (equality type of information) and when
no damage is found (in-equality type of information).
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Chapter 7

Conclusions and outlook

7.1 Conclusions

The current Ph.D. thesis work is focused on fatigue reliability concrete structures with
a specific focus on the fatigue of concrete in compression and quantification of
uncertainties related to the resistance part (concrete fatigue resistance). The following
key aspects are presented through various research papers on different case studies.

e Identification and quantification of uncertainties along with the development
of a stochastic resistance model using the S-N approach for compression
fatigue of concrete using a large database collected from the literature.

e Identification and quantification of uncertainties of vehicular traffic in terms
of weight of vehicle and location of vehicles on the deck of a bridge. Further
development of a stochastic load model by using an inverse engineering
study.

e Development of a probabilistic framework for reliability estimation using
stochastic resistance models, stochastic load models developed earlier and a
new way of modelling the design parameter for existing structures.

e Probabilistic fatigue design and design optimisation are investigated in
different case studies using different design parameters for onshore as well
as offshore wind turbines.

e Code calibration of material partial safety factor for fatigue resistance of
concrete.

e Development of a stochastic resistance model using the S-N approach for
tension fatigue of reinforcement bars.

e Development of a stochastic resistance model using the LEFM approach for
tension fatigue of reinforcement bars and calibration of the LEFM approach
with the S-N approach by matching the annual probability of failures for both
approaches.

e Development of PoD curve for two inspection techniques namely DFOS and
UT.

e  Updating the fatigue reliability of concrete structure using PoD curves.

e Development of a probabilistic framework for the assessment of a limit state
related to tilting of monopile foundations by probabilistic modelling of soil
stiffness.

Probabilistic models related to compression fatigue of concrete have been applied to
reinforced concrete bridges, onshore wind turbine foundations and gravity-based
offshore wind turbine support structures.
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7.2 Outlook

The author believes that the current work can be further developed on a few more
fronts:

e More fatigue test experiments should be planned not only at the material
level but at the structural level or subcomponent level for a better physical
understanding of fatigue phenomenon.

e Few fatigue test experiments for UPHFRC material are available at material
level as well as at component level, development of stochastic resistance
model should be planned based on these experiments.

e The current study is limited to component level reliability; however, an
approach considering system level reliability would be relevant e.g.

o for Case study ‘A’, the current study is limited to failure of just one
rebar, an approach with failure entire deck slab could be relevant to
study by looking at rebars as a parallel system.

o for Case study ‘C’, only concrete compression failure at extreme
fibre is considered; it would be relevant to consider the failure of
surrounding concrete and estimate the time to failure for through-
thickness failure or failure of component based on re-distribution of
forces within concrete.

e Current tests on tension fatigue show only one slope of the SN-curve; more
fatigue tests should be planned to investigate if there is any change in slope
for high cycle fatigue at lower stress levels, see section 7.2.1.

e Vibration-based monitoring by measuring natural frequency could be a good
option to estimate fatigue damage in concrete for a wind turbine; should be
explored further, see section 1.16.2.1.

e Most of the current work is limited to one limit state, namely FLS; it would
be very relevant to study all applicable limit states together for holistic design
optimisation.

The author studied two of the abovementioned aspects during his Ph.D. which could
be developed further and may be of interest to the bridge and the wind turbine
industry. They are briefly described in the following section.

7.2.1  Tension fatigue of concrete

Tension fatigue of concrete was studied by researchers in the 1980s, e.g. [42], by
testing beams under flexure or by concentric tension tests or by splitting tension tests.
Each employed method has its own influence on the outcome in terms of the number
of cycles for failure. The current Ph.D. work is limited to the study of compression
fatigue of concrete; however, while comparing the data from tension and compression
fatigue tests it was observed that tension fatigue varies largely from compression
fatigue presenting inability of the material to take up tension fatigue. Also, no
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endurance limit (some stress range and/ or mean stress, at which concrete can take up
an infinite number of cycles) was found for tension fatigue of concrete, [2, p. 95/305].

The left-hand side of Figure 7-1 shows the data for tension fatigue and a thin line
represent code model; similarly a MLM fit to the data is shown by a thick line.
Similarly the right-hand side of Figure 7-1 shows data for compression fatigue along
with its S-N curve proposed in [29] and a MLM fit proposed by the author in [6],
Paper 1 of Appendix A.

alternating tension fatigue Compression fatigue

o
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0.8
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0.3 1 1 1 1 0.3 1 L 1 1
0 2 4 6 8 0 2 4 6 8

Number of cycles for failure [N ] Number of cycles for failure [N 1

Figure 7-1 Fatigue data and different fits (code [thin] and MLM [thick])

Figure 7-2 also shows a comparison of tension and compression fatigue strength
described in [29] by presenting a ratio of the number of cycles required for failure. It
is also interesting to see that when Smin is increasing then the stress range gets
reduced and performance in compression fatigue gets better. However, this effect is
not seen on tension fatigue so the ratio of the number of cycles to failure gets increased
with increasing Smin.
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Figure 7-2 Comparison of number of failure cycles for tension and compression fatigue

6.2.1 Vibration  based  SHM:  Frequency
measurement for damage detection

HAWC-2 simulations are performed by changing Young’s modulus of concrete in a
GBF in order to estimate if there is any relation to the natural frequency, see Figure
7-3. This relation shows that the natural frequency is a very good indicator of
normalised damage of concrete. It is to be noted that when damage level is increased
by 30%, the corresponding relative change in frequency is 5% and with current
measurement techniques, it is easy to measure this 5% change with great accuracy.
However, it should be noted that the current results are deterministic and do not cover
any uncertainties. Uncertainties need to be accounted in order to use this indicator to
update the reliability of the structure, e.g. uncertainty associated with Young’s
modulus of concrete, uncertainty associated with variation of damage along the shaft/
cone length, uncertainty associated with structural damping assumed.
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ABSTRACT

Assessment of existing bridge structures for inherent safety level or for lifetime extension purposes is often more challenging than designing new ones. With
increasing magnitude and frequency of axle loads, reinforced concrete bridge decks are susceptible to fatigue failure for which they have not been initially designed.
Fatigue verification and prediction of remaining service duration may turn out to be critical for civil infrastructure satisfying the required reliability. These structures
are exposed to stochastic loading (e.g. vehicle loads, temperature loads); on the resistance side, reinforced concrete also behaves in a stochastic way. This paper
presents a probabilistic reliability framework for assessment of future service duration, which includes probabilistic modelling of actions based on large monitoring
data and probabilistic modelling of fatigue resistance based on test data. A case study for the steel - reinforced concrete slab of the Crét de 'Anneau Viaduct is
presented along with calibration of resistance partial safety factors for lifetime extension.

1. Introduction

Most of the reinforced-concrete bridges in Switzerland are more
than ~60 years old. Deck slab is the high fatigue loaded part of such
bridges due to the moving wheel loads [1-4]. However, such slabs may
not be designed for fatigue [5]. Fatigue verification of reinforced con-
crete consists of (1) the verification of steel reinforcement in tension
zone for tension fatigue, (2) the verification of concrete in compression
zone for compression fatigue and (3) the fatigue verification of the bond
between steel reinforcement and concrete [6].

Probabilistic fatigue reliability framework was used by many re-
searchers [7-15], to estimate the fatigue safety of road and railway
bridges. However these studies were limited to steel bridges or their
components. They included different aspects e.g. [9] worked on the
fitting of probability density functions over monitoring data for a steel
bridge and concluded that, such approach worked well and produced
reliable estimates of the probability of failure [13]. used six months
operational strain measurement and extended the data by using Boot-
strap Method [16]. [12] worked on reliability framework and replaced
a complicated 3D finite element model by a response surface using
theory of design and analysis of experiments & linear regression [17].

All the above-mentioned aspects related to the probabilistic mod-
elling of actions or action effects can be used for reinforced-concrete
bridge as well; e.g. the approach of fitting density functions, and re-
sponse surface was used on a reinforced concrete bridge see, [18]. Quite
a few researchers worked on the safety verification of reinforced-

* Corresponding author.
E-mail address: ama@civil.aau.dk (A. Mankar).

https://doi.org/10.1016/j.engstruct.2019.109788

concrete and pre-stressed concrete bridges, by studying the response of
reinforced-concrete material to fatigue loads. Schlifli and Briithwiler [5]
conducted experimental campaign of testing 27 slab like beams
(without shear reinforcement) and concluded that fatigue failure can
only be observed when the fatigue load exceeds 60% of static ultimate
loads. Failure was always observed on tensile reinforcement due to
fracture of reinforcement and no failure on compression fatigue of
concrete was observed. S-N relations of reinforcement bars were valid
for estimating the life of the structures. A similar conclusion was ob-
tained by testing corrugated steel plates and orthotropic reinforced-
concrete decks under four point bending test where the failure was
always observed in the welded parts of the corrugated steel plates and
the corresponding S-N relations were valid for the estimating life [19].
Using the above conclusions [20], performed fatigue safety checks of a
post-tensioned box-girder-road bridge. This work was limited to the
deterministic domain and did not consider the compression fatigue of
concrete. The safety of reinforced-concrete bridges were estimated by
other approaches e.g. estimating the remaining life of bridges by linear
elastic fracture mechanics of reinforcing bars [21]. [22] focused on the
fretting fatigue of pre-stressing reinforcement, which occurs at the
contact between pre-stressing tendons and inner surface of duct. Fa-
tigue safety was studied using S-N curves similar to the ones of steel
reinforcement.

On the other side [1-4], illustrated that, fatigue cracks in the
compression side of concrete were possible. Firstly, flexural cracks get
formed in the tension side of reinforced concrete and later these tensile

Received 1 January 2019; Received in revised form 7 October 2019; Accepted 10 October 2019
0141-0296/ © 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
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flexural cracks get progress into the compression side due to the
twisting action when a moving wheel load passes these tensile flexural
cracks. This reduces shear rigidity and it further degrades deck slabs if
rain water ingresses these cracks. CEB Bulletin 188 [23], illustrated
seventeen case histories concerning the failure of reinforced-concrete
bridge structures. For most of the cases, fatigue was the main factor
contributing to the failure combined with other factors. Case histories
of bridges in Holland and Japan cover failure of concrete in compres-
sion zone where reinforcement was in an intact condition. [24] con-
ducted compression fatigue tests on cubic specimens and three point
bending fatigue tests on full-scale pre-cast reinforced-concrete slabs for
railway tracks.. In this study, a relation between fatigue life and sec-
ondary strain rate was developed based on test campaign. [25] covered
numerical validation of tests conducted by [24]. However this study
was limited to the deterministic domain. [26] considered using an ar-
tificial neural network to estimate the fatigue life of reinforced-concrete
decks based on crack patterns. This study had an issue that, the training
of an artificial neural network needs to cover all kind of crack patterns
covering all possible failure mechanisms.

With potential fatigue damaging over time and the increase in axle
loads in both aspects magnitude and frequency, the reinforced-concrete
bridges often need strengthening to continue using the infrastructure
with the required reliability level. Before any intervention, an assess-
ment is necessary [5]. However, the assessment of existing bridge
structures for inherent safety level or for lifetime extension purposes is
often more challenging than designing new bridges. This may include
updating all the uncertainties on both the action and resistance sides
based on information obtained from inspections, structural interven-
tions and monitoring campaigns conducted during the service duration
of the structure. Uncertainties on the action side may include variation
in vehicle weights and positions on carriageway-width of deck slabs,
velocity of vehicles, number of vehicles crossing the bridge from each
traffic direction, uncertainties related to temperate and related tem-
perature induced strains. Uncertainties on the resistance side are in the
form of large scatter in fatigue test data even for same conditions of test
campaigns. Uncertainties in resistance also include structural response
to these actions in the form of variation in action effects. Uncertainty in
compressive strength of concrete relates to the gain in concrete strength
over time due to continued cement hydration. To cover these wide
ranges of uncertainties, the probabilistic reliability method proves to be
efficient for assessing the fatigue safety of structures.

This paper presents a probabilistic reliability framework for as-
sessment of future service duration, which includes a probabilistic
modelling of actions based on monitoring data collected for a period of
one year; probabilistic modelling of the fatigue resistance based on
large fatigue test data compiled from literature. The probabilistic
modelling of actions includes the identification and quantification of
uncertainties associated with the weight of vehicles, position of vehicles
and temperature inducing strain variations. This modelling is limited to
the verification of the fatigue limit state only and is based on a mon-
itoring campaign conducted for the Crét de I'Anneau Viaduct for a
period of one year and the weigh in motion (WIM) data obtained from
Swiss authorities, see [18] for details about monitoring and WIM data.
The probabilistic load modelling is described in Section 3. The prob-
abilistic modelling of resistance includes a stochastic fatigue resistance
model based on a wide fatigue test database available in literature; see
Section 2 for details about probabilistic fatigue resistance modelling.
Thus, the novelty of the paper lies with presenting a generic technique
to model relation of design parameter for existing structures to calibrate
partial safety factors, based on newly developed stochastic-fatigue-re-
sistance-material-model. In addition, a case study for the Crét de I'An-
neau Viaduct is presented along with calibration of resistance partial
safety factors. Calibration of resistance material partial safety factors
turns to be useful for existing structures, where structural engineers can
meet reliability requirements, simply by using the calibrated partial
safety factors with a code-based design without performing complex
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reliability analyses.
2. S-N relations for concrete fatigue
2.1. Introduction

S-N relations for concrete fatigue are generally developed using data
from testing campaigns. Waagaard, [27] in 1981 tested concrete for
axial and flexural fatigue under different confining conditions in the
presence of water (for offshore concrete foundations), see Det Norske
Veritas (currently DNVGL) [27]. Cornelissen in 1986 tested concrete
under tension fatigue at TU Delft, Netherlands [28]. Petkovic in 1990
tested high strength concrete during that time, which is less than
100 MPa compressive strength, for axial compression fatigue [29]. Lo-
haus and others tested ultra-high strength concrete with compressive
strength of 180 MPa [30]. As outcome of all this research works, in-
ternational codes e.g. DNV-0S-C502 [31], NEN 6723 [32], EN 1990
[33], fib MC1990 [34] and fib MC2010 [35], have proposed models for
predicting fatigue service duration of concrete structures. These codes
use the Palmgren-Miner (PM) rule [36,37] of linear damage accumu-
lation where the fatigue strength is represented by a combination of
Goodman Diagrams [38] and Wohler Curves also known as S-N curves.
Fatigue behaviour of concrete is governed not only by the stress range
but also by the mean level of stresses. Use of the Goodman diagram to
describe the fatigue behaviour accounts for the importance of the mean
level of stresses.

All research papers, reports, international codes and standards agree
that scatter in concrete fatigue test results has to be accounted for and
proposed characteristic design curves/surfaces together with the partial
safety factor concept. In order to obtain both reliable and cost-compe-
titive design of reinforced and pre-stressed concrete structures, it is
important that the uncertainty of the individual parameters is estimated
and taken into account in the design process. This can to some degree
be done by applying the partial safety factor approach but a much more
elaborate approach can be obtained by adopting a probabilistic design
approach where the structure is designed to meet a target reliability
level. For this purpose uncertainty related to each parameter influen-
cing the fatigue strength should be quantified and modelled by sto-
chastic variables in order to estimate fatigue reliability. Thus, applica-
tion of structural reliability theory could be an efficient way, to
adequately-account for all these uncertainties while predicting fatigue
service durations and future service durations of concrete structures
[39].

2.2. Compilation- and statistical-analysis- of fatigue test data

The stochastic material model for fatigue of concrete presented in
this paper is developed from a large database of concrete fatigue tests,
collected from the literature, namely [40,30,29,41,42]. All compiled
data and thus the developed model focuses on axial compression-
compression fatigue of concrete. The database used for development of
the material model consists of 600+ laboratory tests, from 10 to 11
experimenters. These tests cover a wide range of variables. For ex-
ample, normal-strength concrete with compressive strength from
26 MPa to ultra-high-strength concrete with compressive strength of
226 MPa. The stress range varies from 5% to 95% of static compressive
strength, tested under different range of frequencies 1-65 Hz and cover
very high cycles of fatigue up to 15 million cycles. Normalized data is
plotted (asterisks) see Fig. 1. A statistical analysis of the above database
is performed using the fatigue strength model presented by Lohaus et al.
[301, also adopted by [35]. This statistical analysis is performed using
the Maximum Likelihood Method (MLM) for fitting the data to the
model. Compared to other methods like least square fit, MLM has the
advantage that, runout cases in fatigue tests can be included. Further-
more, it is easier to obtain Fisher information matrix and thus the
parameter uncertainty associated with estimated parameters along with
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Fig. 1. (a&b) Probabilistic material model fit comparison with fib MC2010 fit
for all fatigue test campaigns.

their correlations. This information can be directly used in reliability
analysis [43,44]. A local sensitivity and identifiability analyses were
performed to obtain a unique set of parameters from available data, see
[45], for other models, reference is also made to [46,47]. This dataset is
used for obtaining a probabilistic fatigue-strength model as explained in
Section 2.3, which forms as stochastic input of resistance side for re-
liability analysis.

2.3. Modification of existing S-N relations for better fit to the data

The fib MC2010 [35], is used as basis for modification to new SN-
curves. The fib MC2010 [16], is used as basis since the S-N relations are
formulated covering high-strength- and ultra-high-strength- concrete
fatigue tests. Also fib MC2010 uses asymptotic second slope of S-N re-
lations without any kink. The number of cycles required for failure
(logNp j)at a specific maximum (0, may,i) and minimum (0¢ maxj) level of
stress is given by:
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10gNp,j = 5 (Sedumani = 1, if logNp; < 8

8In(10; Sed,max,i = Sed,min,j .
10BN = 8 + $C0-CY = Saginylog( L), it logh > 8

@™
where

_ 045 + 1.8-Sed, min

T L+ 18Sed,min = 032 iy

YED"1%¢, maxil 1

Sed,max,i = Jedfur

cd fa
S YeplTemingle
cd,minj = Jed fat

Yep Ppartial safety factor for fatigue load. For sufficiently accurate
stress analysis y,, can be 1.0 otherwise a value of 1.1 is re-
commended in [35]. For current case, y, is considered as 1.0 as
direct strain measurements are available.

7. averaging factor for concrete stresses in the compression zone
considering stress gradient.

Sedfar = Besus 0 Beety Jea"(1 — foa/400), is the design reference fatigue
strength.

fea = fu /7., in MPa.

Oemaxi & Oemaxi are max. and min. stresses used to obtain
Sed,max,i &Scd,minj-

¥, partial safety factor for material, 1.5 is recommended in [35]
By factor considered for strength gain over time due to continued
hydration.

Besusrigy  coefficient which takes into account the effect of high
mean stresses during loading. For fatigue loading it may be taken as
0.85.

Eq. (1) presents a design equation, while the corresponding char-
acteristic equation can be obtained by setting the resistance partial
safety factor y, = 1.0.

Eq. (1) is slightly modified and stochastic variables are introduced
in order to capture various uncertainties. The basic change adopted to
Eq. (1) is that Scg max; = 1 is not bound to be at logN, ;; = 0. This is done
by replacing 1.0 with a stochastic variable X;. This enables the failure
curves to capture the data points more accurately. However, this in-
troduces a limitation to the failure curves and the curves cannot be used
for low cycle fatigue (number of cycles in order of 1000 i.e. logNp ; < 3)
coupled to ultimate strengths.

Further, the assumption about the sustained compressive strength of
concrete linearity until logNp ; = 8 is changed in the model and instead,
a stochastic variable (X;) is introduced to take care of this linearity limit
of curves. The fatigue strength reduction factors proposed
(ﬁu'sus and 1 — f,;/400) in [30,35] are not included in the probabilistic
modelling since they are not supported by any test evidence, [35] &
[47].

Also an un-biased error term € normally distributed N (0, o.) is
added to take care of model uncertainty with the proposed model. All
these three parameters (X;, X&0o.) are estimated by using MLM. See
Table 1 for their estimated mean values, parameter uncertainties and
correlation coefficients among each other. See Eq. (2) which is used in
MLM for fitting the curves.

logNs,;; = (),i(ile)'(sc.max,i -X) +e, if logNs; < Xp

_ X>-In(10) Se,max,i — Sc,min,j .
logNs,;j = X; + (;—Xl) (Y — Sc,mmdv)-log(m) if logNs; > X,

+ €,
(2

2.4. Comparison of new fit

Asterisks in Fig. 1 show the fatigue test results from the data base
explained in Section 2.2 above. As explained in Section 2.1 fatigue test
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Table 1
Stochastic parameters in limit state equation.
Area Parameter  Distributiontype ~MLE Estimation Remark
Mean  Std. Dev.
Fatigue Strength Model, see Section A Lognormal 1.0 0.30 Uncertainty associated with PM rule concrete fatigue
2.5 X Normal 8.66 0.37 Limit for linearity of logNs
X Normal 1.13 0.03 Value of Spaxi at logNg = 0
€ Normal 0.00 3 Error assumed N(0, o;), Unbiased
[ Normal 0.88 0.07 Std. Dev of Errore
Px1.00 - 0.01 Correlation coefficient obtained by MLE
Py - —0.01 Correlation coefficient obtained by MLE
Pxi.x - —0.84 Correlation coefficient obtained by MLE
Xy, Log-Normal 1.00 0.20 Assumed uncertainty associated with strength of concrete f ™"
Fatigue Load Model X1, Log-Normal 1.00 0.05 Uncertainty associated with stress from monitoring and obtained from ANSYS
through FEM*
Etemp Normal 10.00 15.00 Fitted distribution to observed temperature strain ™
Evolution of traffic see Section 3.2.1 Bcrr Normal 0.02 0.0 Slope parameter obtained by MLM, see Section 3.2.1 for details.
ECFT Normal 0.00 0.05 Error parameter obtained by MLM, see Section 3.2.1 for details.
PBerrECET NA 0.14 - Correlation coefficient between Bepr and ecpr

* A very low value of uncertainty is assumed as this FEM model is calibrated to monitoring data, ** A very low value but not zero, + normal distribution is fitted to
the temperature strain values obtained from monitoring of one year data, + + mean strength of concrete at age of 60 years is unknown, construction drawings specify

40 MPa strength during construction, now fem is assumed as 50 MPa.

data has three main variables namely, mean-stress, stress-range and
number of cycles required for fatigue-failure for a particular level of
stress-range and mean-stress. Based on same, the data is plotted de-
picting number of cycles (logN) as function maximum level of stress in
test campaign (Sq)and different value of minimum level of the stress
in same test campaign(S,,,) shown in different colours. Further, Fig. 1
(a) shows fib MC2010 deterministic curves, while Fig. 1 (b) shows
probabilistic mean curves obtained from new model explained Section
2.3. Semax,i & Semin; are normalized with respect to f (not fy r.¢ as the
fatigue strength reduction factors proposed (B, and 1 — f,;/400) in
[30,35] are not included in the probabilistic modelling since they are
not supported by test evidence, [35] & [47]) as the mean values of
concrete static strength for the tests conducted are not known. Com-
parison shows modified S-N curves are better fit to the data compared
to fib MC2010 fit, and as expected they pass through centre of the data
points which achieved by MLM.

Fig. 2 and Fig. 3 show a comparison of the new modified fitted curve
with international codes, e.g. [31,48,34,35] for mean and characteristic
strengths respectively. Fatigue tests data are also plotted (asterisks) for
getting a better idea about associated strength curves. Two values of the
characteristic compressive strengths (f.) are chosen for illustration
such that they represent normal-strength (38 MPa) and ultra-high-
strength (170 MPa) concretes.

Comparing characteristic curves is an easy task as these character-
istic curves are directly shown in all codes; however, obtaining mean
curves is not a trivial task, as not all assumptions made by these codes
while producing the curves are known. For illustration purpose, it is
assumed that the mean curves can be obtained by replacing all char-
acteristic values of material strength in codes by the corresponding
mean values. It is to be noted that, this assumption results in con-
servative curves, as all other constants used for obtaining the curves are
kept same. The other constants mentioned before consists of constants
used in formulation of S-N relations in different codes (e.g. 8, 1.8 0.45,
0.3 in fib MC2010 formulations, C1 in DNV formulation, 14 proposed in
EN1992 or 12, 16, 8 in fib MC1990 formulations), are not touched
upon, there are conservatism built-in these constants.

Observations from Fig. 2 (a & b): the mean SN-curves of all stan-
dards remain the same for all strengths of concrete (shown for two
strengths) as they are normalized with respect to strength of concrete,
see assumptions presented above. The mean SN-curves of all standards
appear to be away from the fatigue test data while the modified curve
passes through the data and the new fitted mean curves change for each

strength of concrete as it is based on related fatigue tests. The test data
is available until 15 million cycles (max), the extended part of the
curves (tail of S-N curves) asymptotically reaches minimum compres-
sive stress value, which basically shows when stress range is reduced
very high number of cycles are required for failure.

Observations from Fig. 3 (a & b): Characteristic failure curves is
highly influenced by the static compressive strength of concrete. All
international codes are very conservative, especially with increased
static strength of concrete. The proposed curves by all codes are far
away from the data predicting a very low number of cycles to failure.
This conservatism increases with increase in static strength of concrete
as it can be seen that the SN-curve for f, of 170 MPa is much more
conservative than the SN-curve obtained for f, equal to 38 MPa.
DNVOSC502 is a bit less conservative compared to all other codes.
Change of formulation for fatigue strength reduction based on static
strength of concrete in fib MC2010, compared to fib MC1990 is reflected
as large deviation in curves for high strength concrete compared to
other standards [48] & [34]. EN1992, [48] and fib MC1990, [34] looks
similar to each other.

The new  characteristic =~ SN-curve is  obtained as
logNsc = logNs — 1.65 s o., where logNs and o. are defined by Eq. (2).
While obtaining characteristic curves the uncertainty related to com-
pressive strength is not accounted as variation in compressive strength
of concrete is not available for the database considered in this study.

2.5. Specific to the Crét de ’Anneau Viaduct

As seen in Fig. 2, the mean fitted curves vary based on the strength
of the concrete. To obtain a stochastic model for fatigue of concrete for
the current case study of the Crét de I’Anneau Viaduct, fatigue test data
within the range of compressive strength varying from 20MPa to
60 MPa are used. This is considered to represent the variability in
viaduct’s compressive strength, which was ~40 MPa, 60 years ago. The
material model formulation is detailed in Section 4.2. The stochastic
parameters used to obtain the strength curves shown in Fig. 4 are listed
in Table 1.

3. Stochastic action model for the Crét de ’Anneau viaduct

Fig. 5 shows view of Crét De 1'Anneau bridge viaduct, it was com-
missioned in year 1957. It has eight spans with total length of 194.8 m,
each span is connected to each other by articulation of steel box girder
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Fig. 2. (a & b) Comparison of mean failure curves with different international
codes (red dots represent corresponding fatigue test campaign) shown for two
static strengths.

beams. The carriage-way width of the deck is 12.7m is supported
transversely between two box girder beams. The deck slab has ortho-
gonal grid reinforcement serving for double bending behaviour in
transverse and longitudinal direction. The reinforcement consists of
different diameters ranging from ®10 mm, ®14 mm and ®18 mm
forming grid in both compression and tension zone.

Strain gauges are installed on the Crét de I’Anneau Viaduct.
Continuous measurements are performed for a period of one year (from
July 2016 to July 2017) with frequency of 50, 75 and 100 Hz for strains
and 1Hz for temperature and humidity. Data obtained from these
continuous measurements is presented shortly in Section 3.1. Further, a
stochastic load model is developed from these strain measurements,
which includes stochastic variation of live load (vehicles) and stochastic
variation of temperature load, is presented in Sections 3.2 and 3.3.
Monitoring data obtained and development of stochastic load model are
detailed in [18]. The reinforced concrete deck slab of the viaduct is
governed by its transverse bending behaviour and found critical in fa-
tigue after code-based re-calculation [49]. The action effects and sto-
chastic model studied in further sections are limited to transverse
stresses in concrete at mid-span of the viaduct in compression zone.
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Fig. 3. (a & b) Comparison of Characteristic failure curves with different in-
ternational codes (red dots represent corresponding fatigue test campaign)
shown for two static strengths.

3.1. Action effects (Monitoring data-Strain)

Highest stresses due to live load are expected at mid-span (in the
transverse direction) of the deck slab based on influence line diagram
for longitudinal section of the viaduct. At this same location, strain
gauges are installed on longitudinal and transverse reinforcements for
the strain measurements. Strain is measured at a frequency of
50-100 Hz that captures responses due to every vehicle passing the
viaduct. Along with this high frequency response of traffic, strain
gauges also capture change in structural response due to ambient
temperature variation [18,50].

Neutral axis for reinforced concrete section of deck slab is obtained
[18] and a Markov Matrix for stresses is obtained from monitored strain
in concrete for a period of one year is presented in Fig. 6.

3.2. Live load (vehicles)

Monitoring data presented in Section O is used to obtain weight of
vehicle and its position along the carriageway width. The vehicle



A. Mankar, et al.

_ Mean fatigue strength curves for Cret de I'Anneau concrete

1
09
0.8
— 07
H
£
@ 06
05F Smin=0.05
Smin=0.07
Smin=0.09
0.4+ Smin=0.15
Smin=0.23
Smin=0.28
0.3 | . I
0 2 4 6 8 10
log N [

Fig. 4. Mean fatigue failure curves for concrete for the RC slab of the Crét De
PAnneau Viaduct.

weight and the position is back calculated based on the calibration test
performed for the viaduct with a truck of 40 Metric Tonne (MT) of
known axle weights, [49]. The logic behind back calculation is detailed
in [18].

The stochastic variation of live loads is presented in the form of
weight distributions of vehicles and vehicle positions on carriageway
width of the viaduct, see Fig. 7. A vehicle is described by its weight and
position and both these variables are correlated to each other. However,
to cover more possibilities which might not been captured in one year
of measurements, these variables are modelled as un-correlated. Then,
the probability of vehicle with specific weight (W) at specific position
(P) can be calculated as simple product of these two probabilities, see
Eq. (3).

3)
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Fig. 6. Markov matrix for strain in concrete at mid-span of the viaduct.

where Pg; is i bin-centre for the position with bin width of Pg,, while
Wse, j™ bin-centre for the weight with bin width of Wg,,.

Eighty-five bins of 100 mm size each are used for description of
vehicle positions while sixty-four bins of 1.0 MT each are used for de-
scription of vehicle weight.

Finite Element (FE) model in ANSYS is used to obtain the response
of the structure for each position and weight of the vehicle covering all
possibilities i.e. 5440 (85 x 64). The FE model is detailed in [18].

3.2.1. Evolution of traffic with time

Traffic data are obtained from two Swiss authorities for the years
from 2002 to 2016 and plotted as shown in Fig. 8, see [18] for details.
Traffic growth is plotted as the ratio of number of vehicles versus years
in which the traffic is observed. This ratio is normalized with respect to
the number of vehicles observed in year 2016. A MLM estimate is ob-
tained using the linear model shown in Eq. (4).

traffic(t) = Acrr + Berrt + €crr 4

where t is the lifetime of the structure, Acpr is an intercept parameter
and Bcpr is a slope parameter. ecpr models the error in estimate and its
unbiased estimate so ecpr N(0, Ocp). All the three parameters
(Acrr, Berrandoeg,;) are modelled as uncertain parameters describing
the trend of the traffic. However, it was observed that, Acpr and Bepr

Fig. 5. Crét De l'Anneau: the investigated steel-concrete composite viaduct.
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Fig. 7. Weight and Position Distribution (along carriageway width) of vehicular traffic on the Crét de I’Anneau Viaduct.
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Fig. 8. Traffic trend modelled based on available data for the Crét de I’Anneau
Viaduct*.

are highly correlated with correlation coefficient close to unity so Acrr
is fixed and Bepr & 0y are obtained from MLE (see Table 1).

Traffic trend is assumed to follow same growth in number of ve-
hicles after year 2016 with the same level of uncertainty, while past
traffic is assumed with the same number of vehicles as of year 2002
with the same level of uncertainty (this is a conservative assumption
due to lack of data on past traffic), see Fig. 8.

3.3. Action model for temperature variation

The stochastic variation of temperature is captured by thermo-
meters installed in concrete part of the viaduct and related temperature
strains derived from monitoring data (see Fig. 9). The temperature
strain can be easily separated from observed monitoring data as ve-
hicles have very high frequency change in strain compared to tem-
perature, see [18]. A normal distribution fits well for temperature strain
and it can be easily used in a reliability analysis.

4. Assessment equation and limit state equation

Reliability analyses are performed for two load models: (1) strains

obtained from monitoring (action effects, Section 0) are used directly;
(2) strains obtained from the numerical model (ANSYS) is used for the
stochastic load model described in Section 3.2. Rain-flow counting of
stress history (see Markov matrix Section 0) based on strain obtained
from monitoring is performed in order to estimate the number of cycles,
stress-range and mean-stress levels. These form input for assessment Eq.
(5). Strains observed in monitoring are assumed to be very accurate
information with COV 5% and is modelled as lognormal distribution;
see Table 1, this stochastic variable is an input for limit sate Eq. (6). The
vehicle position and weight are input parameters for ANSYS model to
obtain stresses/strains for that particular position and weight. As the
ANSYS model is calibrated to yield the same results as those obtained
by monitoring, it is assumed that ANSYS results have same uncertainty
of COV = 5% and is modelled by a lognormal distribution, see Table 1.
For both the cases, the assessment equation and limit state equation
remain the same with just with the change of stress inputs.

4.1. Assessment equation

An assessment Eq. (5) is formulated using the Miner’s rule of linear
damage accumulation and Eq. (2).
Nonge Nown Gy Ty

G(TL):l—Damage:I—Zl:I— Z E _

N =1 j=1 Nojj (5)

where

T, service duration of the structure.

Nemax and Ngyi, are the number of bins for Scg merand Sca min re-
spectively.

n;; experienced/observed number of stress cycles of Scg,max,;and
Scd,minj in each bin (i, j) per year.

Np,j required number of stress cycles of Scg,max,iand Scq,minj in each
bin (i, j) per year for failure calculated deterministically based on
Eq. (1).

CprSection 3.2.1.

Ocmaxi Aand O minj are maximum and minimum stresses.
Oe,maxi = DPRpr-opL + DPRyL- X1 01L,max + DPReemp*Otemp-
Ge,minj = DPRpr-opL + DPRyL- X1 01r,min + DPRtemp: Otemp-

opr, the stress due to dead load of the viaduct.

oy the stress due to vehicle load on the viaduct and is obtained for
two cases first for case of monitoring and second for stochastic load
model input to FEM.

Owemp 1S the stress due to temperature effect on the viaduct,
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Fig. 9. Temperature variation and temperature strain variation in concrete part
of the Crét de ’Anneau Viaduct.

Otemp = €temp Ec-

€emp 1S the measured strain due to temperature.

E. is the modulus of elasticity of concrete in MPa, Ec = 4700/fc.
fo is the characteristic static compressive strength of concrete in
MPa.

DPR a coefficient that models relation between stress ratio and
design parameter, see Section 4.3.

4.2. Limit state equation

A limit state Eq. (6) corresponding to the assessment Eq. (5) and Eq.
(2) can be formulated by introducing stochastic variables.

Nsmax Nsmin

gy=a- 3

=0 j=1

Crr-nyj-t
Ns.ij (6)

where

A model uncertainty associated with PM rule.
t time in years 0 < t < Tp.
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Fig. 10. Variation in stresses (due to dead load and live load) vs variation in
Design parameter (Thickness of Deck Slab).

4.3. Modelling relation between design parameter and stresses

Modelling the relation between the stress values (mean and ampli-
tude or minimum and maximum) and the design parameter is not trivial
as changing the design parameter has different effects on mean level of
the stresses and amplitudes of the stress history. To model the effect of
change of a design parameter, maximum and minimum stresses are
further decomposed to dead load, live load and temperature load. The
effects of change of the design parameter on each of the stresses
(@1, 9L & Oremp) are modelled individually. The principle of super-
position can be assumed satisfied here and sequence of load application
does not matter as all these loads are still in linear range, as this was
verified during the calibration tests of the viaduct by MCS department
of EPFL, Lausanne by load testing using a 40 MT truck with no per-
manent deformations observed [49]. The design parameter considered
in the current study is the thickness of deck slab. Fig. 10 shows the
relation between change in design parameter and change of stresses.
Fig. 10 depicts also that, increasing the thickness of the slab reduces the
live load stresses and the dead load stresses, but at a different rate. The
increase in thickness increases of the bending stiffness of the deck slab,
which reduces the stresses. However, for dead load the rate of decrease
in stresses is lower as increase in thickness has also the opposite effect
that it increases the weight of the slab. The effect on temperature
stresses of changing the design parameter is assumed the same as the
live load stresses. It is also possible to consider other design parameters
e.g. tensile reinforcement in the deck slab, and then its relation with
changes of stresses will generally be different from that of thickness of
the deck slab.

5. Reliability analysis

Current viaduct was commissioned for public use in 1957
(~60 years back) and in this paper, it is assumed to be used for 60 more
years, i.e. in total of 120 years of service duration. The reliability of
reinforced concrete deck slab is assessed for fatigue failure of concrete
in compression and the results are presented below. Current work fo-
cuses on reliability of viaduct for fatigue failure of concrete in com-
pression only, as fatigue reliability of reinforcement in tension is al-
ready investigated [50]. The First Order Reliability Method (FORM) is
used for calculation of probability of failure, [44] & [43]. An open
source Matlab-based toolbox namely, the FERUM (Finite Element Re-
liability Using Matlab) is used for performing all FORM calculations
[51].
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The cumulative (accumulated) probability of failure in time interval
[0,t] is obtained by Eq. (7):

Pr(t) =P(g(t) <0) @)

The probability of failure is estimated by FORM, see (Madsen et al.,
2006). The corresponding reliability index $(t) is obtained by Eq. (8):

B() = —¢7'(Br (1)) (8

where, Px() is standardized normal distribution function.
The annual probability of failure is obtained based on cumulative
probability of failure, see Eq. (9):

AP (t) = Pr(t) — Pe(t — At), t>1 year 9

where At =1 year. The corresponding annual reliability index is de-
noted AB.

5.1. Code requirements for reliability

The Swiss standard (SIA-269, 2016), [52], provides guidelines for
assessing the safety of existing structures. It uses a probabilistic ap-
proach and presents a target reliability level in the form of reliability
indices based on consequence of failure and efficiency of interventions.
Efficiency of safety-related interventions, expressed as the ratio of risk
reduction to safety costs, which is similar to relative cost of safety
measure explained in probabilistic model code JCSS, [53]. Low effi-
ciency of intervention is assumed considering cost to rehabilitate an
existing structure as very high and consequences of structural failure
are assumed to be serious which leads to a target annual reliability of
3.7.

5.2. Effect of different uncertainties on reliability index

Uncertainty considered in Miner’s rule is 0.3 is based on test data for
fatigue of steel, [46,47], as a reference value, however this value for
concrete may be different. A sensitivity study shows that, uncertainty
on Miner’s rule (A) is not important.

5.3. Calibration of resistance partial safety factor:

fib MC2010 recommends a partial safety factor (y;;,) on fatigue loads
as 1.1 and for sufficiently accurate stress analysis, this may be taken as
1.0; see section 4.5.2.3 of fib MC2010 [35]. For current case, very ac-
curate strain measurements are available, so y, it considered as 1.0.

The partial safety factor for resistance (concrete compression
strength) y, for persistent or transient loading is recommended as 1.5 in
fib MC2010, [35]. The definition of this partial safety factor in case of
fatigue design is the ratio of design-fatigue-reference strength to char-
acteristic-fatigue-reference strength obtained as follows see Eq. (10);
see also equations 5.1-110 and 7.4-4 in fib MC2010, [35].

Yu = Yo = @
fcdfal (10)

Relationship between the partial safety factor for material strength
y.and annual reliability index AB can be obtained by using the design
equation, see Eq. (5) and the limit state equation, see Eq. (6). The de-
sign parameter is the only connection between these two equations,
which for the current case is thickness of the deck slab. To obtain dif-
ferent values of y, each time design parameter is set to a value such that,
design-Eq. (5) is exactly fulfilled.

Thus, the relation between annual reliability index and resistance
partial safety factor is presented in Fig. 11. Target reliability indices
indicated in (fib, MC2010) [35], (SIA-269, 2016), [52] and (EN 1990,
2002), [33] can be compared to have an idea about resistance partial
safety factor behind these requirements. The results shown in Fig. 11
correspond to CoVy,of 0.05 for T, of 120years. The uncertainty
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Fig. 11. Variation in annual reliability index with yy for TL 120.

associated with stress values obtained also plays an important role in
reliability of the structure similar to uncertainty on compressive
strength of concrete and therefore y,,can depend on CoVy,.

From Fig. 11 it can be seen that, a resistance partial safety factor of
~1.0 is required to achieve an annual reliability index of 3.7 when
CoVg is 0.2. It is further reduced to value less than 1.00 to achieve same
criteria when, a more accurate information on concrete strength is
available. It is to be noted that these conclusions are assuming a very
accurate information (due to direct strain monitoring) on action effects
is available (CoVy; = 0.05). The reliability index is equally sensitive to
uncertainty associated with stresses (action effects) i.e. CoVy, .

5.4. Comparison for two load models

Reliability analysis is performed for the two load models as de-
scribed in Section 0, 3.2 and 4. The results are compared to see the
effect of non-correlation between vehicle weight and position as de-
scribed in Section 3. The difference between the two models is that
model 1 uses direct strains obtained from monitoring for vehicles (for a
specific weights and specific positions), while model 2 uses back cal-
culated weight of vehicles by FEM [18] at every possible position of
carriage-way width of the viaduct. Fig. 12 shows the variation of annual

variation of Annual Reliability Index Ag with y M
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Fig. 12. Annual reliability index as function of yy for TL 120 and CoVy, 0.2.
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reliability index (AB) for both cases. There is a large difference between
the reliability indices, as the characteristic stresses obtained in both
cases in same way and also uncertainty with FEM is also assumed same
as monitoring (since FEM is calibrated to monitoring), the reason for
this variation in reliability indices may be that the current position of
the vehicles (model 1, monitoring) are more critical as they pass near
the centre of carriageway width while for non-correlated model (model
2, FEM) they are distributed over entire carriageway, which is yielding
lower stresses and thus higher reliability. In Fig. 12 it can be seen that,
for the same value of resistance partial safety factor a higher annual
reliability can be obtained for FEM case. Thus distributing the weight of
vehicle over entire carriageway width does not produce critical results
for this case and considered fatigue critical location.

5.5. Scientific contribution, conclusion and future work

The current study proposes a methodology for the fatigue reliability
assessment of existing reinforced concrete structures which includes a
new stochastic SN model for fatigue of concrete, two different traffic
models (action effect models), a new concept of modelling of relation
between assessment parameter and stresses in concrete for existing
structures. The new stochastic SN model captures fatigue test data
(Section 2.2) more accurately and thus reduce model uncertainty.

Two factors play a very important role in assessment of the relia-
bility level for fatigue of concrete structures namely the accuracy in
estimating the fatigue action effects and the uncertainty related to the
static compressive strength of concrete. For the considered case a very
accurate information on action effects is available. However, accurate
information on the static compressive strength is lacking. Also, static
compressive strength of the concrete improves over the years. The ac-
curate information about this gain in strength of concrete is unknown,
unless a Non Destructive Test (NDT) is performed. It is recommended
that a NDT should be performed to obtain the static compressive
strength of the concrete before exercising lifetime extension decisions
based on assessment of the reliability with respect to fatigue failure of
the concrete.

Current study focuses on component level reliability, however an
approach considering the system reliability would be helpful for in-
spection planning and maintaining a consistent safety of the whole
structure throughout planned fatigue service duration.
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ARTICLE INFO ABSTRACT

For assessment of existing reinforced-concrete bridges, only few rules and recommendations are available, and
engineers meanwhile apply design codes for new bridges to evaluate the fatigue safety of existing bridges leading
to non-realistic approaches and conclusions. Design codes for new structures are often based on the worst
scenarios, and they are not made to assess existing structures with specific loadings and material properties.

Keywords:

Fatigue

Reinforced Concrete (RC)
Existing road bridge

Ki}fﬁz ature Direct monitoring provides an important source of information about the actual structural loading and response.
T T

Invell')se method This article presents an integral approach to identify fatigue damage of a reinforced-concrete deck as a function
Monitoring of the relevant actions for fatigue using monitoring data. This includes a long-term monitoring system to

measure strain and temperature in the most loaded parts, an inverse method using monitoring data to re-
construct traffic actions from the structural response, and a simulation of traffic loading and its effects using a
compiler and a finite element model to estimate fatigue damage. The presented approach can be used as a base
on how to monitor and analyze recorded data to evaluate the fatigue safety of existing reinforced-concrete slabs

in road bridges.

1. Introduction

Reinforced Concrete (RC) is a composite material in which concrete
is designed to resist compression stresses and steel reinforcement is
designed mainly to resist tensile stresses. Fatigue verification of re-
inforced-concrete elements requires the examination of both materials,
concrete, and steel.

For steel, the fatigue phenomenon has been known as a possible
failure cause since the 19th century. Fatigue design rules were in-
troduced particularly with the findings of Wohler (1867) [1], who re-
cognized that repeated loading far below the ultimate static resistance
of a structural element could induce failure [2]. Knowledge about fa-
tigue in metals and other materials has evolved since then.

A century later, fatigue design rules for concrete and reinforced-
concrete were introduced in Concrete VB (1974), FIP (1975), TNO-IBBC
procedures (1974), DNV rules (1977), NPD regulations (1985), the
draft Rules of Concrete Bridges (1988) [3], and SIA (1989) [4].

Most of today’s RC bridges were constructed before introducing
these rules, and fatigue was not considered during design as a possible
failure cause. In Europe, around 75% of RC bridges were constructed
before 1988 and in Switzerland, most of them before 1976 [5].
Therefore, there is a need to develop methodologies and approaches to

* Corresponding author. Tel.: +41 021 693 32 93.
E-mail address: imane.bayane@epfl.ch (I. Bayane).

https://doi.org/10.1016/j.engstruct.2019.109357

verify the fatigue safety of existing RC bridges.

In the findings of State of the Art Report 188 [6], 17 cases of RC
structural elements mainly bridge decks from all around the world
(Japan, Sweden, Holland, Germany, United Kingdom, and the United
States), were reported where fatigue was the main factor contributing
to the deterioration of the structural elements.

For road bridges, RC decks are the most fatigue vulnerable part due
to the pronounced effect of axle loads [7-11]. Different experiments
and simulations were conducted on reinforced-concrete slabs under
moving loads to investigate the fatigue failure mode [12-17]. Fatigue
life prediction of RC decks was found to be a challenging task because it
is affected by various sources of uncertainties, including material
properties, vehicle loads, structural responses and environmental con-
ditions. Therefore, one effective way to cover all these uncertainties
comprises the direct monitoring on structures. Structural analysis im-
plementing load-models from standards is not a reliable approach to
examine existing RC decks. The load models of the standards are con-
servative since they do not rely on actual loading and actual structural
conditions. In contrast, monitoring provides explicit information about
the structural response and thus reduces most uncertainties of para-
meters related to fatigue safety investigation.

This paper presents a probabilistic methodology to verify the fatigue

Received 21 December 2018; Received in revised form 27 June 2019; Accepted 28 June 2019

0141-0296/ © 2019 Published by Elsevier Ltd.
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safety of existing RC slabs, based on data obtained from monitoring.
The originality of this work includes:

o The development of an inverse method to identify the position and
load of traffic from long-term monitoring data.

e The quantification of the effect of vehicle position and load, as well
as temperature variations on the fatigue damage of a RC bridge-deck
slab.

e The combination of monitoring data, numerical simulations, and
probabilistic assessments to define a procedure for fatigue safety
verification.

The methodology can be used as a base on how to monitor existing
reinforced-concrete decks and how to process data to evaluate their
fatigue safety. It will be illustrated by considering an existing bridge,
the Crét de ’Anneau viaduct, in Switzerland.

2. Monitoring
2.1. Description of the monitored structure

Crét de ’Anneau viaduct built in 1959 is located in Switzerland on
the cantonal road 10, 20 km away from the French border (Fig. 1). It is
a composite steel-concrete structure with seven typical spans of 25.6 m
and one 15.8 m approach span, for a total length of 195 m. The viaduct
is composed of a reinforced-concrete slab fixed on two steel-box-girder
beams of 1.3 m height and of variable thickness ranging in the trans-
verse direction from 24 cm near the supports to 17 cm at mid-span. The
spans linked to each other by hinges and supported by the piers located
5m away from each hinge (Fig. 2).

The RC slab was cast with concrete containing 350 kg of cement per
m?; its cube strength was equal to 45 N/mm? at 28 days. The deck slab
has orthogonal grid reinforcements in both tensile and compression
zones with diameters of 10 mm, 14 mm, and 18 mm. A single layer of
reinforcement consisting of 25 $10 @200 was provided in the long-
itudinal direction and 5 $10 @240 in the transverse direction on the
compression side. On tensile side, a single layer of reinforcement con-
sisting of 5 ¢14 @I/3 and 20 ¢14 @6/m was provided in the long-
itudinal direction, 10 ¢14 @106.66 and 2 $18 @1/3 in the transverse
direction. A compression-tensile strength of 300 N/mm? is assumed for
rebars and 235 N/mm? for the steel girder.

2.2. Description of the monitoring system

The monitoring system used to investigate the fatigue safety of the

Engineering Structures 196 (2019) 109357

RC slab is a system of non-destructive measurements, composed of
strain gauges and thermocouples. It is cost-effective, easy to install, use
and maintain. It is accessible to any engineering company.

The monitoring system implements recent technologies in data
storage and high-frequency acquisition to perform continuous real-time
monitoring of the structural response due to action effects mainly traffic
loading and temperature. It is implemented for occasional inspections
as well as for long-term monitoring. The bridge structure was in-
strumented in June 2016 with the monitoring system to measure strain
and temperature histories at two main spans 2 and 4 (Fig. 2).

Transverse strains were measured by means of two strain gauges
installed in the transverse rebars at the mid-span of Slabs 2 and 4
(Fig. 2). Longitudinal strains were measured by two strain gauges in-
stalled in the longitudinal rebars at mid-span of the same Slabs 2 and 4
and via one strain gauge installed in the steel girder beam at the mid-
span of Slab 4. To monitor the variation of temperature, three ther-
mocouples were installed, namely in the concrete of the slab, on the
steel girder and in the air (Fig. 3).

The monitoring system has been operating since June 2016. 44 GB
of data were collected and analyzed during the first year of monitoring.
The data were recorded continuously with a sampling frequency of 50
and 100 Hz for strain and 2 and 1Hz for temperature. Every 24h a
binary file was created and stored in the server. It was converted
afterward to a Matlab file to process the data.

2.3. Description of the load test

A load test was carried out after the instrumentation of the structure
using a five-axle truck with the maximum legal load of 400 kN. LVDT
(Linear Variable Differential Transformer) sensors were installed in the
instrumented slabs to evaluate the deflection of the cross-section. Four
truck passages per direction were performed. The truck speed was
varying from 80, 40, 35 to 10 km/h. The five axles of the truck were
separately weighted and their actions on the viaduct identified.

Transverse rebars were under tensile stresses during the passage of
the truck. In the longitudinal direction, the girder and the longitudinal
rebars showed the expected stress reversal, i.e., both tensile and com-
pressive stresses due to vehicle passage (Fig. 4). The five peaks in the
longitudinal response represent the passage of the five axles of the
truck. The measured strains were mainly influenced by the truck po-
sition and by the slab slenderness that accentuates local strains under
the wheels.

Identical structural responses were obtained from passages that
follow the same trajectory.

The axle configuration of the load-test truck does not have any

Fig. 1. View of the investigated steel-concrete composite viaduct.
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influence on the response of the transverse reinforcement and the steel
girder, which means that the effect of vehicles can be directly related to
their total load when analyzing the structural response of the cross-
section.

The results of the load test serve as a base for performing an inverse
method to identify traffic features from the recorded strain.
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3. Relevant fatigue actions
3.1. Traffic

3.1.1. Approach

An inverse method was developed to identify traffic features from
the recorded strain. The results of the load test were used to correlate
the strain with the position and the load of the vehicles. Weight In
Motion (WIM) data, collected from the same road about 1km away
from the viaduct was used to confirm the results of the inverse method
and to evaluate traffic loads in the past and future [18,19]. The long-
term statistical distributions of the load and position of all the vehicles
crossing the bridge-structure were then established for an assumed
120 years of service duration.

3.1.2. Identification of vehicles
A Peak Over Threshold (POT) approach was applied to the recorded
strain to identify all light vehicles and heavy trucks crossing the bridge.
Minimum peaks to be included in the dataset were chosen to be above
the measurement error, which is 1 pm/m, and the minimum time be-
tween each peak was set to 3 s such that, only one peak is identified per
vehicle (Fig. 5). The threshold of 1 um/m eliminates motorbikes and
very light cars that are not relevant for structural safety.
This method was applied to strain measurements

Y

of the

v’

Fig. 4. Strain variations due to a moving load (35 km/h).
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Fig. 5. POT for vehicle identification.

instrumented longitudinal and transverse rebars. A comparison be-
tween the identified peaks in each case showed that the longitudinal
response has a better representation of the vehicles when comparing
with WIM data. The identification of the vehicles was thus performed
based on the longitudinal response.

3.1.3. Identification of vehicle position

The roadway width of the viaduct has two lanes, one for respec-
tively the Neuchatel and Travers directions. To quantify the position of
the vehicles, the coordinates of their gravity centre over the width of
the roadway are defined as being O m for the end of the lane in the
Neuchétel direction, 5.25 m in the centre of the road and 10.5 m for the
end of the lane in the Travers direction, as shown in Fig. 6.

During the load test, the truck passed over the viaduct at five po-
sitions with respect to the roadway width. Strains in the rebars
(transverse and longitudinal) and the girder versus the five positions of
the truck are analyzed to determine an explicit correlation between
recorded strains and vehicle positions.

It was found that the strain in the transverse rebars was the most
sensitive to the position of the vehicles. To quantify this sensitivity,
different combinations between transverse strains versus the positions
of the test-truck were analyzed and compared to the measured data.
The ratio r of strains ¢ 1 and ¢ , in the two in-
strumented transverse rebars was the parameter directly related to the
position, giving similar values for passages with the same position (Eq.
(1)). This ratio is approximately unity when the vehicle is located at the
centre of the roadway.

_ Etransverserebarl

Etransverserebar2 @™

The ratio r as a function of the vehicle position was fitted with a

Travers
- /
S >
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/,/ \\\ \o.
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Fig. 6. Vehicle positions in [m] over the roadway width.
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third degree polynomial equation:
r=ax’+bx>+cex+d (2)

where x is the position of the vehicle, and a, b, ¢ and, d are the poly-
nomial coefficients, defined from the load-test data. Fig. 7 illustrates the
fit of this ratio versus the position of the 400 kN test-truck used to
calculate the positions of the detected vehicles.

To obtain the long-term statistical distribution of truck positions,
the vehicles were first identified using the peak over threshold ap-
proach applied to the longitudinal recorded strains. The corresponding
peaks of strains in the two-instrumented transverse rebars were iden-
tified, and the ratio r between the peaks was calculated. The real so-
lution of the polynomial ax3 + bx? + cx + d — r = 0 corresponds to the
position.

The roadway width of the viaduct is 10.5m, and the wheels of the
vehicles can have extreme positions such as Om and 10.5m. The
maximum width of the vehicles was assumed as 2 m (Section 3.1.6) and
then, in this case, the centre of gravity of the vehicles cannot be less
than 1.2m and cannot be more than 9.3 m. When the calculated posi-
tion was not in the defined interval, the centre of gravity was directly
set at 1.2m and 9.3 m for the vehicles in the Neuchatel and Travers
directions respectively. The possible positions were then defined in the
interval [1.2m, 9.3 m].

Fig. 8 presents the normalized long-term distribution of vehicle
positions over the roadway width.

An increment of 0.1 m was used to define this discrete distribution
for the possible positions in the interval [1.2m, 9.3 m]; as such, 82
positions were defined with their normalized probability of occurrence.

There are three clear peaks for vehicle positions. The peak in the
middle represents the vehicles crossing the road from the centre, which
can be due to the important slab-slope of 7% and the bend in the road
creating a centrifugal force toward the centre for the light vehicles in
the Travers direction. Moreover, the vehicles crossing simultaneously
the instrumented slab from different directions can create a ratio r near
to unity; accordingly, they are also counted in the middle peak.

The two other peaks represent the vehicles crossing the viaduct
from the middle of the lane respectively in the Neuchatel and Travers
directions.

The algorithm is well predicting the position of the vehicles since
their number in each direction corresponds to the number of vehicles
provided by the WIM data (Section 3.1.5). The vehicles that are not
included in the interval [1.2m, 9.3 m], are not frequent.

3.1.4. Identification of vehicle load

The loads are calculated after the identification of the vehicles and
their positions. It is assumed that the load and the corresponding strain
follow a linear relationship for a specific position.

This assumption of linearity is supported by the results of the load
test, where the deflection and the strain values under the 400 kN test-
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Fig. 8. Normalized annual distribution of vehicle positions.

truck (load limit) regained their initial values after each passage.
Moreover, identical structural responses were obtained from passages
that follow the same trajectory. The data of the load test contain one set
of positions for the same load (400 kN), and they are used to estimate
vehicle loads knowing their positions.

The distribution of strain over the roadway width was modeled by a
third polynomial fitting of load-test results:

e(L=400 kKN and x=i)=aiP+bi®+ci+d

3

where ¢ is the strain due to the passage of vehicle with the load
L =400 kN and the position x = i, i € [1.2m, 9.3m].

The response of the girder and the transverse rebars was found to be
the most sensitive to truck positions. Therefore, they were used to
calculate the load distribution for the 400 kN truck and the identified
vehicles according to equation (4).

e(x=1)

L(x =) = 400 kN -
e(L =400 kKN and x=1)

4

where €(x = i) is the recorded strain at the position x = i.

Eq. (4) was applied to the recorded strain in the transverse rebars
and the girder, and for each vehicle, three loads L were calculated to
find the best estimate. Different combinations of the calculated loads
were then compared to the WIM data to identify the actual load. Sub-
sequently, the load of the vehicles in the Neuchétel direction was set
equal to the mean of the calculated loads using the strain measured in
the girder and the transverse rebar at the mid-span (Eq. (5)). For the
Travers direction, the load was directly calculated from the strain
measured in the transverse rebar at the mid-span (Eq. (6)).

L(x = DNeuchdtel
= 400 kNl
2

Euransverserebar (X = ©)

( -
Etransverserebar (L = 400 kKN and x = i)
Egirder (X = 1)

+
Egirder (L = 400 kN and x = i) (5)
. Etransverserebar (X = 1)
L(x = i)y =400 kN
(= D Crmrtar (L= 400 kN and x=D°  (6)

Egs. (5) and (6) were applied to analyze one year of measurements
and establish the normalized annual distribution of vehicle loads. An
increment of 10 kN was used to represent this discrete distribution, and
overall 64 load categories were identified with their normalized prob-
ability of occurrence, see (Fig. 9).

The developed algorithm is efficient for the identification of the
composition of traffic based on the measured structural response. The
resulting traffic distribution reveals that more than 96% of all detected
vehicles are cars or small trucks, and 4% are heavy trucks (with a load
more than 35 kN). Overloaded trucks exceeding the limit of 400 kN are
identified with their position, their velocity and the time they crossed
the viaduct. One hundred ten trucks did not respect the 400 kN legal
limit over the first year of monitoring with the heaviest recorded load of
640 kN. The heavy trucks represent 8.10 > of all detected vehicles and
were frequent during October 2016 for the Neuchétel direction and
during June-July 2017 for the Travers direction, and almost absent
during December and January. They were crossing the viaduct mostly
from the centre of each lane.

The efficiency of the inverse method depends on the location of
strain gauges and their number. It is important to design the position of
the gauges over the longitudinal and the cross sections and to choose
their numbers. The sensors should provide first, the strain in the most
loaded parts to verify the structural safety (with respect to fatigue in the
mid-span for the present study). Secondly, four aligned and separated
strain gauges for the cross-section are necessary to detect the position of
the vehicles in each lane, assuming that the road-bridge has two di-
rections. Finally, two separated strain gauges in the longitudinal section
are essential to detect the vehicles and calculate their velocity.

3.1.5. Validation and calibration using WIM data

The WIM-data collected from the local territorial development de-
partment [19] was used to validate and calibrate the results of the in-
verse method (Tables 1 and 2).

The WIM system was installed 1 km away from the viaduct, on the
last week of September 2017 (from Monday 25 September to Sunday 1
October). It provided one week of continuous measurement of light and
heavy traffic, which represents a solid database to verify the results of
the inverse method.

The results of the inverse method were calibrated by the introduc-
tion of a calibration factor, equal to the ratio of the results of the inverse
method and the WIM data. The weekly number of vehicles for each
direction was used to calculate this factor, and accordingly, the number
of daily vehicles was calibrated (Tables 1 and 2). An error estimate was
calculated as the ratio of the difference between WIM data and cali-
brated results of the inverse method, and the WIM data.

Light vehicles such as cars of less than 35 kN and motorcycles
identified by the established algorithm are not matching with WIM data
because most of these vehicles have strain peaks in the domain of error
of measurements, i.e., 1 um/m. This number can easily be matched by
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Fig. 9. Normalized annual distribution of vehicle load.

changing the threshold of the POT approach or simply by introducing
the missing vehicles. These underestimated vehicles can be neglected
compared to other vehicles for the following case study. This assump-
tion is justified in the result section (Section 5).

The error in the estimation of the heavy trucks during the weekend
is big. This is due to their small number leading to an increase in the
ratio used to calculate the error. In fact, by comparing the detected
number of trucks directly, the difference between the WIM data and the
inverse method is not important. Moreover, verifying the load of these
trucks showed that they are near 35 kN used to separate heavy trucks
from light vehicles. Therefore, the error of detection can also be due to
the WIM system during the classification.

The load and the position of the vehicles were evaluated by com-
paring the calculated and the measured numbers of heavy trucks for
each direction. It was found that the inverse method provides the cor-
rect number of heavy trucks in the Neuchatel direction, and over-
estimates the number in the Travers direction. This is mainly due to the
use of only one strain gauge response to calculate vehicle loads in the
Travers direction. In fact, a more reliable prediction can be achieved in
the future by installing a strain gauge in the non-instrumented girder to
obtain the transverse response of two aligned strain gauges for each
direction. This overestimation was corrected by introducing a factor
reducing the difference between the data of the model and the WIM
data. The calculated and the measured daily number of heavy trucks in
the Travers direction were evaluated, and the daily average of over-
estimation was identified as 42%. Therefore, the calculated number of
heavy trucks (N°(heavytraffic))was reduced by introducing a factor of

Table 1
Detected light vehicles according to the WIM data and the inverse method.

0.7 (=1/1.42) (Eq. (7).
Ne(heavy  traffic)eorrecied = 0.7N°(heavy  traffic)cacutated 7)

After the calibration of the results using one week of local con-
tinuous WIM data, the robustness of the model was evaluated using
continuous monthly WIM data and some daily data recorded during the
same period of monitoring (July 2016 to July 2017). The data were
collected from the Federal Roads Office FEDRO in Switzerland [18],
where the WIM system was installed on the same road, few kilometers
far away from the viaduct. To use the provided data, a coefficient of
1.47 was applied to reduce the difference between the FEDRO WIM
data and the local WIM corresponding to the traffic crossing the via-
duct, according to equation (8).

Neraffic)ocawne _ 1 47
N°(traffic)repro 8

The results of the inverse method were compared with the FEDRO
WIM data. The calculated and the measured monthly averages of light
vehicles and heavy trucks, and the daily averages of the most loaded
days were similar. The calibrated model is efficient for predicting the
load and the position of the vehicles.

3.1.6. Traffic growth

Local WIM data [19] and FEDRO data [18] were used to define
traffic growth. The data provided the evolution of the annual traffic
since 2002 for the same cantonal road X10. Fig. 10 includes the ratio of
traffic evolution for the collected data with a linear fitting curve

Light vehicles

WIM data Inverse method Error
Before calibration After calibration After calibration

Direction Travers Neuchatel Travers Neuchétel Travers Neuchatel Travers Neuchétel
Monday 4124 4217 2418 2439 4256 4293 —3% —2%
Tuesday 4322 4384 2403 2531 4229 4455 2% —2%
Wednesday 4408 4436 2508 2546 4414 4481 0% —1%
Thursday 4544 4644 2538 2591 4467 4560 2% 2%
Friday 4678 4826 2618 2684 4608 4724 1% 2%
Saturday 3363 3477 2113 2250 3233 3443 4% 1%
Sunday 2574 2597 1744 1753 2668 2682 —4% —3%
Total 28,013 28,581 16,342 16,794 27,875 28,638 0% 0%
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Table 2
Detected heavy trucks according to the WIM data and the inverse method.
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Heavy trucks

WIM data Inverse method Error
Before calibration After calibration After calibration

Direction Travers Neuchatel Travers Neuchétel Travers Neuchatel Travers Neuchatel
Monday 126 119 122 191 122 125 3% —5%
Tuesday 128 135 164 191 164 148 —28% —10%
Wednesday 134 130 143 183 143 134 —7% —3%
Thursday 138 138 141 185 141 137 —2% 1%
Friday 148 132 156 196 156 127 —5% 4%
Saturday 51 46 44 66 44 36 14% 22%
Sunday 29 26 13 23 13 7 55% 73%
Total 754 726 783 1035 783 714 —4% 2%

defining the annual ratio of traffic growth.

Traffic evolution between 2002 and 2016 was defined according to
the ratio of the annual increase in traffic, equal to 1.8%. Since no in-
formation was available about the traffic in the past and the evolution
of traffic in the future, the ratio 1.8% was used to define four traffic
scenarios for 120 years of service, from 1957 to 2077 (Fig. 11).

Scenario 1: constant traffic before 2002 and after 2017 and a linear
increase between 2001 and 2017.

Scenario 2: linear increase in traffic before 2017 and constant traffic
after 2017.

Scenario 3: constant traffic before 2002 and linear increase in traffic
after 2002.

Scenario 4: linear-increasing traffic.

The four scenarios of traffic evolution were used to define the an-
nual statistical distribution of traffic based on the results of the inverse
method. The normalized probability of the long-term distribution of
vehicle positions and loads was assumed constant while changing the
annual number of vehicles according to traffic-growth scenarios.

3.1.7. The contact surface of vehicles

Axle dimensions and contact surfaces were assumed similar because
the local effect of axle dimension was small when simulating the
stresses in the finite element model, and the applied loads were cor-
rectly diffused in the slab (Section 4). Moreover, the contact surface was
modeled only by 2 or 5 axles, since there was not a big difference be-
tween the simulated stresses using 2, 3, 4 or 5 axles (Section 4.2).

The vehicles of traffic flow were classified into three categories
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Fig. 11. Scenarios of traffic growth.

according to their load to define their surface of contact, used to apply
loads in the finite element model.

The first category represents the light vehicles less than 35 kN (cars
and small trucks); it was modeled by two axles equally loaded. Heavy
trucks more than 35 kN were divided into two categories, two and
three. The second category of vehicles with the load range [35, 100 kN]
was modeled by two axles loaded differently. The third and last cate-
gory is for the vehicles heavier than 100 kN, it was modeled by five

2010

2012 2014 2016

Year

Fig. 10. Ratio of traffic growth from 2002 to 2016.
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Table 3
Contact surface of the classified vehicles.

Category Axles  Contact Axle load distribution  Load category
surface
Light vehicles 1 2 Equally distributed [0,35 kN]
Heavy trucks 2 2 30% and 70% [35,100 kN]
3 5 15%, 15%, 20%, 25%  [100,700 kN]

and 25%

axles loaded according to the truck model provided by the Federal
Roads Office [20].

The legal limit load of a single axle is 100 kN; therefore, it was
defined as the transition from 2 to 5 axles. The details of each category
are summarised in Table 3.

The spacing of the axles was also taken from the updated traffic load
for concrete deck slabs of existing bridges provided by the federal roads
office, as shown in Fig. 12 [20].

The location of the centre of gravity of each category was calcu-
lated. This location corresponds to the position provided by the inverse
method, used with the defined loads to distribute and load the surfaces
of contact for each identified vehicle.

3.2. Temperature

3.2.1. Introduction

The thermal effect on concrete bridges has been widely studied in
the literature showing that the contribution of temperature has a sig-
nificant effect on damage evolution for concrete elements [8,21-24].
Many researches tried to model this effect, particularly [25-27,22].
However, the models were generally subject to many uncertainties,
especially when applied to existing bridges, where the state of concrete
is not well known. Besides, the thermal gradient is dependent on local
conditions. Design codes, for example, present different requirements
for each country [24].

Thermal response is, in fact, specific to each bridge and only precise
monitoring of temperature and its effect with an explicit analysis of the
measured parameters can reduce uncertainties and provide clear in-
formation about the structural response due to thermal variations.

For this aim, a detailed study of monitoring data was performed to
define the distribution of temperature and thermal strains in the re-
inforced-concrete slab.

3.2.2. Temperature cycles

Temperature variation is a combination of two cycles, the daily and
seasonal cycles. As such, the effect of temperature is a function of two
parameters, the period of the day and the period of the year.

To separate these cycles and their effects, a moving average is used
in the present case. The daily effect is directly presented with 24 h of
measurements for a moving average with a subset of generally 10 min.
The seasonal effect is deduced by the moving average with a subset of
30 days.

This processing is outlined in Fig. 13, where the combined, annual
and daily cycles of concrete temperature are presented for the Crét de

2 axles
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I’Anneau viaduct.

3.2.3. Temperature effect

Temperature variations can have two direct effects, i.e., thermal
diffusivity and thermal expansion.

Thermal diffusivity is the transfer of thermal energy from the warm
side to the cold side of the structural element, producing a gradient of
temperature that creates a gradient of thermal strain due to thermal
expansion. Thermal expansion is presented by the contraction and ex-
pansion of materials and is characterized physically by the dilatation
coefficient a (Eq. (9)).

&= aAT ©)

where Ae is the thermal strain variation, a the dilatation coefficient
[°C™'], and AT the temperature variation [°C].

For concrete and steel, the dilatation coefficient is equal to
107°°c %

During monitoring, the configuration of strain gauges is adapted to
compensate for the thermal expansion of materials and measure the
thermal expansion of structural elements. Stresses due to temperature
are in fact, produced when thermal expansion or contraction is re-
strained in structural elements [26].

This effect is remarkable by its small frequency compared to traffic.
Subsequently, the short-term fluctuations due to traffic action effects,
and the long-term fluctuations due to temperature effects of time-series
data for the recorded strain are separated using a moving average that
creates a series of averages for each subset of 10-min. Three signals are
resulting as presented in Fig. 14.

Raw data = recorded strain
Thermal strain = moving average of raw data each 10 minutes
Traffic strain = raw data — moving average

The subset of 10 min was chosen by a sensitivity analysis of the
structural response. The parameter was modified until obtaining a
signal with all the targeted features for traffic strain and thermal strain.
Therefore, thermal strains are properly extracted from the recorded
data and can be used to evaluate the effect of temperature on fatigue.
The probability of occurrence of the recorded temperature and thermal
strain within one year of monitoring is normalized, and the annual
statistical distributions of temperature and its effect are presented in
Fig. 15 for the transverse reinforcement in the mid-span of Slab 4. An
increment of 2 pm/m was used to define this discrete distribution for
the possible thermal strain of concrete, such that 51 strains were de-
fined with their normalized probability of occurrence. The statistical
distribution of temperature and its effect are used to define the mean
stress relevant for fatigue reliability investigations for concrete.

4. Numerical simulations
4.1. Finite element model
4.1.1. Approach
A 2-dimensional Finite Element Model (FEM) was developed using
the commercial program ANSYS R18.2 for one span of the viaduct, with

the purpose of defining the statistical distribution of stresses in the slab

5 axles
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Fig. 12. Spacing of the axles.
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Fig. 13. Annual and daily cycles of concrete temperature.

due to traffic loading.

Numerical models of large civil engineering structures are disposed
to uncertain system parameters, which affect the ability of such models
to accurately predict the structural response [28]. It is then necessary to
develop a detailed finite element model when analyzing the structural
response to a specific loading. For this aim, the model was calibrated
with monitoring data to reduce the difference between the finite ele-
ment results and the real-time structural response as obtained by
monitoring.

4.1.2. Description of the finite element model

Structural analysis of one span was performed since the seven spans
are identical. The concrete and steel were modeled using their initial
mechanical properties. To take into account the evolution of material
properties during the 60 years of service, the model is calibrated by
comparing the simulated strains with the results of the load test. The

40

simulations were performed in the elastic domain.

The element Shell 181 in the ANSYS software was used to model the
concrete slab and steel girder. For the slab, an elastic modulus of
35,000 N/mm?, a Poisson ratio of 0.2, a density of 25 kN/m®, a com-
pressive strength of 35N/mm? and tensile ultimate strength of 3N/
mm? were used.

For the steel girder, an elastic modulus of 210,000 N/mm?, a
Poisson ratio of 0.3 and a compression-tensile ultimate strength of
235 N/mm? were used. Material properties are grouped in Table 4.

Mesh density was checked in longitudinal and cross sections by
comparing simulated strain for different element sizes. An optimal
element size of 100 mm in the longitudinal section and 50 mm in the
cross-section were found to give accurate results without time-con-
suming simulations.

The connection between the reinforced-concrete slab and the girder
was assumed a total fixity.

20 -
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Fig. 14. Daily raw data, thermal strain, and traffic strain.
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Fig. 15. Normalized annual probability of concrete temperature and thermal strain.

For the boundary conditions, the span was articulated from one side
and simply supported as a continuous beam from the other side. The
longitudinal displacement and rotations were thus free on one side, and
all the displacements and rotations were restricted on the other side.

Fig. 16 includes simulation results for a 5-axle truck with a load of
640 kN on the mid-span.

4.1.3. Calibration of the FE model

The finite element model was calibrated using measured strains and
deflections as obtained from the load test. The calibration included
changes in material properties, the connections, and the boundary
conditions to get the same measured parameters as in the load test [29].

For this case study, the calibration minimizing the difference be-
tween monitoring and finite element results was performed in two
steps: calibrating strains of the longitudinal section by changing the
stiffness, and then calibrating strains and deflection of the transverse
section by introducing a calibration factor. Three models are defined:
the initial theoretical model, the calibrated model with different stiff-
ness, and the calibrated model with the new stiffness and the calibra-
tion factor.

The passages of the 400 kN truck in the centre of the roadway were
used for the calibration. The longitudinal response was calibrated by
taking the elastic modulus of the concrete as a parameter. It was
modified to minimize the difference between the measured and the
calculated longitudinal strains.

For the cross-section, a comparison between the results of the non-
calibrated finite element model and the load-test model shows that the
reinforced-concrete slab is not totally fixed in the steel girder. In fact,
the simulated longitudinal strains are identical to monitoring data, but
the transverse strains are different. To get closer to real-time measured
strains, calibration was proceeded with modeling the elastic flexibility
between the girder and the RC slab. This generated some convergence
issues due to the use of nonlinear behavior. Therefore, the flexibility
between the girder and the slab was introduced by a calibration factor
that compensates the difference between the simulated and the mea-
sured transverse strain. The calibration factor was found equal to 1.5 to
provide the same results as for those obtained by monitoring.

Table 4
Material properties.

The 2D model was developed to run simulations faster and lighten
the calculations while providing the same response of the reinforced-
concrete slab as obtained by load test data.

4.2. Simulation and results

Traffic loads are simulated with the toolbox ANSYS_aaS in Matlab
providing a direct link between the programs. A Matlab code is devel-
oped to run ANSYS commands and save the results for several simu-
lations. Once the deck is modeled, the code generates a new vehicle
with a specific load and position, calculates the loads and the positions
of the axles, applies the calculated axle loads to the finite element
model, runs the model and takes the transverse strain in the mid-span.

The results of the simulation provide the distribution of the strain in
the deck for the possible 82 positions and 64 loads.

Fig. 17 includes the distribution of stress ranges in the transverse
rebar at the mid-span as a function of vehicle positions and loads. Stress
ranges are calculated from the simulated strains using the elastic
modulus of steel, 210,000 N/mm?, and the elastic modulus of concrete,
35,000 N/mm?

A small peak can be observed (surrounded by a dashed line), located
for stresses under 100kN load, where the passage from two axles to five
axles is performed. The peak is present due to the local effect of the
applied loads and is more pronounced for two axles. However, this local
peak stress is very small and represents less than 1 N/mm?. As it was
highlighted in Section 3.1.7, the number of axles does not induce a
significant difference between the simulated stresses. The choice of two
axles for loads smaller than 100 kN and five axles for loads higher than
100 kN is thus appropriate.

The simulated and the measured maximum stresses are alike, which
proves that the finite element model is well calibrated for the structural
response of heavy trucks.

The maximum stresses are due to the heavy trucks located at the
mid-span. The trucks create two peaks, 1 m away from the mid-span,
which corresponds to the location of the axles.

To define the annual statistical distribution of stresses due to traffic,
the position and the load of the vehicles were considered as

Material Density [kN/m?] Young’s Modulus [N/mm2] Poisson’s Ratio Element
Reinforced concrete (slab) 25 35,000 0.2 Shell 181
Steel (girder) 78.5 210,000 0.3 Shell 181
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Fig. 16. FEM simulation results of the deck, bottom side (a) and cross-section side (b).
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independent stochastic variables. The annual number of cycles with the
strain range ¢;; generated by the vehicle with the position-load [x;, L;1,
is defined from the distributions of the loads and positions (Fig. 8,
Fig. 9), according to equation (10).

nij =Py PLjN (10)

where n;; is the number of vehicles with the position x; and the load L;
creating the strain ranges;;

Py is the probability that the vehicle has a loadL;

P,is the probability that the vehicle is at position x;

N is the total number of vehicles per year

Fig. 18 provides steps to identify the probabilistic distribution of
stresses as a function of the load and the position of the vehicles.

5. Fatigue verification

In this study, the verification of the fatigue safety of the present
reinforced concrete slab designed to resist predominantly in the trans-
verse direction is focused on the bending failure mode, which may re-
sult either in compression failure of the concrete or tensile failure of the
reinforcement.

The recorded strains in the transverse rebars were higher than the
strain in the longitudinal rebars, which is mainly due to the distribution
of the actual traffic loads on both the RC slab and the steel girder
carrying in the longitudinal direction, while in the transverse direction
only the 17 cm-thickness RC slab is acting. The mechanism of fatigue
failure of reinforced-concrete slabs is complex and depends on many
variables (stress ranges, reinforcement ratio, boundary conditions...).
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Fig. 18. Steps to define the statistical distribution of traffic stresses.

Previous studies show that the failure can be induced by the interaction
of flexural-shear cracks of concrete [12-14] or rebar fracture when
there is no longer stress transfer [30,15]. For this study, no concrete
cracking was visible in the mid-span of the RC slab, the reversal stresses
were present in the longitudinal response as shown in Fig. 4, but were
lower than transverse stresses. Even under significant shear fatigue
stress, this type of slabs were reported to fail due to fatigue failure of the

Position [m]

Fig. 17. 3D distribution of the simulated stresses at the mid-span transverse rebar.
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rebars [30]. Therefore, the cross-section of the RC slab was defined as
the critical section, and the fatigue stress is investigated using the
transverse strains. The investigation of the effect of reversal stresses will
be presented in future work.

5.1. Fatigue verification of steel reinforcement

Fatigue of steel reinforcement is verified at two levels. The first level
requires the verification of the fatigue stresses to be below the en-
durance limit. Level 2 is performed when Level 1 is not conclusive, and
it requires the calculation of the fatigue damage. In the Swiss standard
SIA269/2, the fatigue resistance of straight rebars with a diameter less
than 30 mm is equal to Aoy, o = 150 N/mm? and the endurance limit
is equal to 80% of the fatigue limit, i.e., Aoy, = 120 N/mm?, the slope
of the S-N curve being equal to m = 4 [31].

The level one is fulfilled for the rebars at the mid-span since all the
measured stress ranges are below 120 N/mm?. Therefore, steel re-
inforcements do not present any fatigue problem based on the one-year
monitoring data. The Level 2 of fatigue verification does not need to be
performed in this case. However, to illustrate the damage as a function
of the actions relevant to fatigue, the recorded stresses are arbitrarily
amplified by a factor of 4 to obtain stress values higher than the en-
durance limit. Subsequently, the Level 2 verification is conducted with
fictitious stress values that relate to real loading conditions.

Fatigue damage is quantified in terms of Miner’s damage summation
to deal with variable amplitude loading in the S-N approach. According
to this rule, all stress cycles induce proportional fatigue damage, which
is linearly additive. The scatter in the stress history may be neglected
and the damage d due to n; cycles for the stress range Ag; is equal to:

n:
-3
N an
where
d is the cumulative damage
n; is the number of cycles for the constant stressAc;
N; is the total number of cycles to failure under the constant amplitude stressAg;

The fatigue safety is fulfilled if the accumulated damage is less than 1:
d<1 12)

The damage is calculated according to Eq. (11) using the annual
statistical distribution of stresses and stress cycles defined in the pre-
vious section. Fig. 19 illustrates the annual distribution of damage for
the first year of monitoring as a function of the position and load of
vehicles.
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The fatigue damage is zero for stresses lower than the endurance
limit, which is the case for the vehicles lower than 300 kN, no matter
their positions. Only heavy trucks are then relevant for fatigue damage,
and the light vehicles can be neglected for the verification of the fatigue
safety of steel reinforcement. This justifies the threshold used in the
POT approach, discriminating the vehicles that create strain less than
1 pm/m.

Fig. 19 indicates that fatigue damage is more pronounced for the
vehicles crossing the roadway from the middle.

The trucks with a load between 350 kN and 400 kN are the most
frequent, which is mainly due to the legal load limit for vehicles fixed at
400 kN for this viaduct. The frequency of these trucks creates the
highest annual fatigue damage.

The trucks heavier than 400 kN create high fatigue damage.
However, they are not frequent, and their annual effect is less pro-
nounced.

To evaluate the accumulated damage during the years of service of
the viaduct, and to predict the total damage in the future, the four
scenarios of traffic growth introduced in Section 3.1.6 are analyzed.
Accordingly, the accumulated damage is calculated for 120 years of
service as shown in Table 5.

Even by amplifying the stress ranges arbitrarily with a factor of four,
the fatigue damage is small and does not present a significant damage
value after 120 years of service, for different scenarios of traffic growth.
Consequently, the service duration of the viaduct is very long, with the
actual evolution of traffic considering fatigue safety.

The scenarios of traffic growth define the evolution of the accu-
mulated damage. A difference of 40% is present between the non-
conservative scenario (2) and the conservative scenario (3). Therefore,
the consideration of different scenarios of traffic growth is necessary to
quantify the fatigue damage, mainly when no information is available
for the past and future traffic.

This inverse method allows evaluating the damage as a function of
vehicle position and load. This information may be useful to make
decisions about limiting or reducing a particular type of vehicles or
imposing certain vehicle positions to restrain fatigue damage.
Moreover, this information may also be useful to allow for a controlled
increase in the number of vehicles and trucks and the legal vehicle load
limit while limiting possible fatigue damage.

5.2. Fatigue verification of concrete

The fatigue of concrete is verified based on the fib Model Code [32].
The fatigue requirements under cyclic loading are met if the required
lifetime (number of cycles) is lower than or equal to the number of

6

Position [m]

Fig. 19. Annual fatigue damage distribution for the transverse rebar at the mid-span (Monitored stresses are arbitrarily amplified by a factor of four).
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Table 5
Accumulated fatigue steel damage for 120 years of service.
Scenario 1 2 3 4
Accumulated damage 4.80107% 4.20107% 5.90 107 5.30 107
cycles to failure.
n<N 13)

n is the foreseen number of cycles during the service duration

N is the number of resisting stress cycles

The recorded strains in the transverse rebars were more than twice
the strains of the longitudinal rebars. In fact, in the longitudinal section
of the viaduct, the applied traffic loads were distributed across the RC
slab and the steel girder, but for the cross-section, axle loads were di-
rectly distributed along the 17 cm RC slab. Therefore, the reinforced
concrete is verified for the cross-section assuming uniaxial tensile stress
in the steel reinforcement rebars, and uniaxial compression stress in the
concrete. Assessment of fatigue damage for the concrete under com-
pression is presented in the following.

Fatigue loading of concrete is expressed in [32] by the maximum
compressive stress level S, and the minimum compressive stress
level S uin. Such as, for S iy > 0.8, the S-N relations for S i, = 0.8 are
valid, and for 0 < S, ,in < 0.8, the following equations apply.

The number of cycles N to failure is obtained from

logN = logN1 if logN1 <8 a4
logN = logN2 if logN1>8 as)
where
log N1 = i(s -1
g =y =g Wemax a6
Se. — Se,mi
log N2 =8+ M(y_ Sc,min)log( ¢, max L,mm]
-1 Y — Semin a7
. 045 + 1.8, min
with Y = T i85 03, 18)
Semas = 10 mad o jo 19)
Se,min = 1Ge,minl /foy. fur 20)

The fatigue reference compressive strength f ,, depends on the age
of concrete at the beginning of fatigue loading and it may be estimated
from [32]:

g = B i 0 01— 22 o
with

N is the number of cycles to failure

Semax  is the maximum compressive stress level

Semin s the minimum compressive stress level

Oe,max  is the maximum acting compressive stress in [MPa]

Te,min is the minimum acting compressive stress in [MPa]

Ja is the characteristic compressive strength

Jokgar 18 the fatigue reference compressive strength

B (t)  Is a coefficient which depends on the age of concrete at the beginning of

fatigue loading
Besus Is a coefficient which takes into account the effect of high mean stresses

during loading, for fatigue loading it may be taken as 0.85
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.. represents the ‘time-dependant’ aspect and it is calculated according
to equation (22).

B () = exp[s(l - \“?)] o
such as s = 0.25, a coefficient which depends on the strength class of
cement and t is the concrete age in days.

The RC slab is made with a special concrete CP350, with cube
strength equal to 45 N/mm?” at 28 days. f,, is then equal to 35 N/mm?
and the elastic modulus is equal to 35 000 N/mm? [32].

The maximum compressive stress is equal to the stress due to dead

loads, temperature and traffic:
Oc,max = Otraffic + Tdd + Otemperature (23)

The minimum compressive stress is equal to the stress due to dead

loads and temperature:
(24)

Ge,min = 9dd + Otemperature

where

Otraffic is the stress due to traffic loading

Tdd is the stress due to dead load

Gtemperature is the stress due to temperature

Strain values in the concrete are deduced from the calculated strain in
the transverse rebar at the mid-span with respect to the neutral axis
location of the cross-section. For a non-cracked section, the neutral axis
is located at a distance of 87.5 mm from the top. The concrete below the
neutral axis is assumed to be cracked [30], and steel reinforcement is
taking the tensile stress. Accordingly, the recalculation gives the new
location of neutral axis at 45 mm below the top. This neutral axis is
subsequently used to calculate concrete stresses due to traffic oyqgp. as
the highest stress at the top of the cross-section using measured strain
values.

The stress due to dead loads oy, is obtained from the finite element
model.

The stress due to temperature Gymperaure is considered as a stochastic
independent variable, with a discrete distribution defined from mon-
itoring data (Section 3.2.3, Fig. 15).

Stresses are calculated from strain by multiplying them with the
elastic modulus of concrete. To obtain significant fatigue stresses, an
arbitrarily chosen multiplication factor of four is again used for the
stress values of concrete. Each calculated stress corresponds to the
passage of a vehicle with the transverse signature illustrated in Fig. 4,
thus, for each calculated stress range corresponds Y2 cycle.

The fatigue damage of concrete is calculated as a function of tem-
perature variations and the position and the load of the vehicles.

Fig. 20 illustrates the fatigue damage of concrete as a function of
vehicle positions and temperature for a load ofL = 320 kN, as a func-
tion of vehicle load and temperature for the positionx = 2.2 m, and asa
function of the load and the position of the vehicles for the temperature
T = 820°C.

Temperature variations influence the fatigue damage of concrete,
which takes the same distribution of temperature (Fig. 15) for a fixed
load or position. The fatigue damage of concrete increases significantly
for loads higher than 400 kN, which means that the heavy trucks create
higher fatigue damage even if they are not as frequent as the light ve-
hicles. The damage is higher in the Neuchatel direction, where the
heaviest trucks are more frequent. The accumulated fatigue damage
according to the four scenarios of traffic growth is presented in Table 6.

The fatigue damage of concrete due to the past and future traffic is
also very small, even after 120 years of service, although the values
from monitoring were arbitrarily multiplied by a factor of four.
Consequently and despite highly conservative assumptions, the
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Fig. 20. Long-term fatigue damage distribution of concrete (L = 320 kN, x = 2.2m, T = 20 °C) (Monitored stresses are arbitrarily amplified by a factor of four).

Table 6
Accumulated fatigue concrete damage for 120 years of service.
Scenario 1 2 3 4
Accumulated damage after 8.90 7.74 1.10 9.81
120 years of service 107% 1074 1079 107%

concrete of the RC slab does not show any fatigue problem in the
present and will not present any notable fatigue issue in the future.

The calculated fatigue damage of concrete is 20% lower than the
calculated fatigue damage of steel reinforcement. This means that
under pure compression of concrete, the steel reinforcement can be
expected to fail first due to tensile cyclic loading. This result coincides
with the findings of [10,15,33] where steel rebars failed before concrete
under fatigue loading.

5.3. Sensitivity analysis

To understand the interrelation between input parameters and fa-
tigue damage and to identify the parameters that cause significant
uncertainties in the calculations, a sensitivity analysis of the fatigue
damage of steel and concrete is conducted.

The sensitivity of three main parameters involved in the fatigue
damage d calculations is evaluated. The compressive strength of con-
cretef,, the stress factor and the annual traffic is varied such that 100%
corresponds to their initial values, 35 MPa, 4, and 1 405 502 vehicles/
year, respectively (Figs. 21 and 22).

The fatigue damage of steel and concrete presents a linear variation
with the annual traffic in terms of vehicle number. In fact, while
changing the annual traffic, the position and the load of the vehicles
stay constant. The stress ranges are thus the same with different cycles.
According to Eq. (11), the fatigue damage is linearly related to the
number of stress cycles. Therefore, traffic growth under the same dis-
tribution of loads and positions will generate similar growth of fatigue
damage.

The fatigue damage of steel is increasing exponentially with the
stress factor, while the logarithm of concrete damage and the stress
factor are linearly related. The stress factor presents the changes in the
stress ranges due to the variation in load and position distributions.

Fatigue damage is thus highly sensitive to heavy trucks and the most-
loaded positions.

The increase of concrete compression strength creates an ex-
ponential decrease in the fatigue damage of concrete. It is then essential
to assess the strength of concrete well when evaluating its fatigue safety
because it is a critical parameter for fatigue damage.

6. Conclusion

The fatigue safety of the RC slab of a 60-year road viaduct is in-
vestigated based on monitoring data, considering the structural re-
sponse, traffic loads, temperature effect, and their combinations. The
main goal of this study is to develop a practical method to evaluate the
fatigue safety of RC road bridges. This is particularly significant when
using monitoring data that reduces the uncertainties in traffic and en-
vironmental load properties and structural response, which is a con-
siderable advantage over design code estimates. For this purpose, the
focus was to evaluate the fatigue damage of steel reinforcement and
concrete and its evolution in time as a function of temperature varia-
tions and the positions and loads of vehicles.

Five main conclusions can be highlighted as follows:

1. The inverse method identifies precisely the loads and positions of all
the vehicles that are crossing the RC slab, using data from only four
strain gauges and a load test.

. The combination of FE modeling and probabilistic assessment of
monitoring data provides probabilistic distributions of stresses in
the RC slab as a function of the load and the position of the vehicles.

. The comparative verification of both steel reinforcement and con-
crete identifies the governing material in terms of fatigue safety.
Steel reinforcement is governing.

. Recording ambient temperature and thermal variations of concrete
for one year provides reliable data to capture the effect of tem-
perature on concrete fatigue.

5. The sensitivity of fatigue damage to different sources of un-

certainties (associated with compressive strength, level of stress and
magnitude of annual traffic) is clearly identified.

N

w
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The results of the inverse method were compared to WIM data and
found to be accurate. Hence, the presented methodology can be used to



1. Bayane, et al.

Engineering Structures 196 (2019) 109357

200

150

100

"d" [%]

50

100
Stress factor [%]

0
200 0 100 200
Annual traffic [%]

Fig. 21. Sensitivity of the fatigue damage of concrete.
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Fig. 22. Sensitivity of the fatigue damage of steel.

verify the RC slabs suspected to have a fatigue problem. The accuracy of
the inverse method can be further improved by installing two strain
gauges for each lane and direction and performing a load test with
different positions, velocities and loads.

The combination of the calibrated finite element model and the
probabilistic assessments is demanding. However, it can be updated and
used to verify the fatigue safety of the structure for future service
duration. Regarding the sensitivity analysis, an extension for the future
is to consider it from a reliability point of view, accounting for the
uncertainty of the fatigue load and fatigue strength and the influence of
the reliability.
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ABSTRACT

Fatigue of reinforced concrete is often not considered for civil engineering structures since the self-
weights of reinforced concrete structures are very high (in case of normal strength concrete) while live
loads are relatively small, which leads to very small stress variations during service duration of the
structure. However, particularly for bridge structures with increased use of high strength concrete and
increase in traffic loads, this scenario is reversed and fatigue verification becomes much more import-
ant for the safety. This paper presents a probabilistic approach for reliability assessment of existing
bridges along with reliability-based calibration of fatigue-design-factors based on the S-N approach,
calibration of S-N approach with fracture-mechanics approach and reliability updating using inspec-
tions along with a case study for the Crét de I'Anneau viaduct in Switzerland. It has been observed
that, a designer needs to design the structure for fatigue life of 3.5-4.5 times the planned service life,
in order to achieve the target annual reliability index of 3.7 at the end of the service life. Further, the
presented framework can easily be extended to any other viaducts to estimate the fatigue reliability
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and maintain the safety level throughout the entire service duration.

1. Introduction

Until 1960, it was believed to be impossible to get any
fatigue failure in reinforced concrete structures with mild
steel as reinforcement within the level of permitted stresses
at that time, (Mallet, 1991). Most of the bridges in
Switzerland built during the last 50 years are reinforced con-
crete bridges and they typically experience more than 100
million cycles of fatigue load during design lifetime. This is
especially the case for reinforced concrete decks of such
bridges exposed to traffic loads during their lifetime, which
are not designed for fatigue (Schlafli & Briithwiler, 1998,
p- ).

Currently bridge engineers in the industry use Palmgren
& Miner’s rule of linear damage accumulation along with
Wohler curves from codes and standards (e.g. SIA-261,
2003) for new structures and (SIA-269, 2016) for existing
structures. The result might often be the replacement of the
existing bridge or atleast its deck. On strength side, the
fatigue tests exhibit large scatter, and on action side, codes
defining heavy vehicles as actions/loads may lead to non-
economical and non-ecological solutions.

A better way forward could be the use of reliability meth-
ods (probabilistic approach) to assess the bridge, by quanti-
fying all possible uncertainties in loads and resistance and
thereby form a better basis for decision-making. This
requires to formulate a stochastic material model from the
fatigue test data and a stochastic load model using among
others, the monitoring of strains in the structure at critical
locations. By this approach, it is possible to quantify the
level of damage and the remaining useful fatigue life of the

structure. Further, in order to maintain the reliability above
acceptable level throughout the service life, it can be import-
ant to perform inspections and use the outcomes of the
inspections to update the reliability and proceed with miti-
gation actions, if necessary.

Fatigue reliability assessment of the steel components of
bridges is studied in many references where Weight In
Motion data (WIM) are used to estimate the reliability of
orthotropic bridge decks (see e.g. Yang, Xinhui, Naiwei, &
Yang, 2016). Kihyon and Dan (2010) focussed on fatigue
reliability assessment of steel bridges by using probability
density functions of the equivalent stress range based on the
field monitoring data. Saberi, Rahai, Sanayei, and Vogel
(2016) estimated the bridge fatigue service life using oper-
ational strain measurements. Furthermore, probabilistic reli-
ability assessment of steel structures exposed to fatigue is
studied by Krejsa (2014). Sain and Chandra Kishen (2008)
presented a probabilistic approach for assessment of fatigue
crack growth in Steel Reinforced Concrete (SRC). Petryna,
Pfanner, Stangenberg, and Kratzig (2002) proposed a time
variant reliability framework, at component level along with
a material model for reinforced concrete; however, the
obtained results show its inapplicability to system level.

Based on the literature review, it can be seen that, most
of the research work for fatigue of bridges is limited to steel
bridges or its components, very few researchers focus on
concrete bridges. Further, most of the researchers limit to
determinstic approaches, when using monitoring results. To
estimate fatigue reliability of a reinforced concrete bridge by
taking care of all possible uncertainties in load and fatigue
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strength, in a probabilistic way, this paper presents a reli-
ability-based framework for assessment with respect to
fatigue failure of Crét de ’Anneau viaduct as a case study.
where the Labourator of Maintenance, Construction and
Safety of the structures (MCS) department at Ecole poly-
technique fédérale de Lausanne (EPFL), Lausanne,
Switzerland has installed a long-term monitoring system for
estimating strains in the structure deck slab. As part of reli-
ability-based framework, stochastic modelling of fatigue
strength of reinforcing bars along with stochastic modelling
of fatigue loads is presented as well as the calibration of
fatigue safety factors. The reliability indices obtained are
compared with target values indicated in SIA-269 (2016),
the Swiss standard for existing structures.

Further, a probabilistic fracture-mechanics (FM)
approach (damage evolution model) for the tensile
reinforcement is developed based on Ayala-Uraga and
Moan (2007), Lotsberg and Sigurdsson (2005), Madsen,
Krenk, and Lind (2006), Moan, Hovde, and Blanker (1993)
and Paris and Erdogan (1963). The FM approach is cali-
brated to the probabilistic S-N model using the annual
probability of failure. To maintain the required target reli-
ability level, a reliability-based-inspection-planning approach
is presented.

2. Cret de I’Anneau viaduct and its
monitoring system

2.1. Salient features

Creét de ’Anneau viaduct is an eight span composite bridge
with a total length of 194.8 m, built in 1957. It has a rein-
forced concrete deck slab with a thickness of 170 mm at
mid-span. The deck is supported by two parallel steel box
girders, which have an average height of 1.3 m. These box
girders are connected to each other by articulation at about
4 m from the support. The concrete used during construc-
tion had a cube strength of 40 MPa, which now may be esti-
mated, approximately to 50 MPa (gain in strength due to
continued hydration during ~60 years of life).

The deck slab has an orthogonal grid reinforcement serv-
ing for double bending (sagging) behaviour in transverse
and longitudinal direction. An orthogonal grid is also pre-
sent in the hogging bending section, near the longitudinal
and transverse supports (near and above the box girders).
The grid reinforcement consists of different diameters rang-
ing from 10mm, 14 mm and 18 mm. 18 mm at 500 mm and
14mm at 100 mm reinforcement are used in the main trans-
verse bending direction between two girders. Out of the two
diameters, 18 mm reinforcement in transverse direction is
considered in the current study, where strain gauges are
installed. Clear cover to reinforcement is 20 mm.

2.2. Fatigue behaviour

The identified critical part of this composite bridge is the
reinforced concrete slab (MCS, 2017, p. 41). The fatigue
behaviour of the reinforced concrete deck slab is mainly

governed by transverse bending between two girders; it con-
tributes also to local longitudinal bending under vehicle roll-
ing wheel loads, thus it is a double bending behaviour. The
stress levels in the steel box girder are very low and below
the endurance limit for the steel. Therefore, the current
study focuses only on reinforced concrete deck slab, and
especially on fatigue of the reinforcement in the tension
zone, since fatigue of concrete in the compression zone is
unlikely to occur (Rocha & Briihwiler, 2012, p. 1) if con-
crete is not suffering from any other deterioration mecha-
nisms like frost or aggregate alkali reaction. The behaviour
of the viaduct is studied considering:

e Fatigue of steel-reinforcement in tension zone and
fatigue of concrete in compression zone, using determin-
istic approach  (Bayane, Mankar, Brithwiler, &
Serensen, 2019).

e Fatigue reliability of concrete in compression zone, using
probabilistic approach (Mankar, Bayane, Serensen, &
Brithwiler, 2019).

The results of these studies show that, for this particular
viaduct, fatigue of steel-reinforcement in tension zone is
critical compared to fatigue of concrete in compres-
sion zone.

2.3. Monitoring system

The MCS department at EPFL has installed eight electrical
strain gauges on longitudinal and transverse reinforcement
bars of two spans of the viaduct, at halfway between articu-
lation and support. Two more strain gauges are installed to
capture the response of the steel box girders. First, on the
bottom side of the top flange and second, on the bottom
side of the bottom flange. Furthermore, thermocouples are
installed to measure temperature variations in concrete and
steel parts of the viaduct. For details about monitoring
system, reference is made to MCS (2017), as shown in
Figures 1 and 2.

3. Results of monitoring and stochastic load model
3.1. Measurement of strain and calculation of stresses

A study of influence line diagram for the bridge shows that
the maximum stress range for the live loads due to traffic
can be expected at the mid-span between articulation and
support. At the same location strain, gauges are installed to
measure strain variations with a frequency of 50-100Hz.
This high frequency of the strain measurement captures all
the vehicles and the associated peaks in the responses.
Along with this high-frequency-traffic-strain measurements,
the strain gauges also capture a low-frequency-strain change
due to the temperature variation and the associated struc-
tural response. The two responses can be separated since
their frequencies vary largely. Figure 3 depicts strain meas-
urements and corresponding temperature effect.
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Figure 1. Monitoring system installed on Crét de I’Anneau viaduct, a view from bottom of viaduct. (Strain gauges locations are highlighted with explosions.)
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[ Thermocouple
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Figure 2. Crét de I'Anneau viaduct cross section (all dimensions are in m).

The temperature effect can easily be removed from the
total response in order to obtain the response due to
vehicles only. Five to 10min averaging time for calculating
the mean temperature effect is generally sufficient. Moving
average method can be employed using Equation (1)
(National-Instruments, 2012). Once the temperature effect is
removed from the strains, stresses in the steel-reinforcement
can easily be obtained:

1 k=i+n

f(yi)_iz}’kaTN*l’l>i>n

= 1
2n+1, W

where

f(yi) = mean temperature effect,
n = averaging time chosen,
N = total number of data points.

3.2. Rain-flow counting and stress histogram

The stress histogram is obtained by rain-flow counting of
the strain data for a monitoring duration of 303 days. The
number of cycles required for failure are related only to the
stress range (and not to the mean-stress), which is similar
to the welded steel. The stress range histogram of transverse
reinforcement is shown in Figure 4. The fatigue life of the
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viaduct can be estimated using the stress range histogram
(Figure 4) along with Equation (2) and Miner’s rule. As the
actual stresses (Figure 4) in the bridge are very low and the
bridge has a very high fatigue life. The reliability analysis is
illustrated through the actual histogram, which is scaled
such that the design equation, with characteristic values and
safety factors-DFF, presented in Section 4.2, is exactly

Strain measured over one day period

200
— Strain Measured
Temperature effect

g B

Transverse Strain [pm/m]
@
3

o 05 1 1.5 2 25 3 35 4 4.5
Time scale 1 day [frequency 100Hz] x10°

Figure 3. Effect of temperature on strain measurements.

fulfilled. The scaling is performed on the stress range as
well as on the number of cycles.

3.3. Stochastic load model for reliability analysis

Uncertainty in the fatigue load (for this specific case, traffic
load) covers different aspects and each of them can be mod-
elled independently. These different aspects could be e.g.
measurement uncertainty in the strain measurements, as
these measurements are very accurate, a very small uncer-
tainty associated with measurement is assumed and mod-
elled as lognormal with a mean of 1.0 and a standard
deviation of 0.05, see X,, in Table 1.
Other uncertainties can be related to:

e Extrapolation of results to another location in the struc-
ture based on measurement at a certain location (this is
not considered here as strain gauges are installed at
exactly the same location).

e Extrapolation of the available results to a full year fatigue
load based on 303 days observations.

e Extrapolation of the results to the remaining life, which
includes year-to-year variations and increase in traffic
load and frequency with time.
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Figure 4. Stress histogram for transverse reinforcement.
Table 1. Stochastic model for Wohler curve.
Parameter Distribution Mean Standard deviation Remark
A Lognormal 1 0.30 Model uncertainty related to PM Rule®
Xw Lognormal 1 0.05 Uncertainty in strain measurements
Xo Lognormal 1 0.01 -0.1%" Uncertainty in number of vehicles
logk Normal 18.77 0.07 Location parameter in Wohler curve
m Fixed 5 - Slope of Wohler curve fixed to 5
€ Normal 0 ae Standard deviation of the error term
o, Normal 0.39/0.20** 0.06 Standard deviation of the error term
Plogk.s Deterministic 0.06 - Correlation coefficient between location

and standard deviation of error

*Model uncertainty obtained by fitting lognormal distribution to test data in (CEB 1988, 1989).

Tslope of Wohler curve fixed to 5 as logk and m are highly correlated with correlation coefficient equal to 0.9997.
“*Variation in reliability index as function of standard deviation of X,, values is studied.

**Variation in reliability index as function of standard deviation of logK values is studied.

Values in bold indicates base values used for reliability analysis.



Available traffic data for 303 days are extrapolated to the
total life of the structure by making the assumption of a
constant traffic over the entire completed life of 60 years;
this is a conservative assumption, as the traffic in the early
service duration of the structure is low compared to the pre-
sent traffic. For the future life of the structure, which is
60years, 1% increase in the traffic volume each year is
assumed. Uncertainties associated with this extrapolation are
modelled as lognormal with a mean of 1.0 and standard
deviation of 0.10, see X,, in Table 1.

4. Reliability framework

The First Order Reliability Method (FORM) is used for the
reliability analysis (Madsen et al, 2006; Serensen 2011)
through the open source Matlab-based toolbox FERUM
(Finite Element Reliability Using Matlab) (FERUM, 2010).

4.1. Stochastic material reinforcement in
reliability analysis

The deterministic Wohler curves are recommended by vari-
ous international codes for the verification of reinforcement
fatigue (e.g. DNV OS C 502, 2012; (EN 1992-1, 2004;
MC1990, 1993; MC2010, 2013, etc.). These are used as basis
for establishing stochastic models together with statistical
analysis of the available test data for reinforcement fatigue
(Hansen & Heshe, 2001).

For reinforcement fatigue, the number of cycles required
for fatigue failure can be calculated based on Wohler curve,
as follows:

N =kAc™™
or
logN = logk — m - logAc + ¢ (2)

where & models the uncertainty related to the SN-curve and
is assumed Normal distributed with the mean value and the
standard deviation equal to 0 and o, respectively. The values
of logk, m, o, are obtained by the Maximum Likelihood
Method (MLM) (Serensen & Toft, 2010). As these parame-
ters are estimated based on limited set of the data there is a
statistical uncertainty, which is presented in Table 1. The
use of the MLM provides the option to include run-outs.
For more details about probabilistic model for fatigue
strength of reinforcing bars and associated uncertainties, ref-
erence is made to Rastayesh, Mankar, and Serensen (2018).

4.2. Design equation and limit state equation

The design equation for reinforcement fatigue is developed
based on Equation (2) and Miner’s rule, as follows:

L n; Ty

G=1-) " FRoAc =0 3)

i=1

where
k¢ is the characterisitc value of k;
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logk = logk™*™" —1.64 - o;
95% quantile;

n; is the number of cycles experienced by the structure—
for the i stress range bin Ad;

j is the total number of bins;

Tr is the fatigue life; Tp = FDF - Ty; FDF is the fatigue-
design factor; Ty is the service life time of the structure;
Rp is modelling the ratio of design parameters, here the sec-
tion modulus of the deck slab;

Ag; is the stress range for the i bin.

Stress range for each bin is obtained directly by rain-flow
counting of the strain gauge measurements, see Section 3.2.
Stress range in each bin is multiplied by the ratio of the
design parameters (New design parameter/Original design
parameter). A specific value of Fatigue-Design Factor (FDF)
can be obtained by changing the ratio of design parameter.
The design equation (Equation (3)) can be transformed to a
limit state equation by introducing the stochastic variables,
as follows:

logk® corresponds to

j X,,Tl,‘t m
g)y=Aa->" Ty (X, RpAc)™ =0 (4)
i=1

where t indicates the time 0 <t < Ty in years. All other
terms in the limit state equation are explained in Table 1.

4.3. Calculation of reliability index

As explained in Section 3.2, the actual stresses in the bridge
are very low and the bridge has a very high fatigue life.
Therefore, the reliability analyses are performed using the
scaled fatigue load. The cumulative (accumulated) probabil-
ity of failure Pp(t) in the time interval [0, t] is obtained:

Pe(t) = P(g(1) <0) (5)

The probability of failure is estimated by FORM (see
Madsen et al., 2006). The corresponding reliability index
p(t) is obtained:

Bt) =~ (Pe(1)) (6)

where ®() is the standardised normal distribution function.
The annual probability of failure is obtained based on the
cumulative probability of failure:

APy(t) = Pp(t) — Pp(t—At),t > 1 year 7)

where At = lyear. The corresponding annual reliability
index is denoted Af.

5. Reliability results with the S-N approach

The current age of the bridge is 60years, and it is investi-
gated if the bridge can be used for additional 60 years, i.e. a
total of 120years. The reliability is assessed for the rein-
forced concrete deck slab with respect to fatigue failure of
the reinforcement.
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Table 2. Stochastic parameters in FM Model.

Parameter Distribution Mean

Std-Dev Remark

Normal 10.8mm
Exponential 0.5, 1,5 mm
Normal —12.738
Xs LogNormal 1

Xn LogNormal 1

Aer
aq
logC

1.8mm
0.5, 1, 5 mm
0.1
0.05
0.05

Crack size at unstable fracture (SB)
PoD assumed for AE_Tomography
Material parameter C, (DNVGL)
Uncertainty in monitored stress
Uncertainty in number of vehicles

SB: Schlfli and Briihwiler, (1998); DNVGL: DNVGL RP 0001 (2015).
*A sensitivity study is performed for different values of PoD.

5.1. Code requirements for reliability analysis

The Swiss standard (SIA-269, 2016) provides guidelines for
assessing the safety of existing structures by a probabilistic
approach and presents a target reliability level in the form
of reliability indices based on the consequence of failure and
the efficiency of interventions (a unity value for the coeffi-
cient of efficiency of interventions is recommended by SIA-
269 (2016), when it is not determined during the examin-
ation phase, see table 2 in Appendix B of SIA-269, 2016). In
this study, a low efficiency of intervention is assumed con-
sidering that costs to rehabilitate an existing structure as
very high and consequences of structural failure are
assumed to be serious, which leads to a target annual reli-
ability index of 3.7. Efficiency of safety-related interventions
is expressed as the ratio of the risk reduction to the safety
costs, which is similar to relative cost of safety measure as
explained in probabilistic model code JCSS (2000).

EN 1990 (2002) provides some aspects for assessment of new
structures by a probabilistic approach and presents an indicative
target accumulated reliability index for life time of 50 years
against fatigue. It provides a range of target reliability from 1.5 to
3.8, based on the degree of inspect-ability, repair-ability and dam-
age tolerance (see table C2 in Appendix C of EN 1990, 2002).

5.2. Results of reliability analysis

Results of reliability analysis are presented for different val-
ues of Coefficient of Variation (CoV) of logK. CoV of logK
represents the variability in fatigue performance of the steel-
reinforcement. It may vary for different deliveries of the
steel-reinforcement. Lower the quality control in production
of the steel-reinforcement, larger the CoV and lower the
fatigue reliability. For current reliability analysis, CoV of
0.39 is used, which is obtained from test results (Hansen &
Heshe, 2001). While, CoV of 0.2 is standard CoV recom-
mended by DNVGL RP C203 (2016).

The variation of the cumulative reliability index along the
service life of the structure is presented in Figure 5 for the case
where the uncertainty in the vehicle number X,, is 1% and CoV
for logK is 0.39. The annual reliability index (Af) as a function
of the FDF for different CoV values of logK representing
reinforcement from an arbitrary delivery is presented in Figure
6. It is observed that the CoV of logK has a large influence on
the reliability index values. To meet a target annual reliability
index of 3.7 with planned design life of 120 years, the required
FDF is of the order of 3.8 for CoV of 0.2 for logK, while the
needed FDF is of order of 4.4 for CoV of 0.39 for logK.

The annual reliability index (f§) as a function of the FDF
for different CoV values of logK is presented in Figure 7 for

Variation of 3 with time

Cumulative Reliability Index () [-]

60 80 100
Time [years]

20 40 120

Figure 5. Variation in Cumulative reliability index along service duration of
structure (FDF~2 and T;=120years).
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Figure 6. Annual reliability index as function of FDF.

120 years of design life. The cumulative reliability indices in
Figure 7 can be compared to the target reliability indices
indicated in EN 1990 (2002). A range of fatigue safety fac-
tors (FDF) required to achieve the accumulated target reli-
ability index can be obtained from Figure 7.

6. Fracture-mechanics (FM) approach

6.1. FM model for crack growth

This section presents a generic crack growth model based
on Paris-Erdogan law (Paris & Erdogan, 1963), for the main
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Figure 7. Cumulative reliability index as function of FDF (T, =120years for
mean values of ¢, equal to 0.20 and 0.39).

reinforcement of 18mm, at a critical fatigue location.
Experimental investigations show that the increment of
crack per stress cycle can be approximated as follows:

Aa = C(\/maroY)" (8)

The crack length increment Aa is often very small com-
pared to the variation of a2, therefore Aa can be idealised
to be the differential quotient da/dN, where N is the num-
ber of cycles considered as a continuous parameter and
then, the solution a5 is given by Equation (9) (Ditlevsen &
Madsen, 1996). The geometry function or shape factor
(Y) is assumed to be 1.0 in Equation (9) and it shows suffi-
ciently accurate calibration with S-N approach (see Section
6.3):

((zf»n))’l
e (2- u z
am:{aoz +<Tm>~C~7ﬁ~Aam‘n~T 9)

where

a(r) crack length at time T (years);

ao initial crack length back calculated based on calibration
(see Section 6.3);

m & Cparameters in Paris’ law;

n Number of stress cycles per year with stress range Ag.

6.2. Limit state equation for FM

A limit state equation corresponding to FM model explained
in Section 6.1 can be written as Equation (10). This limit
state equation corresponds to the state when the crack size
(a(r)) in the year under consideration reaches the critical
crack size (ac). The critical crack size is the crack size
where the unstable brittle fracture of reinforcement occurs
or when rupture occurs. This critical crack size (ac) can be
calculated as the ultimate level of stress based on extreme
value theory, however for this paper critical crack size is
assumed as normal distributed with a mean value of 60% of
the diameter of reinforcement and a CoV of 0.1 (see Table
2 and Rocha & Briihwiler, 2012):

STRUCTURE AND INFRASTRUCTURE ENGINEERING @ 7

.
35
5 {
= &
4 \
3 \
=2
E 8
< \
3
o Ffgg0-0-0—000
25
0 20 40 60 80 100 120
Time (years) [-]

Figure 8. Calibration of FM approach with S-N approach (FDF = 1.5).
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6.3. FM calibration

An outcome of an inspection cannot be related directly to
the damage obtained from the S-N approach. Therefore, the
FM approach with Paris-Erdogan law is used, where an
inspection outcome can be related to the crack size, which
is obtained from the FM approach. However, calculated
fatigue lives based on S-N data are more reliable than those
based on FM, as S-N data are derived directly from fatigue
tests; while FM is based on calculations where additional
parameters are required as input to the analysis. Thus, it is
reasonable to make a calibration such that the probability of
a fatigue failure based on fracture mechanics follows that of
S-N data (test data) until the first in-service inspection.
After the first inspection, the results will depend on the FM
model and the reliability of inspection method. The calibra-
tion purpose, it is assumed that crack growth starts at the
first stress cycle and then, the distribution of initial crack
size (ap) is calibrated such that probability of a fatigue fail-
ure at a given number of stress cycles is similar to S-N
fatigue test data. Thus, this initial crack size is “fictitious” as
it can hardly correspond to real physical crack sizes
(DNVGL RP 0001, 2015).

Figure 8 presents the calibration of the FM approach
with S-N approach. Calibration for the current study is per-
formed such that the reliability index at the inspection year
for FM approach is achieved as for the S-N approach. For
the rest of the years, the calibration is performed, using a
least square fitting method. Two parameters are used here
for the calibration, namely the initial crack size (a0) and the
FM approach (m). The resulting amount of required in-ser-
vice inspection is highly correlated with this calibration
(Lotsberg, Sigurdsson, Fjeldstad, & Moan, 2016).
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Assumed PoD curve for AE tomography
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Figure 9. Assumed PoD for AE tomography.

6.4. Reliability updating using inspections

In order to maintain the reliability level, periodic inspec-
tions need to be performed. Information available through
inspections can be used to assess the current ‘health’ of the
structure as well as to predict its behaviour, by updating the
future failure probabilities. Currently, researchers focus
more on understanding fracture surface of reinforcement
after failure to know the crack propagation over the diam-
eter. Thus, these present techniques lack to measure the
crack size in reinforcement. However, researchers believe
that it is possible with Acoustic Emission (AE) tomography
(which could be part of a future work for other researchers).
In the current study, it is assumed that it is possible to
measure the crack size with unknown uncertainty, for the
purpose a sensitivity study is performed with different val-
ues of uncertainty ranging from 0.5 to 5mm. The crack size
obtained from inspection is used to update the reliability
indices, similar to offshore steel structures (DNVGL RP
0001, 2015). It is assumed that the reliability associated with
the AE tomography technique is described by a Probability
of Detection (PoD) curve (Sergio & Serensen, 2012), see
Figure 9 and Equation (11), where a; models the smallest
detectable crack size:

(1n

where b is the expected value of a; and is assumed to be
equal to 0.5, 1 and 5 mm.

The limit state equation corresponding to an inspection
event (h), where no cracks are observed (crack size is less
than the detectable crack size a;), is modelled (see Equation
(12)). The inspection event () smaller than zero implies
that crack size is smaller than the detection ability of inspec-
tion method, resulting in no detection of crack while (h)
larger than zero implies that crack size is larger than the
smallest detectable crack:

h(Tinsp) = a(T) —ag <0

POD(a) = Fy (a) =1 — ()

(12)

The failure probability Pp after an inspection event is
updated by calculating the conditional probability of failure,
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Figure 10. Reliability updating based on AE tomographic inspections for FM
approach (FDF~30).

given the inspection event is performed. Bayes’ rule is used
to obtain the updated failure probability, PY, as follows:
PY = P(g(T) < 0lh(Ting) < 0)

P(g(T) < 0N h(Tiny) <0)
h(Tinsp) <0

P = (13)

The numerator in the above equation
P(g(T) < Oﬁh(T,-,,SP) <0) is calculated as the probability
of failure of a parallel system by FORM (Madsen et al.,
2006). The corresponding updated annual reliability index
can be obtained:

P(g(T) < 0lh(Tinp) <0)
P(g(T—l) < 01 (Tig) < o)

T > Tinsp

ABY(T) = -0

(14)

Figure 10 illustrates the variation of annual reliability
index along the service life the structure, at about 75years
of life the annual reliability index is lower than threshold
value of 3.7 specified in SIA-269 (2016), thus it is assumed
that an inspection of reinforcement near the critical fatigue
location is performed at 60 years of life (current year) with
AE tomography and no crack was found. The failure prob-
ability is updated after the inspection event at 60th year,
and thus updated annual reliability after 60th year is
obtained for remaining service life until planned future life
of 120 years.

It is seen that for AE tomographic inspection with high
uncertainty, i.e. mean value of 5mm for PoD, there is no
gain in the form of updated failure probability (PY). The
updated failure probability follows almost the same trend as
if there is no inspection performed. While with reduction in
the uncertainty for AE tomographic inspection to 0.5 mm,
the gain in updated probability of failure (PY) is significant.
The updated failure probability (PY) crosses the target reli-
ability threshold at about 90 years of life instead of 75 years.
Further, if a second inspection is performed at 90 years with



an assumed outcome of no crack detection, then for the
remaining service life, the structure meets the requirement
of the minimum acceptable level of annual reliability index
of 3.7.

7. Conclusions

In this paper, the probabilistic framework for estimating
fatigue reliability of bridges is presented. As a case study,
fatigue reliability of Cret de ’Anneau viaduct is presented by
formulating the stochastic models for action effects (strain/
stress) based on monitoring data and for fatigue resistance of
steel-reinforcement based on fatigue test data of steel-
reinforcement. It has been observed that the reliability indices
for the structure are larger than the acceptable level. As the
structure considered in the case study exhibits a very high
reliability level with respect to fatigue failure of the reinforce-
ment, the traffic load on the structure can be increased along
with the life extension of the structure.

CoV of logK has been found to have a large influence on
the reliability index values. To meet a target annual reliability
index of 3.7 with a planned design life of 120years, the
required FDF is of the order of 3.8 for CoV of 0.2 for logK,
while the needed FDF is of order of 4.4 for CoV of 0.39
for logK. FDF of 3.8 can be interpreted deterministically as
the designer should consider designing the structure with a
fatigue life of 3.8 * 120 =456 years to achieve a target annual
reliability index of 3.7 at the end of 120 years of service life
when CoV of logK is 0.2 while a fatigue life of
4.4 * 120 = 528 years needs to be used if CoV of logK is 0.39.

No noticeable variation in the reliability index is
observed for a sensitivity study of the uncertainty associated
with vehicle numbers X, with CoV ranging from 1% to
10%. However, it is seen that changes in uncertainty associ-
ated with logK result in large variations in the reliability
index. Thus, focus should be on reducing the uncertainty in
logK in order to take decisions. It is observed that calibra-
tion of FM approach with S-N approach works well for
reinforcement as well similar to offshore oil and gas steel
structures using Paris-Erdogan law.

Furthermore, updating the reliability using inspection
information by the FM approach is a very useful tool to
assess the reliability of the existing assets, however it should
be noted that outcome of these updates in safety assessment
(or failure probability) is highly dependent on the uncer-
tainty associated with the inspection technique and more
work is needed to develop inspection techniques for rein-
forcements, especially methods that can give indirect infor-
mation on the fatigue damage state of the reinforcement.
The current approach uses only fatigue limit state at the
component level reliability, it would be interesting to see the
results which include the system level reliability coupled
with the ultimate failure of bridge decks.
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ABSTRACT: Probabilistic fatigue design of wind turbines is a new approach to optimize the design by
reducing in a reliability- and cost-optimal way the amount of materials used for the construction,
ultimately reducing the cost of energy. This paper presents such a probabilistic framework for reliability
assessment of onshore wind turbine foundations with aim to optimize the design. This framework
includes stochastic modelling of fatigue strength based on a large database of test results, stochastic
modelling of the fatigue load (wind), modelling of the related epistemic and aleatory uncertainties, along
with a case study showing how optimization could be exercised using the reliability-based framework.

1. INTRODUCTION
It is important to design wind turbine structures to
a specific (target) reliability level, in order to
avoid conservative designs and excessive use of
materials with the overall aim to minimize the cost
of such installations and ultimately the cost of
energy (Serensen & Toft, 2006).

Wind turbines are exposed to cyclic load
from wind. This causes fatigue of all components
of the wind turbine including the reinforced
concrete foundation. In most of the cases, fatigue
design governs the structural dimensions or the
amount of reinforcement in the foundation of an
onshore wind turbine, (Gorasson & Nordenmark,
2011). However, estimating the level of damage
in the foundation is complex and therefore
prediction of the actual fatigue life is difficult. The
current international codes use models for damage
accumulation with respect to fatigue of concrete,
which are generally conservative; they are not
able to predict the real behavior accurately but can
only predict the remaining useful life with
uncertainty.

This paper presents a probabilistic
framework for reliability assessment with respect
to fatigue failure of an onshore reinforced
concrete wind turbine foundation. This includes

stochastic modelling of the fatigue strength,
stochastic ~ modelling of  fatigue loads,
uncertainties associated with strength and load
modelling, and reliability-based calibration of
material partial safety factors (y) for design with
respect to fatigue failure of the -concrete.
Examples of reliability assessment and
optimization of design parameters will be
presented.

2. DETAILS OF THE ONSHORE WIND
TURBINE FOUNDATION
A gravity spread foundation is the most
commonly used foundation for onshore wind
turbines. This is due to ease of construction with
little excavation and refill work. This foundation
consists of a large slab, which could be square,
octagonal or circular in plan, with or without
thickness variation. Typically the reinforcement is
placed at top and bottom layers of the slab with
orthogonal grids and radial pattern through an
embedded ring. This radial pattern can also be
used for circular slabs. Typically, this kind of
foundation transmits forces from wind turbine
tower to soil to a larger area by a spreading action.
The foundation slab transmits the forces from the
tower to the soil by a cantilever bending action,
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and thus the cross section of the slab experiences
bending moment and bending stresses. These
variations in the fatigue forces / stresses are
modelled by force / stress ranges and mean values
in the form of Markov Matrices (Sandia National
Laboratories, 1999).

This paper deals with fatigue reliability
assessment of a similar reinforced concrete
foundation as described in (Svensson, 2010) along
with a Markov-matrix based on 20 years of wind
data for a Siemens wind turbine described in
(Gorasson & Nordenmark, 2011). The basic
features of the wind turbine foundation is shown
in Figure 1 and Table 1.

&h

Figure 1: Principal geometry of the foundation

Table 1: Main Design characteristic of the wind
turbine foundation.

Hub-height 99.5 m
Design wind speed at hub- 8.5 m/s
height
Shape Circular
Concrete class C30/37
Diameter (D & D,) 15.66 m, 6.0
m
Thickness (h & h;) 3.0m, 1.73m
Pedestal height (6h) 0.27 m
Reinforcement type B500B
Reinforcement 1540 mm?*/m

Part of the Markov matrix is shown in Table
2 and Figure 2. Heading in Table 2 shows the
mean values of overturning moment. The values
in Table 2 show amplitudes to be added or
subtracted from mean values in the heading to
obtain maximum and minimum overturning

Seoul, South Korea, May 26-30, 2019

moments. The first column indicates the number
of cycles observed during one year.

Markov Matrix for Overturning-Moment

«10%

Now Ao

Moment Amplitude [kN-m]

x10%

15

Mean Moment [kN-m] 2 5 log N [-]

Figure 2: Markov matrix for overturning moment

3. MODELLING OF UNCERTAINTIES
The following uncertainties are considered in the
current paper: concrete strength, fatigue strength
model for linear damage accumulation (S-N)
curves, wind load effects and Miner’s rule. This
includes modelling of all epistemic and aleatory
uncertainties.

3.1. Concrete strength

The reference property of concrete is the
compressive strength f, of standard test
specimens (cylinder of 300 mm height and 150
mm diameter), tested according to standard
conditions at a standard age of 28 days (ISO 1920,
2004) and (ISO 3893, 1977). All other properties
(e.g. tensile strength, modulus of elasticity, and
compressive strain) are related to the reference
strength of concrete.

However, the reference strength of concrete
is subject to both aleatory and epistemic
uncertainties. Stochastic modelling of f, is
explained in various international standards,
guidelines and background documents e.g. (JCSS,
2000), (DS-INF 172, 2009), (EN 1992-1, 2004)
and (MC2010, 2013).

The stochastic modelling applied in (DS-INF
172, 2009) is adopted here. Accordingly, the
concrete compression strength is assumed to be
lognormal distributed with a mean value of
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femand a standard deviationay.. The associated
Coefficient of Variation (CoV) becomes Vy, =
0.14.
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Table 2: Fatigue overturning moment spectrum (Gérasson & Nordenmark, 2011).

Peak-to-peak fatigue load bins [kNm]

mean values of moment [kKNm]

(ni) -21300  -11450 -1600 8250 18100 27950 37800 47650 57500 67300
1.0E+9 0 0 0 0 0 0 0 0 0 0
5.0E+8 0 0 0 0 0 0 0 0 0 0
2.0E+8 0 0 0 5 5 5 0 0 0 0
1.0E+8 0 0 0 5 1000 1000 5 0 0 0
5.0E+7 0 0 5 1000 1000 2000 5 0 0 0
2.0E+7 0 0 5 1000 3000 3000 1000 0 0 0
1.0E+7 0 0 5 1000 4950 4950 2000 0 0 0
5.0E+6 0 0 1000 2000 6950 6950 3000 0 0 0
2.0E+6 0 0 1000 2000 7950 8900 4000 0 0 0
1.0E+6 0 0 1000 3000 9900 10900 4950 0 0 0
5.0E+5 0 0 2000 4950 10900 12900 5950 0 0 0
2.0E+5 0 0 3000 6950 12900 13850 5950 0 0 0

#  1.OE+S 0 0 4000 7950 13850 14850 6950 0 0 0
—g 5.0E+4 0 0 4950 8900 6850 15850 6950 5 0 0
o 2.0E+4 0 0 6950 9900 17800 17800 7950 5 0 0
° 1.0E+4 0 0 6950 9900 19800 17800 8900 5 0 0
3 5.0E+3 0 0 9900 10900 23750 19800 12900 5 0 0
§ 2.0E+3 0 5 11900 15850 28700 19800 12900 1000 0 0
Z 1.0E+3 1000 20800 29700 43550 44500 49450 39600 4000 1000 1000

3.2. Fatigue strength model

The FIB Model Code 2010, (MC2010,2013),
presents a model to estimate the number of fatigue
cycles to failure by equation (2), see below, which
then can be used to estimate the level of fatigue
damage in concrete. For reliability analysis
equation (2) is modified to equation (4) removing
the safety factors and characteristic values applied
in (MC2010,2013). A few stochastic variables are
introduced X;, X, & €. Here, X; corresponds to
condition of S, =1 at logh=0, X,
corresponds to limit of linearity of these curves
presented, see Figure 3, and € models the model
uncertainty associated with the fatigue strength
model. Using a large database complied from

literature  (Lantsought,  2014),  (Lohaus,
Oneschkow, & Wefer, 2012) & (Thiele, 2016) of
fatigue laboratory tests, estimates of Xj,

X, and g, are obtained using the Maximum
Likelihood Method (MLM), and corresponding
parameter uncertainties (standard deviations and
correlation coefficients) are estimated, see
(Mankar, Bayane, Serensen, & Brithwiler, 2018)
& (Mankar, Rastayesh, & Serensen, 2018). To
obtain a stochastic model for fatigue of concrete
for the wind turbine foundation, fatigue test data
within the range of compressive strength varying
from 20 MPa to 60 MPa from database (described
above) are used. This range represents the
variability of the compressive strength in the
foundation concrete, which is class C 30/37. See
Table 3 for stochastic parameters described and
obtained by MLM for this wind turbine. Figure 3
shows the mean failure curves obtained using
equation (4) for the chosen dataset within range of
20 MPa to 60 MPa.
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3.3. Wind load

A model uncertainty related to fatigue load
assessment Xy, is introduced in order to capture
the uncertainty related to the assessment of the
fatigue load from wind turbine structure,
controller, turbulence simulation and aero-elastic
model, see (Toft, Svenningsen, Serensen, Moser,
& Thegersen, 2016).

Fatigue Model for wind turbine foundation concrete

09
08

0.7

max ]

2] 06 -

05 Smin=0.045
Smin=0.065
Smin=0.09

04 Smin=0.15
Smin=0.225
Smin=0.275

03 - -

0 2 4 6 8 10

log N {1
Figure 3: Fatigue strength model of concrete for
onshore wind turbine foundation

4. DESIGN-EQUATION
A design-equation is formulated for fatigue
failure of concrete based on Miner’s rule of linear
damage accumulation, as shown in equation (1).

n
G(T,,Z) =1—Damage =1 _Zﬁ

Nsmax Nsmin

i=1 j

=1

ng - Ty

Np;j (1)

where

T,  service life of the structure

Ngmax and Ngpi, are the number of bins for
Scdmax And Scg min Tespectively

n;; experienced / observed number of stress
cycles of Scq max,i and Scgmin,j in €ach bin
(i,)) per year

Np,;j required number of stress cycles of
Scamax,i and Scgmin,; n each bin (i, j) per
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year for failure calculated deterministically
based on equation (2).

Z  design parameter, for current case it is
tensile reinforcement area.

lOg ND,ij =

m ’ (SCd,max,i - 1)'if10gND,ij <8

log Np ;; =
8(.yln—_(110))' (Y - SCd,min,j)

-log <Scd.max,i -

Y- Scd,min,j

S o
Cd'mln'1> ) iflOgND'i}' > 8

)

Y _ 0.45+1.8'Scd min
- 2
1+1.8Scd,min=0.3'Scg min

— VED'lUc,maxil'nc

S cd,max,i
f cd,fat

VED'lUc,min,jl'nc

SCd'min'j = fea, fat

ygp  the partial safety factor for fatigue load.
For this case, ygp is considered as 1.0 as
direct strain measurements are available,
(MC2010, 2013).

Ne¢ the averaging factor for concrete stresses
in the compression zone considering stress
gradient. The recommended value 1.0 for
uniform stress i.e. for the case of no stress
gradient.

fcdfat = ﬁc,sus(t,to) ! ﬁcc(t) “fea (L= fea/
400) , is the design reference fatigue

strength.
fea = fe/Ve
Ve the partial safety factor for material; 1.5 is

recommended in (MC2010, 2013).

Becy factor considered for strength gain over
time due to continued hydration.

Be,sus(tt,) 18 @ coefficient, for fatigue loading it
may be taken as 0.85.

Ocmax,i & Ocmax,; are max. and min. stresses used
to obtain S¢g max,; and Seg min,j

Ocmax,i = 0pL(Z) + Owirmax(Z)

Oc,min,j = OpL (@) + owLmin(2)

op,  stress due to dead load

ow,  stress due to wind load on the turbine
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E. modulus of elasticity of concrete in MPa,
E. = 4700 - \/for
fex characteristic static compressive strength

of concrete in MPa.

5. LIMIT-STATE-EQUATION
A limit-state-equation corresponding to
design-equation (1) is formulated, see equation

3.
Nsmax Nsmin

n...t
gen=a- > >
Ng i

i=1 j=1

3)

where

A model uncertainty associated with PM rule

t timeinyears 0 <t < T,

Ng;; required number of stress cycles of
Scamax,i and S¢gmin,; in each bin (i, ) per
year for failure calculated using stochastic
variables described in equation (4).

Xz
log N ;; = O=x) (Scmaxi —X1) + €,

if IOgNS,ij < X2
X, - In(10)
(Y-S . .
(Y _Xl) ( C.m”l»])

1o Sc,max,i - Sc,min,j
& Y — Sc,min,j

lOgNS,ij = Xz +

+e€
if log Ngij > X,
4)

where,
Semaxi = |0cmaxi |/fcfat
Sc,min,j = |0c,min,j|/fcfat
Ocmaxi and  Ocpminj are maximum and

minimum stresses used to obtain

Sc,max,i and Sc,min,j
Oc,max,i = 0OpL (Z) + Xy - OwL,max (Z)
Oc,min,j = 0pL (Z) + Xy - OWLmin (Z)
fcfat = Bc,sus(t,to) : Bcc(t) ) fc : (1 - fc/4'00)
fe = Xfc *fem
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Table 3: Stochastic parameters in limit-state-equation

ist* Parameters
Parameter Type Mean Std. Ref**
Dev.
A LN 1.0 030 SJ
Xfe LN 1.00 0.14 Sec. 3.1
X, N 1.13  0.03
X, N 8.66 0.37
£ N 0.00 O,
O, N 0.88 0.07 \ Sec3.2
Px,,0. - 0.01
Px,.0. - -0.01
Px,.x, - -0.84
Xy LN 1.00  0.10 Sec3.3

*: N-Normal, LN-Log-Normal
*#*§J: (Marquez-Dominguez & Sgrensen, 2013)

6. STRESS CALCULATION AND
MODELLING OF DESIGN
PARAMETER

The stresses  (Ocmqy ANd Ocppin) in the
reinforced concrete section are obtained at the
face of the embedded ring (at ground level, see red
dot) considering the cantilever section of
foundation as shown Figure 4.

/ External forces acting

Self Weight and backfill
Structural representation: Z
Cantilever beam with
Uniformly distributed load

L

Soil pressure
(b)

Figure 4: (a) geometry of foundation with external
forces, (b) cantilever beam representative structure
Jor (a).

The compressive stresses (¢ mqx and ¢ min)
in the foundation concrete at the face of embedded
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ring (at ground level where stresses in concrete in
most cases are compressive) are obtained for
various magnitudes of the reinforcement area
(which is the design-parameter, Z).

The tensile reinforcement is chosen as the
design-parameter, Z. since reinforcement area is a
more costly material compared to concrete and
optimizing amount of reinforcement is therefore
more relevant than optimizing the quantity of
concrete. The diameter (D) of the foundation is
mostly governed by soil parameters or
geotechnical aspects. The thickness of the
foundation near the face of the embedded ring (h)
and outer-thickness (h;) is modelled as
proportional to each other to keep the same slope
of the foundation. The design value of thickness
is obtained from the deterministic design equation
(1).

Understanding and modelling the
relationship between the design-parameter and the
stresses in concrete is an important aspect as the
design-parameter is the only connection between
the design-equation and the limit-state-equation.
The change of design-parameter may have
different effects on mean level of stresses and
amplitude of stresses. Such a relation is plotted in
Figure 5.

4 Variation of stress in concrete with

of reinforcement

—e—nL
——LL

095 -

09 F

0.85

0.8

Ratio of stresses in concrete [-]

0.75

o7l . . . . |

1 1.2 14 16 18 2
Ratio of reinforcement compared with design reinforcement [-]

Figure 5: Stress variation as a funtion of

variation in the design parameter.

The effect shown in Figure 5 reflects that
increasing the magnitude of reinforcement
increases bending stiffness that again reduces the
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dead-load-stress as well as live-load-stress, and
thus the total-stress. The change in self-weight of
the foundation when reinforcement area is
changed is negligible, and hence not considered.

7. RELIABILITY ANALYSIS
A reliability analysis is performed using the limit-
state-equation (3). The cumulative (accumulated)
probability of failure in time interval [0,t] is
obtained by equation (5).

Pp(t) = P(g(t) < 0) ®)

The probability of failure is estimated by FORM,
see (Serensen J. D., 2011). The corresponding
reliability index f (t) is obtained by equation (6).

B =—¢~1(Pr(t)) (6)
where, @() is standardized normal distribution
function.

The annual probability of failure conditional
on survival up to year t — At is obtained from:
APH() = Pp(t) — Pp(t At)’
1— Pe(t — At) 7
t>1year
where At =1 year.

8. RESULTS
Results include comparison the annual-reliability-
index (4f) values obtained from analysis with
international code requirements. Further an
example of optimization of the design parameter
is presented.

8.1. Code requirements of reliability

When designing the wind turbine foundation
according to IEC 61400-1 ed. 4 a recommended
target annual probability of failure throughout
planned fatigue life should be 5.10* and
corresponding annual reliability index is 3.3, see
background document for safety factors in IEC
61400-1, (Serensen & Toft, 2014). This reliability
level corresponds to minor /moderate
consequences of failure and moderate / high cost
of safety measure. It is noted that this reliability
level corresponds approximately to the reliability
level for offshore structures that are unmanned or
evacuated in severe storms and where other
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consequences of failure are not very significant.
The same conditions could also be assumed for an
onshore wind turbine where these wind turbines
are installed sufficiently away from inhabitants
and consequence in terms of loss of human life
due to failure of wind turbine are negligible.
When designing the wind turbine foundation
according to DNVGL an annual target probability
of failure should not exceed 10, which
corresponds to annual reliability index of 3.7, see
DNV-0OS-J101. However, this standard is
superseded by (DNVGL-ST-0126, 2016) and this
new standard recommends using target
reliabilities for similar existing design solutions or
internationally recognised codes and standards.

8.2. Optimal design parameter

5\garialtion of Annual Reliability Index A 3 with ratio of reinforcement

45

35

—f—Cov X, 020
—e—CovX, 015
Cov Xy 0.10

W005

A3 :Cumulative Reliability Index [-]
IS

——Cov X,
04 ote 0:8 1‘ 1.‘2 1:4 1?6 1.8
ratio of reinforcement [-]
Figure 6: Annual reliability (Af) as function of
design parameter
Figure 6 shows the annual reliability index Af as
function of design parameter. To meet the target
annual reliability indices Af set forth by codes in
range of 3.3 to 3.7, the design-parameter (ratio of
the reinforcement) to achieve this range of 48 is
0.50-0.75. This shows that, only 50-75% (of 1540
mm?/m) reinforcement is required to satisfy the
reliability requirements with respect to fatigue
failure of the concrete as compared to design
requirements. Which means, in case of new
structures these design requirements provide
margin for life extension of the structures. It is
noted that other design requirements may be
governing for the design.
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Figure 7 shows the annual reliability index
(4B) as function of material partial safety factor
(v¢) for T;, of 25years. The partial safety factor
for load is assumed equal to 1.0. It can be seen that
for the case with CoV_Xy, = 0.15, a material
partial safety factor (y.) of around 1.3 together
with a partial safety factor on the load yzp = 1.0
is sufficient to meet the target annual reliability
index AP > 3.3. Next, for the case with CoV _X,, =
0.20 a partial safety factor on load (ygp) can be
calibrated to 1.45/1.3 = 1.1, to be used together
with y, = 1.3.

variation of Annual Reliability Index A g with e
551

o
T

IS
o

35
0.20
0.15

——Cov X,

—e—CovX,,

CovX,, 0.10
w 0.05

A :Cumulative Reliability Index [-]
IS

e Cov X

11 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2 21
e

Figure 7: Annual reliability (Af3) as function of yc

9. CONCLUSIONS AND FUTURE
WORK

This paper presents a general approach for
reliability assessment of wind turbine concrete
foundations with respect to fatigue failure of the
concrete. The approach can be used as basis for
probabilistic design. The approach is illustrated in
an example showing that the reliability level using
present recommendations in standards is
acceptable, and also that material savings could be
possible. For future work an extension from
component level reliability to system level
reliability analysis is recommended. Further,
combination with other limit states related to
fatigue of reinforcement and ultimate failure due
to extreme loads should be included.
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FATIGUE RELIABILITY OF CONCRETE ELEMENTS IN BRIDGES AND WIND TURBINES




PROBABILISTIC DESIGN OF WIND TURBINE CONCRETE
COMPONENTS SUBJECT TO FATIGUE

John D. Serensen, Amol Mankar

Aalborg University, Denmark

Abstract

Wind turbines contribute significantly to the production of renewable energy. In order to
minimize the Levelized Cost of Energy (LCOE) the cost of the wind turbine incl. tower and the
foundation should be as low as possible but at the same time have a sufficient reliability. In this
paper, focus is on wind turbine components which may be made of concrete such as tower and
foundation. In traditional deterministic design based on design standards, partial safety factors
are applied to obtain the design values. Improved design with a consistent reliability level for
all components can be obtained by use of probabilistic design methods with explicit
consideration of uncertainties connected to loads, strengths and numerical models / calculation
methods. Wind turbines are basically designed based on IEC 61400-1:2019 which indicates a
target reliability level that can be used for probabilistic design. In this paper, probabilistic
fatigue models for concrete are presented based on the fatigue models in fib Model Code 2010,
but extended within a stochastic modelling using a large dataset of fatigue tests. Generic
uncertainty models for the fatigue load are applied. It is illustrated how reliability analyses can
be performed within a probabilistic design framework.

Keywords: Wind turbines, Fatigue, Concrete, Reliability, Probabilistic design

1. INTRODUCTION

During the last decades, wind turbines for electricity production have increased significantly
both in production capacity and in size; now with a rated power of 10MW, rotor diameters in
the range of 160-200m and tower heights more than 100m; and even larger wind turbines are
expected the next years to be installed offshore. Typically the tower and the substructure for
offshore wind farms are made of structural steel, but concrete towers and substructures are been
considered and also used as a cost-effective alternative to steel.

In traditional, deterministic design based on design standards, partial safety factors are
applied to obtain the design values. Improved design with a consistent reliability level for all
components can be obtained by use of probabilistic design methods with explicit consideration
of uncertainties connected to loads, strengths and numerical models / calculation methods.
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Furthermore, using a probabilistic design basis it is possible to design wind turbines such
that site-specific information on climate parameters are applied. Wind turbines are basically
designed based on the IEC 61400 series of standards where IEC 61400-1 ed. 4 [1] indicates a
target reliability level which can be used for probabilistic design. In this paper, probabilistic
fatigue models for concrete ae presented based on the basic, deterministic fatigue models in [2],
but extended within a stochastic modelling framework and with parameters calibrated using a
large dataset of fatigue tests. Generic uncertainty models for the fatigue load are applied.

The structural response of wind turbines is highly dependent on the wind turbulence,
aerodynamics, dynamics of the structural system and of the control system applied. Further,
wind turbines are manufactured in a series production based on many component tests, some
subcomponent tests and a few prototype tests making it possible to update the knowledge
through the design process, e.g. using a Bayesian approach.

In this paper, a general approach for probabilistic design is presented with focus on wind
turbine components made of concrete such as tower and foundation, and especially the fatigue
failure mode. It is illustrated how reliability analyses and probabilistic design can be performed
within a probabilistic design framework considering a gravity based foundation for an offshore
wind turbine.

2. PROBABILISTIC DESIGN

Structural components in wind turbines are designed considering a number of load
combinations, see [1]:

o Failure during normal operation in extreme load or by fatigue (DLC 1)

e Failure under fault conditions (e.g. failure of electrical / mechanical components or loss of
grid connection) due to extreme loads or by fatigue (DLC 2)

e Failure during start up, normal shut down or emergency shut down (DLC 3, 4 and 5)

e Failure when the wind turbine is idling / parked and does not produce electricity. Failure
can be by extreme loads or by fatigue (DLC 6)

e Failure during transportation and installation (DLC 7)

o Failure during transport, assembly, maintenance and repair (DLC 8)

Wind turbine components can generally be divided in two groups:

1) Electrical and mechanical components modelled by the failure rate, A. Further, the bath-
tub model is often used to describe the time dependent behaviour of the failure rate / hazard
rate, see e.g. [3] and [4]. Reliability of drivetrain components (e.g. the gear-box) has been
considered in e.g. [5].

2) Structural components such as tower, main frame, blades and the support structure /
foundation where failure modes can be described by limit state equations, g;(X). Parameters in
the limit state equation g(X) are assumed to be modelled by n stochastic variables X =
(X1, ..., Xy). The probability of failure, Pr can be estimated using Structural Reliability
Methods, e.g. FORM / SORM / simulation methods, see e.g. [6] and [7].

For wind turbines, the risk of loss of human lives in case of failure of a structural element is
generally very small. Further, it can be assumed that wind turbines are systematically
reconstructed in case of collapse or end of lifetime. Therefore, an appropriate target reliability
level corresponding to a minimum annual probability of failure, AP*** is considered be 5-10™
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(annual reliability index equal to 3.3), see [1] and [8]. More details on probabilistic design and
reliability assessment of wind turbines can be found in [9], [10], [11] and [12].

In probabilistic design, it has to be verified that APp; < APF*** or Ap; < APF** for all
components for all DLCs where APg; and Ap; are used where relevant. Some representative
stochastic models and limit state equations can be found in e.g. [8].

3. GRAVITY BASED FOUNDATION (GBF) CASE STUDY

As a case study, a reinforced concrete GBF of an offshore wind turbine (OWT) is considered
as shown in Figure 1, see [13] for details. Reliability assessment wrt. fatigue failure and ultimate
strength failure in compression of the concrete shaft is considered. The critical section is
assumed to be the section just above lower ring beam as shown in Figure 1.

The OWT is installed in water depth of 25m. The outer diameter of the shaft at critical section
is 6.5m. The thickness of the shaft (t) is considered as a design parameter.

Hub

4

e e i
A ﬁv!

© > Upper ring beam

Steel tower

Boat landing

Figure 1: Typical GBF offshore wind turbine

Two limit states are considered in this paper, namely fatigue failure of the concrete in
compression zone of the cross section (DLC 1.2) and extreme / ultimate strength failure of the
concrete in compression (DLC 6.1). It is noted that it could also be very relevant to study
yielding failure of the reinforcement in extreme storm conditions and tension fatigue failure of
the concrete for cracked section given cracks in section due to extreme storm (multi-hazard
scenario).
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3.1 Fatigue limit state (DLC 1.2)

A probabilistic fatigue model for concrete is presented based on the basic, deterministic
fatigue models in [2], but extended within a stochastic modelling framework and with
parameters calibrated using a large dataset of fatigue tests, [14], [15] and [16].

. Fatigue Model for wind turbine foundation concrete

0.9
08 r

07 r

Stax [

06

05 Smin= 0.045
Smin= 0.065
Smin= 0.09
04 Smin=0.15
Smin= 0.225

m— Smin= 0.275

03 ! L . s . >
0 2 4 6 8 10

log N[-]

Figure 2: Fatigue strength model of concrete for GBF

Equation (1) shows a limit state equation based on Miner’s rule where the number of cycles
to failure is calculated based on [2] and [16]. Figure 2 shows graphical representation of fatigue
strength model incl. fatigue test data while Table 1 shows the corresponding statistical
parameters.

Table 1: Stochastic parameters

Parameter Dist* Parameters Ref**
Type Mean Std. Dev.
X, N 1.13  0.03)
X, N 8.66 0.37
£ N 0.0 oe L Stochastic parameters associated with fatigue
O¢ N 0.88 0.07 strength for compression-compression [16]
Px,,0, - 0.01
Px,,0, - -0.01
Px, X, - -0.84 -
Xw LN 1.0 0.10 Uncertainty associated with wind loads
X; LN 1.0 0.05 Uncertainty associated with gravity loads
Xps LN 1.0 0.05 Uncertainty associated with pre-stressing loads
A LN 1.0 0.30 [17]
Xfe LN 1.0 0.14 Uncertainty in static strength of concrete
BM G 186.7 40.4 Bending moment at critical section MN-m
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Nyindspeeds Nins n.t

g(tz)=a- 2 2

i=1 Jj=1 NS,[/ (1)

where

A model uncertainty associated with Miner’s rule

t time inyears 0 < t < T},

T,  design service life of the GBF structure

n;;  number of stress cycles per year in mean windspeed i in stress bin j (obtained by rainflow
counting)

Ng;; number of stress cycles to failure of stress bin S¢qy,ij and S¢ min i; modelled by

X
log N ;; = O=x) (Semaxij —X1) + €
if logNS,ij < Xz

log Ni; = X, X(ZY ln;l(;) ( cmin,ij) -log <—Sc'm; x_'usc Ti;'r:ljm’” ) +e
. (2)
if log Ng;; > X,
where
Sc,max,ij = |O_c,max,ij|/fcfat
Sc,min,ij = |Jc,min,ij|/fcfat

Ocmax,ij a0d O min ;; ar€ maximum and minimum stresses used to obtain S¢ may,;; and S¢ min ij
Ocmax,ij(@) = Xg " 06(2) + Xps - 0p(2) + X,y - OWLimaxij @)
Ocminyij(2) = Xg 06(2) + Xps * 0p(2) + Xu * OWLpyiny;(2)

fefat = Bc,sus(t,to) . Bcc(t) “fe - (1 —£./400)
fe = XfC *fom
z design parameter

3.2 Ultimate limit state (DLC 6.1)
The ultimate limit state (ULS) for extreme storm conditions is considered, [18] with the
following limit state equation for compression failure of concrete:
BM XG G +XPS Ap - fpa>
ICr(Z) AEq(Z) AEq (Z)

g(Z)=R—5=fC—< (3)

where
R stochastic compression strength of concrete = fe, - Xy
S action effects, e.g. lateral bending moment, gravity forces, and pre-stressing force

BM  annual maximum storm bending moment at critical section due to lateral loads (wind
and wave), Gumbel distributed, [18]

y extreme fibre distance (outer radius of concrete shaft)

G gravity forces on wind turbine, [18]

Icr moment of inertia of cracked section obtained using by considering rectangular stress
block of concrete in compression zone

Apgg = A;+ Ag - (m — 1), equivalent concrete area
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A, Ag, Ap area of concrete, reinforcement and pre-stressing (m?) respectively
fpa ~ maximum pre-stressing stress
m = E¢/E_., modular ratio, ratio of modulus of elasticity of steel to concrete

3.3 Results and discussions

Reliability analyses as basis for probabilistic design are performed using the First Order
Reliability Method (FORM)), see [19] resulting in an estimate of the annual probability of failure
Pr and the corresponding annual reliability index AS.

The thickness of the GBF shaft (t) is considered as design parameter (denoted z in above
section). Figure 3 shows the annual reliability index (Af) as function of thickness of the shaft
(t) for different values of the reinforcement. It is noted that increase of the thickness of the
shaft increases both fatigue and ultimate reliability indices increase, and also that an increase
of the reinforcement (Ag) increases both fatigue and ultimate reliability indices. For all cases,
ULS is governing.

Figure 4 shows the annual reliability index (Af)as function of thickness of the shaft (t) with
variation of pre-stressing. Increase in pre-stressing (A4p) induces additional pressure on
concrete and thus reduces the reliability against fatigue as well ultimate strength failure. For all
cases, ULS is governing. From Figure 3 and Figure 4 it is seen that to satisfy a minimum
reliability requirement with an annual reliability index equal to 3.3, a design would require GBF
shaft with thickness of 550 mm (minimum), reinforcement area of 0.2 m? (minimum) and pre-
stressing area of 0.1 m? (maximum).

6
Fatigue AR = 0.1m2
Ultimate AR =0.1m2

8-5 A - A-Fatigue AR = 0.2m2
‘i’ AT B —o—Ultimate AR= 0.2m2
5 SR
o 4 ”,‘a‘
= ST
= £
E3
8
e
—2
S
=
=]
2,

0

300 400 500 600 700 800

thickness of shaft [mm]

Figure 3: Sensitivity of reliability index to area reinforcement Ap = 0.1 m?
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Figure 4: Sensitivity of reliability index to area of pre-stressing Ar = 0.2 m?.

4. CONCLUSIONS AND FUTURE WORK

Probabilistic design of wind turbines has the potential to contribute significantly to reduction
of the Levelized Cost of Energy and increased sustainability of wind turbines. The overall
approach is presented in this paper and illustrated for offshore wind turbine tower and
foundation made of concrete. The probabilistic design approach requires formulations of
stochastic models for all uncertain parameters related to loads, strength and models, and
development of limit state equation for the relevant design load cases. This paper only considers
two of these limit states, but in future work stochastic models and limit state equations can be
developed using the same principles for the remaining design load cases to be considered for
design of wind turbines.
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Reliability-based design optimization and inspection planning of wind

turbine concrete structures subjected to fatigue
Amol Mankar*, Joey Velarde®“, John Dalsgaard Sorensen®

a.  Aalborg University, Thomas Manns Vej 23, 9220 Aalborg, Denmark
b.  COWI A/S, Aarhus, Denmark

ABSTRACT

Inspection of structures for assessing the level of fatigue damage in concrete is very challenging and
available techniques are in nascent stage and needs more research. This paper presents a reliability-
based approach for design optimization and updating the information about fatigue of concrete
structures through inspections. A Gravity Based Foundation of an Offshore Wind Turbine is
considered as case study. The Ultrasonic Technique (UT) is chosen to estimate the level of fatigue
damage in concrete that is used to update the fatigue reliability of the reinforced-pre-stressed-concrete
shaft of the structure. Finally, the current work provides a framework for reliability-based inspection
planning and optimization of the structures in terms of fatigue damage of concrete with the decision-

making process.

Keywords: concrete fatigue inspection, reliability updating, Offshore Wind Turbine (OWT), Gravity

Based Foundation (GBF), Structural Health Monitoring (SHM)

1. INTRODUCTION

Traditionally, fatigue of reinforced concrete is often not considered for civil engineering structures
since dead loads are very high (for normal strength concrete) while live loads are relatively small
which lead to very small stress variations during the service life of the structure, [1], [2]. However,
wind turbines structures push the limits of structural engineering and enter more into the mechanical
domain, mostly due to the dynamic behaviour and the ratio of live loads to dead loads. With the use

of concrete for support structure of the ever-increasing sizes of wind turbines, understanding the

*corresponding author +45-71634085
Email addresses: ama(@civil.aau.dk (A. Mankar), jds@civil.aau.dk (J. D. Serensen), jve(@civil.aau.dk (J. Velarde),
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fatigue process in concrete has gained attention [3]. In addition, with the trend of using mechanical

properties of material to highest extent, the importance of studying fatigue in concrete is pronounced.

Understanding the level of fatigue damage in concrete is important to maintain the reliability of
these structures above the acceptance throughout lifetime. Thus, the role of Structural Health
Monitoring (SHM) systems becomes significant. In addition, concrete is a heterogeneous material
having lots of micro-cracks by its nature. For the purpose, fatigue of concrete has to be treated on a

global scale, where use of local crack growth models as for steel structures cannot be used to estimate
the behaviour at the structure level. Instead, the modulus of elasticity of concrete (E Cf at) at time (T)

can be used as an indicator claiming that the fatigue damage is assumed to be related to the Miner’s

fatigue damage (D) and the modulus of elasticity of concrete at start of life (E¢,), see equation (1),

[4]. Thus, a SHM technique that can estimate the modulus of elasticity E, Cf at (T) of concrete would

serve the purpose to estimate the fatigue damage in concrete D(T).

E[*(T) = E¢, [1 - D(D)] ()
2. ULTRASONIC MEASUREMENT TECHNIQUES (UT)
The first use of velocity of mechanically generated pulses through concrete was in the USA in the
mid-1940s, followed by more developments in France, Canada and the United Kingdom and later,
more sophisticated modern UT were generated, [5, p. 51]. Techniques of UT of metals cannot be
directly applied to concrete as concrete is heterogeneous with huge scattering. Thus, concrete testing
is mainly based on the measurement of pulse velocity using transmission techniques. In such
measurements, a signal is transmitted by an actuator through the material and run time for the signal
to reach the receiver is measured. The velocity of the signal is then calculated, which is proportional
to the elastic properties of the material (e.g. dynamic elastic modulus of concrete). Normally, pulses

of frequency range 20-200 kHz are applied to concrete, which are very low compared to metals. In
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concrete, high damping of signal occurs due to its heterogeneous nature and its high density of
scattering sources such as aggregates and micro-cracks.

Speed of the UT signal decreases with load and life of the specimen. This velocity responds to
changes in number of cracks in concrete and thus damage. At maximum load, cracks are compressed
and less visible to UT signal whereas they remain open at minimum load and more visible to UT
signal. Thus, Figure 1 represents two signals (shown as confidence bounds) for maximum and

minimum loading. Ultrasonic velocity (V) is a very good indicator of modulus of
concrete (EZ at(T)), thus it indirectly indicates the level of damage. The relation between

ch *(T) and V is given by equation (2):

’K-Ef“t T y2.
V = —fo ( ) = E({at(T) = X P (2)
where

VV is the compression wave velocity in [m/s]
(1-v)
(1+v)-(1-2v)

p is the unit weight of materialK =

v is the dynamic Poisson’s ratio

The relation between the dynamic modulus of concrete and UT velocity is established in section
3 and used for updating the fatigue reliability of the structure suggested as a case study, i.e. a Gravity

Based Foundation (GBF) of an Offshore Wind Turbine (OWT).

3. RELATION BETWEEN US VELOCITY AND DAMAGE LEVEL

For the current case study, reliability updating is performed based on UT, as the data related to fatigue
damage(D) and UT velocity are available, see [6]. A relation to the aforementioned data, between
changes in Relative UT Velocity (R,) and normalized-fatigue-damage (D), is originally proposed in

[6] here it is re-obtained with corresponding uncertainty; see equation (4), Figure 1 and Figure 2.
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When the structure is installed, an inspection is performed and velocity of UT wave at critical
section is measured say V; . Assuming another inspection is carried out at time t;ygp, which furnishes
the UT velocity V... the relative velocity (Ry,) at time t;ysp, can be obtained by normalizing V¢, .,
with respect to V; , see equation (3). Further, it is assumed that disturbances / noise on the measured
velocities due to presence of reinforcement, pre-stressing and wet environment are of minor
importance since only relative measurements are used. This approach can also be used even if no
measurement is performed when the structure was installed. However, in such case, damage cannot

be quantified, but relative damage can be assessed with respect to the two measurements campaigns.

_ VtINSP

Vernse Vt0 3)

The relation between the relative velocity and the normalized lifetime/ detected Damage (D) is given
by a polynomial in equation (4), and shown in Figure 1. The polynomial is fitted using a least square

fitting technique [7].

Ry, (Da) =p1 D3 + P2 Dj+ps3 D3 +py-Di+ps-Dy+ X,y

“
where
Xy is the biased model uncertainty of fitted polynomial, modelled as normally distributed,
see Figure 2.
pito ps are polynomial constants
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1 The speed of the UT signal decreases with the load and lifetime due to fatigue degradation of
2 concrete. The propagation speed of ultrasound reacts to changes in the number and size of micro-
3 cracks and damage in the concrete specimen. The measurement of the UT-transit time is performed
4 during a running load program and can therefore be carried out at a random point of the load cycle.
5 At maximum compressive stress, the cracks are compressed and are less visible to the signal, [6].
6  Therefore, this variation in (Ry) is attributed to the level of load on the specimen. However, for the
7  current study, it is assumed that the variation is the uncertainty associated with the UT as it would be

8  difficult to predict the level of load during inspection.

9 4. LIMIT-STATE-EQUATION FOR FATIGUE FAILURE EVENT

10 A probabilistic fatigue model for concrete is presented based on the basic, deterministic fatigue
11 models in [8] and extended within a stochastic modelling framework. Stochastic parameters are

12 calibrated using a large dataset of fatigue tests, see [9], [10] and [11].

Fatigue Model for wind turbine foundation concrete
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14 Figure 3: Fatigue strength model of concrete for GBF
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Figure 3 shows the graphical representation of fatigue strength model including fatigue test
data while Table / shows the corresponding statistical parameters.

A limit-state-equation is formulated for fatigue failure of concrete, see equation (5).
Deterministically the failure is realized when the (D) reaches a value of 1.0. In stochastic domain,
failure is realized when the (D) reaches a value of A, which is modelled accounting for the
uncertainty associated with Miner’s rule [12] and described by stochastic parameter with lognormal
distribution with unit means and CoV of 0.3, [13], see Table /.

The damage (D) is calculated based on Miner’s rule of linear damage accumulation, [8] and
[10].

9(t,Z) = A= D¢(t) ®)

where,

Nsmax Nsmin

Dc(t) = Z Z r;\l,;”

x .
log Ng;; = T (Scma,“ Xl) + ¢, if log Ng;j < X,

Xz ln(lO) (Sc max,i ~ SC minj)
logNe;: = X. ini) log| ————= ] +¢,if logNg;; > X
g S,ij 2 (Y Xl) ( len,j) g Y_Sc,min,j g S,ij 2
Sc,max,ij = |Uc,max,z} |/fcfat
Sc,min,ij = |O-c,min,ij|/fcfat

Ocmax,ij Ad O min ;; are maximum and minimum stresses used to obtain S; yqx i and S¢min,ij
O max,ij(2) = X6 " 06(2) + Xps " 0p(2) + Xy * Owi,y;;(2)
Ocminij(2) = X6 ' 06(2) + Xps * 0p(2) + Xy * Owrpy; (2)

fefat = Bc,sus(t,to) ’ Bcc(t) “fe - (1 —1£./400)
fc = XfC “fem

Table 1: Stochastic parameters

Dist* Parameters
Parameter Mean Std. Remark/reference
Type -
Dev.

X; N 1.13 0.03
X, N 8.66 0.37 Stochastic parameters associated with
£ N 0.0 O ~ fatigue  strength  for  compression-
O, N 0.88 0.07 compression, taken from [11]
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Px, 0. - 0.01

Px,,0. - -0.01
Px,.x, - -0.84
Xy LN 1.0 0.10 Uncertainty associated with wind loads
X; LN 1.0 0.05 Uncertainty associated with gravity loads
Xps LN 10 0.05 }(J)I;g&s:rtalnty associated with pre-stressing
A LN 1.0 0.30 Uncertainty associated with Miner’s rule
Xfe LN 1.0 0.14 Uncertainty in static strength of concrete
Yu N 0.83 0.05 Uncertainty asgocwted with US velocity
measurement, given that damage is detected
U N 0 1 Standard normal variable
PoD E 0.04 0.04 Uncertainty associated with US velocity

measurement, given no damage is detected””

* N-Normal, LN-LogNormal, E-Exponential

** Fitted distribution based on section 5.1 for chosen threshold of 75% of relative velocity

5. INSPECTION EVENT AND UNCERTAINTY

To model the observed events, an event function ‘H’ is introduced.
H = h(X) (6)

The event function / corresponds to the limit state function. The actual observation of the relative
velocity Ry, ., is the realization of stochastic variable /. When a structure has a high reliability, i.e.
high fatigue life and very low fatigue damage, there is a small likelihood to see any changes in the
relative velocity, and thus the event function / can be modelled as the following inequality {H < 0},
see section 5.1 for details. However, when the reliability of structure is low, there is a high possibility
to see the change in relative velocity and the possible outcomes of the observation can be modelled
as the equality {H = 0}, see section 5.2 for details.

5.1 Inspection event with no-damage information
When a structure has a high reliability and very low fatigue damage, the fatigue-damage observations
can be modelled as the inequality {H < 0}, i.e. the observed fatigue-damage (D;ysp) is less than or

equal to some limit. This limit can generally be evaluated from the reliability of the inspection method
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in terms of the PoD. The PoD is estimated based on equation (7) and [14] using Monte-Carlo
simulations of the fitted distribution of the signal (Equation (7) and Figure 1 & Figure 2) [15]. The
Monte Carlo (MC) simulation is performed using the model in Equation (4) and the uncertainties are
generated by the model uncertainty X,,, see Figure 2 and Table 1. The threshold of relative velocity
of 75% is chosen to obtain the PoD, which is shown in blue in Figure 4. An exponential distribution,
as shown in Figure 4 (red) and described in Equation (8) with an expected value of fatigue damage
(Dean) equal to 0.04, fits well and represents the obtained PoD (blue). Thus, inspection events (no

damage detected) are modelled by the event margin as shown in equation (9).

t
P(UIID) = f f(Ryp|D)dRy,
o @)
where
t is the threshold value chosen for relative velocity Ry, for indication. Here chosen to 75%
f (RV b |D) is the conditional distribution function of the relative velocity Ry, given the damage size

D, obtained from Equation (4)
P(I|D) is the probability of indication or probability of detection for a given damage size D
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Figure 4 PoD for US velocity

D
PoD(Dyysp) =1 —exp (‘ LSP)
mean (8)

h = (D¢(t) — Djysp) <0 )

5.2 Inspection event with damage information

When a structure has a relative low reliability and high fatigue-damage, the observations are modelled
as the equality{H = 0}, i.e. the observed quantity is equal to some limit. However, when the
information is of equality type, the a priori probability of the event is zero and most of the reliability
methods are not directly applicable to compute the updated reliability, [16]. Therefore, a likelihood
function is used to convert the equality information to inequality information based on [16]. As the
failure limit state is defined in terms of damage, the observed relative velocity is converted to
observed-damage by obtaining the root of polynomial defined in equation (4), imaginary roots are

ignored to obtain real root. The mean value of the model uncertainty py, in equation (4) is updated

using the measured value of the relative velocity Ry, ., along with the uncertainty associated with
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the measurement (X,,). Equation (10) describes that damage value (D;ysp) can be obtained from

inspected relative velocity (Ry,,p)from the real root of the polynomial, where, R;; is the inverse

polynomial function and indicates that the root of the polynomial has to be obtained:

Dinsp = Ryp(ix, = Ry ysp) (10)

For the fatigue critical detail under consideration is inspected at time, T = ¢;ysp. The inspection
event is modelled as an in-equality event, see equation (11), [16].

h=U—®"(@Dc(t) = Diysp)) < 0

(11
where,
U is the standard normal random variable
o1 is the inverse standard normal cumulative distribution function
1) is the standard normal density function

6. RELIABILITY UPDATING USING INSPECTIONS

To maintain the reliability level, periodic inspections need to be performed in order to obtain
information on the current health of the structure, but also to predict its future behaviour by
updating the failure probabilities [17]. In both cases (no damage found, section 5.1 and damage
found, section 5.2), the event margin is modelled as an inequality and it can be easily used to obtain
updated failure probability.

The failure probability Pr after an inspection event is updated by calculating the conditional
probability of failure given the inspection event is performed. Bayes’ rule is used to obtain the updated

failure probability P¥,

P(g(X,T) < 0N h(X,T;ysp) < 0)
P(h(X, Tiysp) < 0) (12)

The corresponding annual probability of failure and annual reliability index can be calculated,
see equation (13)

AV = =1 (P(g(T) < 0|h(Tingp) < 0) = P(g(T — 1) < 0]h(Tinsp) < 0))

T > Tinsp (13)

P =P(g(X,T) < 0lh(X, Tjysp) < 0) =
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7. CASE STUDY OF A GRAVITY BASED FOUNDATION
A case study of a reinforced concrete GBF installed in the Belgian North Sea, about 30 km from the

coast of Western Flanders, is considered. The GBF design for the Thornton Bank offshore wind farm,
shown in Figure 5, supports a 5 MW wind turbine at a mean water depth of 25 m. A reliability
assessment with respect to fatigue failure in compression of the concrete shaft is performed at a
critical section just above the lower ring beam. Other limit states are not considered in this paper and
may be critical e.g. fatigue failure of the reinforcement, or ultimate limit failure of the concrete in
compression or tension failure of the steel reinforcement. The outer diameter of the shaft at the critical
section is 6.5 m with a thickness of the shaft equals to 0.5 m. The total height of the structure is 44 m
with ~25 m long shaft and ~19 m high cone. Diameter of the foundation cone tapers from 6.5 m at
top to 23.5 m at the base. The layout of the post-tensioning strands along vertical section and layout
of reinforcement within the shaft are shown in Figure 5 and Figure 6, respectively.

The Offshore Wind Turbine (OWT) loads are calculated using HAWC?2 [18], an aero-hydro-
servo-elastic tool for static and dynamic analysis of onshore and offshore wind turbines. Structural
elements in HAWC?2, such as wind turbine blades, tower, and foundation, are modelled as multibody
elements, which are further represented by Timoshenko beam elements. The NREL 5 MW [19]
reference wind turbine is used in load calculation.

Based on IEC 61400-3 [20] recommendations for the design of offshore wind turbines, fatigue
loads are calculated based on time-domain simulations of relevant wind and wave conditions. Design
load case (DLC) 1.2, which accounts for fatigue loads during power production, is considered.
Twelve representative sea states, with correlated wind speeds (U,,) and significant wave heights (H)
based on wind farm data, are simulated using six realizations per sea state. Hydrodynamic loads are
based on linear irregular waves and Morison’s equation, with calibrated drag (C;) and inertia (C,,)
coefficients to account for diffraction. For aerodynamic loads, normal turbulent wind fields were

generated based on Mann turbulence model [21], and blade element momentum (BEM) theory is used
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to estimate the wind loads. See [22] and [23] for further details on OWT modelling. Finally, rain-
flow counting is performed to the resulting load histories to extract load cycle means, amplitudes and

number of cycles. The loads are extrapolated to a design lifetime of 20 years.
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Figure 6 Conceptual reinforcement and stress calculations

8. RESULTS AND DISCUSSION

For wind turbines, the risk of loss of human lives in case of failure of a structural element is generally
very small. Further, it can be assumed that wind turbines are systematically reconstructed in case of
collapse or end of lifetime. Therefore, an appropriate target reliability level corresponding to a
minimum annual probability of failure APJ*** is considered to be 5-10* (annual reliability index
equals to 3.3), see [24], [3] and [25]. More details on probabilistic design and reliability assessment
of wind turbines can be found in [26], [27], [28] and [29].

The following section presents two options of achieving the target annual reliability index of 3.3,
with and without considerations of inspection planning, thus with and without reliability updating
respectively. For a given level of pre-stressing force (4, = 0.1 m?), structural designer of the wind
turbine can vary the thickness of the shaft or the amount of steel reinforcement in order to achieve
the target reliability. The thickness of the shaft is governed mostly by parameters such as installation
weight, construction of formwork, etc. Therefore, for the current case study, it is assumed as fixed

and equal to 0.5 m. Thus, the design parameter considered here is steel reinforcement.

8.1 Case#tl: Design without consideration of inspection
The case#1 consists of achieving the initial design such that there should not be any inspections

required to maintain the target reliability during lifetime. Thus, the initial design parameter (amount
of reinforcement) is determined in such a way that the annual reliability index at the end of design

lifetime is 3.3; see Figure 7 & Figure 8.
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8.2 Casett2: Design with consideration of inspection (damage detected)
Initially a lower design parameter (less steel reinforcement) compared to case#l is here used.

However, this implies inspections to be performed, and therefore some expenditures. Thus, updating
of reliability is performed after each inspection, which leads to higher confidence on fatigue
performance and thus higher reliability. Finally, a target annual reliability of 3.3 is again achieved;
see Figure 9 & Figure 10. It should be noted that for the current study inspection, outcome is assumed
as relative velocity of 0.7 for each inspection and thus the results are conditional to such assumed
outcome. However, a sensitivity analysis of these assumptions shows a small influence on the final
reliability results. Further, when a level of damage is detected, then a decision has to be taken on what
to do, and generally it is advised to repair in order to achieve the original condition as close as
possible. For concrete structures it is a difficult task to repair an alternative could be to lower the
loads by operating the wind turbine at a lower power output or by parking the wind turbines for certain
wind speeds. This is only efficient if a major part of the loading is from wind and not the waves.
However, the current results are for illustration purpose only, focussing on how the reliability can be

updated in case a damage is detected.
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8.3 Case#3: Design with consideration of inspection (no damage detected)
As the reliability of the structure is very high, the possibility of damage detection is very low. For the

case#3, even less reinforcement is used compared to case#1 and case#2. Only one inspection is carried
out during the lifetime. However, no damage is detected, which leads to higher confidence than the
first two cases and thus a higher reliability; see Figure 11 & Figure 12. This outcome is again highly

dependent on the accuracy of the information obtained from the performed inspection.

Variation of Annual PoF with time
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Figure 11 Variation of annual PoF with time considering inspections (no damage detected)
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Figure 12 Variation of annual Reliability Index with lifetime considering inspections (no damage detected)

8.4 Comparison of Case#l, Case#2
The comparison of the three cases yields

and Casett3
that the total cost to maintain the reliability of the structure

above the target reliability throughout the lifetime is highly dependent on the amount of money spent

on each inspection and the money spent on the cost of the materials used.

Table 2 Cost comparison

Item / Cost Case # 1 Case #2 Case # 3
Reinforcement (Xi/mm?) 203 300 mm?> | 168 500 mm?> | 147 000 mm?
Inspection (Xo/Inspection) 0 3 1

Total XX XX2 XXa

Table 2 compares the cost for all three

cases. The conclusion is highly dependent on the cost of

inspection and the cost of reinforcement, which may vary based on the geographical locations. In

addition, it is important to note that the optimization of the structure in this case is performed just at

the critical section, which can be exercised at a few more locations along the shaft or the conical

section of the GBF OWT to reduce the reinforcement amount further. In addition, this optimization

is based only on the fatigue limit state; other limit states could also be considered where relevant.
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9. CONCLUSIONS

This paper presents a probabilistic framework for updating the reliability of concrete structures based
on information obtained from inspections. UT is a very good indicator of fatigue damage of concrete
claiming that the fatigue damage is assumed to be related to the Miner’s fatigue damage (D) and the

modulus of elasticity of concrete at start of life (E¢,).

A relation between fatigue damage (D) and US velocity is re-developed based on available data;
see [6], which can be used to quantify the damage, given that the damage is detected. The obtained
damage can be treated as the equality information to update the probability of failure, see the case#2.
If no damage is detected then the PoD of UT can be used to update failure probability, see case#3.
Non-detection of the fatigue damage in case#3 shows a high fatigue performance and thus a very low

updated probability of failure P¥ as compared to case#2.

The presented framework helps designers to choose either an initial more costly design (with a
relatively large amount reinforcement) with no inspections or initial lighter design (low amount of

reinforcement) and frequent inspections achieving a total cost as low as possible.

Further, this framework is exercised only at the critical section and it is assumed that the same
amount of reinforcement is used in other sections. However, for complete optimisation, more

locations should be included and the reinforcement should be curtailed based on the results.
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Abstract

Current fatigue design rules for offshore concrete structures were adopted from the oil and gas
industry. When better models or more information are available, partial safety factors can be re-
calibrated according to target reliability levels for offshore wind turbines. This paper describes a
framework for reliability-based calibration of fatigue partial safety factors for offshore wind tur-
bine concrete structures. Offshore wind turbine loads accounting for the statistical distribution of
turbulence intensity are estimated using a fully-integrated aeroelastic model. Based on available
experimental fatigue tests, a fatigue reliability model for concrete is formulated and applied in
two numerical examples. Results indicate that the recommended material partial safety factor in
the DNV standard for Offshore Concrete Structures can be lowered without compromising structural
safety. The proposed modification can potentially contribute to structural design optimization and
further cost reduction in offshore wind energy.

Keywords: offshore wind turbines, fatigue reliability, concrete structures, code calibration, prob-
abilistic design, gravity-based foundations

1 Introduction

The offshore wind energy industry has significantly matured during the last two decades in terms
of rated capacities of offshore wind turbines (OWTs), relative scale of support structures and depth
of installations. Today, OWTs with rated capacities of 9.5 MW to 12 MW are typically supported
by up to 9 m diameter monopiles and installed at wind farm sites with up to 40 m water depth.
Alternative to monopiles, concrete gravity-based foundations (GBF) are attractive solutions partic-
ularly at shallow to moderate water depths or at site conditions where piling of monopiles exhibit
geotechnical challenges. Currently, applications of the GBF were demonstrated for up to 5 MW
capacity installed at shallow to moderate water depths in Denmark, Sweden and Belgium [1, 2]. As
wind turbine size increases and installations reach further offshore, concrete GBFs can potentially
become more cost-effective solutions compared to traditional steel monopiles.

Continuous developments in the industry introduce uncertainties and changes in the loading
environment, which make fatigue a more important issue in designing state-of-the-art support
structures. Probabilistic methods can be applied to assess the structural reliability of OWT sup-
port structures. Most applications of reliability methods have been demonstrated in wind turbine
blades [3, 4, 5, 6, 7] and wind turbine components [4, 8]. Fatigue reliability analyses of support
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structures have also been demonstrated in several papers [9, 10, 11, 12, 13], mostly for assessment of
wind turbine steel towers, monopiles and jacket foundations. Since current fatigue design rules for
offshore concrete structures were adopted from the oil and gas industry, a re-assessment of these
design rules for offshore wind turbines becomes important for structural design optimization.

This paper describes a framework for reliability-based calibration of fatigue safety factors for
OWT concrete foundations. Fatigue design rules for offshore concrete structures are investigated by
accounting for relevant load and resistance model uncertainties. Based on available experimental
fatigue tests, a fatigue reliability model for concrete is formulated and applied in two numerical
examples. The material partial safety factors are recommended based on target reliability levels for
offshore wind turbines. Lastly, the sensitivity of concrete fatigue reliability to stochastic parameters
are also presented.

2 Fatigue Design Factor Calibration

Structural design codes and standards recommend partial safety factors to account for load and
resistance model uncertainties. These partial safety factors were traditionally selected based on
sound judgement, accummulated experience or a combination of both. But during the last few
decades, reliability-based methods have been applied to optimize structural design codes, which
generally result to more rational and consistent reliability levels [14]. The procedure outlined in
this section is based on the Joint Committee on Structural Safety (JCSS) [15] approach for calibration
of safety factors.

2.1 Code calibration

Code calibration refers to the selection of code parameters to achieve a desired level of reliabil-
ity. It is an optimization procedure, which requires both deterministic and probabilistic design
approaches. A practical code calibration procedure can be summarized by the following steps [14,
16]:

. Define the scope of the code

. Define the code objectives

. Define the code format

. Identify the typical failure modes and related stochastic models

Define a measure of closeness between code realization and its objective
. Determine the optimal partial safety factors for the chosen code format

N Ul R W N e

. Verify the code and the partial safety factors

The (1) scope of the code refers to the class of the structure and critical failure modes to be
considered, while the (2) objectives can be defined by the target reliability indices or target prob-
abilities of failure (refer to sec. 2.2). The (3) code format deals with the number of partial safety
factors and load combination factors, if any. In some instances, re-writing of the code format is
performed to reflect a more correct design philosophy, to align with other international standards,
or to simplify code formulation [14]. Step (4) deals with the identification of the relevant failure
modes and the corresponding design and limit state equations. The stochastic models representing
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the loads and resistance parameters are also defined, including statistical correlations. Recommen-
dations related to stochastic modeling of load, resistance and model uncertainties can be found in
the JCSS Probabilistic Model Code [15].

The partial safety factors v = [y1,72, .., 7x] are calibrated considering j = 1,2,.., L number of
relevant failure modes. The measure of closeness defined in step (5), normally expressed as the
square of the difference between the target reliability index (;) and the actual reliability index (8;)
for failure mode j, is included in a general optimization problem defined by Eq. 1.

L

myin W(y) = 2601 (Bi(7r) — Bt)
j=1

’ M

where w; is the weighting factor indicating the relative importance of design situation j. Based
on Eq. 1, the optimal set partial safety factors () can be obtained. It is noted that an alternative
optimization problem can be formulated using probabilities of failure instead of reliability indices.
The target reliability level could also be different for different failure modes, depending on the
consequences of failure.

In step (6), the reliability index (f;) is normally estimated by FORM/SORM [14] based on the
limit state equations and stochastic parameters defined in Step (4). Note that the target reliability
level is given with a reference period (typically 1 year). Lastly, the verification (step 7) involves
taking into account engineering judgement, practical considerations and accummulated experience.

The scope of the calibration exercise demonstrated in this study considers a concrete GBF for
offshore wind turbines. Failure of the concrete foundation due to fatigue damage accummulation
is considered, following the DNV code [17] for Offshore Concrete Structures. Other relevant design
codes for fatigue design of concrete structures, such as the fib Model Code [18] and Eurocode (EN
1990) [19] are based on a different design format that does not employ FDF. This study employs
the DNV [17] format. The resistance model for concrete fatigue is further discussed in sec. 5.

2.2 Target reliability level

For unmanned offshore wind turbines, the risk of fatality due to failure of a structural element is
not significant. OWTs are therefore classified as having minor consequences of failure with large
relative costs of safety measures. Based on Table 1 [15, 20], a target reliability level corresponding
to an annual probabilities of failure, Py = 1073 to 5-107* (B = 3.1 — 3.3), are normally used in
developing design rules for OWTs [21, 22, 23]. This value can vary depending on the possibility of
inspection and repair, and on the consequence of fatigue failure (e.g. due to structural redundancy).

Table 1: Tentative target reliability levels related to one year reference period [15]

Relative cost of Consequences of failure
safety measure Minor Moderate Large
Large Bp=31 (Pp~10%) B=33 (Pr~5-107%) p=37 (Pp~107%)

Medium  B=37 (Pr~10"") p=42 (Pr~10°) p=44 (Pr~5-107%)
Small p=42 (Pr~105) p=44 (Pr~5-10°) p=47 (Pr~10°)
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2.3 Calibration approach

For fatigue design of offshore steel structures, partial safety factors related load (f) and resis-
tance (yg) models are traditionally expressed in terms of fatigue design factor, which is the product
of both partial safety factors (FDF = 7f7qg). This is also commonly referred to as design fatigue
factor (DFF). The required FDF depends on the possibility of inspection, on the level of exposure
and on whether the structural detail is a critical component. A range of FDF values from 1.5 to 3
for steel welded details are recommended by DNVGL [24].

For offshore concrete structures, fatigue design based on FDF has also been adapted, particularly
in the DNVGL standard for offshore concrete structures [17]. In addition to safety margin provided
by FDF, additional partial safety factor (vy,,) on the concrete material strength is recommended
by the code. Proper calibration of these safety factors is essential for cost-effective foundations. A
case study [25] on a concrete bridge showed that resistance partial safety factor for fatigue can be
lowered without compromising fatigue reliability.

As shown in a previous study [26], the uncertainty related to the concrete fatigue damage model
governs the fatigue reliability of OWT concrete structures. This suggests that calibration of material
partial safety factor () is more rational, and can lead to more profound effects than calibration of
FDF. Fig. 1 illustrates the calibration approach performed in this study. Deterministic calculations
are performed for a chosen design parameter z. Based on the wind turbine design fatigue load and
design resistance models, a set of design parameters (z*) corresponding to selected partial safety
factors (v, FDF) can be derived such that the design equation is satisfied (G(x,,z;) = 0). Prob-
abilistic analysis is then carried out using these design parameters to evaluate the reliability level.
Finally, a set of material partial safety factors conditional to FDF (y,,|FDF) are recommended based
on how the code realizations ((z*)) compare with the target reliability (). The deterministic and
probabilistic load and resistance models are discussed in the succeeding sections.

Deterministic design

Design load
Design equation,
G(x4, 2:) =0

model

Design \ 4
parameter, z

Design resistance
model

) 4

Probabilistic analysis

Stochastic load
model

Design parameter, Limit state Required
7*|G(xq, 7)) = 0, for. equation, Ym | FDF
selected vy, and FDF Stochastic Pr=P(g(x, %)< 0) Bi*) =p)

resistance model

Figure 1: Reliability-based approach for calibration of materal partial safety factor, 7y,
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3 Uncertainties in Fatigue Design

Uncertainties can generally be classified into (1) aleatory or (2) epistemic uncertainties. Aleatory
uncertainties refer to the physical or inherent randomness, which are found in environmental con-
ditions and material properties. Epistemic uncertainties refer to having limited information or
knowledge about a system, and covers statistical, measurement and model uncertainties. Unlike
aleatory uncertainties, epistemic uncertainties can be further reduced by increasing the amount of
data, improving the quality of data, or developing better mathematical models to describe a physical
phenomena. Both aleatory and epistemic uncertainties need to be accounted for when calibrating
partial safety factors [16, 6].

Uncertainties are normally modelled by using stochastic parameters defined by a distribution
function and distribution parameters. The JCSS Probabilistic Model Code [15] recommends proba-
bilistic load and resistance models, which covers a wide range of practical engineering applications.
For fatigue assessment of offshore wind turbines, general sources of uncertainty related to the loads
include assessment of metocean conditions, aerodynamic models, hydrodynamic models, structural
modelling and wind turbine control. On the fatigue resistance side, the primary sources of uncer-
tainties include material fatigue strength and fatigue model—e.g., cumulative linear damage model
or fracture mechanics model [4, 15, 27].

4 Wind Turbine Load Effects

Current industry practice for estimation of offshore wind turbine responses is based on running an
extensive set of time-domain simulations. A fully integrated OWT model is normally used, where
aerodynamic loads, hydrodynamic loads, wind turbine control and soil-structure interaction are
considered in each time step (At). A case of a concrete GBF is investigated in this study, where the
fatigue reliability of the foundations is evaluated for both 5 MW and 10 MW reference wind turbine

cases.

4.1 Case study: Thornton Bank GBF concept

The GBF concept based on the Thornton Bank offshore wind farm (Phase 1) considered in this
study is shown in Fig. 2. The foundation is approximately 44 m high and has a 23.5 m base diameter,
which tapers to 6.5 m diameter at the shaft. The post-tensioned reinforced concrete GBF is originally
designed to support a 5 MW OWT at a mean water depth of 25 m in the North Sea.



131

133

134

135

137

138

139

143

144

145

Figure 2: Thornton bank gravity-based foundation concept (© C-Power

4.2 Long-term metocean conditions

The assumed metocean conditions are based on the site characteristics of Vesterhav Nord offshore
wind farm, which is located at the Danish North Sea. The long-term metocean condtions were
generated from the Danish Meteorological Insitute’s (DMI) hindcast models, which were vali-
dated against 11 years of available measurements. The representative mean wind speeds at hub
height (Uy,;,) and turbulence intensities at different fractiles are summarized in Table 2. The Uy, is
assumed to follow a Weibull distribution, with scale parameter, A = 10.67 m/s and shape parame-
ter, k = 2.23.

Fatigue design loads are calculated using the characteristic value of the turbulence intensity TIg,
which is given by the 90% quantile of the turbulence standard deviation (¢y) as shown in Eq. 2 and
Eq. 3, respectively [21]. Design fatigue factors are calibrated based on the safety margin resulting
from this design principle.

Tloo = o1/ Upup 2

01 = Lef(0.75Upyp +b); b=5.6m/s (3)
For probabilic fatigue analysis, it is important to account for the turbulence intensity distribution
to avoid hidden safety. A Weibull distribution (Eq. 4) can be assumed for other turbulence standard
deviation quantiles (0p), with scale (k) and shape (C) parameters defined by Eq. 5 and Eq. 6,
respectively [21].
F (00|Upup) = 1 — ex —(@)k )
0 Unub P C

k= 027U, + 1.4 5)

C= ref (0.75Upyp + 3.3 m/s) (6)
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Table 2: Representative Uy, and turbulence intensities at different fractiles from wind farm data [28]

Wind Turbulence Intensity [-]
Sea direction: Ui Occ. [-] .
state [m/s] Char. Other fractiles
0—360 deg
090 005 020 035 050 065 080 0.95
1 4-6 5 0.053 0.262 0.067 0.114 0.145 0.173 0.201 0.235 0.294
2 6-8 7 0.104 0217 0.069 0.108 0.132 0.153 0.174 0.198 0.239
3 8-10 9 0.152  0.192 0.072 0.106 0.126 0.142 0.158 0.177 0.208
4 10-12 11 0179 0176 0.075 0.104 0.121 0.135 0.149 0.164 0.189
5 12-14 13 0.171 0.165 0.077 0.104 0.118 0.130 0.142 0.155 0.176
6 14-16 15 0.130  0.157 0.079 0.103 0.116 0.127 0.137 0.148 0.166
7 16-18 17 0.092 0.151 0.081 0.103 0.115 0.124 0.133 0.143 0.159
8 18-20 19 0.055 0.146 0.082 0.103 0.114 0.122 0.130 0.139 0.153
9 20-22 21 0.030 0.142 0.083 0.103 0.113 0.121 0.128 0.136 0.148
10 22-24 23 0.016  0.139 0.085 0.103 0.112 0.119 0.126 0.133 0.145
11 24-26 25 0.007  0.136 0.086 0.103 0.111 0.118 0.124 0.131 0.141
Total occ. [%] 98.9 - 125 150 150 150 150 150 125

The lumped representative sea states for fatigue analysis are summarized in Table 3, with the
mean significant wave height (H;) and mean wave period (T,) derived from wind and wave cor-
relation. Based on the global sensitivity analysis [29] performed on the same case study, it can be
assumed that the variation in the predicted fatigue loads is governed by the uncertainty related to
the turbulence intensity. For simplicity, the effects of wind and wave directionality are ignored.

Table 3: Representative sea states for fatigue analysis based on wind farm data [28]

Upup Mean Mean

Sea state Upyp [m/s) Oce. [-] Hom T,
1 4-6 5 0.053 0.82 6.8
2 6-8 7 0.104 1.01 7.0
3 8-10 9 0.152 1.24 7.1
4 10-12 11 0.179 1.55 7.4
5 12-14 13 0.171 2.01 7.8
6 14-16 15 0.130 2.53 8.2
7 16-18 17 0.092 3.07 8.9
8 18-20 19 0.055 3.65 9.9
9 20-22 21 0.030 4.08 10.4
10 22-24 23 0.016 4.76 114
11 24-26 25 0.007 5.40 129

Sum 0.989

4.3 Wind turbine load model

The aeroelastic simulation tool, HAWC2 [30], is used to develop the OWT integrated models where
both wind and wave loads are included. HAWC2 is based on a multibody formulation, where
each structural component is modelled by Timoshenko beam elements with six degrees of free-
dom (6 DOF), x. For a given mass matrix [M], damping matrix [D] and stiffness matrix [K] repre-
senting the OWT, the general equation of motion can be written as shown in Eq. 7.

[M] %+ [D] % + [K] x = Fyero + Fuyaro )
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where F,.;, and Fnyaro are the aerodynamic and hydrodynamic forces, respectively.

The HAWC2 model of the Thornton bank GBF supporting a 5 MW reference wind turbine is
illustrated in Fig. 3. A combined soil and structural damping ratio, {sii+struc = 1%, is assumed for
the first fore-aft and side-side modes. In addition, the aerodynamic and hydrodynamic damping
contributions are also considered in the simulations based on the wind and wave input parameters,
respectively. Table 4 summarizes the key elevations and reference wind turbine properties used in

the simulations.

Hub —»

height /

Interface
level >

Lower ring
beam —y

(2) (b)

Figure 3: HAWC2 model of a GBF supporting a 5 MW reference wind turbine: (a) surface model; (b) beam elements

Table 4: Key elevations and reference wind turbine properties [31, 32]

Parameter NREL5MW DTU 10 MW
Rating [MW] 5 10
Rotor diameter [m] 126 178.3
Number of blades [—] 3 3
Cut-in, rated, cut-out Uy, [m/s] 3.0,11.4,25.0 4.0,11.4,25.0
Dynamic rotor speed range [rpim| 6.9,12.1 6.0,9.6
Hub height [m] 91.7 114
Interface elevation [] 14.7 14.7
Mean water depth [m] 25 25

For all wind conditions summarized in Table 2, turbulent wind fields were generated based on
the Mann turbulence model [33]. The Normal Turbulence Model (NTM) [22] is assumed for fatigue
analysis. Based on metocean data, metocean data, a power law wind profile is assumed with a
shear exponent, « = 0.08 (0.14 for characteristic fatigue load). The aerodynamic loads (Fy,) were
calculated based on the Blade Element Momentum (BEM) theory [34, 35].

For all sea states summarized in Table 3, linear irregular waves were generated based on the
JONSWAP spectrum. The hydrodynamic loads (thdm) were calculated based on Morsion’s equa-
tion [36], where the total force per unit length is defined as the sum of the drag and inertia com-
ponents. Both load components can be expressed as a function of water density (p), sectional
area (A), and wave particle velocity (U) and acceleration (U) as defined by Eq. 8. The drag (Cp)
and inertia (Cy) coefficients were calibrated to account for diffraction and secondary steel.

Fuyaro = pCpDU|U| 4 pCp AU 8)
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Based on modified IEC [22] design load cases (DLC), time-domain fatigue simulations covering
power production (DLC 1.2) and idling situations (DLC 6.4) were performed. Each simulation
corresponding to the sea states defined in Table 2 and Table 3 has a 10- minutes duration and six
independent realizations. The loads are scaled assuming a 95% wind turbine availability and 25
years of design lifetime. For simplicity, wind and wave misalignment is considered not important
for this study, and thus unidirectional loading is assumed for both 5 MW and 10 MW cases.

The resulting load time histories are used to estimate the stresses at a critical concrete section.
The lower ring beam, located at 14.5 m above the mudline (see Fig. 3), is assumed to be most critical.
Using a standard rainflow count algorithm, the number of load cycles for predefined stress bins are
derived. Fig. 4 shows the distribution of load cycles (yces) according to the mean stress (Cimean)
and stress amplitude (0ump), which is also referred to as the Markov matrix. The Markov matrices are
evaluated together with the design and probabilistic fatigue resistance models, which are presented

in the next section.

x10°

15

410
O ump [MPal s [MPa]

mean

Figure 4: Markov matrix showing annual number of cycles for probabilistic analysis (5 MW OWT) accounting for wind
speed and turbulence intensity distribution

5 Concrete Fatigue Reliability Model

During code optimization, it is important to account for the hidden safety margins included in the
code format. The following fatigue resistance model formulations are based on recommendations
in the DNV standard for Offshore Concrete Structures [17].

5.1 Deterministic design

A cumulative linear damage theory [37, 38] is assumed for fatigue assessment. Given the number of
stress cycles (1) and the corresponding number of cycles (Nj) in each sea state bin i, mean stress
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bin j and stress amplitude bin k, the damage can be quantified by integrating over the total number
of representative sea states (Ny, ), mean stress bins (Ng,,,,) and stress amplitude bins (N,,,) - The
design equation can be written as shown in Eq. 9. A Markov matrix is obtained for each sea state,
which is defined according to the mean wind speed (U, ) distribution.

Nug Newgo Nows il p; FDF T
Gltz)=1-3, ), } 7 =0 ©)
is1 j=1 k=1 ik

where:

nf{j,k is the design number of stress cycles per year at bin i, j, k

ka is the number of stress cycles to failure at stress bin j, k calculated from the design resistance as
a function of the material partial safety factor ()

pi is the occurrence probability of design sea state i (Y p; = 1)

Ty is the design lifetime (25 years)

In addition to the stress cycle amplitude, the mean stress is an important parameter in defining
the concrete resistance against fatigue. The S-N curves for concrete are normally expressed in terms
of the maximum (0yex) and minimum (0,,,;,) compressive stress within each stress block, which are
calculated from the mean (0yean) and amplitude (0unp) of each stress cycle as illustrated in Fig. 5.
Both 0y, and 0,,;, are obtained from the Markov matrix.

— _—— — — — Omax

Oamp
v U Grange \/ Gmean
—_ — — J— L JE— —— Omin

Time (t)

Stress (o)

\4

Figure 5: Defintion of a stress cycle mean, amplitude and range

The design number of cycles to failure (N]’.’fk), with superscript “d” indicating design value, is
calculated based on Eq. 10. The factor C; = 10 for structures in water having stress variation
in the compression-compression range is used, while the fatigue strength parameter Cs = 1 for
concrete [17]. If the calculated design life (log;, N?) is greater than X“, this value can be increased
by a factor C§. The parameters X and C§ are expressed as shown in Eq. 11 and Eq. 12, respectively.
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Clfra+01C

Co = (1+02(1og N = X)) > 1.0 (12)

The design fatigue compressive strength (f,4 [MPa]) is related to the characteristic compressive
cylinder strength(f. [MPa]) by Eq. 13, where « = 1 for concrete in compression. Eq. 13 is valid for
concrete grades C25 to C90 [17]. Assuming a C45 concrete grade with f,, = 45 MPa and using a
recommended material partial safety factor of <, = 1.50 for concrete fatigue, f,; ~ 27.75 MPa.

- “M )

Concrete design S-N curves are normally expressed as a function of S%,, and S ,

frd

which are
equivalent to the 0y,,y and 0y, normalized to the design compressive strength f,; as shown in
Eq. 14. The design S-N curve is illustrated in Fig. 6, which also shows the design code safety margin
relative to the mean and characteristic curves. The mean curve is derived based the Maximum
Likelohood Method (MLM), applied on a database of experimental fatigue tests [39, 40, 41, 42]. In
particular, test results with S;,.x > 0.6 covering f. = 20 to 60 MPa are considered in the MLM fit.

d o Omax d o Tmin (14)

max CSfrd’ min C5frd
Creep, shrinkage and size effects are not considered in design load calculation, since these effects

are not covered by the fatigue test results. The probabilistic analysis covers the uncertainty related to
the linear damage accummulation model. In addition, fatigue tests used to evaluate the uncertainty
were performed under in-air conditions. For simplicity, the same level of uncertainty is assumed for
both air and seawater exposures. The factor C; in Eq. 10 adapts the curve for either in-air (C; = 12)
or seawater (C; = 10) conditions.
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Figure 6: Concrete S-N curve based on available fatigue tests (S,,;, = 0.12) and DNV code [17]. All curves are plotted
against Syax = Oimax /fc

5.2 Probabilistic design

The limit state equation for fatigue failure of concrete is written as shown in Eq. 15. The resistance
is represented by the stochastic parameter A, which represents the Miner’s rule (linear damage
accummulation) model uncertainty. In addition to the wind speed (Uy,) distribution, the load model
also accounts for the statistical distribution of turbulence intensity (TI), which is the governing
source of load uncertainty during power production [29]. It is assumed that the uncertainty in the
calculated number of cycles (1;,4) is relatively small.

NUw,Tl Noyean N"”’”P ni,j,k p’v t

g(z,t) =A— TN, (15)
ji

=1 j=1 k=1

where:

1; jx is the number of stress cycles per year at bin i, j, k

pi is the occurrence probability of wind speed and turbulence intensity (). p; = 1)
t is the time in years (0 < t < Tp)

The uncertain parameters in the fatigue resistance model are represented by stochastic variables.
Following the same equations used in the design design, the number of stress cycles to failure (N) is
calculated using Eq. 16 to 19. In general, predictions of stress amplitudes have higher uncertainties
compared to the mean stress estimates. This is accounted for by separately modelling the uncertain-
ties for both mean and amplitude stress components as shown in Eq. 18 and Eq. 19. It is noted that
the mean S-N curve illustrated in Fig. 6) is defined without accounting for the asymptotic second
slope at the lower maximum stress ranges (Syqx < 0.6) due to lack of experimental tests covering
lower stress cycle fatigue supporting this assumption.
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log,) N = C;———" 1 X, (16)

1_ Omin

c5 fns
fns = Xfc fcm (1 - Xfc fcm/600) (17)
Omax = XSZ Xstress Omean + XSl Kistress Xdyn Tamp (18)
Omin = Xs2 Xstress Omean — X1 Xstress Xayn Tamp (19)

where:

X;» models the resistance model uncertainty related to concrete S-N curve
X models the concrete strength uncertainty

fem models the mean static compressive strength in MPa

fus models the stochastic in-situ compressive strength in MPa

X1 models the load model uncertainty related to the amplitude stress (cmp)
Xsp models the load model uncertainty related to the mean stress (Cyean)
Xstress models the uncertainty related to the stress calculation

Xayn models the uncertainty related to the dynamic response

5.3 Reliability assessment

The limit state equation (Eq. 15) involves the stochastic parameters summarized in Table 5. It is
possible that a correlation exists between the load uncertainties Xg; and Xg,. Statistical indepence is
assumed in this case study since the uncertainty sources for the the mean stress (driven by prestress-
ing) and the stress range (driven by wind and wave loads) can be considered partly independent.

Based on Eq. 15, the accumulated probability of failure at time ¢, Pr (z,t) = P (g(z,t) <0), is
estimated using First Order Reliability Method (FORM) [14]. Hence, the corresponding reliability
index can be estimated as 8 (z,t) = —o1 (Pr (z,t)), where @ is the standard normal distribution
function. The annual probability of failure (APr) and annual reliability index (Ap) is obtained by
Eq. 20 and Eq. 21, respectively.

Pr (Z, t+ At) — Pr (Z, i’)
(1—Pr(20) Al

APr (z,t) = (20)

AB(z,t) = —® 1 (AP: (z,1)) (21)

where t > At and At is the time interval taken as 1 year.

This study investigates two design parameters, namely the prestressing force (Fpr) and concrete
shaft thickness (t). For simplicity, these parameters are expressed in terms of the ratio of the design
parameter value to the default value of prestressing force (z;) and shaft thickness (z;) based on the
Thornton bank GBF design. Based on the reliability-based calibration approach illustrated in Fig. 1,
a relationship between selected safety factors (v, FDF), design parameters (z1, z2) and fatigue
reliabilty can be derived using the same design equation (Eq. 9).
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Table 5: Stochastic model parameters for the concrete fatigue; LN: LogNormal; N: Normal; Values inside () applies for
the 10 MW case

Parameter Distribution Mean Std. Remark Reference
A LN 1.00 0.30 Linear damage accummulation model uncertainty ~ [43, 44]
Xs1 LN 1.00 0.10 Load amplitude uncertainty [44]
Xso LN 1.00 0.10 Mean load uncertainty [44]
Xayn LN 1.00 0.05(0.10) Dynamic response uncertainty [6]
Kistress LN 1.00 0.05 Stress calculation uncertainty [6]
Xge LN 1.00 0.14 Concrete compressive strength uncertainty [15]
X N 1.52 0.75 Resistance model uncertainty estimated from data [26]

6 Numerical Examples

The results summarized in this section only considers fatigue failure mode. In addition, no system
effects are taken into account. A minimum Af = 3.1 (Pp ~ 10’3) is assumed acceptable for design

of OWT support structures.

6.1 Comparison between 7, and FDF

The fatigue design equation is formulated with two safety factors, namely the material partial safety
factor (7,,) and fatigue design factor (FDF). Based on the 5 MW OWT case study, an investigation
of how variations in both v, and FDF affects the annual reliability index (Ap) is illustrated in Fig. 7.

45 45
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(@ (b)

Figure 7: Calculated annual reliability index (AB) for the 5 MW case as a function of (a) material partial safety factor, 7,
(FDF = 3) and (b) FDF (y,;, = 1.5) given design parameters z; and z;

For both design parameters, z; and zp, a higher sensitivity on AB is observed for variations in
¥m conditional to FDF = 3. Alternatively, it can be concluded that the design parameters are not
sensitive to changes in FDF conditional to fixed 7, = 1.5.

The sensitivity analyses presented in the following sections verify that the uncertainties related
to the material resistance model have the highest influence on the fatigue reliability. Hence the
following investigation of fatigue reliability is performed for different values of -, conditional to
FDF = 3.
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6.2 Example 1: 5 MW Offshore Wind Turbine

Using the design equation (Eq. 9), relationships between material partial safety factor (7,,) and
design parameters z; and z, are derived as shown in Fig. 8a and Fig. 8b, respectively. The relation
between 7, and z; is derived for a fixed value of z; = 1.0, and vice versa. A lower 7, allows
for higher prestressing force, which is directly related to the mean stress on the concrete section.
Similarly, a lower 7,, results to a decrease in the required concrete shaft thickness. The derived
relationship only considers concrete fatigue safety.

Yy I
[ )

1 . . .
1 1.5 2 2.5

Prestressing force ratio, z, [-]

(a)

W
®

Y [

05 055 06 065 07 075 08 085
Shaft thickness ratio, zZ, [-]

(b)

Figure 8: Relationship between material partial safety factor (7,;) and design parameters (a) z; (with z, = 1.0) and (b) z»
(with z; = 1.0) for a 5 MW offshore wind turbine

The reliability indices are calculated based on the relationship between -, and design param-
eters (z1 z2). Fig. 9 illustrates the reliability indices as a function of service life in years. The AS
at end of a 25-year service life are calculated and summarized in Table 6. All design combinations
resulted in acceptable AB > 3.1. The results of the reliability analysis indicates that a higher pre-
stressing force (lower <,,) can be applied on the section if necessary for design optimization. For
design parameter z, results indicate that the shaft thickness of the original concept design can be
reduced without compromising fatigue safety.
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Figure 9: Reliability indices (AB, B) for z; (with zp = 1.0) and z, (with z; = 1.0) for the 5 MW case as a function of service
life (7 = 1.5)

Table 6: Annual reliability index (Ap) for different combinations of material partial safety factor () and design param-
eters (z1, zp) conditional to FDF = 3 for a5 MW OWT

Prestressing force = Shaft thickness
Ym [] AB
Z1 FPT [MN] y4) t [mm]

1.1 - - - - -

1.2 212 197 1.00 500 3.65
1.3 1.84 171 1.00 500 3.93
14 1.60 149 1.00 500 4.02
1.5 1.38 129 1.00 500 4.07
1.1 1.00 93 0.57 286 3.24
1.2 1.00 93 0.64 321 3.56
1.3 1.00 93 0.71 353 3.83
1.4 1.00 93 0.77 386 3.93
1.5 1.00 93 0.84 419 4.01

6.3 Example 2: 10 MW Offshore Wind Turbine

Numerical example 2 considers the same GBF concept to support a 10 MW offshore wind turbine.
Fig. 10a and Fig. 10b show the derived relationships between 7, and design parameters z; and zo,
respectively, following the same trend as example 1. To accommodate higher mean and amplitude
loads and to satisfy the design equation at different values of z;, the shaft thickness is increased by
50% (zz = 1.5). The same amount of prestressing force (z; = 1.0) can be assumed for variations in
design parameter z;.

The resulting reliability indices as a function of service life in years are shown in Fig. 11. The AB
at end of a 25-year service life are calculated and summarized in Table 7. All design combinations
resulted in acceptable A > 3.1, except for the design configuration with 7,, = 1.1, z; = 1.00 and
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Figure 10: Relationship between material partial safety factor (7y;;) and design parameters (a) z1 (with z; = 1.5) and (b)
zp (with z; = 1.0) for a 10 MW reference case.

zp = 0.95. The results indicate that the same GBF concept initially design for a 5 MW OWT can
be used to support a 10 MW OWT, with minor modifications in design parameters. Similar to
example 1, it can also be concluded that a lower ,, can be recommended without compromising
fatigue safety, even for large wind turbines whose support structure design can be driven by fatigue.
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Figure 11: Reliability indices (A, B) for z; (with zp = 1.0) and zy (with z; = 1.0) for the 10 MW case as a function of
service life (7, = 1.5)

Table 7: Annual reliability index (Ap) for different combinations of material partial safety factor (7,;) and design param-
eters (z1, zp) conditional to FDF = 3 for a 10 MW OWT

Prestressing force = Shaft thickness

Y [=] Ap
Z1 Fpr [MN] Z t [mm]
1.1 2.35 219 1.50 750 3.31
1.2 1.90 176 1.50 750 3.58
1.3 1.48 138 1.50 750 3.87
14 1.13 105 1.50 750 3.99
1.5 0.84 78 1.50 750 4.03
1.1 1.00 93 0.95 476 3.08
1.2 1.00 93 1.09 546 3.38
1.3 1.00 93 1.26 631 3.76
14 1.00 93 1.44 718 3.98
1.5 1.00 93 1.65 823 4.07

6.4 Proposed material safety factor ()

The DNV standard for Offshore Concrete Structures [17] currently recommends a -y, = 1.5. Table 8
summarizes the corresponding reduction in concrete shaft thickness and Ap as a function of 7.
Results from the 5 MW case indicate that a 7, = 1.1 can be used, which leads to about 32%
reduction in the required shaft thickness. Similarly, results from the 10 MW case indicate that a
Ym = 1.2 can be used, which leads to about 34% reduction in the required shaft thickness. Based
on the two numerical examples presented above, a lower value of 7,;, = 1.1 to 1.2 can be used while
still satisfying the required safety level (Af > 3.1). This reduction can significantly lead to a more

optimal concrete foundation design.
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Table 8: Reduction in shaft thickness (%) and reliability index (Ap) as a function of material partial safety factor (7y,,) for

both 5 MW and 10 MW cases

” 5 MW 10 MW
m

Reduction [%] AB  Reduction [%] A
1.1 31.8 3.24 422 3.08
1.2 23.5 3.56 33.7 3.38
1.3 15.8 3.83 23.4 3.76
14 8.0 3.93 12.8 3.98
1.5 0.0 4.01 0.0 4.07

6.5 Sensitivity to input parameters

The sensitivity of the reliability index to each stochastic input parameter (i) can be expressed in

terms of the square of the alpha factors (a?), which are determined by FORM. Table 9 and Ta-
ble 10 summarize the calculated af factors for both 5 MW and 10 MW offshore wind turbine cases,

respectively.

The relative importance of stochastic parameters vary according to the assumed 7,, and corre-

spoding design parameters. In general, the uncertainty related to concrete compressive strength (Xy.)

is the governing parameter at lower v,, values (7, = 1.1, 1.2, 1.3). These are associated with design

configurations with high prestressing force or low shaft thickness, where the most likely fatigue fail-

ure is due to the relatively high mean stresses that result to lower resistance or number of cycles. On

the other hand, design configurations at higher -,, values (v, = 1.4, 1.5) have lower magnitudes

of stress cycles. These designs are governed by the fatigue resistance model uncertainty (X,,). The

variations in a? factors for the 5 MW case are illustrated in Fig. 12 and Fig. 13. Comparable results

are found for the 10 MW case as illustrated in Fig. 14 and Fig. 15.

Table 9: Sensitivity factors (a?) of stochastic input parameters for the 5 MW case at different values of design parameters,

z1|vm and za|ym

Prestressing force ratio, z; [Ym

Shaft thickness ratio, z2 |y,

Parameter
1.2 1.3 14 1.5 1.1 1.2 1.3 14 1.5

A 0.002 0.003 0.029 0.030 0.004 0.005 0.007 0.028 0.030

Xs1 0.013 0.017 0.008 0.004 0.030 0.032 0.035 0.013 0.006
Xs2 0.235 0.216 0.007 0.002 0.171 0.157 0.137 0.009 0.003
Xfe 0.599 0.592 0.047 0.020 0.567 0.551 0.520 0.072 0.027
Kstress 0.091 0.089 0.007 0.003 0.086 0.083 0.078 0.011 0.004
Xayn 0.003 0.004 0.002 0.001 0.007 0.008 0.009 0.003 0.002
X 0.057 0.079 0901 0939 0.134 0.164 0.215 0.864 0.929
Y1 a? 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
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Figure 12: Sensitivity (a?) of fatigue reliability (Ap) to stochastic input parameters for the 5 MW case at different values
of design parameter, z1 |y, = 1.2, 1.3, 1.4, 1.5
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Figure 13: Sensitivity (0412) of fatigue reliability (AB) to stochastic input parameters for the 5 MW case at different values
of design parameter, zp|y,; =12, 1.3, 1.4, 1.5
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Figure 14: Sensitivity (IXZZ) of fatigue reliability (Ap) to stochastic input parameters for the 10 MW case at different values
of design parameter, z1 |y, =12, 1.3, 1.4, 1.5
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Figure 15: Sensitivity (IXZZ) of fatigue reliability (Ap) to stochastic input parameters for the 10 MW case at different values
of design parameter, zp|y,; = 1.2, 1.3, 1.4, 1.5
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Table 10: Sensitivity factors (txlz) of stochastic input parameters for the 10 MW case at different values of design parame-
ters, z1|ym and za|ym

Prestressing force ratio, zi|ym Shaft thickness ratio, za|ym
Parameter
1.1 1.2 1.3 14 15 1.1 1.2 13 14 1.5
A 0.003 0.004 0.006 0.029 0.030 0.005 0.006 0.007 0.028 0.031

Xs1 0.025 0.032 0.040 0.012 0.006 0.041 0.046 0.049 0.013 0.004
Xs2 0.194 0.169 0.136 0.005 0.001 0.145 0.129 0.110 0.006 0.001
Xfe 0.592 0.579 0.546 0.055 0.021 0.561 0545 0.514 0.060 0.014
Xstress 0.090 0.087 0.082 0.009 0.003 0.086 0.082 0.077 0.009 0.002
Xayn 0.006 0.008 0.010 0.003 0.001 0.010 0.011 0.012 0.003 0.001
X 0.089 0.121 0.180 0.887 0.937 0.152 0.181 0.230 0.880 0.947

Y14 1000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

338 The results above are based on a resistance model uncertainty X,, with COV X,, coy = 0.50,
330 which is estimated from available fatigue tests. A simple sensitivity study to investigate the im-
a0 portance of this COV is performed for the 5 MW case by assuming X, cov = 0.25. The results
31 are summarized in Table 11 and Fig. 16. Note that the lower COV could probably be obtained in a
a2 narrow subset of the fatigue test data, covering only the application for this type of substructure.

Table 11: Calculated sensitivity factors (#?) of stochastic input parameters assuming X,, cov = 0.50 (A = 4.01) and
X cov = 025 (A =4.72)

Sel‘lSitiVity Xm cov = 0.50 Xm cov = 0.25
ranking Parameter 0{,.2 Parameter 0612
1 X 0.9294 X fe 0.6409
2 A 0.0300 X 0.2024
3 Xre 0.0265 Kstress 0.0941
4 Xs1 0.0059 Xs1 0.0264
5 Kstress 0.0041 X 0.0261
6 Xso 0.0026 de, 0.0066
7 Xayn 0.0015 A 0.0034
Y vc% 1.00 1.00
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Figure 16: Sensitivity (txlz) of fatigue reliability (AB) to stochastic input parameters assuming (a) X,, coy = 0.50 and (b)
(b) Xy cov = 0.25 for 7y, = 1.5 (21 = 1.0, zp = 0.84)

7 Summary and Conclusions

This paper demonstrates a probabilistic approach for reassessment of fatigue design rules for off-
shore wind turbine concrete structures. Offshore wind turbine loads accounting for the statistical
distribution of turbulence intensity are estimated based on a fully-integrated model. Using avail-
able concrete fatigue tests, a fatigue reliability model is formulated based on the DNV code [17].
Reliability-based calibration of the material partial safety factor (vy,,) is demonstrated, while ac-
counting for the relevant sources of uncertainties in both load and resistance models.

Safety margins in fatigue design of offshore concrete structures can be incorporated in terms
on FDF and ;. The study showed that fatigue reliability is more sensitive to changes in 7,,. Two
numerical examples of a concrete GBF supporting a 5 MW and 10 MW OWTs also showed that
a lower 1, can be used without compromising fatigue safety. Reducing the recommended value
from 7, = 1.5 to 9, = 1.1 to 1.2 can lead to about 33% reduction in the required shaft thickness
for both 5 MW and 10 MW cases. Lastly, the relative importance of stochastic input parameters are
investigated. Depending on the assumed 7, reliability indices can be very sensitive to uncertainties
related to concrete compressive strength (X.) and resistance model uncertainty (X).

A major limitation of the study is the lack of experimental concrete fatigue test data at lower
stress amplitude cycles (high cycle fatigue tests). It is currently assumed that the same amount
of uncertainty exists with concrete exposed to moderate stress levels. In addition, the study is
limited to compression-compression fatigue cycles as assured by the prestressing, and does not take
into account the effect of inspection which are difficult to perform and model in a probabilistic
framework. Nonetheless, the presented framework can be applied to investigate fatigue reliability
of other foundation concepts. Based on the main results presented, this study opens opportunities
for life extension or repowering of offshore wind turbine concrete foundations approaching the end

of their service lives.
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