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EN IEC 61400-6:2020 (E)

European foreword

The text of document 88/751/FDIS, future edition 1 of IEC 61400-6, prepared by IEC/TC 88 "Wind
energy generation systems" was submitted to the IEC-CENELEC parallel vote and approved by
CENELEC as EN IEC 61400-6:2020.

The following dates are fixed:

+ latest date by which the document has to be implemented at national (dop) 2021-02-26
level by publication of an identical national standard or by endorsement

+ latest date by which the national standards conflicting with the (dow) 2023-05-26
document have to be withdrawn

Attention is drawn to the possibility that some of the elements of this document may be the subject of
patent rights. CENELEC shall not be held responsible for identifying any or all such patent rights.

Endorsement notice

The text of the International Standard IEC 61400-6:2020 was approved by CENELEC as a European
Standard without any modification.

In the official version, for Bibliography, the following notes have to be added for the standards

indicated:
ISO 148-1 NOTE Harmonized as EN ISO 148-1
ISO 9001 NOTE Harmonized as EN 1SO 9001
ISO/IEC 17025 NOTE Harmonized as EN ISO/IEC 17025
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Annex ZA
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with their corresponding European publications

The following documents are referred to in the text in such a way that some or all of their content
constitutes requirements of this document. For dated references, only the edition cited applies. For
undated references, the latest edition of the referenced document (including any amendments)

applies.

NOTE 1 Where an International Publication has been modified by common modifications, indicated by (mod), the relevant

EN/HD applies.

NOTE 2 Up-to-date information on the latest versions of the European Standards listed in this annex is available here:

www.cenelec.eu.
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INTERNATIONAL ELECTROTECHNICAL COMMISSION

WIND ENERGY GENERATION SYSTEMS -
Part 6: Tower and foundation design requirements

FOREWORD

1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
all national electrotechnical committees (IEC National Committees). The object of IEC is to promote international
co-operation on all questions concerning standardization in the electrical and electronic fields. To this end and
in addition to other activities, IEC publishes International Standards, Technical Specifications, Technical Reports,
Publicly Available Specifications (PAS) and Guides (hereafter referred to as "IEC Publication(s)"). Their
preparation is entrusted to technical committees; any IEC National Committee interested in the subject dealt with
may participate in this preparatory work. International, governmental and non-governmental organizations liaising
with the IEC also participate in this preparation. IEC collaborates closely with the International Organization for
Standardization (ISO) in accordance with conditions determined by agreement between the two organizations.

2) The formal decisions or agreements of IEC on technical matters express, as nearly as possible, an international
consensus of opinion on the relevant subjects since each technical committee has representation from all
interested IEC National Committees.

3) IEC Publications have the form of recommendations for international use and are accepted by IEC National
Committees in that sense. While all reasonable efforts are made to ensure that the technical content of IEC
Publications is accurate, IEC cannot be held responsible for the way in which they are used or for any
misinterpretation by any end user.

4) In order to promote international uniformity, IEC National Committees undertake to apply IEC Publications
transparently to the maximum extent possible in their national and regional publications. Any divergence between
any IEC Publication and the corresponding national or regional publication shall be clearly indicated in the latter.

5) IEC itself does not provide any attestation of conformity. Independent certification bodies provide conformity
assessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible for any
services carried out by independent certification bodies.

6) All users should ensure that they have the latest edition of this publication.

7) No liability shall attach to IEC or its directors, employees, servants or agents including individual experts and
members of its technical committees and IEC National Committees for any personal injury, property damage or
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) and
expenses arising out of the publication, use of, or reliance upon, this IEC Publication or any other IEC Publications.

8) Attention is drawn to the Normative references cited in this publication. Use of the referenced publications is
indispensable for the correct application of this publication.

9) Attention is drawn to the possibility that some of the elements of this IEC Publication may be the subject of patent
rights. IEC shall not be held responsible for identifying any or all such patent rights.

International Standard IEC 61400-6 has been prepared by IEC technical committee TC 88: Wind
energy generation systems.

The text of this standard is based on the following documents:

FDIS Report on voting
88/751/FDIS 88/754/RVD

Full information on the voting for the approval of this International Standard can be found in the
report on voting indicated in the above table.

This document has been drafted in accordance with the ISO/IEC Directives, Part 2.

Future standards in this series will carry the new general title as cited above. Titles of existing
standards in this series will be updated at the time of the next edition.
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The committee has decided that the contents of this document will remain unchanged until the
stability date indicated on the IEC website under "http://webstore.iec.ch” in the data related to
the specific document. At this date, the document will be

e reconfirmed,

e withdrawn,

e replaced by a revised edition, or
e amended.

The contents of the corrigendum of November 2020 have been included in this copy.

IMPORTANT - The 'colour inside’ logo on the cover page of this publication indicates
that it contains colours which are considered to be useful for the correct understanding
of its contents. Users should therefore print this document using a colour printer.
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INTRODUCTION

This document has been developed for the design of onshore wind turbine towers and
foundations that will build on and complement the IEC 61400-1 relating to design criteria and
provide a complete set of technical requirements for the structural and geotechnical design.
The requirements are also applicable to wind turbines covered by IEC 61400-2. It is envisaged
that the proposed work will be followed by the development of another part, directed towards
the design of offshore support structures, thus also complementing IEC 61400-3-1.

Civil engineering practices associated with the scope of the standard have regional variations.
It is not the intention of this document to conflict with those practices but to supplement them
particularly in ensuring that all important features of typical wind turbine towers and foundations
are fully and correctly considered. To this end, the relevant parts in existing standards for design
of steel and concrete structures and for geotechnical design have been identified for
participating countries and regions.

The principles included in this document apply to the sections of the tower of an offshore fixed
structure above the splash zone if the loading has been calculated according to
IEC 61400-3-1.

This document will include the evaluation and calibration of partial safety factors for material
strengths to be used together with the safety elements in IEC 61400-1 and IEC 61400-2 for
loads and for verification of static equilibrium.
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WIND ENERGY GENERATION SYSTEMS -

Part 6: Tower and foundation design requirements

1 Scope

This part of IEC 61400 specifies requirements and general principles to be used in assessing
the structural integrity of onshore wind turbine support structures (including foundations). The
scope includes the geotechnical assessment of the soil for generic or site specific purposes.
The strength of any flange and connection system connected to the rotor nacelle assembly
(including connection to the yaw bearing) are designed and documented according to this
document or according to IEC 61400-1. The scope includes all life cycle issues that may affect
the structural integrity such as assembly and maintenance.

The assessment assumes that load data has been derived as defined in IEC 61400-1 or
IEC 61400-2 and using the implicit reliability level and partial safety factors for loads.

2 Normative references

The following documents are referred to in the text in such a way that some or all of their content
constitutes requirements of this document. For dated references, only the edition cited applies.
For undated references, the latest edition of the referenced document (including any
amendments) applies.

IEC 61400-1:2019, Wind energy generation systems — Part 1: Design requirements
IEC 61400-2, Wind turbines — Part 2: Small wind turbines

IEC 61400-3-1:2019, Wind energy generation systems — Part 3-1: Design requirements for fixed
offshore wind turbines

ISO 2394:2015, General principles on reliability for structures
ISO 22965-1, Concrete — Part 1: Methods of specifying and guidance for the specifier

ISO 22965-2, Concrete — Part 2: Specification of constituent materials, production of concrete
and compliance of concrete

ISO 22966, Execution of concrete structures
ISO 6934 (all parts), Steel for the prestressing of concrete
ISO 6935 (all parts), Steel for the reinforcement of concrete

ISO 9016:2012, Destructive tests on welds in metallic materials — Impact tests — Test specimen
location, notch orientation and examination

ISO 12944 (all parts), Paints and varnishes — Corrosion protection of steel structures by
protective paint systems

EN 1993-1-9:2005, Eurocode 3: Design of steel structures — Part 1-9: Fatigue
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EN 1993-3-2:2006, Eurocode 3: Design of steel structures — Part 3-2: Towers, masts and
chimneys — Chimneys

3 Terms and definitions

For the purposes of this document, the terms and definitions given in IEC 61400-1,
IEC 61400-2 and the following apply.

ISO and IEC maintain terminological databases for use in standardization at the following
addresses:

e |EC Electropedia: available at http://www.electropedia.org/

e |SO Online browsing platform: available at http://www.iso.org/obp

3.1

assessment

total set of activities performed in order to find out if the reliability of a structure is acceptable
or not

3.2

characteristic load

load accounting for required exceedance probability level and without partial safety factor for
loads

3.3

characteristic buckling resistance

load associated with buckling in the presence of inelastic material behaviour, the geometrical
and structural imperfections that are inevitable in practical construction, and follower load
effects

3.4

component class

classification of the wind turbine structural components according to redundancy and safety
requirements

Note 1 to entry: Refer to IEC 61400-1.

3.5
component temperature
local temperature which will affect the material properties of a component

Note 1 to entry: The temperature shall be taken to be the ambient temperature unless protective or active means
are provided to change the temperature.

3.6

design lifetime

complete period of time for which the wind turbine will be designed to resist the specified loading
including maintenance, idling, power production, starting and stopping

3.7

design load

design force

load (force) used in the action vs resistance equation for a limit state accounting for the required
exceedance probability level and partial safety factor for loads

3.8

design resistance

resistance used in the action vs resistance equation for a limit state accounting for t ir

exceedance probability level and partial safety factor for materials Uéeeuments
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3.9

design situations

sets of physical conditions representing the real conditions occurring during a certain time
interval for which the design will demonstrate that relevant limit states are not exceeded

3.10

dynamic stiffness for foundation

tangent to the plot of linear or angular displacement of the foundation against force or moment
applied to the foundation at zero or small strain (<104 soil shear strain)

Note 1 to entry: Normally for concrete foundations, this is calculated for the effect of the soil mechanics alone
assuming a rigid foundation. Where foundation flexibility is non-negligible, this should be taken into account in
calculating dynamic stiffness.

3.11
effect of actions
effect of actions (or action effect) on structural members or on the whole structure

Note 1 to entry: Internal force, moment, stress and strain are examples of action effect on structural members.
Deflection and rotation are examples of action effect on the whole structure.

3.12
fatigue limit state
structural failure due to damage accumulation under effects of repeated loading

3.13

geometrically and materially nonlinear analysis

GMNA

analysis performed on the global structure based on shell bending theory applied to the perfect
structure, using the assumption of nonlinear large deflection theory for the displacements, and
adopting a nonlinear elasto-plastic material law ignoring the effect of strain hardening

3.14

geometrically and materially nonlinear analysis with imperfection included

GMNIA

analysis performed on the global structure with imperfections explicitly included, based on shell
bending theory applied to the imperfect structure, including nonlinear large deflection theory for
the displacements, and adopting a nonlinear elasto-plastic material law ignoring the effect of
strain hardening

Note 1 to entry: A bifurcation eigenvalue check is included at each load level.

Note 2 to entry: Examples of imperfect structure are unintended deviations from the ideal shape, imperfections in
boundary conditions and residual stresses.

3.15

internal loads

three orthogonal forces and three orthogonal moments that are reacted on an arbitrary plane
cut through the structure

Note 1 to entry: This relates to the usage of the term "loads" in IEC 61400-1, IEC 61400-2 and IEC 61400-3-1. This
differs from the use in other areas of civil engineering. Often, the arbitrary plane is aligned with some physical
interface or with two axes of a local axis system. The singular internal load would be one of the three forces or three
moments. See also 5.4.6.

3.16

materially nonlinear analysis

MNA

analysis performed on the global structure based on shell bending theory applied to the perfect
structure, using the assumption of small deflections, but adopting a nonlinear elasto-plastic
material law ignoring the effect of strain hardening
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3.17

nominal concrete cover

layer of concrete between the concrete surface and the closest reinforcement surface including
the specified tolerance for placing of reinforcement

Note 1 to entry: The nominal concrete cover shall be calculated as the minimum concrete cover plus the specified
tolerance.

3.18

nominal ratio

ratio of values that are fixed on non-statistical bases, for instance on acquired experience or
on physical conditions

3.19

nominal value

value fixed on non-statistical bases, for instance on acquired experience or on physical
conditions

3.20

partial safety factor for load

factor for increasing a characteristic value of an effect of actions to calculate the design value
of an effect of actions

3.21

partial safety factor for material

factor for decreasing a characteristic value of material property to calculate the design value of
material property

3.22

plastic limit load

limit load, determined assuming idealized conditions of elastic-plastic material behaviour,
perfect geometry, perfect load application, perfect support and material isotropy

Note 1 to entry: The plastic limit load is determined assuming the idealized conditions of elastic-plastic material
behaviour, perfect geometry, perfect load application, perfect support and material isotropy.

3.23

plastic reference resistance

plastic limit load, determined assuming the idealised conditions of rigid-plastic material
behaviour, perfect load application, perfect support and material isotropy

3.24

post-tensioned concrete

prestressing of the structure that has been achieved by tensioning the tendons or bolts after
casting of the concrete

Note 1 to entry: Tendons can be either bonded to the concrete or un-bonded.

3.25
prestressed concrete
concrete structure which is prestressed before it is taken into operation

Note 1 to entry: Prestressing is applied by tendons or bolts, and the tendons may be pre-tensioned (before casting)
or post-tensioned (after casting).

3.26
pre-tensioned concrete
concrete which is pre-tensioned by tensioning the tendons prior to casting of the concrete

Note 1 to entry: Tendons are bonded to the concrete.
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3.27

primary structure

structural elements which are designed for the purpose of carrying the loads due to the rotor
nacelle assembly

3.28

reference standard

document presenting co-ordinated design analysis methods with actions and resistance
characteristic values and safety factors, published by a credible expert private, regional,
national or international body

3.29

rotor nacelle assembly

RNA

part of a wind turbine carried by the support structure

3.30

secondary structure

structural elements which are designed to carry the loads due to equipment such as access
systems, cables, cabinets, internal devices for example dampers

3.31

series of standard

co-ordinated series of documents presenting design analysis methods with action and
resistance characteristic values and safety factors published by a credible expert private,
regional, national or international body

3.32
signed von-Mises stress
equivalent stress with (theoretical) direction derived from principal stresses

3.33

S1

SLS characteristic load

serviceability limit state load level for design lifetime actions, which relate to continued correct
operation of the wind turbine such as clearance of components, and engineering fluid levels,
concrete cracking control

3.34

S2

SLS 104 frequent load case

serviceability limit state load level for frequent actions, which are exceeded for 104 of the
lifetime, which relate to fracture toughness, corrosion, concrete cracking control, and bonds in
prestressed concrete

3.35

S3

SLS 102 frequent load case

serviceability limit state load level for the equivalent to frequent actions, which are exceeded
for 102 of the lifetime, which relate to cracked concrete stiffness checks, concrete cracking
control, foundation stiffness, inclination and settlement, ground gapping, and pile tension limits

3.36

serviceability

ability of a structure or structural element to perform adequately for normal use under all
expected actions
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3.37

serviceability limit state

state which corresponds to conditions beyond which specified service requirements for a
structure or structural element are no longer met

3.38

static stiffness for foundation

secant of the point on the plot of linear or angular deflection of the foundation against force or
moment applied to the foundation at a strain compatible with the applied load case

Note 1 to entry: Normally for concrete foundations this is calculated for the effect of the soil deformation alone
assuming a rigid foundation. Where foundation flexibility is non-negligible, this should be taken into account in
calculating static stiffness.

3.39
support structure
part of a wind turbine consisting of the tower, sub-structure and foundation

Note 1 to entry: See Figure 1 of IEC 61400-3-1:2019.

3.40

tower section

unit of a tower that can be transported from a factory to the installation site, especially of a steel
tubular tower made of a number of permanently connected smaller steel tubes, the whole unit
being provided with bolted connections for on-site assembly at the upper and lower ends

3.41
ultimate limit state
limit states which generally correspond to the maximum load bearing capacity

Note 1 to entry: This generally corresponds to the maximum load-carrying resistance of a structure or structural
element but in some cases to a strain or deformation limit.

3.42

wind turbine specification

document and associated materials containing information relating to the full turbine system
and the rotor nacelle assembly (RNA) enabling the tower and foundation design, and identifying
the wind turbine that can be used with the tower and/or foundation

4 Symbols and abbreviated terms

4.1 Symbols

Ay reduction factor parameter

Ag effective stress cross section

A effective foundation area around the line of action of the resultant force for
Fzq

b weld neck thickness (normally equal to the thickness of the connected tower
shell)

biot flange width

By reduction factor parameter

c flank height of the weld preparation

C reduction factor for the influence of the opening

Dgy damage sum

e eccentricity, generally of loading Documents
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Jod design value of bond strength between rock and cement grout

Jek characteristic compressive concrete cylinder strength

Jock characteristic grout compression strength

Sor meridional design buckling stress

fpk characteristic tensile strength of prestressing reinforcement steel

J00,1k characteristic 0,1 % proof-stress of prestressing steel

fyk characteristic reinforcement yield strength

Fy ultimate design load

Fy design value of destabilising action including unfavourable partial safety
factor for load

Fyc preload bolt force used in the design calculations

Foc preload bolt force given in the relevant design code or technical approval

Foq design value of vertical force acting on the soil formation

G shear modulus of the soil reduced from G, to account for non-zero soil strain

G, small-strain shear modulus of the sail

KR, dyn dynamic rotational stiffness of the foundation subjected to overturning
moments

KR stat static rotational stiffness of the foundation subjected to overturning moments

/ distance from transition radius to weld preparation

Lanchor full length of an anchor

Liixed bonded length of an anchor

Ltree free length of an anchor

Ls factor for loss of preload, which is not considered in the applied design code

Md,overturning

design value of destabilizing moment from wind load and other loads

My stabilizing design value of stabilizing moment from gravity load and backfill

n number of force transmitting interfaces in the connection

n (Ac;) number of load cycles for a given range Ag;

N (Aoy) number of load cycles at failure for the range Ag;,

Py characteristic tensile strength of pre-stressing steel

P\ock-off lock off load for rock anchor

P, Piock-off load transferred to the foundation by the rock anchor after completion of
stressing operation (after locking)

Py anchor proof load

Ppo,1k anchor yield strength

= plastic (uniform) ground pressure based on eccentricity calculation

9Rd design values of bearing capacity of soil in ultimate limit state

r transition radius

R foundation radius in contact with the subgrade

Ra surface roughness parameter Documents
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Ry
RRrk
RRpl
It
lot

T,

extreme,min/max

T,

erection,min/max

AT}
AT,

AT,

AT,

Yf, Temp
Yinf

™

M3

Tsup

ot

Aor.N

Ox,R,d-EC

°ll

Sl

design value of stabilising action comprising gravity and soil resistance
reduced reference buckling resistance

plastic reference resistance

flange thickness

total flange thickness including weld neck

extreme temperature range

allowable temperature range to be defined for the erection of the tower
characteristic temperature action on concrete towers

uniform temperature difference in concrete towers with respect to the
temperature at the time of erection

cosine shaped temperature difference on concrete towers caused by solar
irradiation

temperature difference for concrete towers between inside and outside wall
surfaces

ratio of moduli of elasticity for reinforcement steel and concrete

partial safety factor for temperature actions on concrete towers
partial safety factor for favourable prestress

partial safety factor for material

partial safety factor for rock anchor bond strength

partial safety factor for unfavourable prestress

opening angle along the girth of the door opening

total strain

diameter of bore hole

friction coefficient

poisson’s ratio (of the soil)

structural hot spot stress for a linear elastic material model
design yield stress of the material

fatigue strength represented by "S-N-curves" (W&hler curves)
meridional design buckling stress according to EN 1993-1-6

one component of the Cauchy stress tensor in one principal direction of
Cartesian coordinate system (e.g. o)

one component of the Cauchy stress tensor in a principal direction of
Cartesian coordinate system perpendicular to o (e.g. oy or cy)

Shear stresses in component in the plane of the directions of o) and o |

4.2 Abbreviated terms

DLC design load case

FLS fatigue limit state

GIR ground investigation report

GMNA  geometrically and materially nonlinear analysis Documents
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GMNIA geometrically and materially nonlinear numerical buckling analysis with imperfections

included
MNA materially nonlinear analysis
psfl partial safety factor for loads
psfm partial safety factor for materials
RNA rotor nacelle assembly
Sl geotechnical site investigation
SLS serviceability limit state
ULS ultimate limit state

5 Design basis including loading

5.1 General

Clause 5 is intended to cover the engineering design basis required for the major engineering
disciplines to establish support structures for onshore wind turbines.

In order to provide a standard that will be useful to the industry, a comprehensive treatment of
some topics is provided where there is currently no relevant international reference. For well-
known topics for the design of structural members, Clause 5 is intended to be used in
conjunction with suitable reference standards for support structure design. It is allowable to use
suitable reference standards that provide the required level of safety as specified in
IEC 61400-1 or IEC 61400-2. Only other IEC and ISO documents will be referenced directly in
the text.

5.2 Basis of design
5.21 Basic principles

The structure shall be dimensioned in such a way that it withstands the applied actions during
pre-commissioning with and without nacelle and rotor, erection and the design lifetime. If
required, this shall also include transport to initial installation or decommissioning. In general,
a consideration of all load cases given in IEC 61400-1 or 61400-2 is sufficient for dimensioning.
However, the additional loads due to inclination of the tower and the foundation as well as
influences from temperature and vortex induced vibrations shall be taken into account.
A consideration of additional actions according to local standards may also be necessary.

The design of the structure shall be in accordance with a selected recognized series of
standards or a reference standard. The series of standards or reference standards shall
appropriately cover the necessary areas of the design of wind turbine support structures and
where necessary be supplemented with additional requirements as specified in this document.
In particular, the verification methods shall correctly account for the execution standards of this
series to ensure a consistent design. The combination of standards from different series shall
only be permitted if it has been verified that the combination does not reduce the reliability level.

The series of standards or reference standard shall comply with IEC 61400-1 or IEC 61400-2,
wherever necessary, for instance in regards to reliability levels and environmental conditions.

Minimum values of partial safety factors for materials may be taken from the selected series of
standards or reference standard unless specified in this document and as long as it is verified
that these fulfil the required reliability level stated in IEC 61400-1 or IEC 61400-2 in combination
with the given characteristic loads.

In Annex A, some standards are listed that fulfil the requirements above. The application of
other standards not listed in Annex A is possible if the required reliability level stated in
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IEC 61400-1 or IEC 61400-2 is met. The methods and safety factors shall not be mixed from
different reference standards so as to reduce the safety level.

The defined resistances in the selected recognized design codes are only valid if the material
requirements according to 6.3 and 7.3 are fulfilled.

5.2.2 Durability

The support structure shall be designed in such a way that time dependent changes of
characteristics do not affect the behaviour of the support structure unexpectedly over the design
lifetime. This includes also sufficient dimensioning against fatigue and, if applicable,
earthquakes.

Based on the design assumptions and environmental conditions, appropriate corrosion
protection systems shall be considered for the whole support structure. Where corrosion
protection is done by a coating, it shall be chosen and applied according to ISO 12944 (all
parts).

Furthermore, the service and maintenance intervals according to Clause 9 shall be observed.

5.2.3 Principles of limit state design

Conditions that concern human safety or the integrity of the structure are considered as ultimate
or fatigue limit states. As a simplification, the conditions before component failures may be
treated as limit states.

In general, verifications for the following limit states shall be carried out for structures:

e failures due to excessive deformations or due to the transfer of the entire structure or of its
components to a kinematic state or rupture or an unstable condition (ultimate limit state,
ULS);

o failure of the entire structure or its components due to fatigue or other time-depending
effects (fatigue limit state, FLS);

e limit states that consider the function of the structure or one of its components under normal
service conditions or the appearance of the structure (serviceability limit state, SLS).

The ultimate and fatigue limit states shall be verified for the design situations. Verifications for
the fatigue limit state shall be referred to the design lifetime of the structure.

5.2.4 Structural analysis

The dimensioning shall be carried out with appropriate models of the structural system in
respect of the limit states.

It shall be verified that the ultimate and fatigue limit states are not exceeded, if the appropriate
design values are used for

e the loads,
o the material properties,
o the component properties, and

o the geometric dimensions in the calculation models.

The verifications shall be carried out for all decisive design situations and load cases. Where
necessary, imperfections and deformations of the structure shall be included.

The verification shall also include the assessment of damping and frequency of the system as
specified in the design requirements. Documents
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5.2.5 Assessments by tests

The design and calculation of the structure may also be carried out in combination with tests as
described in ISO 2394 and IEC 61400-1:2019, Annex K. Laboratories carrying out the tests
should ensure that suitable requirements for calibration are followed.

NOTE Guidance about good practices for calibration can be found in ISO/IEC 17025.

In respect of values of resistance in principle, the derivation of both characteristic or design
values from tests is possible. The tests shall be carried out in a way that the required safety
and reliability level for the design situation according to IEC 61400-1 or IEC 61400-2 is met in
the verification (see also 7.6.2.2 of IEC 61400-1:2019).

If the series of standards or reference standard used for the verification of the structure provides
rules for assessments by tests, these shall also be considered.

5.3 Materials

Specific requirements are given for each type of material in 6.3 and 7.3.

All material shall be treated in accordance with relevant standards in regards to quality
requirements and test conditions.

Characteristic values of the material properties shall be taken from corresponding standards
unless sufficient test data is available to reach the required reliability level implied in
IEC 61400-1.

54 Loads

5.4.1 Use of IEC 61400-1 or IEC 61400-2 load cases and partial safety factors for
loads

The loads used to assess the ultimate limit state and fatigue limit state of towers and
foundations according to this document shall be derived according to IEC 61400-1 or
IEC 61400-2 and shall use the safety factors specified in IEC 61400-1 or IEC 61400-2 unless
otherwise specified in this document. The tower or foundation may be designed for alternative
environmental conditions, i.e. conditions that differ from those used in the rotor nacelle
assembly verification. Additionally, the site specific loads may be distributed around the tower
to take account of the wind direction, for example fatigue loads on any one point on the tower
or foundation may be reduced by accounting for wind direction where for example position of
openings can be arranged in the less fatigue loaded zones. This shall only be applied in the
case of towers or foundations for a specific site.

The dynamic analysis methods for internal load calculation shall use the soil/foundation
dynamic stiffness for all load levels.

In regions, where seismic activity may possibly affect the loading, the seismic load cases shall
also be calculated as specified in accordance with IEC 61400-1 or IEC 61400-2 and the
appropriate regional seismic standards. A guideline on the seismic load estimation on tower
and foundation is described in Annex O.

5.4.2 Superseding of IEC 61400-1 or IEC 61400-2 partial safety factors for materials
The partial safety factors for materials given in this document supersede requirements in

IEC 61400-1 or IEC 61400-2 for onshore wind turbine tower, foundation and geotechnical
design.
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5.4.3 Serviceability load levels
54.3.1 General

Serviceability load levels shall be used for the serviceability limit states, that is, according to
ISO 2394:2015, 2.2.10, a "limit state concerning the criteria governing the functionalities related
to normal use"1.

Wind turbine towers and foundation differ from most civil engineering structures in a way that
they have a very small ratio of static loads to dynamic loads. Therefore, for design of wind
turbine towers and foundation, SLS loads according to 1ISO 2394 are modified such that the
SLS load levels S1, S2 and S3 are applied, corresponding to the characteristic load level and
to two frequent load levels, of different levels of frequency. The more frequent load level (see
S3 below) is used for situations generally analysed with a quasi-permanent load level.

In case of serviceability limit state analyses, the same load simulations shall be used as above
but the partial safety factor for load specified in IEC 61400-1 or IEC 61400-2 shall be replaced

by Tserviceability where:

Yserviceability ~ 1,0 (1)

NOTE There are multiple load levels used for SLS analyses. Some of these load levels are directly specified in
IEC 61400-1 or IEC 61400-2. However, others are derived from the same load simulations using the specifications
below.

5.4.3.2 S1 - Characteristic value of normal and transport cases

The values are equal to extreme values from the complete set of cases denoted by use of
normal psfl. This SLS load level shall normally be represented by time history data in an
orthogonal system at relevant points in the system, which may then be used to generate time
histories of the stresses through linear and non-linear models. It is allowed to represent this
SLS load level by a matrix of orthogonal loads at critical points in the structure if the combination
of loads will give a conservative stress.

The psfl for SLS as required by this document shall be applied.

5.4.3.3 S2 - p = 104 from fatigue spectrum load levels
The values are equal to 0,01 percentile values from the complete set of design load cases (DLC)
1,1 as required by IEC 61400-1:2019, 7.6.2. For each structural component, a probability

distribution shall be created for the load in the direction that produces the highest stresses.
Alternatively, the following simplifications may be applied:

— for the foundation, the loads in the cross wind direction may be ignored;

— for the tower, the required percentile value may be derived from a probability distribution of
the resultant load at each tower location.

NOTE p =10~ implies a period of exposure to higher loads of 0,87 hours per year.
5.4.3.4 S3 - p = 102 from fatigue spectrum load levels

This is derived as for S2 above, but the 1 percentile values are used.

NOTE p =102 implies a period of exposure to higher loads of 87 hours per year.

1 No serviceability limit states are defined in IEC 61400-1. Documents
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5.4.4 Load combinations in ULS
54.41 Prestressing in concrete

Prestressing shall be classified as a permanent action. Prestress in most situations is intended
to be favourable and, for the ultimate limit state verification, the partial safety factor for loads

Yfprestress Shall be used.

'Yf’prestress,favourable =09 (2)

If the prestress is unfavourable, then the minimum partial factor for global and local analysis
shall be as follows.

Vf=prestress,unfavourable =11 (3)

When measures are taken to reduce the uncertainty on the prestress load, the factors can be
taken as Yf,prestress,favourable > 0,9 and Yf,prestress,unfavourable <1,1. While a hlgh accuracy of the

tensioning devices may improve the accuracy of the initial level of prestress, the remaining
uncertainty with respect to the losses of prestress shall also be considered if y; ,csitress favourable

and Yf,prestress,unfavourable 8ré to be modified.

For local effects (e.g. load introduction areas) and stability analysis (e.g. buckling),

V£ prestress,unfavourable Shall in no case be taken as less than 1,1.

5.4.4.2 Seismic loading

Seismic loading shall be superposed with operational loading (see IEC 61400-1 or
IEC 61400-1:2019, 11.6). The partial safety factor for seismic loading is given in IEC 61400-1.

5.4.4.3 Other climatic loads such as snow loads

Snow and climatic loads are normally considered insignificant but shall be considered if relevant
in site specific cases serviceability limit state load, S1, with a partial safety factor for load as
follows.

Yt climatic action = 1,0 (4)

5.4.4.4 Temperature effects

Thermally induced stresses shall be checked in the presence of serviceability limit state load,
S1, in combination with the temperature effect with partial safety factor for load as follows, when
temperature effects are the dominating load.

Vf’temperature action — 1,35 (5)
Load combinations with other loads shall be found in 7.2.3.1 for concrete structures.

5.4.4.5 Buoyancy effects
Buoyancy effects shall be accounted as described in IEC 61400-1:2019, 7.6.2.3.
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5.4.5 Structural damping values to be used in load calculations

The tower and foundation modal damping values used in the derivation of loads described in
5.4.1 shall be justified by relevant measurement or analysis. Annex P gives some guidance.

The damping shall be calculated conservatively accounting for geometry, materials and mode
shapes in the case of towers consisting of a combination of concrete, steel tubular, lattice or
other structural sections.

Structural damping does not include the following sources:

e aerodynamics of the structure;
e control actions, either aerodynamic or electro-mechanical;
e mechanical dampers;

e soil damping.

However, all of the above may be accounted for in the appropriate part of analysis, for example
aerodynamics and control actions damping are modelled in the aero-elastic modelling.
Mechanical dampers and soil effects may be modelled through explicit addition to the structural
damping.

5.4.6 Definitions and methods for use of internal loads

The loads provided by the methods in IEC 61400-1 or IEC 61400-2 are external loads that can
be used to calculate the loads between internal sections and interfaces such as flanges. The
methods of structural analysis shall take account of this. This is a particular issue for use of
loads with finite element modelling where it is necessary to ensure that internal loads are
represented correctly at the relevant interface but cannot be applied directly as the interface
cannot be a free edge or shall be constrained correctly. See also Annex N.

54.7 Definition of required load data for fatigue analysis

The fatigue loads shall be available as time history data in an orthogonal system at relevant
points in the system, which may be used to generate the stresses at critical locations through
linear and non-linear models. The load shall be appropriate to the structural component under
analysis.

Fatigue analysis methods shall use rain flow cycle counting (refer to IEC 61400-1 or
IEC 61400-2).

The data shall be presented as Markov matrices which give the number of cycles of load for
each bin of load mean combined with each bin of load cycles. Analyses shall either use the
most severe value of the bin range to ensure conservatism or a value weighted according to
the used SN-slope. There is no limit to how large or small the bin ranges may be.

Other forms of fatigue load representation are allowed to be used for appropriate purposes. The
use of range cycles without means is allowed for certain structural details, for example welding,
or where a conservative mean load assumption is made. Damage equivalent loads are only
allowed to be used in situations with selection of S-N curve slope and reference number of
cycles, where the single linear slope is chosen to conservatively represent the actual S-N curve.

5.4.8 Definition of required load data for extreme load level

The extreme load level shall be represented by a table of design loads (three forces and three
moments for a defined orthogonal axis system, plus the resultant horizontal force and
overturning moment) at critical points in the structure selected in such a way that the
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combination of loads will give the most conservative stress. This table provides the extreme
value in each load component and the contemporaneous values in the other load components2.

For clarity in some strength calculation methods, the table of orthogonal characteristic loads
shall also be provided, that is, without the application of psfl.

The use of contemporaneous loads in the strength assessment shall follow IEC 61400-1 or
IEC 61400-2.

549 Vortex induced vibration

Lateral oscillations forced by flow instability due to the local tower aerodynamics, especially at
the tower modal frequencies, commonly known as vortex induced vibrations, shall be
considered in the calculation of fatigue life and extreme loading3. The damage caused by the
vortex induced cross wind vibrations (ViV) shall be assessed for all states of the tower and
turbine assembly process, for periods of maintenance and standby.

The damage caused by ViV may be neglected up to a value of damage sum of D = 0,10.

Otherwise, the damage due to the ViV in excess of 0,1 and the damage in cross wind direction
for fatigue loads due to the turbine lifetime shall be added.

In the calculation of the actions due to the ViV, the aerodynamic damping shall not be applied.

5.4.10 Loads due to geometric tolerances and elastic deflections in tower verticality

The loading effect of displacement of the tower and rotor-nacelle assembly away from the
designed undeflected vertical position shall be included in the loads as defined in IEC 61400-1
or IEC 61400-2 or shall be separately calculated as a requirement of this document.

The following influences shall be considered:

e horizontal displacement due to elastic deflection;

o difference between static and dynamic rotational stiffness of the foundation;

e imperfections;

e loadings due to differential settlement;

o temperature, including differential heating affects;

e non-linear deflections due to cracked cross-sections of concrete towers and foundations.
The load calculation methods required by IEC 61400-1 or IEC 61400-2 include the loading

effect of gravitational loads due to elastic deflections of the structures from initial positions,
including the apparent stiffness reduction.

The allowable tolerances in tower verticality4 shall be stated in the design documentation and
shall include initial effects during assembly and installation, short term effects due to thermal
expansions and long term effects due to permanent soil subsidence. The effect of tower
verticality on gravitational loads shall be taken into account separately during the structural
analysis of tower and foundation.

2 The highest resulting load will not necessarily be governed by an extreme value in one direction.

3 Procedure 2 in EN 1991-1-4:2005, Annex E, can be used to estimate the amplitude of vortex induced vibrations
and the corresponding inertia force per unit length.

4 The wind industry has specified typical limits of 5 mm lateral displacement per metre of height for theyi |[afi
manufacturing and thermal effects, and 3 mm/m for uneven subsidence. b&&ﬁments
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Additional loads due to second order effects shall be considered in the tower and foundation
calculation for ultimate limit state analysis. As a simplification, they may be assumed to have
negligible influence on the stiffness of the structure. Accordingly, second order effects may be
included as additional quasi-static loads (predominantly bending loads due to vertical forces
and horizontal displacements of the tower).

Many state of the art aero-elastic load simulation software include the above-mentioned second
order effects so additional quasi-static analysis above may not be required. This shall be made
clear in the mechanical and structural design loading specifications.

5.5 Load data and interface reporting requirements
5.5.1 Purpose

A tower or foundation shall only be shown to be compliant with this document if the design has
been based on certain data which is specific to the wind turbine rotor nacelle assembly to be
used with that tower and foundation. The interface document may relate to a tower and
foundation combination, or a foundation only.

5.5.2 Wind turbine specification

The load data and interface reporting shall present certain cardinal information for the wind
turbine to ensure unambiguous association with a specific wind turbine rotor nacelle assembly
configuration. This data shall include at least the following:

e model designation;

o RNA design wind class or Class S environmental conditions (see below in case of alternative
environmental conditions);

It is allowable for any of the environmental conditions for the tower design to differ from
those for the RNA. In case of such alternative environmental conditions, these conditions
shall be individually specified. These alternative environmental conditions would not imply
a change in the site suitability of the RNA.

¢ top flange height above ground level;
e assumed foundation inertial parameters, (may be stated to be negligible);
o allowable tolerances, including verticality due to build and settlement;

e foundation and geotechnical allowable dynamic and static (if appropriate) stiffness level,
rotational and lateral.

The following information is only required if the data is intended for a tower design:

e assumed system fundamental bending mode frequency range in both principal axes;

e damping values using in load derivation, including justification if not compliant with 5.4.4.5;
e assumed tower external geometry;

o tower top flange configuration;

e other tower constraints, for example cables, dampers.
The following information is only required if the data is intended for a foundation design:

e tower — foundation interface details;
o foundation interfaces for electrical and other services, including limits on settlement;

e also note requirements relating to piles in 8.6.

The following parameters are not mandatory but may assist in the association of the data to the
turbine type:

e rotor blade designation; Documents
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e rated power;
e undeflected rotor diameter;

e control software and parameter identification.

If the loads analysis shows that the inclusion of tower modes higher than the fundamental
increases any critical load by more than 3 %, the assumed range for the other modes shall be
provided.

In the case that the tower top flange design is provided separately, sufficient information shall
be provided to reproduce this design and to ensure a correct geometric, functional and structural
interface.

5.5.3 Time history data

All relevant loading data shall be made available in time history form for tower design.

5.5.4 Load origins
It shall be ensured that data is available at all critical points. It is suggested that at least the

following critical points, known as origins, are considered; tower top, tower bottom, and at
relevant levels (e.g. connection points for tower sections secured with fasteners) in the tower.

5.5.5 Load components
Load data shall be presented in six component form as internal loads at the required origins on

a specified cross section; forces in three orthogonal right-handed axes and moments about
those axes, where one axis is normal to the cross section.

5.6 General structural design requirements
5.6.1 Secondary structural influence

The effect of secondary structural elements on the strength or fatigue life of the primary
structure shall be included in the analyses.

5.6.2 Fatigue analysis

The calculated fatigue damage due to different range levels shall be summed in the fatigue
verification according to the Palmgren-Miner’s rule. The damage sum Dg that results from the

critical fatigue loading shall satisfy the following condition:

where

n (Ao;) is the number of load cycles for a given range Ag;;

N (Ao;) is the number of load cycles at failure for the range Ac; accounting for mean stress
when appropriate and for the partial safety for materials and loads.

The damage sum limits shall be lower than 1,0 if specified in the reference standard.

5.7 Delivery documentation

The documentation shall be consistent with IEC 61400-1:2019, 12.6.
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6 Steel towers

6.1 General

Steel design principles are mostly well defined and documented in the literature, including
reference standards. Clause 6 provides additional or more detailed rules and guidance that are
specific to onshore wind turbine towers and complement the more general requirements of
existing standards.

Clause 6 provides requirements in the form of general statements and analytical methods.
Guidance on acceptable calculation methods which are considered to comply with the
requirements are presented in Annex A to Annex G.

6.2 Basis of design

The basis of design requirements are given in 5.1.

6.3 Materials
6.3.1 General

In 6.3, the requirements for structural steels and bolt material are specified. Other materials
may be used if their material properties (e.g. ductility) comply with the assumptions of the
verification methods.

6.3.2 Structural steels
6.3.2.1 Structural steels requirements

Only structural steel that meets the following requirements regarding the ductility, fracture
toughness and weldability shall be used.

To ensure a better weldability, better resistance of aging and a lower brittle fracture risk,
structural steels shall be semi-killed under normal climate conditions and fully-killed under cold
climate conditions (deoxidation according to recognized methods).

NOTE A list of structural steels that fulfil the requirements regarding ductility and fracture toughness are given in
Annex B.

6.3.2.2 Ductility

Nominal ratio of tensile strength to yield strength shall be equal to or greater than 1,10.
Elongation at failure shall be greater than or equal to 15 %.

6.3.2.3 Fracture toughness

The fracture toughness is defined as "minimum impact energy to be absorbed at test
temperature" for standard size V-shape probes according to ISO 148-1. The probe cutting
direction of welded specimens shall consider ISO 9016:2012.

The required fracture toughness shall be determined considering:

o the lowest component temperature (radiation losses included);

e the part thickness;

o the critical stress level in regard to the yield strength (depending on the plate thickness);
e the hot dip galvanization, if applicable.
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The determination of the required fracture toughness of the material shall be done according to
the reference standard or by fracture mechanic methods.

The critical stress level may be determined as nominal stresses in the critical cross-sections
and structural parts at the location of the expected crack propagation (e.g. at circumferential
collar stiffeners or flanges)5.

The lowest component temperature shall correspond with the critical stresses that shall be
determined at load level S2 (see 5.4.3.3).

For normal climate conditions, a lowest component temperature of —30 °C shall be applied for
the steel grade selection. For cold climate conditions, the temperature for steel grade selection
shall be 10 °C lower than the lowest ambient temperature during operation. Effects of cold
forming and increased strain rates may then be neglected.

As an alternative to the above, the lowest component temperature may also be determined by
using the actual lowest temperature in the normal temperature range. In that case, effects of
cold forming and increased strain rate shall be taken into accountb.

The fracture toughness of the material shall be verified by destructive testing. The results of
the toughness tests shall be listed in material certificates. Here, pass-fail criteria of the Charpy
tests may be taken from the reference standard.

Regarding the fracture toughness of ring flange connections, the decisive material thickness
may be chosen under the following conditions.

a) For ring flanges with a weld neck, the decisive material thickness correlates to the
connecting tower shell thickness (b according to Figure 1) under the following conditions?.

The distance between the circumferential weld seam toe and the finished product (upper
side of the flange surface) shall satisfy Formula (7) (parameters » and [/ according to
Figure 1). Otherwise, the flange shall be evaluated as "without weld neck".

r+ [z max. (r, 10 mm) (7)

If no weld preparation is specified, a double V butt weld preparation with a bevel angle of
45° (to both sides) may be assumed for calculating the effective distance, c.

c=bl2 (8)
Conservatively, the whole flange thickness (7, according to Figure 1) can also be taken

into account for the verification of sufficient material fracture toughness.

b) For ring flanges without a weld neck, the decisive material thickness correlates to flange
thickness (#; according to Figure 1) of the ring flange.

5 Within the acknowledged state of the art, stress concentrations at openings, the tower top or other structural
details do not need to be considered.

6  For definition of the climate conditions, please refer to IEC 61400-1.

7 The location of the weld toe may be coincident with the end of the weld preparation Documents
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sl
<
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Key
t flange thickness

ot total flange thickness including weld neck

by flange width

r transition radius

c flank height of the weld preparation

b weld neck thickness (normally equal to the thickness of the connected tower shell)
/ distance from transition radius to weld toe (= ¢, — #; —r —¢)

NOTE In Figure 1, the length / is defined as the distance from the end of the radius to the beginning of the bevel
edge. In regards to the formula, it might be necessary to take a shorter distance / into account as the position of the
weld toe may not be identical to the end of the bevel edge but nearer to the radius due to an overlapping of the weld
seam.

Figure 1 — Flange notations as an example of an L-flange

6.3.2.4 Through-thickness properties

The requirement of a necessary through-thickness property for the material arises from welding,
when shrinkage of welds is restrained locally or globally in through-thickness direction, and
needs compensation by local plastic through thickness strains. Therefore, for plates that are
loaded perpendicular to the rolling direction, required properties according to a selected
recognized standard shall be verified.

For flanges with weld necks produced from plates (plate thickness is the same as flange height
t;ot according to Figure 1), the neck height may only be added to favourably improve the results

if the distance from the weld transition to the end of the fillet radius (/ + r according to Figure 1)
corresponds to at least the half of the neck thickness (b according to Figure 1):

[+ 7r=b/2
For flanges produced from plates that are loaded longitudinally to the rolling direction (plate
thickness is the same as the flange width b,,; according to Figure 1), and for flanges that are
produced from a seamlessly rolled ring or from a bar rolled on all sides, through-thickness

properties need not be verified.

In Annex D, a verification method of the through-thickness property is provided.
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6.3.2.5 Weldability

The chemical composition of the steel shall be suitable for welding according to the execution
standards on which the design is based.

6.3.2.6 Freedom from lamination

Sufficient freedom from lamination for plates loaded perpendicular to the rolling direction shall
be verified (e.g. by ultrasonic testing). Acceptance criteria should be derived from referenced
design and manufacturing standards.

6.3.3 Bolts and anchors

The material for bolts and anchors shall comply with the requirements stated in 1ISO 898-1 or
equivalent. Bolts bigger than those covered by ISO 898 (M39) shall be derived rationally from
those covered in the reference standard. For the bolts in the ring flange connections, only
classes 8.8 and 10.9 are allowed.

Bolts of grade 12,9 may be used if compliant with the recognized design code. Such bolts shall
not be hot dip galvanized. An alternative coating system as well as the mechanical properties
in combination with the procedure for applying the pretension to the bolts shall be evaluated in
this case.

The applicable temperature range of the bolt material shall correspond to the climate conditions
of the wind turbine specification.

A comparison of local standards and usage of best practice can be found in Annex A.

6.4 Ultimate strength analysis for towers and openings
6.4.1 General

The verifications shall be carried out with the requirements for ultimate strength analysis
according to 7.6.2 of IEC 61400-1:2019.

6.4.2 Partial safety factors

Partial safety factors shall be chosen based on the applied standard. Minimum safety factors
for ULS are defined in IEC 61400-1 or IEC 61400-2.

Towers for wind turbines consist of generally non-damage tolerant structural components
resulting in component class 2 according to IEC 61400-1.

6.4.3  Verification of ultimate strength

The verifications shall be carried out with the most unfavourable of all design load case
combinations of gravitational loads, resultant bending moment, torsion moment and resultant
shear force.

6.4.4 Tower assessment

In cylindrical and conical tubular steel towers, the stresses required for the ULS verification
may be determined according to shell membrane theory. That means, for example, for the
transfer of wind loads, the elementary pipe bending theory may be applied. Shell bending
moments due to irregular wind pressure around the perimeter or restraint stresses due to edge
disturbances at flanges or stiffeners may be neglected. At transitions with varying conicity,
which are not supported by ring stiffeners or flanges, the local circumferential membrane
stresses and shell bending moments due to the force deviation shall be considered.
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For tower areas weakened by openings and other specific detail assessments, see 6.4.5.

6.4.5 Detail assessments
6.4.5.1 Openings

For openings in tubular steel towers, the stress concentration at the opening edge shall be
considered.

6.4.5.2 Tower top flange

In the stress analysis of the tower top flange, stress concentrations shall be considered for the
circumferential weld seam and for the transition from a weld neck to the flange, which may be
a radius (see Figure 1).

Non-linear effects shall be considered in the load transfer from the yaw bearing, including any
uneven load path from the nacelle to the top flange and the effect of the bearing contact angles
and changes in contact points, which requires detailed information from the wind turbine
specification. A flange design may be presented in the wind turbine specification for use on any
tower design given that the flange design load envelope equals or exceeds the design load
envelope for the tower.

6.4.5.3 Dealing with local plastifications

Without detailed material nonlinear analysis, local plastifications shall be limited to small
regions for ULS.

For ULS, the total strain can be estimated with the Neuber's rule using von Mises stress hot
spot stresses derived with a linear elastic material model. Residual stresses from welding and
imperfections may be neglected. In case the Neuper’s rule is used to estimate total strain in
case of plastifications, the total strain shall be limited to 1 %.

where

ot IS the total strain;
onhs is the structural hot spot stress for a linear elastic material model;

o is the design yield stress of the material.

y,d
If fatigue assessment for welded details is performed with local approaches, then no local
plastification (evaluated based on the extrapolated structural stress) shall occur for the
maximum fatigue load level from the fatigue load cases determined in Table 2 of
IEC 61400-1:2019, unless more detailed assessment of low-cycle-fatigue is performed. Here,
residual stresses from welding and imperfections may be neglected.

6.5 Stability
6.5.1 General

Stability analysis of steel towers shall be performed considering the relevant failure modes for
the specific type of structure, i.e. shell buckling for tubular towers or beam buckling of lattice
towers.

Stability analysis for steel tube towers may be carried out based on the length of the section
between flanges if the flanges are either L- or T-flanges. For other concepts, it shall be verified
that the section connections will provide the necessary boundary conditions to only calculate
section wise, otherwise the full tower height shall be used. Documents
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The verifications shall be carried out with the most unfavourable of all load case combinations
of gravitational loads, resultant bending moment, torsion moment and resultant shear force.

6.5.2 Partial safety factor

Partial safety factors shall be chosen based on the applied verification method. Minimum safety
factors for buckling verifications are defined in 5.4.8

6.5.3 Assessment

The buckling safety verification for the wall of a tubular steel tower shall be carried out with
either of the following techniques:

e analytical verification according to recognized procedures;
e numerically assisted buckling safety verification.

Different degrees of consideration of non-linearities of material, geometry (MNA, GMNA) as
well as imperfections (GMNIA) are described in literature, for details see for example
references in Annex A.

If numerically assisted buckling safety verification is used, the main input parameters are the
plastic reference resistance, elastic reference resistance and imperfection sensitivity. The
plastic reference resistance may be calculated numerically, or (where available) by algebraic
formulae. Reduction of resistance due to presence of imperfections shall consider the worst
case scenario, either by direct inclusion of imperfections in the numerical model, or alternatively
by slenderness dependent knock-down curves.

The imperfections considered in the design shall cover the potential geometrical, structural and
material imperfections that are expected to occur during fabrication and installation.

6.5.4 Door frames/stiffeners

The buckling safety verification for openings with or without stiffeners in a tubular steel tower
shall be carried out with one of the following techniques:

e a geometrically and materially nonlinear numerical buckling analysis with imperfections
included (GMNIA);

e an analytical verification according to the methods suggested by Velickov (see Annex E);

For openings with stiffeners, the cross section of the stiffener should be centred to the tower
shell in the 3 and 9 o’clock position of the stiffener (see Figure 2 and Figure E.2). For
cylindrical shells, a misalignment from the centre is allowed in the range up to the
centralization of the stiffener to the tower shell in the 12 o’clock position of the stiffener. For
conical shells, additional considerations may be necessary.

e alternative methods from literature including modifications, simplifications or extensions of
above-mentioned approaches may be considered if they lead to a comparable safety level.

8 The limitation of the diameter to thickness ratio D/t related to the method according to EN 1993-1¢6 i
is stated in IEC 61400-1:2019, 7.6.2.4, can be omitted according to the background document [S]Ba(&wents
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