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It is the mark of an instructed mind to rest assured

with that degree of precision that the nature of the subject admits,
and not seek exactness

when only an approximation of the truth is possible.

Aristotle

Foreword

Twelve years after the first draft on the new approach in Design by Analysis was
published by CEN TC 54 WG C, seven years after the adoption of the legal basis
for its usage in the design of pressure vessels, the so-called Pressure Equipment
Directive (PED) [1], five years after the issue of the Design-by-Analysis Manual
[3], a handbook based on the draft of this new approach, five years after the com-
ing into force of the PED and the approval of the harmonized standard EN 13445
Parts 1 through 5 [2] on unfired pressure vessels, seems to be the right time for a
comprehensive, consolidated compendium related to this new approach, which is
now called Direct Route in Design by Analysis, and which is laid down in the nor-
mative Annex B of EN 13445: Unfired Pressure Vessels, Part 3: Design.

This book had already been planned long ago, as a continuation of my basic
textbook on the fundamental principles of the structural design of pressure vessels
[4], in German. Discussions at international conferences, experience in interna-
tional research groups, and the numerous publications on this topic [5-22], have
convinced me that a publication in English is the best vehicle to achieve the de-
sired objective — the promotion of this new and promising approach in the design
of pressure vessel components.

Most admissibility checks of the structural design of pressure vessels are based
on the concept of Design by Formulae (DBF), which involves relatively simple
calculations to arrive at required thicknesses of components, or cross-sectional di-
mensions, via more or less simple formulae or diagrams, and by usage of the con-
cept of the nominal design stress, also called allowable stress, allowable working
stress, or design stress intensity. Most of the space of design codes is devoted to
this concept, and this concept is still part of the culture and state of the art in pres-
sure vessel structural design. The great benefit of the DBF approach is still its sim-
plicity, only in the recent past the formulae and calculations in DBF have become
more and more elaborate, pretending accuracy that is often not there.

ix
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x Foreword

The DBF approach is limited to specific geometries and geometric details, and
involves strict adherence to specific rules delineated in the standards, adherence to
strict restrictions with regard to the range of validity of the formulae, and strict ad-
herence to the relevant material, manufacturing, and testing requirements. If, for
example, specified manufacturing tolerances, which are usually based just on good
workmanship concepts, are exceeded, this approach cannot be used without addi-
tional proof of the admissibility, and this proof is, in general, not possible within
the approach.

The DBF approach is also limited with regard to the actions for which formu-
lae are provided. Often awkward and inefficient rules have to be applied to incor-
porate e.g. environmental actions, agreed upon rules based on the state of the art
in other fields of engineering technology.

In the determination of the nominal design stress, the DBF approach employs
only one safety factor for normal operating load cases and one for testing load
cases, this approach lacks, therefore, the flexibility to adjust safety margins ac-
cording to differences in the dispersion of actions, the likelihood of combinations
of actions, the consequences of failure, and the uncertainty of the analysis.

The Direct Route in Design by Analysis, on the other hand, is very flexible, al-
lows for any combination of actions, any geometries and geometrical details, ad-
dresses directly the creativity of the designer, and is, possibly, restricted only by
material and non-destructive testing requirements.

This book is intended as a support of the Direct Route in Design by Analysis as
laid down in EN 13445, Part 3: Design, Annex B. It is intended as a reference book
for this new approach, by providing background information on the underlying
principles, basic ideas, and presuppositions. Examples are included to familiarize
the reader with the details of this approach, but also to highlight problems, solu-
tions, and information gained by means of the diverse procedures used.

This book is intended as a guidebook for the Direct Route in Design by
Analysis: This Direct Route is new, very general, with very wide application
range; terms and concepts are used in a very general context; new ideas, new
terms, and definitions have been introduced, old and familiar designations used in
a new, unfamiliar sense, with more general definitions — a guidebook in this new
territory of design of pressure vessels is considered essential.

Design check specific chapters include introductory sections, with a description
of the design check’s background and associated phenomena, as a guide in the ex-
ecution of the design check’s investigations.

These design check specific chapters are concluded by dedicated, typical ex-
amples, which are intended as illustrations of the design checks’ principles and ap-
plication rules, to elucidate their applications, but also to indicate the possibilities
of knowledge gain on the design and its behaviour.
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Foreword xi

Being dedicated to the advancement of the Direct Route in Design by Analysis
as laid down in Annex B of EN 13445-3 [2], the scope of this book is limited to
that of the standard:

Design, construction, inspection, and testing of unfired pressure vessels made
of sufficiently ductile steels and steel castings.

The definition of pressure vessels is the one of the PED [1], encompassing ves-
sels designed and built to contain fluids under pressure with a maximum allowable
pressure PS greater than 0.5 bar. Excluded from the scope are, for example, trans-
portable equipment, pipelines to and from installations, and items specifically de-
signed for nuclear use, the failure of which may cause a release of radioactivity.

Sufficient ductility is already defined, as a general rule, in the PED, and detailed
in Part 2 of the EN 13445.

The minimum elongation after fracture in any direction shall be =14%. The spec-
ified minimum impact energy measured on a Charpy-V-notch impact test specimen
(EN 10045-1) shall be = 27 J for ferritic and 1.5-5% Ni-alloy-steels, and = 40 J for
steels of material groups 8, 9.3, and 10, at a test temperature in accordance with
Annex B (requirements for prevention of brittle fracture) of EN 13445-2, but not
higher than 20°C. For the determination of this test temperature for the impact test-
ing of base metals, of heat-affected zones (including the fusion line), and of weld
metals, Annex B of EN 13445-2 provides two alternatives, one based on long-stand-
ing practice and one on fracture mechanics. This test temperature is lower, equal to,
or higher than the minimum metal temperature, depending on the material, the rele-
vant thickness, the stress level, and whether welds have been post weld heat treated
or not.

The first method for the determination of this test temperature has been devel-
oped from operating experience, it is applicable to all metallic materials in the
scope of this EN 13445-2, but is limited to material group-related thicknesses.

The second method is based on fracture mechanics and operating experience.
This method encompasses a wider range of thicknesses than the first method, but
is restricted to ferritic steels — C, C-Mn, and fine grain steels — and 1.5-5% Ni-
alloy-steels, all with a specified minimum yield strength of 460 MPa maximum.

As an alternative, in the third method, requirements for a (pure) fracture me-
chanics analysis are given in the Annex B of EN 13445-2. This method is quite
general, is applicable also in cases not covered by any of the other two methods,
and also for deviations from the requirements of the other two methods.

Furthermore, it is required that the chemical composition of steels intended for
welding shall be limited to specified (material group dependent) values, and if sub-
sequent manufacturing processes, including welding, may affect base material
properties, the changes in material properties are to be taken into account in the
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xii  Foreword

specification of the base material requirements, if the changes are to be considered
detrimental with regard to safety.

The book is, like the standard, also limited with regard to the rate of change of
actions — slow enough such that velocity dependence of material properties can be
ignored.

Being dedicated to the Direct Route in Design by Analysis as specified in EN
13445-3, the book deals solely with the design proper, as part of the manufactur-
ing, inspection, and testing process, before vessels are placed on the market and
put into service — the Direct Route to Design by Analysis is not intended for in-
service analyses.

The Direct Route in Design by Analysis is part of EN 13445-3, which in turn is
one part of a series of five parts, all dedicated to various aspects of design, con-
struction, inspection, and testing of unfired pressure vessels. Therefore, the book is
based on the presupposition that all relevant requirements of all other parts apply.

Usage of the Direct Route in Design by Analysis requires, for the time being,
the involvement of an appropriate independent body:

Due to the advanced methods applied, until sufficient in-house experience can
be demonstrated, the involvement of an independent body, appropriately qualified
in the field of DBA, is required in the assessment of the design (calculations) and
the potential definition of particular NDT requirements (EN 13445-3).

No standard and no handbook can encompass all the details encountered in
practical applications. This book is in this respect no exception, but the overall ob-
jective was to present, as far as possible, all the technical background information
to allow for the required interpretation in all the cases not dealt with in detail.

Josef L. Zeman

Vienna University of Technology
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On the Use of this Book

In many discussions, with colleagues and with students, I realized that many mis-
understandings and problems are related to different, or just fuzzy usage of desig-
nations and definitions of terms. Even frequently used terms, like shakedown,
structural stress/strain, are used and defined differently in the very same context
by experts of different “schools”.

At the same time, terms and definitions that are appropriate for simple calcula-
tions of simple structures under simple loads are carried over to modern detailed
analyses of complex structures subject to complex actions, where these outdated
terms and definitions are not appropriate (anymore), because they do not possess
the required flexibility.

Therefore, emphasis is on definitions and on usage of designations as general
and as clear as possible without a too strong interference with easy reading. To
keep the main text clear, most of the terms and definitions are put together in
Section 2.2. A definition can then be found via the subject index, where the rele-
vant number of the page containing the definition is in bold face.

Implicit definitions and definitions of more local usage are given in the text,
with the designations in bold face.

Direct, unchanged or only editorially changed, citations from legal documents
and from harmonized standards are in italics, followed by an abbreviated designa-
tion of the source.

The whole book follows strictly the Pressure Equipment Directive (PED) [1]
and Annex B of EN 13445-3 [2], without any intentional deviation, but, in cases
of doubt, it is the text of the PED and of this EN 13445-3 that is decisive. There
are a few cases where the text of Annex B of EN 13445 is not explicit enough,
where sufficient understanding of the basic ideas is required to obtain correct re-
sults. A typical example is the design check for deformation weakening GPD load
cases, where the ideas, specifications and requirements of different design checks
are to be combined to obtain the desired results. The relevant chapters here have
already been adapted, such that this “interpretation” is not required. Deviations
from the fatigue clause in EN 13445-3, Clause 18, and complementary require-
ments to Clause 18, indicated in the standard only as possible alternatives, are
clearly stated as recommended alternatives.

Xy
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xvi  On the use of this book

To keep load case-specific chapters and sub-chapters self-contained, repetitions
are unavoidable, are even considered helpful.

Design check-related chapters are complemented by examples, and all exam-
ples are collected in a separate annex, to make the main text better readable and
more compact. The numbering in each of the examples differs from the one in the
main text, inasmuch as it has been chosen to resemble those used in actual admis-
sibility checks: The first digit refers to the design check and the second to the load
case. The style chosen for many of the examples is that suitable for a design re-
port. The development of finite element method (FEM) software had a distressing
side effect: FEM input listings have become a rare species, despite their advan-
tages in reporting, in following input changes, and in checking of results. To pro-
vide a good example, most examples are complemented by input listings. But the
listings are included also to allow for easy experimentation with the mathematical
(FEM) models — the surest way to the understanding of the Direct Route is to
apply it.

To ease the usage for German speakers, translations of designations into
German are given (in italics) in the subject index.
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Chapter 1

Introduction

Within the European Union the coming into force of common national laws in the
pressure equipment field, all based on the very same legal act of the European
Parliament and the European Council, the so-called Pressure Equipment Directive
(PED) [1] created a serious need for corresponding complementary standards harmo-
nized at a European level, adopted by the European Committee for Standardization
(CEN) at the request of the European Commission.

The PED requires certain types of pressure equipment brought onto the European
Market to comply with the so-called essential safety requirements (ESR), in order to
ensure the required safety of pressure equipment. Compliance with the requirements
of a relevant harmonized standard provides for a product the presumption of con-
formity with the ESR that the standard addresses. The harmonized standards need
not be used, they are only one means of demonstrating compliance with the ESR of
the PED, but they are the only means that provide directly the presumption of con-
formity with the ESR.

This need for a harmonized standard created a unique chance and challenge: The
chance for a new approach to Design by Analysis (DBA), using all the knowledge
in engineering mechanics — theoretical as well as practical — and all the experience
with numerical methods and with commercially available hard- and software, used
in simulations of the behaviour of structures under various actions.

Work on this new approach, called Direct Route in Design by Analysis (DBA-
DR), started in 1992, the first sketch of a draft dates October 1992. The draft went
through (informal) enquiries repeatedly and formed the basis of an EU-research
project, which rendered proposals for changes and a handbook [3] with numerous
examples, input listings, etc.

This new approach, DBA-DR, is now laid down in a normative annex, Annex B
of Part 3: Design, of the harmonized standard EN 13445: Unfired Pressure Vessels
[2]. The relevant parts of this standard were approved on 23 May 2002: Part 1:
General, Part 2: Materials, Part 3: Design, Part 4: Fabrication, Part 5: Inspection
and Testing.

Since then, this new approach has been used in numerous industrial applications
and research projects; numerous papers deal with this approach and are dedicated
to it directly [5-21].
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2 Pressure Vessel Design: The Direct Route

Industrial applications and investigated examples have shown that this Direct
Route is a major step forward in DBA. This new approach is sound, gives the de-
signer (and the user) not only the presumption of conformity to the ESR of the
PED, but also, at the same time, much insight into the behaviour of components
and the safety margins against failure modes.

Furthermore, the DBA-DR has shown to be of great help in the determination
of safety-critical points and of critical actions. Therefore, this new approach can
lead, and has already led, to design improvements and to improved in-service in-
spection periods and dedicated in-service inspection procedures.

Applications have also pointed out one basic problem: The growing gap between
analysis software capabilities on one side and the expertise of the users on the other.

Some of the software tools are so easy to use that little thinking is required to
obtain fantastically looking, colourful pictures of stress distributions, and many
users tend to believe their results are correct because they look so good and con-
vincing. Wrong results look usually as good as correct ones.

The Direct Route has made DBA easier to use in the design process, more
straightforward and logical in the design decisions, but technical knowledge of en-
gineering principles and careful analysis of results is still a prerequisite of good
workmanship. It is still the analyst who has to decide on the model, the geometry,
and the boundary conditions. It is practically always necessary to use part models,
and the decision on the boundaries and the boundary conditions is a very critical
one, requiring thought, and, possibly, additional investigations.

A good DBA still requires from the analyst

e good workmanship with regard to the tools used,

o knowledge of the basic engineering principles and the phenomena involved,

o fantasy and creativity with regard to the selection of the models used,

e fair knowledge of the legal requirements pertaining to design,

o fair knowledge of manufacturing and testing procedures, and especially

e extreme carefulness in each step, from the design specification to the design
report.
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Chapter 2

General

2.1. General on the Direct Route in Design by Analysis

The direct route in design by analysis (DBA-DR) is a modern, advanced approach
to check the admissibility of pressure vessel designs. This approach is included, as
a normative annex, in the Harmonized Standard EN 13445, and, therefore, con-
formity of a design to the requirements of this approach as specified in the standard
implies presumption of conformity to the relevant essential safety requirements
(ESR) of Annex I of the pressure equipment directive (PED) [1].

This approach may be used

e as an alternative to the “usual” design by formulae (DBF) route,
e as a complement to the DBF route, for
o cases not covered by this DBF route,
o cases involving superposition of actions, e.g. wind, snow, earthquake, piping
forces, forces imposed by attached equipment,
o cases where DBA is explicitly required, e.g. by authorities in major hazard,
or environmentally sensitive situations, and
o cases where manufacturing tolerances specified in the standard are exceeded.

As an alternative to the DBF route, DBA-DR may be used even in cases within
the scope of the DBF route and within the scope of the formulae specified there.
As a complement to the DBF route, DBA-DR may be used in all cases outside the
scope of DBF formulae, and in cases not covered in the DBF approach. It may be
used in cases of superposition of various actions, where the DBF route is not spe-
cific enough or leads to overly conservative results. The DBA-DR approach gives
much insight into the behaviour of components and their safety, and shows criti-
cal design details and safety critical points, and, therefore, cases where authorities
require (additionally) a DBA-DR investigation are not uncommon.

If specified tolerance limits are exceeded while manufacturing, the DBF route
must not be used without additional proof of admissibility of the deviation —- DBA-DR
is a very convenient, admissible tool in such cases.

As a modern, efficient method for designing reliable pressure vessels for longer
service, the DBA-DR takes into account that the “usual” materials in pressure vessel
technology are ductile, that plastic flow does not necessarily limit the usability, and

3
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4  Pressure Vessel Design: The Direct Route

that onset of plastic flow is not a failure mode. Limited plastic flow in testing and
in normal operating load cases is admissible, even if it may occur repeatedly. It is
taken into account explicitly in constitutive laws of design models used, and in the
plasticity correction within the check against cyclic fatigue damage.

Because of the importance of the possibility of plastic deformation in efficient
pressure vessel design, and because DBA-DR is especially dedicated to “standard”
pressure vessels materials, this approach is, in the standard and in this work, for
the time being restricted to vessels made of sufficiently ductile steels and steel
castings and at operating temperatures below the creep regime. The extension to
vessels made of other sufficiently ductile materials and operating temperatures
below the creep regime is straightforward, and the extension to vessels operating
in the creep regime is under discussion.

The DBA-DR deals with pressure vessel failure modes directly, in the so-called
design checks. These design checks are named after the main failure mode they
deal with, but some design checks also deal with other failure modes, other than
the main name-giving failure mode. In these design checks the response of spe-
cific design models under the influence of specific design actions with respect to
specific limit states or specific response modes is investigated.

These design checks should not be confused with simulations of the structure’s
behaviour. Although they give much insight into the structure’s behaviour, design
checks are neither simulations of the structure’s behaviour, nor are they intended
to be simulations. The behaviour investigated or checked is the behaviour of the
design model. The analysis of this behaviour gives us information about the likely
behaviour of the real structure, but should never be confused with that.

The purpose of a design check is not to simulate the behaviour of a real
structure, but to check the safety of a design with regard to the failure mode(s), the
design check deals with. If a design fulfills the requirements of a design check for
specific actions, it is considered to be sufficiently safe for these actions with re-
spect to the failure mode(s) the design check deals with.

If, for a given design and specified actions, all requirements of all required
design checks are fulfilled, this design is considered to be sufficiently safe with re-
gard to the specified actions, and with respect to the safety level required by the
PED [1], i.e. by the law in all the European Union’s member states.

In other words, the safety of a component against failure under the influence of
specified actions is assessed by analysis of responses of design models to corre-
sponding design actions, the results of the analysis being compared with specified
limits or specified response modes, which assure sufficient safety of the design of
the component against the specified actions, as required by the PED, and if
complemented by the relevant material, manufacturing and testing requirements of
the standard.
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Logically consistent in different design checks different design models with dif-
ferent geometries and different constitutive laws are used.

It is not surprising that design models may predict for specific actions response
modes that do not exist at all in the corresponding real structures under the very
same actions. For example, there are materials with specific hardening behaviour,
for which the design model of the progressive plastic deformation design check
predicts, for a specific cyclic action, progressive plastic deformation, but the real
structure shakes down to alternating plasticity, i.e. ratchetting does not exist at all
for this type of cyclic action. Nevertheless, the requirements of this design check
are still justified, because the response of the real structure may result in large
deformations and/or plastic deformations of a magnitude not taken into account in
other design checks, i.e. violating presuppositions of other design checks.

The linear-elastic ideal-plastic constitutive law used in some design models,
and also the usage of geometrically non-linear relations in the case of some actions
and structures makes one powerful tool of linear theory unavailable — linear super-
position. For these non-linear cases linear superposition of responses to single
actions cannot be used to obtain the response of a multi-action load case; each load
case may require an individual calculation.

Some design checks are specified as obligatory, but in some cases it may be
necessary to investigate additional design checks. For example, leakage at flanges
may be a problem, and it may then be necessary to check a design against leakage
(as an ultimate or serviceability limit, depending on the hazard).

In each design check the investigation of several load cases may be required.
It is the responsibility of the manufacturer to specify, in writing, the relevant load
cases, possibly with the help and information from the user. It is also the respon-
sibility of the manufacturer to prepare, possibly with the help and information by
the user, load case specifications for all relevant load cases, for all combinations
of actions that can occur coincidently under reasonably foreseeable conditions.

For reference purposes, it is advisable to identify each load case (specification)
by an abbreviation of the designation of the load case class, e.g. NOLC for nor-
mal operating load case, SLC for special load case and ELC for exceptional load
case, followed by a serial number, e.g. NOLC 4 for the fourth normal operating
load case.

To allow for an easy, straightforward combination of pressure action with other
actions, such as environmental ones or actions from attached parts, and to give the
flexibility expected from a modern standard, to be able to adjust safety margins to
the differences in (stochastic) variation of actions, the likelihood of action combi-
nations, the consequences of failure, the differences of structural behaviour and
consequences in different failure modes, and to the uncertainties in analyses, a
multiple safety factor format was introduced in DBA-DR, using different partial
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safety factors for different actions, for different combinations of actions, for dif-
ferent design checks, for different load cases, and for different materials.

The partial safety factors laid down in the standard are not based on probabilis-
tic investigations or decision theory under uncertainty. The partial safety factors
for pressure and material strength parameters result from a (modified) calibration
with respect to the DBF results.

Values for other actions are aligned to those of Eurocode 3 [22,23]. For envi-
ronmental actions — wind, snow, earthquake — country-specific data, i.e. values
specified in relevant regional codes, are to be used if they are larger than the ones
specified in the standard, but consistency with the corresponding characteristic
values must be checked, so that the overall safety is maintained.

2.2. General Terms and Definitions
2.2.1. Failure-Related Terms

Failure: Failure of a structure is an event, the transition from a normal working
state, where the structure meets its intended requirements, to a failed state, where
it does not meet its requirements.

Failure of any structure cannot be predicted exactly, deterministically — but it
can only be characterized by the stochastic properties of the structure and the ac-
tions the structure is subjected to.

Failure modes: Failure mode is a term used in the classification of failures of
structures, via a simplifying assumption that failure of a structure can occur only
in a finite number of modes — it is a description of the way a failure occurs. Failure
modes can be regarded as discretizations of a more general and possibly continu-
ous set of failures.

Limit states: A limit state is a structural condition beyond which the design
performance requirements of a component are not satisfied. Limit states are clas-
sified into ultimate limit states and serviceability limit states (Eurocode 3, EN
13445-3 Annex B).

In the literature the term limit state is used for (real) limit states in real and vir-
tual structures, where these may relate to unrestricted plastic flow, plastic collapse,
burst, ultimate action, (functional) displacement limits, etc., and it is used also for
the, possibly different, limit states in models, where these may relate to strain lim-
itations, displacement limitations, limitations of combinations of stress resultants,
limit analysis loads, etc.

With the exception of this section, the term is used in this book exclusively for
model limit states.
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Elastic limit states: An elastic limit state is a structural condition associated
with the onset of plastic deformation. This term is usually used in connection with
monotonic actions, and it relates to virtual structures, usually with zero initial
stress distribution.

The value of a monotonic action that corresponds to the onset of plastic defor-
mation is called elastic limit action.

Ultimate limit states: An ultimate limit state is a structural condition (of the
component or vessel) associated with burst, collapse or with other forms of struc-
tural failure, which may endanger the safety of people.

Ultimate limit states include failure by gross plastic deformation, rupture
caused by fatigue, collapse by instability of the vessel or part of it, loss of equilib-
rium of the vessel or any part of it, considered as a rigid body, or overturning or
displacement and leakage which affects safety. Some states prior to collapse
which, for simplicity, are considered in the place of collapse itself are also classi-
fied and treated as ultimate limit states (Eurocode 3, EN 13445-3 Annex B).

The term relates to real or virtual structures.

Serviceability limit states: A serviceability limit state is a structural condition
(of the component or vessel) beyond which service criteria specified for the
component are no longer met. Serviceability limit states include deformation or
deflection which adversely affects the use of the vessel (including the proper func-
tioning of machines or services), or causes damage to structural or non-structural
elements and leakage which affects efficient use of the vessel but does not
compromise safety nor causes an unacceptable environmental hazard. Depending
on the hazard, leakage may create either an ultimate or a serviceability limit state
(Eurocode 3, EN 13445-3 Annex B).

The term relates to real or to virtual structures.

Reliability: Reliability is the probability that a structure does not fail over its
expected lifetime under specified conditions and subjected to specified actions.

Reliability is the complement of failure probability.

Unrestricted plastic flow: Unrestricted plastic flow is a phenomenon occur-
ring in tests on certain types of real structures, made of mild steel, where large
deformations — considerably greater than the deformations in the elastic range —
occur with little or no increase in load. This behaviour is caused by the develop-
ment of plastic flow in the structure to such an extent that the remaining elastic
material plays a relatively insignificant role in sustaining the load, the structure
begins to deform under constant or nearly constant load. This phenomenon is also
called unstable gross plastic yielding.

The unrestricted plastic flow load is the load when unrestricted plastic flow sets in.

This term relates to real structures, with actual (strain hardening) constitutive
laws, and includes effects of geometry changes due to large deformations.
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8 Pressure Vessel Design: The Direct Route

In the literature this load is also called plastic collapse load [24] or plastic
load [25].

At this load, significant plastic deformation occurs for the structure as a whole,
the plastic region has grown to a sufficient extent that the surrounding elastic re-
gions no longer prevent overall plastic deformation from occurring, but this load
is, in general, not equal to the ultimate load of the structure.

Ultimate loads, ultimate actions: The ultimate load and the ultimate action are
the maximum load and the maximum action a real structure can carry in a single
monotonic and quasi-static application. The burst pressure of cylindrical or spher-
ical vessels is a typical example of an ultimate action.

Because the ultimate strength of ductile materials is greater than their yield
strength, the ultimate pressure is greater than the unrestricted plastic flow pressure.

This term relates to real structures.

Gross plastic deformation: Gross plastic deformation is a failure mode related
to a single monotonic application of an action that is attended by extensive gross
plastic deformation, by unrestricted plastic flow followed by ductile fracture, i.e.
unstable gross section yielding (unstable material flow instability) or unstable
crack growth, and/or brittle fracture. The related action at the onset of gross plas-
tic deformation is an ultimate action, and burst and collapse are typical examples.

Progressive plastic deformation: Progressive plastic deformation is a response
mode of a structure or of a model subjected to cyclic actions, referring to a defor-
mation pattern where deformation increments over consecutive action cycles are
neither zero nor tend to zero.

This phenomenon is also called ratchetting and inadaptation — the structure
does not shake down under the cyclic action.

Progressive plastic deformation eventually leads to failure of the structure, and,
therefore, is a failure mode related to cyclic actions. In the literature the failure
mode is also called incremental collapse. This designation is not used in this book
— it is rather misleading in general, but especially in cases of progressive plastic
deformation in the absence of mechanical actions, i.e. in cases where there is no
direct transition to the instantaneous collapse situation.

Shakedown: Shakedown is a response mode of a structure or of a model subjected
to cyclic actions, referring to a deformation pattern where, after a finite or infinite
number of action cycles, stress and strain become cyclic and deformation increments
over consecutive cycles vanish, i.e. progressive plastic deformation is absent.

This term encompasses elastic shakedown and elastic—plastic shakedown, and
is also called adaptation.

Elastic shakedown: This term refers to shakedown to purely elastic behaviour,
i.e. the response of the structure becomes eventually elastic, after a finite or infi-
nite number of action cycles.
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Elastic—plastic shakedown: This term refers to shakedown to elastic—plastic
behaviour, i.e. after a finite or infinite number of action cycles, stress and strain
fields become cyclic, deformation increments over consecutive action cycles van-
ish, but in each cycle plastic deformations occur, strain increments change signs in
every cycle and cancel each other out within the cycle. This response mode is also
called alternating plasticity.

Cyclic fatigue: Cyclic fatigue is a phenomenon in structures subject to cyclic ac-
tions involving progressive localized damage, with cracks and crack propagation.
Cracks may initiate in originally undamaged areas and propagate afterwards, and
already existing cracks and crack-like defects propagate. The process eventually
leads to a reduction of cross-sectional areas to such an extent that rupture occurs
under an action of a magnitude that has been withstood satisfactorily before. The
final fracture may be ductile or brittle.

Since cyclic fatigue eventually leads to failure of the structure, it is a failure
mode related to cyclic actions.

Instability: Instability of a structure, often called buckling, is a failure mode re-
lated to single application of monotonically increasing actions whereby the ini-
tially stable deformation mode becomes unstable, and the structure seeks another,
stable, deformation mode, which differs not only quantitatively but also qualita-
tively from the initial deformation mode. Two modes prevail: bifurcation instabil-
ity and snap-through, the latter also called limit point buckling. The critical points
on the action-deflection paths where the pre-buckling modes become unstable are
singular points — called bifurcation points and limit points, respectively.

Bifurcation instability: Bifurcation instability or bifurcation buckling, often
called classical buckling, is an instability mode where the transition from the
initial, pre-buckling deformation pattern to the qualitatively different one is
continuous and the structure passes from its unbuckled state continuously to an
infinitesimally close buckled state.

For actions close to the critical value, at which this transition occurs, more than
one equilibrium path in an action—deflection plot of the structure exist, each one
corresponding to states of the structure in equilibrium with the considered actions,
and these equilibrium paths emanate from the same point, referred to as bifurca-
tion point, and the corresponding action referred to as bifurcation action.

Typical examples of bifurcation instability are:

e (classical) buckling of straight columns (Euler buckling),
e (classical) buckling of flat plates in compression, and
e buckling of cylindrical shells under axial forces or external pressure.

Snap-through, limit point buckling: Snap-through or limit point buckling is an
instability mode where the transition from the initial, pre-buckling deformation
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pattern to the qualitatively different one is discontinuous — the new, non-adjacent
state is attained in a jump-type, discontinuous transition, with dynamic effects.
The critical action, where the structure becomes unstable, corresponds to a maxi-
mum in the action-deflection plot.

Typical examples of snap-through instability problems are

e arches, with restrained ends under diverse forces creating compressive stresses,
e shallow spherical domes and caps under external pressure,

e kinking of Venetian blind slats in bending, and

o flattening instability of pipe bends in bending.

Interactive buckling: Buckling with at least two critical points for different
buckling patterns occurring at, or near, the same action value is called interac-
tive buckling. Interactive buckling occurs frequently in structures with multiple
symmetry, and also in structures that are optimized with regard to different
buckling modes, e.g. externally pressurized cylindrical shells with optimized
stiffeners.

Stable structural state: A structural state in equilibrium with a certain action is
called stable, if the deformation caused by a small perturbation, e.g. a small imposed
initial displacement, a small imposed additional force, or a small imperfection of the
structure’s perfect geometry, remains bounded, and if a specific measure of this per-
turbation caused deformation does not exceed any arbitrarily small value if only the
perturbation is small enough but different from zero. Otherwise the equilibrium state
is called unstable.

Stability of a structure: Stability of a structure is the quality of the structure
being in stable equilibrium under a specified action.

Loss of static equilibrium: Loss of static equilibrium is a failure mode related
to a rigid-body movement of the structure, and it includes overturning and global
displacement of a structure like a rigid body. This failure mode is different from
all the others, because it is in general not related to internal pressure, which gives
pressure equipment its name and is its deciding hazard.

2.2.2. Action-Related Terms

Actions: Actions are imposed thermo-mechanical influences which cause stress
and/or strain in a structure, e.g. imposed pressures, imposed forces, imposed dis-
placements, and imposed temperatures (EN 13445 Annex B).

The term action encompasses also combinations of single actions. Other actions
— mechanical, physical, chemical, or biological actions — not encompassed by this
definition, may have an influence on the safety of a structure, but in DBA only
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those are considered that cause stress and/or strain. Covered by the definition are,
for example, self-weight, pressure, and imposed surface loadings, temperature
changes, displacements imposed on the structure at connections or foundations,
e.g. displacement due to temperature changes or settlement.

Depending on their variation in time and their probability of occurrence, actions
are classified into:

e permanent actions,

e pressure, temperature, and actions related deterministically to pressure and/or
temperature,

e variable actions other than pressure, temperature, and deterministically related
actions, and

e exceptional actions.

Examples of permanent actions are self-weight of the structures themselves,
self-weight of associated fittings, ancillaries, and fixed equipment.

Examples of variable actions are imposed displacements, wind and snow loads,
earthquake excitations, all of a magnitude anticipated to occur under reasonably
foreseeable conditions such that their consideration is required (by law).

Pressure and temperature are variable actions, but they have, very often, special
characteristics with regard to their variation in time, to random properties, etc.
Therefore they are classified in a special class. Temperature changes have a dual
role in that they may cause stress in the structure and also change its material prop-
erties especially the strength related ones.

Exceptional actions: Exceptional actions are variable actions of very low prob-
ability of occurrence, actions that require, should they occur, the safe shutdown
and/or inspection of the vessel.

Characteristics of exceptional actions include their very low probability of
occurrence, and the fact that they are not anticipated to occur under reasonably
foreseeable conditions, and, therefore, need not be included (by law) in the normal
design considerations.

Examples of exceptional actions are pressure acting on a secondary contain-
ment after failure of the primary one, pressure due to an internal explosion, and
wind or earthquake excitation, all of which have such a (very low) probability that
they need not be anticipated to occur under reasonably foreseeable conditions and,
therefore, need not be included in the design considerations required (by the
requirements of the PED). Rather, these are included voluntarily or by force of
other legal requirements.

Monotonic actions: An action is called monotonically increasing if

e in case of a single scalar action, the magnitude of the action increases consis-
tently, i.e. its rate of change is always positive and
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e in case of a single vectorial action or a combination of single actions, when all
components increase consistently, i.e. all rates of change of the individual mag-
nitudes are always positive.

Cyclic actions:

e An action is called cyclic if the action states repeat themselves in a regular se-
quence.

e An action A(7),i=1,....n, is called cyclic if it can be described as a periodic
function of time, i.e. if for any time 7

A(D=A(T+T), i=1,...n, @2.1)

where T is the cycle period, a constant scalar of dimension time.

e An action is called single-amplitude cyclic if it is cyclic and within one cycle
there is only one maximum and one minimum.

e An action is called multi-amplitude cyclic if it is cyclic and within one cycle
there are at least two maxima and two minima; an action is called a variable
amplitude action if it is multi-amplitude cyclic or fluctuating but non-cyclic.

e A cyclic action is called a shakedown action if the model shakes down under
the action.

Load cases: A load case is a combination of coincident actions. Load cases are
classified into NOLCs, SLCs and ELCs (EN 13445-3, Annex B).

Normal operating load cases: NOLCs are those acting on the pressure vessel
during normal operation, including start-up and shutdown (EN 13445-3). NOLCs
are load cases where normal conditions apply (EN 13445-3 Annex B).

NOLCs include start-up, shutdown, and normal operation as specified for the
vessel to perform its intended functions, but also include operating excursions, ini-
tiation and recovery from upset conditions that must be considered in the design.

Special load cases: SLCs are load cases where conditions for testing, con-
struction, erection, or repair apply (EN 13445-3 Annex B).

Exceptional load cases: ELCs are those corresponding to events of very low-
occurrence probability requiring the safe shutdown and inspection of the vessel or
plant (EN 13445-3).

ELCs are load cases related to exceptional actions. Occurrence of an event re-
lated to an ELC requires action by the user — shutdown and/or inspection. ELCs
are included in design investigations usually in cases of major hazards, to provide
assurance that no gross loss of structural integrity will result.

Multi-action load case: Multi-action load cases are load cases dealing with
combinations of single actions.
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Upset conditions: Upset conditions are deviations of moderate frequency from
normal start-up and shutdown conditions, and from normal operation, anticipated
to occur under reasonably foreseeable conditions, and, therefore, have to be in-
cluded in design considerations, to achieve a reasonable capability to withstand
these conditions without operational impairment.

Upset conditions include those transients that result from single operator error
or control malfunction, transients caused by a fault in the component requiring
its isolation from the system; they include abnormal incidents not resulting in a
forced shutdown, and those which do not require repair of structural damage.

Upset conditions, therefore, may include pressure transients that result in open-
ing of safety valves and where the momentary pressure surge is limited to a value
below 110% of the maximum allowable pressure.

Pressure (in bar or in MPa): Pressure means pressure relative to atmospheric
pressure, i.e. gauge pressure. As a consequence, vacuum is designated by a nega-
tive value (PED).

Calculation pressure (PC or p. in MPa): The calculation pressure is the differ-
ential pressure used for the purpose of calculations of a component (EN 764-1, EN
13445-3).

Calculation pressure is a designation used in the DBF approach.

Calculation temperature (7C or ¢, in °C): The calculation temperature is the
temperature used for the purpose of calculations of a component (EN 764-1, EN
13445-3).

Calculation temperature is a designation used in the DBF approach.

Design pressure (PD or p, in bar or MPa): The design pressure is the pressure
at the top of each chamber of the pressure equipment chosen for the derivation of
the calculation pressure of each component (EN 764-1, EN 13445-3).

Design temperature (7D or ¢, in °C): The design temperature is the tempera-
ture chosen for the derivation of the calculation temperature of each component
(EN 764-1, EN 13445-3).

Design mechanical loads: Design mechanical loads are combinations of forces
and moments chosen for the derivation of forces and moments used in DBF cal-
culations in conjunction with design pressure and design temperature.

Operating pressure (P, or p, in bar or MPa): The operating pressure is the
fluid pressure, which occurs under specified operating conditions (EN 764-1).

Operating temperature (7, or ¢, in °C): The operating temperature is the fluid
temperature, which occurs under specified operating conditions (EN 764-1).

Maximum permissible pressure or rating pressure (PR or p, in bar or MPa):
The maximum permissible pressure is the pressure obtained with the analysis
thickness at the calculation temperature for a given component from the DBF
(EN 13445-3)
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Test pressure (PT or p, in bar or MPa): The test pressure is the pressure the
equipment is subjected to for test purposes (EN 764-1, EN 13445-3).

Test temperature (717 or ¢, in °C): The test temperature is the temperature at
which the pressure test of the pressure equipment is carried out (EN 764-1, EN
13445-3).

Maximum allowable pressure (in bar): Maximum allowable pressure means
the maximum pressure for which the equipment is designed, as specified by the
manufacturer. It is defined at a location specified by the manufacturer. This must
be the location of connection of protective and/or limiting devices or the top of the
equipment or, if not appropriate, any point specified (PED).

The maximum allowable pressure is the maximum pressure for which the pres-
sure vessel is designed as specified by the manufacturer (EN 13445-1).

Maximum/minimum allowable temperature (7S in °C): Maximum/mini-
mum allowable temperature means the maximum/minimum temperature for
which the equipment is designed, as specified by the manufacturer (PED, EN
13445-1).

In general, this term refers to fluid temperatures in specified reference
points, e.g. the mean fluid temperature in the inlet or outlet nozzle, whichever
is higher.

For simplicity, this term is, in simple cases of uniform temperature distributions
with negligible temperature transients and gradients, also used for the mean metal
temperature of the structure.

To avoid confusion, and to take into account that in DBA the determination of
the temperature distributions is frequently part of the analysis, the term maxi-
mum/minimum allowable temperature is used here only in its basic meaning — as
fluid temperature in a specified reference point.

Maximum allowable loads: Maximum allowable loads are imposed forces,
imposed moments, and combinations thereof, acting at specified points, loads for
which the equipment is designed, as specified by the manufacturer.

The manufacturer may specify these forces and moments to take into account
actions from other parts that can occur under reasonably foreseeable conditions at
e.g. supports, attachments and, piping joints. This term encompasses only actions,
but not reactions (at constraints).

Maximum allowable actions: Maximum allowable action is a term used for
the combination of maximum or minimum allowable pressure, maximum or min-
imum allowable temperature and maximum allowable loads for which the equip-
ment is designed, as specified by the manufacturer, to take into account actions
which can occur coincidently under reasonably foreseeable conditions.

In the action space, the set of maximum allowable actions defines the domain
of allowable actions — the design domain.
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Usually, this set consists of n-tuples of related maximum and minimum allow-
able action values, e.g. maximum allowable pressure, related maximum allowable
temperature, related maximum allowable forces, related maximum allowable
moments, etc.

Fig. 2.1 shows an example with two actions: pressure and temperature. The
design domain is, in this example, given by the set of action pairs (PS1*, TS1™"),
(PS2*, TS2%), (PS—TS™), (PS3—, TS3"), (PS3—, TS3-), (PS3* TS3-).
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Figure 2.1: Design domain.

2.2.3. Model-Related Terms

Vessels: Vessel means a housing designed and built to contain fluids under
pressure including its direct attachments up to the coupling point connecting it to
other equipment. A vessel may be composed of more than one chamber (PED).

Components: A component is a part of pressure equipment or assembly,
which can be considered as an individual item for the calculation (EN 764-1,
EN 13445-2).

Chambers: A chamber is a single fluid space within a unit of pressure equip-
ment (EN 764-1, EN 13445-1).

Structures: A structure is an organized combination of connected parts
designed to provide some measure of rigidity (Eurocode 3, ISO 6707, Part 1). It
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is a combination of all load-carrying parts relevant to a component, e.g. the
whole vessel, its load carrying attachments, supports, and foundations (EN
13445-3 Annex B).

Real structures: The term real structure refers to an actual, real, existing structure.

Geometrical imperfections: Geometrical imperfections are deviations of the
geometry of real or virtual structures from the nominal or an ideal one, e.g. out-of
roundness (ovality), buckles, axial misalignment, angular distortion (peaking,
roof-topping at welds), angular misalignment of nozzles and local thinning.

Virtual structures: The term virtual structure refers to a structure as specified
by design and manufacturing drawings, material lists, directly or indirectly re-
ferred to standards (for materials, tolerances of pre-products, shape deviations, al-
lowed manufacturing deviations or defects, etc.) [3].

Physical models or analysis models: A physical model, quite often also called
analysis model, is a model of a structure that is deduced from the real or virtual
structure by an abstraction or idealization process with regard to geometry, bound-
aries and boundary conditions, constitutive laws, etc. This idealization quite often
requires assumptions on material properties or even constitutive laws that are un-
known and even not determinable for the real structure — the real constitutive law
of base metal, “zones” of weldments, the real deviation from the ideal geometry,
and so on [3].

Mathematical models: A mathematical model of a structure is a mathemati-
cal description of the physical model using the principles of mechanics. In case
of finite element analysis this mathematical model is obtained using the FEA
software [3].

Kinematic boundary conditions: Kinematic boundary conditions are boundary
conditions with prescribed displacements (or displacement gradients), including
zero displacement, i.e. restraint of displacement. In points with kinematic boundary
conditions, reactions — surface tractions caused by the restraint of displacement —
will in general occur. In this book only kinematic boundary conditions are consid-
ered that can be expressed by equations, presupposing that kinematic boundary
conditions expressed by inequalities are dealt with via a proper choice of the for-
mer type of boundary conditions and a check of the results for agreement with the
inequalities.

Dynamic boundary conditions: Dynamic boundary conditions are boundary
conditions with prescribed imposed surface tractions and forces (or moments).

Supports: Supports are said to be statically determinate if the global equilib-
rium equations are sufficient to determine the required reactions at the supports, i.e.
the contact pressures at the separation between support and foundation or the cor-
responding resultants — resultant forces and resultant moments. Therefore, supports
where only the resultants of the reactions can be determined by means of the global
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equilibrium equations, but not the contact pressure themselves, are encompassed by
this definition if the resultants are sufficient for the relevant design check.

Kinematic relations: For reasons of brevity and readability, the kinematic rela-
tions between strain components and displacement gradients are in the following
called kinematic relations. In the design models non-linear as well as linearized
kinematic relations are used.

Quasi-static models: A mathematical model is called quasi-static if dynamic
effects are neglected, i.e. if acceleration related terms are absent.

Limit analysis models: The limit analysis model of a structure is the idealized
mathematical model used in limit analysis investigations with linear-elastic ideal-
plastic constitutive law, linear kinematic relations (between strain and displace-
ments), and equilibrium conditions for the undeformed structure.

Limit analysis actions: The limit analysis action is the action for which, in a
limit analysis model of the structure, deformations increase without limit while the
action is held constant. This term relates to mathematical models of the structure.
In the literature this limit analysis action is also called limit load [24,25] and the-
oretical limit load.

Safe actions: In gross plastic deformation design checks, an action is called
safe if it is not larger than the corresponding limit analysis action or, in other
words, if it is enclosed by the set of limit analysis actions.

In structural stability design checks, an action is called safe if it is not larger
than the smallest bifurcation action or snap-through action, depending on the in-
stability mode.

Design models: The design model is a physical or mathematical model of the
structure used in determining the effects of actions (EN 13445-3 Annex B).

The term design model is used exclusively for models used in design checks
and the details are discussed in Section 2.2.6.

Local structural perturbation source: A geometrical detail, a deviation of a
(more regular) geometry, or a local change in material properties is called a local
structural perturbation source if it affects the stress or strain distribution only
through a fraction of the thickness, if it is associated solely with localized types of
deformation or strain and has no significant non-local effect.

Examples are small fillet radii, small attachments, small bores, and welds.

In the literature a local structural perturbation source is also called local
structural discontinuity. To avoid confusion with discontinuity in the mathe-
matical sense, the term local structural perturbation source is used here
throughout.

Stress-concentration-free models: A stress-concentration-free model of a struc-
ture is an equivalent idealized model of the structure without local stress/strain
raisers (EN 13445-3 Annex B).
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A stress-concentration-free model of a structure, or of a more refined model, is
an equivalent idealized model of the structure, or of the model, without local struc-
tural perturbation sources but with all other aspects of the models being the same.

Elastic stress fields: For brevity and readability, stress fields determined with
(unbounded) linear-elastic models are called here elastic stress fields.

2.2.4. Thickness-Related Terms

Actual thickness: The actual thickness is the thickness of the real structure.

Analysis thickness (e, in mm): The analysis thickness is the effective thickness
available to resist the actions in corroded condition (EN 13445-3).

The analysis thickness is the thickness used in a physical model for a specific
design check and load case. It differs depending on the analysis situation, i.e.:

e In design situations that deal with the virtual structure, the effective thickness is
derived from the nominal thickness by subtracting the sum of the thickness tol-
erance and the corrosion or erosion allowance. However the case of (cyclic) fa-
tigue design checks is an exception, where subtraction of only half the corrosion
or erosion allowance suffices, and this thickness is then called fatigue analysis
thickness (see Section 7.3).

e In re-analysis situations that deal with the real structure, the effective thickness
is derived from the actual thickness by subtracting the corrosion or erosion
allowance, or of a part of this allowance (see above indent and Section 7.3).

Nominal thickness (e, in mm): The nominal thickness is the thickness specified
on the drawing (EN 13445-3).

Thickness tolerance allowance (6 in mm or %): The thickness tolerance al-
lowance is the absolute value of the admissible negative tolerance of the nominal
thickness. The admissible negative tolerance may be as per material standard, e.g.
EN 10216, EN 10217, EN 10029, as per standards of pre-products, e.g. stan-
dards for dished ends, or it may be specified on the drawing as tolerance for pos-
sible thinning in manufacturing processes, e.g. by adding MW (minimum wall
thickness) to the thickness value; in this case 6 = 0.

Corrosion or erosion allowance (¢ in mm): The corrosion or erosion
allowance is the allowance specified on the drawing for possible corrosion or
erosion in service.

Fatigue relevant thickness: This term is used in fatigue design checks, and is
defined as the shortest distance from a specific critical point on one surface to any
point on any other surface of the design model, the shortest length of a critical
crack to break through.

@ i p



@ i p

General 19

Fatigue analysis thickness: The fatigue analysis thickness is the thickness used
in models of the fatigue design checks. This thickness is obtained by subtracting
from the difference of the nominal thickness and the relevant tolerance allowance,
or from the actual thickness, not the whole of the corrosion allowance, as in the de-
termination of the analysis thickness, but only half of the corrosion allowance, i.e.
these fatigue analysis thicknesses are larger by half of the corrosion allowance than
the analysis thicknesses used, e.g. in the GPD-DC.

2.2.5. Response-Related Terms

Stationary responses: A response is called stationary if it is independent of
time.

Quasi-stationary responses: A response is called quasi-stationary if its
derivative with respect to time is constant. This notion is used especially in
thermal stress problems owing to fluids with temperatures increasing or
decreasing at a constant rate — after a sufficiently long time, or after the initial
condition influenced response has decayed sufficiently, the response can be
treated like a stationary one.

Total stresses/strains: The total stress or strain is the stress or strain inclusive
of all concentration effects, or the stress or strain in a design model with local
structural perturbation sources.

Structural stresses/strains: Structural stress/strain is the stress/strain in a
stress-concentration-free model of the structure. Structural stress/strain includes
the effects of gross structural details, e.g. branch connections, cone—cylinder
intersections, vessel-end junctions, thickness discontinuities, presence of
attachments, deviations from (ideal) design shape with global effect, but it
excludes effects of local structural perturbation sources, such as effects due to
small fillet radii, weld toe details, weld profile irregularities, small (partial pene-
tration) bores, and local temperature field details.

Equivalent linear stress distributions: The linear stress distribution of a stress
component along an evaluation line is called the equivalent linear stress distribu-
tion if it is equivalent to the actual (non-linear) stress distribution of this compo-
nent with regard to stress resultants — resultant forces and moments. Evaluation
lines are lines connecting one point on one surface of the structure with one point
on the opposite surface, and are usually straight lines through hot spots normal to
the mean surface of a shell or plate.

Theoretical stress concentration factors: In cases of uniaxial stress states the
theoretical stress concentration factor is defined as the ratio of the total stress to
the structural stress in a linear-elastic model. In case of multi-axial stress states the
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theoretical stress concentration factor is defined as the ratio of the corresponding
equivalent stresses. This theoretical stress concentration factor, used in the fatigue
design checks, relates the total stress to the structural stress, and therefore consid-
ers only the stress concentration due to local structural perturbation sources, or
over the thickness non-linearly distributed thermal stresses, but not stress concen-
trations due to global perturbations. These theoretical stress concentration factors
must not be confused with the often used, but in principle different, (structural)
stress concentration factors based on conveniently chosen reference stresses, e.g.
nominal stresses that are used for the convenient description of the influence of
global effects, such as effects of global geometric changes.

Thermal stresses: Thermal stresses are stresses in a structure caused by
changes in the structure’s temperature distribution, stresses due to constraints of
thermal expansion or contraction, non-uniform temperature distributions or inho-
mogeneous thermal expansion properties. They are self-stresses, and are self-
equilibrating if there are no external constraints, or if the reactions at external
constraints vanish.

Residual stresses: Residual stresses are stresses in a solid material after any
kind of non-elastic treatment, such as plastic deformation, heating, cooling, re-
crystallization, and phase transformation [26]. They are self-stresses.

Self-stresses: A stress field is called a self-stress field if it is statically admissi-
ble for vanishing imposed forces, in the interior of the structure and at each point
of the surface with dynamic boundary conditions. Reactions, i.e. surface tractions
in points with kinematic boundary conditions, need not be zero, but must be in
(global) equilibrium with imposed actions.

To avoid further confusion: This designation, used consistently here, is called
self-equilibrating stress field in EN 13445-3. Unfortunately the two designations
are not clearly distinguished in the literature, causing much confusion.

Statically admissible stresses: A stress field is called statically admissible if it
fulfils the equilibrium conditions at each point of the structure and the boundary
conditions at each point of the surface where imposed tractions are prescribed.

Self-equilibrating stresses: A stress field is called self-equilibrating if it is
statically admissible for zero external forces — zero imposed forces in the interior
of the structure and zero surface tractions — for imposed tractions at points where
tractions are prescribed and for reactions at points where kinematic boundary
conditions are prescribed. Self-equilibrating stresses are self-stresses, but self-
stresses are not necessarily self-equilibrating. Various definitions exist in the rel-
evant literature for the notions self-stress, self-equilibrating stress, eigenstress,
and residual stress. These designations are often used synonymously, but with
different meanings in different sources, depending on the approach and the topic
(see e.g. [4, 26-39]).
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Elastic follow-up: In the relevant literature, there are at least two different phe-
nomena called elastic follow-up:

e For structures operating in the creep regime, the designation elastic follow-up
is used for the phenomenon where after an action cycle, from a stationary
action to the very same stationary action, creep still continues and inelastic
strain accumulates. This designation is usually used for the inelastic strain in-
crease at zero stress in creep tensile tests with specimens uniaxially stressed
from zero to a constant value and then back to zero.

e In displacement-controlled cases, the designation elastic follow-up is used for
the phenomenon of disproportionately large inelastic strain accumulation in
weaker regions of a structure due to elastic strain redistribution of other,
stronger regions of the structure. The inelastic strain concentration may be due
to plasticity or creep in these regions, because of larger stresses and/or higher
temperatures. The displacement control may be due to imposed displacements
or due to restrained thermal displacements.

In this book the designation elastic follow-up encompasses both phenomena,
but only the second one is really of importance.

2.2.6. Design Check-Related Terms

Design checks: A design check of a component is an investigation of the com-
ponent’s safety under the influence of specified combinations of actions with re-
spect to specified limit states (EN 13445-3 Annex B).

A design check is an investigation of a component’s safety under the influence
of specified actions with respect to specified failure modes. The component’s
safety is evaluated in investigations of the fulfilment of design check’s principles
by the responses of design models subjected to design actions, i.e. by the effects
of design actions on the design models.

The component is safe with respect to a specific failure mode if the effects of
the combinations of design actions on the design model are admissible with re-
spect to the requirements of the design check that corresponds to the failure mode,
requirements that are specified in the design check’s principle.

For each relevant failure mode, relevant to the scope of the standard, there cor-
responds a single design check. Each design check represents one or more failure
modes (EN 13445-3 Annex B). Design checks are named after the main failure
mode they deal with (EN 13445-3 Annex B). In general, each design check com-
prises various load cases (EN 13445-3 Annex B).

@ i p



22 Pressure Vessel Design: The Direct Route

Design models: The design model is a physical or mathematical model of the
structure used in determining the effects of actions (EN 13445-3 Annex B).

The geometry of the design model depends on the design check — depending on
the design check it may be necessary to include local structural perturbation
sources, or it may be admissible to use a stress-concentration-free model.

The constitutive law of the design model depends on the design check and, of
course, on the material of the structure. Depending on the design check, the con-
stitutive laws are linear or linear-elastic ideal-plastic.

Depending on the structure, the actions considered, and the design check, math-
ematical design models may be geometrically linear, or it may be necessary to use
geometrically non-linear relations, i.e. non-linear kinematic relations and equi-
librium conditions applied on the deformed structure.

Response modes: Response mode is a term used in the classification of the
response of models to specified actions, and it encompasses gross plastic
deformation, progressive plastic deformation, shakedown, cyclic fatigue (damage),
structural instability, static equilibrium, leak tightness, excessive local strains, etc.

Effects: An effect is the response (e.g. stress, strain, displacement, resultant
force or moment, equivalent stress resultant) of a component to a specific action
or combination of actions (EN 13445-3 Annex B).

The term effect relates in the following only to model responses, and encom-
passes not only (model) states, such as states of stress, strain, displacement, stress
resultants, but also response functions (of space and time) and response modes.
Furthermore, in the static equilibrium design check (Chapter 8), the notion effect
applies to reactions as well, i.e. to action caused forces, contact pressures, and mo-
ments, at points of the models with kinematic boundary conditions.

Characteristic values of actions: A characteristic value of an action is a rep-
resentative value, which takes into account the variation of an action (EN 13445-
3 Annex B).

A characteristic value of a single scalar action of a component of a vectorial ac-
tion, or of a combination of actions, is a value representative of an extreme value of
the magnitude of the action or the component of the action that takes into account
the statistical variation of the extreme value and/or properties of limiting devices or
is given by natural limits, if any. If the considered extreme value is a maximum the
characteristic value is called upper characteristic value; and if the considered ex-
treme value is a minimum, it is called lower characteristic value.

Characteristic values may be statistical mean values of the extreme values,
specified (upper or lower) percentiles, reasonably foreseeable extreme values, val-
ues corresponding to natural limits, or, in case of exceptional actions, they may be
individually agreed upon and specified values. They may be space-dependent, and
depend not only on the action, but also on the design check and the load case.
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For example, a value of an action that must be taken into consideration in
NOLC:s because it can occur under reasonably foreseeable conditions whereby the
specified number of occurrences is low; such a value must be included in
determining the characteristic value in design checks dealing with gross plastic de-
formation, structural instability, etc., but not in design checks dealing with fatigue.
Or, as another example, the value of the test pressure must be taken into account
in determining the characteristic value for testing load cases, but not for NOLCs.
The case of exceptional actions is even more obvious: they must be included in
ELCs, but not in others.

In multi-action load cases the interdependency of the encompassed single ac-
tions may be taken into consideration — it may be necessary to specify more than
one combination of characteristic values, more than one load case. For example, it
may be that in one type of normal operation a high pressure occurs at moderate
temperatures, and in a different type of normal operation moderate pressures occur
at high temperatures, but the case of high pressures at high temperatures need not
be considered in NOLCs.

Characteristic functions of actions: In some cases, the effect of an action
depends on the time-dependency of the action. For example, a thermal stress that
depends on the time-dependency of thermal transients (of the fluid). In these cases
it is necessary to determine and specify characteristic functions of time for these
actions in specific design checks, e.g. design checks dealing with fatigue, with
progressive plastic deformation, or with structural instability.

In other cases the order of cyclic or repeatedly occurring action states is of
importance, and not the instantaneous rate of change. In such cases, the character-
istic functions of these actions are defined as functions of a time-like parameter,
which defines this order of action states.

In both cases, realistic assessment of these functions is quite often crucial: The
characteristic function shall represent an “upper bound estimate” of the time-de-
pendent action to be expected under reasonably foreseeable conditions during the
full design life — in a statistical sense like for the characteristic values (EN 13445-
3 Annex B). For different design checks different characteristic functions may be
specified (EN 13445-3 Annex B).

Characteristic functions of actions depend on time or a time-like parameter, but
may also be space-dependent.

Design values of actions: The design value of a single scalar action of a compo-
nent of a vectorial action, or of a combination of actions is the value of the action or
component of the action to be used in a design check. This design value is given by
the product of the relevant characteristic value and the relevant partial safety factor.

Design functions of actions: The design function of an action is the function (of
time or a time-like parameter) to be used in a design check. This design function
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is given by the product of the relevant characteristic function and the relevant partial
safety factor.

Design values of material strength parameters: The design value of a mate-
rial strength parameter is the value of the material strength parameter to be used in
a design model. This design value is given by the quotient of the characteristic
value of the relevant material strength parameter, as specified in the design check,
and the relevant partial safety factor.

In the determination of these characteristic values, the minimum material strength
data shall be used which apply to the materials in the final fabricated condition, and
which must conform to the minimum values of the technical documentation prepared
in accordance with EN 13445-5, Clause 5. The minimum values, specified for the
delivery condition, may be used unless heat treatment is known to lead to lower
values, in which case these lower values shall be used. If the weld metal gives lower
strength values after fabrication, these shall be used (EN 13445-3).

Design values of buckling strengths: The design value of the buckling strength
is the value to be used in the instability design check. This design value is given by
the quotient of the value of the buckling strength, determined for the relevant de-
sign model, and the relevant partial safety factor.

Partial safety factors: The partial safety factor is a factor which is applied to
a characteristic value of an action or a material (strength) parameter in order to
obtain the corresponding design value (EN 13445-3 Annex B).

o Partial safety factors of actions are numbers by which characteristic values of
actions are multiplied to obtain the design values of the actions.

e Partial safety factors of material strength parameters are numbers by which
characteristic values of material strength parameters are divided to obtain the
design values of the material strength parameters.

o Partial safety factors of resistances are numbers by which limit values of resist-
ances of models are divided to obtain the design values of the resistances.

o Partial safety factors of actions are also numbers by which characteristic functions
of actions are multiplied in order to obtain the corresponding design functions.

o Partial safety factors of actions depend on the action, the design check, and the
load case.

e Partial safety factors of material strength parameters depend on the material
type, the design check, and the load case.

e Partial safety factors take account of

o the possibility of non-conservative deviation of actions from the character-
istic values (or functions),

o the uncertainty in the constitutive laws of the models,

o the uncertainty in any stochastic model of the action,
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o whether the action has a favourable or an unfavourable effect: for example, in
one load case the weight of a component might be opposing the governing
action, e.g. pressure, and, therefore, has a favourable effect. In another, the
weight might be acting with the pressure and so the weight has an
unfavourable effect. In the two corresponding load cases, the partial safety fac-
tor of this weight would have a different value. If the governing action is not
obvious, separate load cases are required, and

o the possibility of non-conservative deviations of material strength parame-
ters from their characteristic values (of the material strength parameters).

Coefficients of variation: The coefficient of variation is a measure of the sta-
tistical dispersion of a random quantity; it is given by the ratio of the standard de-
viation of the quantity to its mean value.

Combination factors: The combination factor is applied to design values of
variable actions with stochastic properties if these actions are combined with
pressure, or if two or more of these actions are included in one multi-action load
case. These combination factors are applied to account for the likelihood that
extreme values of these stochastic actions and pressure occur coincidently.

Load case specifications: A load case specification is a load case-related list of
actions, their characteristic values, and, possibly, characteristic functions, for
which the equipment is designed, as specified by the manufacturer, together with
the partial safety factors used. For cyclic actions, the load case specifications con-
tain the number of design cycles, and, for components designed for operation in
the creep regime, they contain the design life. To each load case there corresponds
one load case specification. All characteristic values listed in one load case speci-
fication are considered to be possibly attained coincidently, and coincidently with
values of the listed characteristic functions at any time.

The partial safety factors used should be specified and included in the load
case specification. Whenever the choice follows uniquely from the specification
of partial safety factors in EN 13445-3 Annex B, a simple reference to this Annex
B suffices. Partial safety factors depend also on the design check — it is usually
required to list different values for the different relevant design checks in a load
case specification.

Design values of actions and design functions of actions may be used instead of
characteristic values and characteristic functions of actions. The complete set of
load case specification is a part of the design specification, to be included in the
technical documentation.

Principles: This designation is used in design checks for

e general or definitive statements for which no alternative exist unless specifically
stated otherwise and
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e requirements and design models for which no alternative exists unless specifi-
cally stated otherwise.

Application rules: This designation is used in design checks for generally rec-
ognized rules that follow and satisfy the principle’s requirements. Alternative
rules, different from the specified application rules, may be used, provided that it
is shown that the alternative rule accords with the relevant principle and is at least
equivalent with regard to reliability, serviceability, and durability.

2.3. General on Characteristic Values and Characteristic
Functions of Actions

2.3.1. Requirements in the Pressure Equipment Directive

The definition of characteristic values of actions given in the preceding section is
quite general, and indicates the stochastic nature of (all) actions, and can easily be
misinterpreted to give freedom of choice in specifications that is actually not there.

The definitions and their use in specifying characteristic values of actions must
stay within the context of the legal framework — the PED [1] — and must take into
consideration the state of the rules of technology, as e.g. specified in the DBF part
of the harmonized standard [2].

Requirements of the legal framework must be adhered to, requirements from
other relevant standards or from other parts of EN 13445 must be taken into con-
sideration, and deviations that result in smaller wall thickness must be justified.

The most important requirements are laid down in the PED [1], in Annex I
Sections 1 and 2:

(a) Pressure equipment must be designed, manufactured and checked, and if ap-
plicable equipped and installed, in such a way as to ensure its safety when put
into service in accordance with the manufacturer’s instructions, or in reason-
ably foreseeable conditions (PED Annex I, 1.1).

(b) The pressure equipment must be properly designed taking all relevant factors
into account in order to ensure that the equipment will be safe throughout its
intended life (PED Annex I, 2.1).

(¢) The design must incorporate appropriate safety coefficients using comprehen-
sive methods which are known to incorporate adequate safety margins against
all relevant failure modes in a consistent manner (PED Annex I, 2.1).

(d) Various loadings, which can occur at the same time must be considered, taking
into account the probability of their simultaneous occurrence (PED Annex I,
2.2.1).

@ i p



General 27

(e) The pressure equipment must be designed for loadings appropriate to its in-
tended use and other reasonably foreseeable operating conditions (PED Annex
1, 2.2.1).

(f) The calculation pressure must not be less than the maximum allowable pres-
sure and must take into account static head and dynamic fluid pressures and
the decomposition of unstable fluids (PED Annex I, 2.2.3 (b), Ist indent).

(g) The calculation temperatures must allow for appropriate safety margins (PED
Annex I, 2.2.3 (b), 2nd indent).

(h) The design must take appropriate account of all possible combinations of tem-
perature and pressure which might arise under reasonably foreseeable operat-
ing conditions for the equipment (PED Annex I, 2.2.3 (b), 3rd indent).

(i) Where, under reasonably foreseeable conditions, the allowable limits could be
exceeded, the pressure equipment must be fitted with, or provisions made for
the fitting of, suitable protective devices, unless the equipment is intended to be
protected by other devices within an assembly (PED Annex I, 2.10).

(j) Pressure limiting devices must be so designed that the pressure will not per-
manently exceed the maximum allowable pressure; however a short duration
pressure surge in keeping with the specifications laid down in 7.3 is allowable,
where appropriate (PED Annex I, 2.11.2).

Section 7 of Annex I of the PED gives specific quantitative requirements that
apply as a general rule. Where these rules are not applied, the manufacturer must
demonstrate that appropriate measures have been taken to achieve an equivalent
overall level of safety. These requirements are obviously laid down keeping in
mind the DBF approach as the “standard” approach.

The requirements of Section 7 of Annex I most relevant for the present section are:
(k) The momentary pressure surge referred to in Section 2.11.2 must be kept to

10% of the maximum allowable pressure (PED Annex I, 7.3),

and the (not very expertly formulated) requirements in 7.1.2 of Annex I for
“permissible general membrane stresses for predominantly static loads and for
temperatures outside the range in which creep is significant” for ferritic
steels including normalized (normalized rolled) steels and excluding fine-grained
steels and specially heat-treated steels, for austenitic steels, for cast steels, for alu-
minium and aluminium alloys excluding precipitation hardening alloys.

These requirements in 7.1.2 of Annex I are indications of the expected level of
safety via the specification of requirements for determining the allowable stresses
for some specified materials. Allowable stress is a term used in the PED for the
stresses to be used in the DBF approach, a stress that is called nominal design
stress in EN 13445, Since the formulae for determining the allowable stresses are
given, the corresponding global safety factors can be deduced.
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2.3.2. Consequences from the PED Requirements

The definitions of maximum allowable pressure and maximum/minimum allow-
able temperature are definitions in the PED, fixed by law, required to be provided
in legal documents and required to be used in marking and labelling.

The definition of minimum allowable pressure can be deduced directly, with-
out doubt, via a consequent extension of the legal definition of the one for the
maximum allowable pressure. Maximum/minimum allowable pressure and
maximum/minimum allowable temperature are values to be specified by the
manufacturer, as values for which the equipment is designed or has been de-
signed. The definitions of maximum allowable loads, and of maximum allow-
able actions, are straightforward, are consequent extensions of the definition of
maximum allowable pressure, already indicated in the PED (see Section 2.3.1
(d) and (e)).

Taking into account the definitions, given in Section 2.2, and the requirements
of the PED cited in the preceding section, the following requirements on charac-
teristic values can be deduced:

(a) For design checks that deal with gross plastic deformation, with structural
stability, or with progressive plastic deformation, the load cases for nor-
mal operating conditions must include an upper characteristic value for
pressure that, at the reference point of the maximum allowable pressure,
is not smaller than the maximum allowable pressure, and must include an
upper characteristic value for the temperature that, at the reference point
of the maximum allowable temperature, is not smaller than the maximum
allowable temperature.

(b) If, for any reason, a maximum design pressure is specified, this maximum
design pressure must not be smaller than the maximum allowable pres-
sure, and then the upper characteristic value of pressure mentioned in (a)
above must not be smaller than the specified maximum design pressure.

(c) For the design checks and load cases mentioned in (a) above, it may be
necessary to include load cases with combinations of upper characteristic
values of temperature and lower characteristic values of pressure.

(d) For the design checks and load cases referred to in (c) above, the lower
characteristic value of pressure must not be larger than the minimum allow-
able pressure or the minimum design pressure. If this minimum pressure is
negative this means that the absolute value of the (negative) characteristic
value must not be smaller than the absolute value of the (negative) minimum
allowable pressure or minimum design pressure. The minimum design pres-
sure must not be larger than the minimum allowable pressure.
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(e) Incases of multi-chamber vessels it may be necessary to include load cases
with combinations of upper characteristic values of pressure and lower
ones in the various chambers, if it cannot be ensured that extreme combi-
nations cannot occur under reasonably foreseeable operating conditions.

(f) The interdependency of single actions in a load case may be taken into
consideration, taking into account the probability of their simultaneous
occurrence — e.g. more than one pair of upper characteristic value of pres-
sure and upper characteristic value of temperature may be specified, each
pair resulting in at least one load case.

On the other hand, the upper characteristic value of pressure need not be higher
than the corresponding maximum allowable pressure. Short duration pressure
surges need not be taken into account in the specification of the upper character-
istic value of pressure — these pressure surges are taken into account in the rele-
vant partial safety factors.

It follows that in cases where a pressure limiting device is not required, i.e. where
under reasonably foreseeable conditions the pressure cannot exceed the maximum
allowable pressure, the maximum allowable pressure is an upper limit of pressure,
and smaller partial safety factors for pressure may be justified, smaller than in cases
where short pressure excursions are to be included in the load case specification.

Annex B of EN 13445-3 adheres to this approach, but is sometimes not specific
enough. As an example, in the sub-clause on characteristic values and characteris-
tic functions of actions:

The upper characteristic value of the pressure may be based on the maximum
allowable pressure, the pressure accumulation at a pressure relief device when the
pressure relief device starts to discharge, the pressure increase over the maximum
allowable pressure need not be taken into account (EN 13445-3 Annex B, B.6.2).

For actions other than pressure and temperature the requirements in the PED are
less explicit, and refer to “loadings appropriate to the intended use and other rea-
sonably foreseeable operating conditions” (see Section 2.3.1(e), and “various
loadings which can occur at the same time must be considered, taking into account
the probability of their simultaneous occurrence” (see Section 2.3.1(d)).

Annex B of EN 13445-3 fills this lack of detail by giving general to specific re-
quirements for determining the characteristic values of other types of actions, in
sub-clause B.6.2. These requirements are quite flexible, and even allow the usage
of highest and lowest credible values, but unfortunately only for permanent actions
for which a statistical approach is not possible. Characteristic values for forces and
moments from attached piping are not specifically addressed, and characteristic
functions are addressed only in the general way stated in the definition of charac-
teristic functions of actions.

@ i p



30 Pressure Vessel Design: The Direct Route

2.4. General on Design Models and Constitutive Laws
2.4.1. General on Design Models

Design checks are related to specific failure modes and, therefore, in the design
models for different design checks

o different geometrical idealizations may be required,
o different constitutive laws may be required, and
o different kinematic, equilibrium, and boundary conditions may be required.

The geometry of design models has to be based on the nominal values of individ-
ual dimensions, with the exception of thicknesses, for which analysis thicknesses
have to be used. In determining the analysis thickness, whether the whole of the
corrosion or erosion allowance or only part of it has to be subtracted depends on
the specific design check, and is dealt with in the design check-specific chapters
(see e.g. Section 7.3).

Whether cladding has to be, may be, or must not be included in the models de-
pends on the specific design check, and is dealt with in the design check specific
sections.

Geometric deviations from the nominal, ideal shape have to be included in all
design models if the allowed values specified in Part 4 of EN 13445 are exceeded.

Other geometric deviations, allowed according to Part 4 of EN 13445, have to
be included in some design models, e.g. design models of the instability design
check. The values of the deviations may be already known ones or maximum per-
missible ones — allowed by direct or indirect reference to Part 4 of EN 13445, or
by explicit specification on the drawings.

Almost always part models have to be used, and then care is required that the
models include all the parts of the structure which are necessary to capture possi-
ble elastic follow-up effects.

With regard to geometrical idealizations, in some design models a stress-
concentration-free model suffices and in others local structural perturbation
sources have to be included.

In some design checks, structural stresses or strains have to be determined.
Some models may give these directly, e.g. some finite element models using
shell or beam elements. In cases where the model does not give structural
stresses and strains directly, e.g. because local structural perturbation sources are
kept in the model or are introduced by the geometrical idealization, the required
value of the structural stress or strain in a critical point (hot spot) may be
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e determined by quadratic extrapolation along the surface with surface pivot
points at distances 0.4e, 0.9¢ and 1.4e from the critical point, where e is the (fa-
tigue) relevant thickness of the structure at the critical point,

e replaced by the total stress or strain in any model that deviates from the stress-
concentration-free model only in local structural perturbation sources. Of course,
total stress or strain in the model investigated may always be used instead of the
extrapolated values, with the total stress or strain being determined by the soft-
ware’s solution procedure in the hot spot, or by extrapolation into the hot spot
within the element, or total stress or strain in the element integration points.

The extrapolation line is not specified in the standard, only the distances of the
pivot points are. Depending on the design check, the related failure mode may be
crack initiation or crack propagation of an existing crack. The extrapolation line then
recommended is the intersection of the model’s surface with the plane containing the
normal to the considered incipient crack plane and the surface normal at the hot spot.
Frequently, the extrapolation line is given by the normal to the considered incipient
crack plane at the hot spot.

For the quadratic extrapolation, denoting the quantity of interest — the structural
stress or strain component — by y, and the corresponding one in the pivot point P,
by y,, the extrapolated value of y in the hot spot is given by

Yo = 2.52y, — 2.24y, + 0.72y,, 2.2)

where P, is the pivot point nearest to the critical one, P, the next, and P; the
farthest point.

The idealization process in modelling may introduce new local structural
perturbation sources or may modify existing ones. In the example of the flat end
to cylinder connection shown in Fig. 2.2, the total stress considered in the de-
tailed model depends strongly on the (notch) radius at the weld toe and a sharp
corner, i.e. a vanishing weld toe radius, may result in a stress and strain
singularity.

Use of structural stress and strain, on the other hand, ideally eliminates this
dependence on local structural perturbation sources — results of the extrapolation are
practically independent of local geometry details and fairly insensitive to mesh size.

Finite element models with plate and shell elements, on the other hand, may in
this example give large stress and strain values at surface points of the model per-
pendicular to the intersection of the mid-surfaces, values that are not relevant. In
such cases the values corresponding to the evaluation cross-sections, shown in the
figure, may be used.
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Figure 2.2: Modelling of local geometry details.

Other characteristics: With regard to geometric relations and boundary con-
ditions, in some design models geometrically non-linear relations are required,
i.e. non-linear kinematic relations and equilibrium conditions (between stress and
surface traction components) applied on the deformed structure, and, if it can be
shown to be accurate enough, second-order-theory may be used, i.e. linear kine-
matic relations and equilibrium conditions applied on the deformed structure. In
other design models first-order-theory, i.e. geometrically linear theory, must
be used, i.e. linearized kinematic relations and equilibrium conditions are applied
on the undeformed structure.

For all design models, sufficiently slow rates of change of actions are presup-
posed such that quasi-static models can always be used — all used design models
are quasi-static.

For all design models sufficiently small deformation gradients are presupposed
such that differences in the various definitions of stress and strain tensors are
unimportant and the “usual” definitions of the classical theory of infinitesimal
deformations may be used.

In all design models isotropic constitutive laws are used, and all design models
are homogeneous, with the exception of points of material change.

In some design checks an initial (weightless) stress state is required — in these
design checks a stress-free initial state has to be used, with one exception: In the
fatigue design check, residual stresses due to plastic deformation in the hydraulic
(or pneumatic) test of the final assessment may be taken into account.
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2.4.2. General on Constitutive Laws

An actual structure is a very complex body with complex material behaviour,
already fabrication steps produce residual stresses and also anisotropic material
behaviour. Real materials show essentially non-isotropic behaviour, especially
with regard to initial and subsequent yield limits, however defined. It takes con-
siderable effort to produce a structural material that is initially isotropic in its in-
elastic response.

In view of the practically infinite complexity of the inelastic behaviour of real
materials, and keeping in mind that the design models are used solely in design
checks, isotropic constitutive laws are used in all design models, i.e. constitutive
laws that are independent of material orientation.

In the various design models two types of constitutive laws are used:

e linear-elastic constitutive laws and
e linear-elastic ideal-plastic constitutive laws, with specific yield condition and
associated flow law.

Linear-elastic constitutive laws: In the linear-elastic models the classical
Hooke’s law of elasticity holds, i.e. an (unbounded) linear relationship exists
between stress and strain, which is in cases of thermal stress problems generalized
to include the strain due to temperature changes. The elastic constants, the coeffi-
cient of linear thermal expansion, thermal diffusivity, conductivity, and specific
thermal capacity (for temperature calculations) are to be taken from EN 13445-3
Annex O, at a temperature specified for the relevant design check.

Whether the coefficient of linear thermal expansion between the reference tem-
perature of the strain-free state and the relevant metal temperature is used or the
differential coefficient of linear expansion depends on the software procedure.
Usually, principal values of the spherical thermal strain tensor in the form -At are
used, with the temperature difference Az = =l between the current temperature
¢ and the reference temperature of the strain-free state 7,,.. In this case, in which
the temperature difference referred to is the temperature in the initial (strain-free)
state, the coefficient of linear thermal expansion between the current temperature
and the reference temperature is to be used for B, and not the differential coeffi-
cient of linear thermal expansion.

Linear-elastic ideal-plastic constitutive laws: In the elastic-plastic models the
constitutive laws

e for initial monotonic loading (from the initially stress-free state),
e for monotonic unloading from plastic flow, and
e for subsequent monotonic reloading, after unloading,

are linear-elastic, as described above.
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The limit of the region of elastic behaviour, the yield limit, is specified by the
so-called yield condition, given, for the ideal-plastic constitutive law independent
of previous deformation, by an equation of the form

flo,R)=0, (2.3)

where o; are the components of the stress tensor, and R is the so-called yield
stress. In the design models the yield stress is given by the design value of the ma-
terial strength parameter:

R=RM,. 2.4)

The scalar-valued function fis called yield function. This yield function is con-
vex, and is defined in such a way that f < 0 corresponds to elastic behaviour. The
yield stress R may vary from point to point of the structure, either because of ma-
terial inhomogeneities, e.g. dissimilar base materials or at weld junctions, or be-
cause of non-uniform temperature distributions. For a stationary temperature at a
specific point of the structure the yield stress is also stationary.

Ideal-plastic behaviour requires that during plastic deformation the stress state
(in a specific point of the structure) must always satisfy the yield condition, and
that there is neither hardening nor softening. In a uniaxial stress-strain diagram
this behaviour is given by parallel lines for elastic loading, unloading, and reload-
ing, and a horizontal straight line, at constant stress R, for plastic flow, see Fig. 2.3.

For an infinitesimal change of the stress state (at a specific point of the struc-
ture), with infinitesimal changes of the components do; and corresponding in-
finitesimal change of the yield function df, df >0 is usually called loading (at
the considered point), df <O unloading, and df =0 neutral loading; and f <0,
df >0 corresponds to loading in the elastic regime, f =0, df =0 to plastic defor-
mation, f=0, df <0 to unloading from the plastic regime, and f<<0, df <0 to
unloading in the elastic regime. These designations, as defined and used here, re-
late to changes of the values of the yield function in a point of the structure. In
the literature they are used, quite frequently and especially in connection with
simple textbook examples, also for changes in the response of structures to ac-
tions resulting in changes of the integral of the values of the yield function over
the whole structure or a whole part of it.

In all the elastic-plastic design models used, associated flow rules apply for
plastic deformations: In all stress states with plastic deformation and where the
yield function is smooth, the yield function serves as potential function for the
infinitesimal increments of plastic strain:
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Figure 2.3: Linear-elastic ideal-plastic model, uniaxial stress state.

de; = ) a?, ) 2.5)
where dA is the infinitesimal change of a scalar proportionality factor, the plastic
multiplier. This relationship for the infinitesimal increment of plastic strain is also
called normality rule.

In all elastic-plastic design models plastic incompressibility applies for plastic
deformation — non-vanishing volume dilatation is caused only by elastic stresses
or temperature changes.

It is helpful to visualize stress states as points in a nine-dimensional Euclidean
space whose coordinates are the stress components. The yield condition f=0
defines in this space a surface, called the yield surface. Stress points inside the
yield surface correspond to elastic behaviour, and no plastic deformations occur
and all incremental deformations are linear-elastic. Plastic deformations occur as
long as stress points are in the yield surface. For plastic flow to continue, a stress
point must remain in the yield surface.

If plastic strain states are visualized in the same nine-dimensional Euclidean
space, the normality rule renders a nice presentation of the infinitesimal increment
of plastic strain or of the plastic strain rate — its direction coincides with the nor-
mal to the yield surface in the corresponding stress point.

The deviatoric map is a useful tool in the visualization of stress paths — the
development of the stress state as a function of time — in specific points, lines or
surfaces, vis-a-vis onset of plastic deformation. It is also useful in the presentation,
discussion, and checking of results involving plastic deformation, and in the iden-
tification of critical stress ranges, if these are related to equivalent stress. Almost
indispensable in the visualization, presentation, and plausibility checking of
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results, are the colour or contour plots of the so-called equivalent stress, as a
function of space and at specific instants.

Deviatoric map: The deviatoric map, or the deviatoric projection, a tool in
plasticity theory for visualizing stress states vis-a-vis yield conditions, is, in prin-
ciple, the projection of the stress point in the (three-dimensional, Cartesian) space
of principal stresses — with coordinates in the directions of the unit vectors e, e,
e, equal to the magnitudes of the three principal stresses — onto the deviatoric
plane, the plane which is normal to the hydrostatic axis given by equal principal
stresses. Using this deviatoric projection as a tool, this projection point can be ob-
tained simply by vector addition of o,e,%, 0,e,® and 0,e,9, with an arbitrary (fixed)
scale, in an isometric plot of the unit vectors e,9, e,9, e3d, having the three axes
equally inclined and drawn to equal scale, see Fig. 2.4 and [8].

In this deviatoric map yield limits are represented by closed and convex curves.

Of course, in this mapping of the nine-dimensional stress state onto the two-
dimensional deviatoric map much information of the stress state is lost: The
orientation of the principal stress axes relative to the basic material coordinate
system in the corresponding point of the structure, and also the value of the mean
stress. Starting from a stress point in the deviatoric map, only the values of the prin-
cipal stresses except for a common additive term, the mean stress, can be recovered.

Despite this loss of information, the deviatoric map is for models with mean
stress independent yield limits a very informative tool in the visualization of the
development of plastic deformation, the response of design models to monotonic
and cyclic actions, in the visualization of stress paths of cyclic or recurring ac-
tions for (plausibility) checks of response modes [17], and, in the easy determi-
nation of critical equivalent stress ranges required, e.g. in fatigue design checks.

Use of compatibility ratios of principal stresses, instead of principal stresses, is
recommended, especially in cases of yield stresses that depend on space and/or time.

03

9]

02

Figure 2.4: Deviatoric map.
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Note: When plotting stress paths in the deviatoric map, it is of paramount im-
portance to keep the initially chosen identity of principal stress axes over the
whole history. FEM software and mathematical routines usually designate the
principal stresses according to their values in the order 6,=0,=0;, without indi-
cating that this may mean a change of axes. Therefore, one principal stress axis
that corresponds initially to o, may, in the course of the action history, become the
axis of the middle or even the smallest principal strain, and the corresponding
value of the FEM output may then be 0, or o;. In a plot of the history of principal
strains this is easily recognizable, but, admittedly, there are cases where identifi-
cation is not easy, and may require time-consuming separate investigations. In an
automatic plot of the stress path in the deviatoric map, wrong identity of principal
axes, if uncorrected, may lead to non-explainable behaviour. If identification is
achieved, then renumbering of the principal stresses after the crossing point of the
principal stresses provides a simple remedy (see Annex E.5.2).

Equivalent stresses: The equivalent stress is a non-negative scalar, with the di-
mension of stress that is equivalent to the stress state (with six independent com-
ponents) vis-a-vis the yield function.

For all elastic-plastic design models of the standard the yield condition can be
expressed in the form

fo(0)—R = 0. (2.6)
With the equivalent stress o,,, defined by
O,y = [of(O}), (2.7)
the yield condition can be written in the simple (and instructive) form as

o, =R (2.8)

eq
As a useful reminder:

o the yield function can be negative, zero, and positive; negative values corre-
spond to stress states in the elastic regime; a value of zero corresponds to plastic
deformation; positive values are, strictly speaking, not possible in ideal-plastic
results, but correspond to mistakes or numerical inaccuracies,

o the equivalent stress can only be non-negative,

e in the deviatoric map stress points outside the yield limit are not possible for
ideal-plastic results, those for (unbounded) linear-elastic models are, and

e loading and unloading does not refer to the change of actions, but solely to the
change of the value of the yield function, or the change of the value of the
equivalent stress. A change of actions may result in loading at points of one part
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of the structure and in neutral loading, or even unloading, at points of another. A
change of actions may result in one and the same point in loading with regard to
Mises’ yield condition, but in unloading or neutral loading with regard to
Tresca’s.

Yield conditions: In the elastic-plastic design models two yield conditions are
used: Tresca’s yield condition and Mises’ yield condition. Both yield conditions
are isotropic and independent of the mean stress.

Tresca’s yield condition: In Tresca’s yield condition the yield function f(o;,R)
is given by

0;—0)||-R, 2.9)

MaXUGl —0,); |0, 05,

where 0},0,,0; are the principal stresses of the stress tensor oj;.
The equivalent stress o, is given by

) (2.10)

0,,=Max||o,— 0o,

, |loy—03l, 03—,
Tresca’s yield condition corresponds to the maximum shear stress hypothesis, that
the onset of plastic deformation depends on the value of the maximum shear stress.

Mises’ yield condition: In Mises’ yield condition the yield function f(0;,R) is

given by

(0}, = 0p)*+(0y,— 033>+ (03— 0,)* +6(0 .2+ 0,32+ 05, —2R?, (2.11)

or
(0,—0)*+(0,— 0,)*+(0;— 6,)>—2R?, (2.12)

or
JZ—R?Q, (2.13)

where, as above, 0,,0, and o; are the principal stresses, and J, is the second in-
variant of the stress deviator.
The equivalent stress is given by

=" VI(01,=03)* (0= 03)* (0330, )*+6(0,,> + 057 +0, )I/2, (2.14)

[

or

O'eqM=+\«““[(0'l -0, +H(0,— 0y P +(0y— 0, PU/2. (2.15)
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The right-hand side of Equation (2.14) is called Mises’ equivalent stress func-
tion, and denoted here by MEQ [Gij]. The same function is also used in the defini-
tion of Mises’ equivalent strain, defined as MEQ [&;]-

Mises’ yield condition corresponds to the maximum distortion energy hypothe-
sis or the maximum octahedral shear stress hypothesis, that the onset of plastic
deformation depends on the value of the maximum distortion energy or the
maximum octahedral shear stress.

Octahedral stresses: Octahedral shear stress and octahedral normal stress are
shear stress and normal stress, respectively, acting at the octahedral planes, i.e. the
(eight) planes with equal angles to the three principal stress directions.

The value of the octahedral shear stress 7,, used in one of the interpretations
of Mises’ equivalent stress, is given by

7,=V[(0,— 0,)*+(0,— 0;)*+(0;,—0,)*1/9, (2.16)

where o, i=1, 2, 3, are the principal stresses of the stress tensor 0.
The value of the octahedral normal stress ¢, , used in the mean stress correc-

no’

tion of fatigue design curves of unwelded regions (Section 7.6.5), is given by
0,,=(0,+0,+0;). (2.17)

Yield limit in the deviatoric map: In the deviatoric map Mises’ yield limit is
represented by a concentric circle of radius R, and Tresca’s yield limit by a con-
centric and regular hexagon. If both yield limits agree for the uniaxial case, the
hexagon is inscribed in the circle (see Fig. 2.5).

Fig. 2.4 shows well that Tresca’s yield condition always predicts onset of plastic
deformation not later than Mises’, the maximum deviation for a proportional in-
crease of stress, i.e. for a radial stress path is R - (2/V3—1), approximately 15.5%.

The loci of stress states of constant equivalent stress are represented by
concentric circles if related to Mises’ yield function, and by concentric and regu-
lar hexagons if related to Tresca’s; neutral loading is represented by a stress path,
possibly degenerated to a point, on a circle if related to Mises’ yield function, and
on a concentric and regular hexagon if related to Tresca’s.

In a deviatoric map of stress to yield ratios, Mises’ yield limit is a circle of
radius equal to unity, and Tresca’s yield limit the largest concentric, regular, and
inscribed hexagon.

Compatibility with yield condition: A stress field is said to be compatible with
a yield condition if the corresponding equivalent stress is nowhere larger than the
corresponding yield stress.
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Mises’ yield limit

Tresca’s yield limit

Figure 2.5: Mises’ and Tresca’s yield limit in deviatoric map.

Compatibility ratios: The quotients of the values of principal stresses at a spe-
cific instant and the corresponding, relevant yield stress at the same instant are
called compatibility ratios of the principal stresses. These compatibility ratios of
principal stresses are conveniently used while plotting stress paths in deviatoric
maps, especially in cases where the yield stresses depend on time.

The quotients of equivalent stresses at specific instants and the corresponding,
relevant yield stresses at the same instants are called compatibility ratios of the
stress states. The compatibility ratio of a stress state is a scalar measure of the
stress state vis-a-vis onset of plastic deformation — standardized such that the onset
of plastic flow or plastic flow in a perfectly plastic model, corresponds to unity.
These compatibility ratios are conveniently used while plotting stress distributions
in models, especially in cases where the yield stress is space-dependent, be it due
to different materials or due to space-dependent temperatures.

Generalized stresses and local limit states: The yield functions, defined above,
serve not only as conditions for the onset of yielding, but may also be used as a meas-
ure of the closeness of a stress state to the onset of yielding at a specific point.

The analogous functions for full plasticity in a cross-section or along a line
through a section thickness, however defined, are called local technical limit state
functions or local limit state functions in generalized stresses. These functions
can serve as conditions for full plasticity in a cross-section or along a line through
the section thickness, but are especially suitable as a measure of the degree of plas-
ticity (in a cross-section or along a line through a section thickness).

Generalized variables are introduced in structural analysis of shells and plates
to describe static and kinematic quantities in order to reduce complicated three-di-
mensional problems to simpler two- or one-dimensional ones, by means of kine-
matic hypotheses, such as Kirchhoff’s hypothesis.
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For shells and plates the generalized stresses are the stress resultants, defined,
for example, by

el2 e/2 el2
nop=_I Oppdz.myy= ] 20,5d2.9,= ] 0,4z, (2.18)

where e is the thickness at the cross-section, z the coordinate in thickness direction
(normal to the middle surface), and ¢, = 1,2 indicate directions in the middle
surface.

The local technical limit state function defines the locus of all combinations
of generalized stresses that correspond to full plasticity (at a specific cross-section
or along the line in thickness direction) for a specific linear-elastic ideal-plastic
constitutive law.

A reasonably good, recommended approximation for relatively thin shells and
plates with Mises’ yield condition is given by Ivanov’s (second) yield function
[40], defined by

— — —2
s . i), | Q Gu- 0
2 =0 + + +4 /2 —| L—1—=" /4 2.19
0,40, + e, 42, | [ ATV N ] 2.19)
with
0,= [n2+n2—n, n,+3n,2 I(R-e), (2.20a)
0,=[m¢ + m—my-m,+ 3m3|/ (R-€* 14, (2.20b)

Q,n=Im;-ny+my ny— (m;- n, + my-n))I2 + 3m, ny,] 1 [(R-e)(R- e*4)], (2.20c)

and where Iv=1 corresponds to full plasticity, i.e. onset of unconstrained plastic
flow (provided the surrounding material allows for that). In the derivation of
Ivanov’s yield function, shear has been ignored — Ivanov’s yield function fails
when shear cannot be neglected.
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Chapter 3

Design Checks and Load Cases

3.1. Design Checks

In the design of components with calculation temperatures below the creep range,
the following five design checks have to be considered:

Gross Plastic Deformation Design Check (GPD-DC),
Progressive Plastic Deformation Design Check (PD-DC),
Stability Design Check (S-DC),

Fatigue Design Check (F-DC), and

Static Equilibrium Design Check (SE-DC).

In the design of components with calculation temperatures in the creep range,
the following three design checks have to be considered additionally:

o Creep Rupture Design Check (CR-DC),
e Excessive Creep Strain Design Check (ECS-DC), and
e Creep Fatigue Interaction Design Check (CFI-DC).

While work on these design checks in the sub-group Design Criteria of TC 54
WG C and the enquiry procedure has been completed, the required discussion is
ongoing and the voting procedure is as yet far away. Therefore, this book is limi-
ted to load cases with calculation temperatures below the creep range.

The range of calculation temperatures for which creep related design checks
are not required is given by the calculation temperatures for which the 0.2%-proof
stress is not larger than both of the following two values,

e the product of 1.2 and the creep rupture strength at calculation temperature and
for the relevant lifetime,

e the product of 1.5 and the 1% creep strain strength at calculation temperature
and for the relevant lifetime.

The designations creep rupture strength and 1% creep strain strength refer
to mean values, as specified in the material standard, for which a scatter band of
experimental results of =20% is assumed. For larger scatter bands, 1.25 times the
minimum band values should be used instead of mean values.
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That a design check has to be considered does not mean that calculations are ac-
tually required — it may be that the failure mode corresponding to the design check
is not relevant, or that another design check makes the considered one superfluous
— however, the design check has to be addressed in the design documentation.

It is the duty of the designer to ascertain whether additional design checks are
required, and that all relevant design checks — the obligatory and the possibly re-
quired additional ones — have been addressed. For example, especially for materi-
als with high ductility, design checks related to failure modes of excessive local
deformation, i.e. excessive local deformation at mechanical joints (with possible
leakage problems), or violation of service restraints might be required.

As a checklist, in support of this activity, the list of failure modes and limit
states given in EN 13445-3 Annex B is reproduced in Table 3.1.

Table 3.1: Classification of failure modes and limit states

Action type

Short-term Long-term Cyclic

Failure mode Single Multiple Single Multiple
application application  application application

Brittle fracture
Ductile rupture?
Excessive deformation 1*
Excessive deformation 2°
Excessive deformation 3°
Excessive local strain’
Instability®
Progressive plastic U
deformation®
Alternating plasticity'® U
Creep rupture U
Creep-excessive S, U!
deformation 1!
Creep-excessive U
deformation 22
Creep-excessive
deformation 33
Creep instability
Erosion, corrosion
Environmentally assisted
cracking'*
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(Continued)
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Table 3.1: (Continued)

Action type

Short-term Long-term Cyclic
Failure mode Single Multiple Single Multiple
application application  application application
Creep-excessive S, U!
deformation 1"
Creep-excessive 8]

deformation 22
Creep-excessive
deformation 33
Creep instability
Erosion, corrosion
Environmentally assisted
cracking'
Fatigue U
Environmentally assisted U
fatigue

wn

cwnc

Note: U indicates ultimate limit state and S serviceability limit state.

. In case of risk due to leakage of content (toxic, inflammable, steam, etc.).

. In case of sufficient post-instability load-carrying capacity.

. Unstable gross plastic yielding or unstable crack growth.

. Excessive deformation at mechanical joints.

. Excessive deformation resulting in unacceptable transfer of load.

. Excessive deformation related to service restraints.

. Resulting in crack formation or ductile tearing by exhaustion of material ductility.

. Elastic, plastic, or elastic-plastic.

. Progressive plastic deformation (or ratchetting).

10. Alternating plasticity.

11. Creep-excessive deformation at mechanical joints.

12. Creep-excessive deformation resulting in unacceptable transfer of load.

13. Creep-excessive deformation related to service restraints.

14. Stress corrosion cracking (SCC), hydrogen-induced cracking (HIC), and stress orientated hydro-
gen-induced cracking (SOHIC).

3.2. Load Cases

O 00O\ W A WK~

The preparation of a design specification is a very responsible task, and it is the
responsibility of the user, or his/her designated agent, to provide sufficient details,
but, nevertheless, the final responsibility lies with the manufacturer:

The manufacturer is under the obligation to analyse the hazards in order to
identify those which apply to his equipment on account of pressure; he must
then design and construct it taking account of his analysis (PED Annex I, 3).
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Pressure equipment must be designed, manufactured and checked, and if ap-
plicable equipped and installed, in such a way as to ensure its safety when
put into service in accordance with the manufacturer’s instructions, or in
reasonably foreseeable conditions (PED Annex I, 1.1).

Where the potential for misuse is known or can be clearly foreseen, the pres-
sure equipment must be designed to prevent danger from such misuse or, if
that is not possible, adequate warning given that the pressure equipment
must not be used in that way (PED Annex I, 1.3).

It is the manufacturer’s responsibility

e to identify all actions that can affect the safety of the pressure vessel under rea-
sonably foreseeable conditions;

e to have these actions — together with their appropriate characteristic values,
characteristic functions, and used partial safety factors — grouped together into
sets of actions that can occur coincidently under reasonably foreseeable condi-
tions, i.e. to have the load case specifications in writing;

e to have all specified exceptional load cases included in the list of load cases and
in the technical documentation.

Because of the fact that

e Design by Formulae is still the “usual” route in design — a route in which the
maximum allowable pressure together with the maximum allowable temperature
governs the design, or the most critical pair of maximum allowable pressure and
maximum allowable temperature, and a route in which investigations of fatigue
and influence of “other” loads are still rare, and treated separately, and

e most of the experience is with linear problems, where, again, investigation of
the most critical combination of values of actions suffices. It is worth noting that
in Design by Analysis, the history of actions is quite often of importance, that
the notion of load cases involves also time-dependent actions, e.g. in thermal
stress problems, and that it involves actions that depend on a parameter related
monotonically to time, a parameter which determines the order of actions states,
e.g. in fatigue and in PD-DC.

Visualization in the action space — the space of all actions to be considered —
gives a clearer picture:

e to each combination of action values there corresponds one point,

¢ to each combination of extreme values of actions specified to be considered coin-
cidently there corresponds one point, the vertex of a domain of all combinations
of actions for which the component is to be designed, called design domain,
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and the union set of all cuboids with corners given by these vertices defines this
design domain uniquely,

e to each to-be-considered combination of characteristic values of actions there
corresponds one point, and all of these points coincide with the vertices of the
design domain,

e to each combination of characteristic values and characteristic functions there
corresponds one curve, possibly degenerated into a straight line.

e load cases are represented, in this action space, with their characteristic values
and/or characteristic functions, by points or by curves — the points are identical with
the vertices of the design domain, and the curves are within the design domain,

e it is advisable to consider at least two different design domains — one for nor-
mal operating load cases and one for testing load cases,

o for exceptional load cases, if any, there may be a third design domain.

In general, load cases cannot be set up without taking into account the DCs:

o the GPD-DC and the instability design checks require sets of load cases that
include all vertices of the design domain,

o if, in fortunately rare cases, non-stationary thermal stresses have an influence on
the results in these design checks, then load cases with temperature functions
(of time) may be additionally required,

e the PD-DCs require functions of actions for to-be-considered cycles of variable
actions, functions which include vertices of the design domain related to variable
actions, functions of a time-like parameter or, in case of thermal stresses, of time,

e the F-DCs require functions similar to the ones in the PD-DCs, but these func-
tions are, in general, specific for these design checks, and need not include the
vertices of the design domain,

o for the SE-DCs, in general, specific load cases corresponding to a sub-set of the
vertices of the design domain are to be set up.

Of course, when considering a specific design check, some load cases can be
eliminated, because the design check for these load cases is necessarily fulfilled if
it is fulfilled for any of the other not eliminated load cases.

Great care is required in such an elimination process:

e correct elimination will reduce time and effort required in the admissibility
check, but

e wrong elimination may lead to a design with insufficient safety margins, even
to an unsafe design.

In case of slightest doubt, a load case should be kept and not eliminated — naive
intuition is a poor guide and time constraint a bad companion in design, especially
in Design by Analysis.
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Specific hints on the elimination possibilities are included in the various design
check specific chapters.

Requirements that follow from the (legal) requirements of the PED for the de-
termination of characteristic values of actions have already been discussed in
Section 2.3.1, additional ones from EN 13445-3 Annex B are given in Table 3.2,
and in the chapters dedicated to specific design checks.

For many load cases, even the most important ones, the characteristic values of
actions are pre-given, by legal or contractual requirements. In these cases, the table
serves only as a reminder of the randomness of actions, and that the characteristic
values are, in general, by no means extreme values.

Table 3.2: Characteristic values for different types of action

Action Coefficient of Symbol Characteristic value
variation

Permanent =0.1" G,* Mean of extreme values

Permanent >0.13 G Upper limit with 95% probability

of not being exceeded*
Giint? Lower limit with 95% probability
of being exceeded*

Variable =0.1" 0, Mean of extreme values
Variable >0.1 0, 97 percentile of extreme value in
given period’
Exceptional — — Shall be individually specified
Pressures and P Reasonably foreseeable highest
temperatures pressure
Ty Reasonably foreseeable highest
temperature
P, Reasonably foreseeable lowest
pressure®
T, Reasonably foreseeable lowest
temperature
Note:

1. The mean of the extreme values may also be used when the difference between the reasonably
foreseeable largest value and the smallest one is not greater than 20% of their arithmetic mean
value.

2. The subscript k indicates that there are usually several actions in a load case and they are indivi-
dually numbered.

3. Also applies where the actions are likely to vary during the life of the vessel (e.g. some superim-
posed permanent loads).

4. If a statistical approach is not possible, the largest and smallest credible values may be used.

5. For variable actions, which are bounded, the limit values may be used as characteristic values.

6. This value is usually either zero or —1.0 (for vacuum conditions).
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For example, maximum allowable pressure and maximum allowable tempera-
ture are, per definitions, the maximum pressure and the coincident maximum tem-
perature for which the equipment is designed, as specified by the manufacturer,
and EN 13445-3 Annex B indicates that the upper characteristic value of pressure
may be based on the value of the maximum allowable pressure, both referred to
the same reference point, and that the pressure accumulation over the maximum
allowable pressure after pressure relief devices start to discharge need not be taken
into account. As a matter of fact, the partial safety factors (for pressure and the ma-
terial strength parameter) were calibrated on the basis that the characteristic value
of pressure in the GPD-DC is equal to the maximum allowable pressure.
Therefore, an upper characteristic value of pressure in normal operating load cases
equal to the maximum allowable pressure, both with the same reference point, is
in agreement with the requirements, and is the normal choice.

It follows that pressure can exceed in normal operation its upper characteristic
value for normal operating load cases, just as it can exceed its maximum allowable
pressure.

Similar reasoning leads to the normal choice of the related upper characteristic
values of temperature equal to the related maximum allowable temperatures.

For the self-weight of the structure and of non-structural parts, EN 13445-3 Annex
B allows the usage of results based on nominal dimensions and mean unit mass.

For wind, snow, and earthquake actions, the standard allows the usage of coun-
try-specific data, from relevant regional codes. In these cases, the table may be
useful, if in these regional codes values and safety factors are not based on the par-
tial safety factor format which is used in the Direct Route in Design by Analysis,
and where, therefore, adjustments are required.

The table is necessary for the specification of characteristic values of actions
other than pressure, temperature, and self-weight, and for the specification of char-
acteristic functions of actions. Especially the result of the F-DC is, because of the
inherently strong non-linear relationship between stress range and allowed num-
ber of corresponding cycles, very sensitive to the choice of the characteristic func-
tions — characteristic functions need not envelop the functions to be expected under
reasonably foreseeable but extreme conditions, and they need not be enveloping
functions. These functions should be based on a realistic assessment of upper
bound functions, if possible in a statistical sense, in order to obtain reasonably eco-
nomic results that are still safe.

It is appropriate to indicate in the load case specification specifically those
actions, or parts of actions, that are limited by a natural law, e.g. pressure under
vacuum conditions, because the partial safety factor format acknowledges this
limitation — the partial safety factors are smaller for such limited actions.

Partial safety factors of actions that have to be included in the load case speci-
fication are discussed in the chapters dedicated to the specific design checks.
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3.3. Procedure
3.3.1. Step 1: Setting Up of Load Case Specifications List

In a systematic approach to the whole process of checking a design, the first task
is the identification of the safety relevant actions and the safety relevant combina-
tion of actions that have to be considered because they can occur under reasonably
foreseeable conditions, or have been specified (for other reasons) in the order.

Next, the characteristic values of actions and the characteristic functions of
actions have to be specified, after having taken into consideration related failure
modes, and, usually, also taking into account related design check requirements.
For example, for the action pressure, there may be different upper characteristic
values for the GPD-DC, the F-DC, and the creep design check.

The final task in the setting-up of load case specifications then is the specifica-
tion of the relevant partial safety factors for these load cases, taking into account
the relevant design checks.

The final product of this process is the list of load case specifications, with all
the action-related values and functions, and all the partial safety factors, related to
specific design checks.

Whether one includes in one load case different (design check related) sub-
cases or specifies different load cases, each one related to only one design check,
is up to the discretion of the designer, and will very likely depend on the com-
plexity of the load cases.

It seems to be advantageous to use the sub-case approach, with appropriately
chosen load case identifier designations, e.g. NOLC 3.2 for the second sub-case of
the normal operating load case 3. It is good practice to relate the sub-case identi-
fier to the order number of the design check, e.g. 1 for the GPD-DC, 2 for the PD-
DC, and so on.

The decision as to whether the consideration of the obligatory design check suf-
fices, or whether other design checks are required, should also be part of this first step.

Frequently, this step is not followed through completely, leaving gaps in the
(ideal) load case specifications, sometimes with data related to legal requirements,
e.g. maximum allowable pressure, maximum allowable temperature.

3.3.2. Step 2: Setting Up of Design Check Table

In all but the simplest cases, it is advisable to prepare a design check table, i.e. a
table of the required design checks and the related load cases. This table follows
directly from the load case specifications list generated in Step 1. As an example,
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Table 3.3: Design check matrix

Design check

Load case
GPD-DC PD-DC F-DC S-DC SE-DC

NOLC 1.1 v — —
NOLC 1.4 — — —
NOLC 2 — — —
NOLC 3.4 — — —
NOLC 3.5 — — —
NOLC 4.4 — — —
NOLC 4.5 — —
NOLC 5.2 — 4
NOLC 5.3 —
TLC 6.1 4 — — —
TLC 6.4 — — — v —

|
NI NN
sEsb

see Table 3.3 for a storage vessel with skirt, under internal pressure, wind, and
operating at ambient temperature.

In this table, load case identifier 1 refers to the fully filled vessel, maximum in-
ternal pressure (and no wind); load case identifier 2 to the empty vessel, vacuum
(and no wind); load case identifier 3 to the empty vessel, vacuum and wind action;
load case identifier 4 to the fully filled vessel, maximum internal pressure and
wind; load case identifier 5 to operational fluctuations of pressure and liquid
height, and, finally, load case identifier 6 to the hydraulic test. Load cases 1
through 4, and 6, correspond to vertices in the two design domains, one for nor-
mal operation and one for testing.

This table shows quite clearly how complex the design check table can become
if more than two actions have to be considered:

In the case of n independent actions, independent in the sense that for any ac-
tion only one maximum exists and not two or more in dependence of regimes of
other actions, in this simplest case 2" different combinations of extreme values of
the actions exist, i.e. the design domain is specified by 2" vertices.

In the case considered here, of the 8 combinations of the maxima and minima
of the three actions — pressure, hydrostatic head of fluid, wind — only 4 are in-
cluded in the matrix. Not included are the four combinations:

e maximum pressure, empty vessel, wind,

e maximum pressure, empty vessel, no wind,
e vacuum, fully filled vessel, wind,

e vacuum, fully filled vessel, no wind.



52 Pressure Vessel Design: The Direct Route

This is because the corresponding design checks are encompassed by the ones
in the table.

Load cases NOLC 1.1, 1.2, and NOLC 2 could have been deleted as well, but
pressure for a pressure vessel is a very special action, and it is good practice to
keep load cases that deal with pressure and temperature only — for comparison
with DBF results and plausibility checks.

3.3.3. Step 3: Setting Up of Design Models

Design models are design check and load case specific, details are given in the de-
sign check specific chapters.

The geometry of models is, in general, only design check specific, i.e. it is the
same for all load cases of a design check.

The type of the design models’ constitutive laws is likewise design check spe-
cific, but the material parameters depend, in general, on the load case.

The kind of mathematical approximation — first-order theory, second-order theory,
or geometrical non-linearity — depends in most cases only on the design check, but
it may also depend on the load case.

3.3.4. Step 4: Execution of Design Checks

In this step the responses of design models to design actions is investigated and
checked for compatibility with the design checks’ requirements, i.e. checked
whether they fulfil the requirements of the design checks’ principles, or the
requirements of application rules.

This step is the most interesting one, from a theoretical point of view, but espe-
cially from the designer’s point of view, since it provides much insight into the
component behaviour in service.

Details are given in the design check specific chapters.

Most of the design checks are specified as principles, and application rules are
given additionally.

Usage of the principle is the most straightforward route and gives the most
information, but the route via one of the application rules is frequently a useful,
convenient short cut.

The geometry, the type of constitutive law, and the kind of mathematical
approximation, being frequently the same for all load cases of one design check,
it is good practice to perform all load case investigations of one design check, i.e.
all investigations for all load cases relevant for one design check, consecutively,
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and then proceed to the next design check. Even if material parameters differ for
the various load cases, and also if the mathematical approximation is not the same,
the advantage of the similarity in the models can be used in this way.

It is good practice to conclude each investigation of a load case with a definite
statement on the satisfaction of the design check requirements.

3.3.5. Step 5: Final Conclusion

It is good practice to finish the whole admissibility check by a definite, signed
statement that for all required design checks the design check principles are ful-
filled for all the relevant load cases stated in the design specification.

This may be seen as unnecessary red tape, but experience has shown the value
of such a step — a deviation only noted in a detailed investigation is easily forgot-
ten afterwards and necessary correction steps may not be carried out.

3.4. Example

An example with a very formalistic deduction of a design check table can be found
in Annex E.3.
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Chapter 4

Gross Plastic Deformation Design Check
(GPD-DC)

4.1. Introduction

The Gross Plastic Deformation Design Check (GPD-DC) deals with

e the main failure mode gross plastic deformation and
e the secondary failure mode excessive local strain,

with regard to

e short-time response, i.e. excluding creep effects, and
e single monotonic application of actions.

Figs. 4.1a—d show four types of such responses of real structures made of real
materials. Fig. 4.1a shows a load versus displacement curve that is typical for ex-
perimental results with tensile bars and trusses subjected to axial forces at ambient
temperatures, or results for cylindrical or spherical shells under internal pressure,
made of mild steel or any other material with pronounced yield point at the testing
temperature.

When the monotonically increasing load reaches the unrestricted plastic flow load
A,, the rate of change becomes zero, or nearly zero, but the structure can still carry
larger loads, up to the ultimate load. The increase in load carrying capacity is mainly
due to the strain hardening of the material, possibly enhanced by geometric effects.

A limit analysis model of the structure with yield limit equal to the yield strength
of its material, will show a load versus displacement diagram similar to the one shown
in Fig. 4.2 — a limit analysis model with the appropriate yield limit will, in this case,
be a reasonably good model for the determination of the unrestricted plastic flow load.

Figs. 4.1b show two load versus displacement curves typical for experimental
results

e with materials without pronounced yield point at the test temperature but with
strong hardening,

e with structures and loads for which deformation has a strong positive effect,
thus contributing markedly to the improvement of the load carrying capacity of
the structure, e.g. not too thin-walled dished ends under internal pressure,
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o with structures and loads where growth of plastified zones and/or newly plasti-
fied zones contribute markedly to the increase of the load carrying capacity of
the structure, e.g. flat circular ends with pronounced diaphragm effect.

Compared with the response shown in Fig. 4.1a, there is, in this case, no plateau
(of unrestricted plastic flow) and the sharp bend in the load versus displacement

Force

(a)

Force

Pressure

—~
o
~

_/

Displacement

Pressure

Displacement

Displacement

Pressure

(d)

Displacement

Displacement

Figure 4.1: (a) Load versus displacement curve, type 1: Three-bar truss made of mild
steel [120]; (b-1) Load versus displacement curves, type 2: Uniformly loaded, simply
supported beam, I-shaped cross section, made of mild steel [120]; (b-2) Load versus dis-
placement curve, type 2: Dished end, internal pressure, made of mild steel [121]; (c) Load
versus displacement curve, type 3: Post buckling of a cylindrical shell under torsion [53];
(d) Load versus displacement curve, type 4: Three-bar truss made of aluminium [120].
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curve at the unrestricted plastic flow load is missing due to the absence of a pro-
nounced yield point, a marked hardening, or a positive effect of deformation.

In this case, a limit analysis model of the structure will not be a good simu-
lation model, but still can be a reasonably good design model, possibly a highly
conservative one.

Fig. 4.1c shows a load versus displacement curve that is typical for experi-
mental results with deformation-weakening, where deformation due to the ap-
plied action has a detrimental effect on the unrestricted plastic flow load.
Examples are

e instability problems, e.g. cylindrical, spherical, and conical shells, or dished
ends, under external pressure, or beams and cylindrical shells under axial com-
pressive loading,

e cases where deformation has a negative, weakening effect on the structure’s car-
rying capacity, e.g. nozzles in cylindrical shells under transverse moments, noz-
zles in cylindrical shells under axial compressive forces, bends under curvature
increasing moments, cylindrical shells with out-of-roundness or peaking under
external pressure.

The response is sensitive to initial stresses, often highly sensitive to initial de-
formations and to initial deviations from the ideal geometry, and often strongly
dependent on kinematic boundary conditions.

In this case, a limit analysis model of the structure is neither suitable as a sim-
ulation model nor as a design model. A design model, to be suitable in cases of
such a behaviour, must at least include second-order theory, preferably also non-
linear kinematic relations.

Fig. 4.1d shows a load versus displacement curve which is typical for experi-
mental results with structures made of a material without pronounced yield point
and with actions resulting in stress states without a marked re-distribution during
loading, e.g. statically determinate trusses, or cylindrical and spherical shells
under internal pressure. For a monotonically increasing action the ultimate load
will be reached asymptotically, or, quite often, after a finite displacement, and the
rate of change varies frequently monotonically.

Despite the similarity of the load versus displacement curve of this type and the
one of a limit analysis model, see Fig. 4.2, a limit analysis model will, in this case,
not be a good simulation model — for a reasonably good simulation, the yield
strength of the limit analysis model has to be adjusted or calibrated, to a value some-
where between a proof stress and the ultimate strength of the material, obtained with
the usual tension test specimen, depending on the structure and the action.

Nevertheless, in this case a limit analysis model may be a reasonably good de-
sign model, with a yield strength based on the 0.2% (or 1%) proof stress specified
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Pressure

Displacement

Figure 4.2: Load versus displacement curve, limit analysis model: Flat end to cylinder
connection with relief groove [3].

in the material standards. Very likely, such a design model is highly conservative,
neglecting totally the (safety) margin due to hardening of the real material.

Fig. 4.2 shows a load versus displacement curve that is typical for the response
of limit analysis models to actions without instability effects and without dis-
placement weakening. For a monotonically increasing action the ultimate load is
reached asymptotically, or after a finite displacement, and strains are usually small
up to loads very close to the ultimate load.

In this case, the response of limit analysis models to monotonically increasing
actions is insensitive to initial stresses and fairly insensitive to initial deformations
and initial deviations from the perfect geometry. The limit analysis load itself is in-
dependent of initial stresses, of initial deformations, and of the action history, but
may depend on initial deviations from the perfect geometry, if these deviations are
non-local structural perturbation sources.

4.2. Procedure

The GPD-DC can be seen as an investigation of the capacity of the structure to
carry safely all of the to-be considered states of actions. As such, the design check
encompasses all action states in the design domain and deals with all load cases that
correspond to the vertices of the design domain. In cases of deformation-weaken-
ing, i.e. in cases where deformation decreases the load carrying capacity of the
structure, additional design checks, as described in the instability design check
specific Chapter 6, are required. If in such cases non-stationary thermal stresses
influence the result, additional load cases with characteristic time-dependent tem-
perature (functions) are required.
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From this point of view, the GPD-DC procedure can be summarized as follows:

o the gross plastic deformation check deals with all load cases that correspond to
the vertices of the design domain;

e of these load cases some can be eliminated, need no specific investigation be-
cause the investigation result is encompassed by any of those for the non-
eliminated load cases;

o for all of the remaining load cases the checks shall be performed as specified in
this chapter; and

o these proper checks are investigations as to whether the design models can carry
the design actions of the load cases, with specifically limited structural strains.

For deformation-weakening load cases additional investigations are required. If,
in any of these deformation-weakening load cases, non-stationary thermal stresses
possibility influence the result, then at least one additional load case with charac-
teristic time-dependent temperature is required. For these (additional) load cases
only the additional investigations, as described for these deformation-weakening
load cases, are required if the results for allowable design actions obviously
encompass the corresponding ones of the usual GPD-DCs. In case of doubt both
the checks are required — the models differ not only in the geometric non-linearity,
but also in the initial conditions and the additional consideration of thermal
effects, if any.

The following sections (of this chapter) deal solely with the investigations with
respect to the failure modes gross plastic deformation and excessive local strains,
required for all (non-eliminated) load cases, without and with deformation-
weakening. The additional investigations required for deformation-weakening
load cases are dealt with in Chapter 6 — the behaviour of the required geometri-
cally non-linear design models is similar to that of the design models for buck-
ling load cases, and often includes buckling.

4.3. Design Models

All design models used in the investigations discussed here may be stress-
concentration-free models.

In the modelling of the stress-concentration-free geometry, in principle, mate-
rial is to be removed — adding of material requires justification.

For clad components the following applies:

e Structural strength may be attributed to cladding only in the case of integrally
bonded type, and by the agreement of the parties concerned.

e The nominal face of the cladding is to be used as the surface of the pressure
application.
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e A pressure correction may be required in cases of finite element models with
shell elements if pressure is (in the software) applied at the centroidal surfaces
of the elements and not on their actual surfaces. A pressure correction is re-
quired if cladding is not included in the model. In both cases the correction fac-
tor is given by the ratio of the (infinitesimal) areas of the surfaces on which
pressure is applied — actually and in the finite element model.

All of the design models are limit analysis models, using

o first-order theory,

e linear-elastic ideal-plastic constitutive laws,

e Tresca’s yield condition and associated flow rule,

e specified material and temperature-dependent yield stress given by the specified
design value of the material strength parameter.

Tresca’s yield condition has been chosen for calibration purposes — the results
of the maximum admissible internal pressure of sufficiently long, closed cylindri-
cal and of spherical shells according to DBF and to the GPD-DC should agree. Or,
in other words: The formulae given in the DBF section of the standard for cylin-
drical and spherical shells are based on the limit analysis pressure for Tresca’s
yield condition. Consequently, the very same yield condition, i.e. Tresca’s yield
condition, was specified in the GPD-DC, in order not to favour DBA for these sim-
ple geometries, for which sufficient experience with the results according to the
DBF approach exists. Usage of Mises’ yield condition would result in thinner
closed cylindrical shells in cases where gross plastic deformation is the dominant,
decisive failure mode, without any convincing argument.

Another reason for the choice of Tresca’s yield condition has been the wish for
results that are conservative compared to experimental ones.

Nevertheless, Mises’ yield condition may be used instead of Tresca’s, but then
the specified yield stress, specified for Tresca’s yield condition, has to be multiplied
by 1/3/2 in order to obtain the yield stress to be used with Mises’ yield condition.

Usage of Mises’ yield condition may be necessary because of software or nu-
merical problems related to Tresca’s yield condition. Routines with Mises’ yield
condition are much faster than routines with Tresca’s — usage of Mises’ yield con-
dition is recommended for first trials and for non-critical checks.

The yield stresses used in the design models — the design values of the material
strength parameter — are obtained by division of the relevant material strength pa-
rameter RM by the relevant partial safety factor ¥,. The values to be used are given
in the following two tables, Table 4.1 for normal operating load cases and Table
4.2 for testing load cases. For exceptional load cases, the values for the relevant
material strength parameters are given by those for normal operating load cases,
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Table 4.1: RM and Y, for normal operating load cases

Material RM %

1.25 for Ryoan =0.8
m/20

Ferritic steel® Ry or Ry
R 001 :
1.5625 [ 222} otherwise
m/20
Austenitic steel R, o 1.25

with 30% = A < 35%

R
1.0 for 2% <04

mlt

Austenitic steel 2'5Rp1.01

R
with A; = 35% R, o for 0.4 < 2L < (.5

mlt mlt

1.25 for Rovon > 0.5

mit

19/12  for BM = 19/24
m/20

Steel castings R0

2R .
Zp02t otherwise

m/20

Steel other than austenitic steel with A5 >30% and steel castings.

i.e. by those in Table 4.1, and the partial safety factors are to be agreed by the par-
ties concerned, but must not be smaller than those for testing load cases, given in
Table 4.2.

For the values of the material strength parameters, see also the definition of the
design value of the material strength parameter, it is common practice to use the
minimum values specified in the material standards.

For the reference temperature for the determination of temperature-dependent
material strength parameters, a temperature not less than the maximum metal tem-
perature of the load case is to be used. This reference temperature may be (cho-
sen) space independent, or space dependent. In the first case, the (chosen) value
must not be smaller than the maximum calculation temperature in any point of the
considered model, in the second the reference temperature in each point must not
be smaller than the calculation temperature in this point. It is common practice to
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Table 4.2: RM and 7, for testing load cases

Material RM* TR
Ferritic steel® Ry or Ry, 1.5
Austenitic steel
; R, 1.5
with 30% = A, < 35% P
Austenitic steel R
p1.0 =0.
with A5 = 35% Ry 105 for == = 0325
2.0R
Tmpm otherwise
. R
Steel castings P02 1.33

2Values for RM are for the test temperature.
bSteel other than austenitic steel with A5 > 30% and steel castings.

use, in this latter case, the stationary result of the (numerical) temperature calcu-
lation for the load case directly.

The results of the investigations are insensitive to the used values for the material
parameters for the linear-elastic regime — modulus of elasticity and Poisson’s ratio;
in many cases these results are even independent from these material parameters.

Taking this into account, and also for simplicity, the material parameters to be
used for the linear-elastic regime are specified such that they can be used un-
changed in thermal stress problems involving temperature changes from ambient
to the maximum characteristic temperature of the load case considered:

e The reference temperature r*; for the determination of the temperature-
dependent modulus of elasticity shall not be less than

15, = 0.751%, + 5K 4.1)

with t*; and 1%, in °C, and where t*,, is the reference temperature for the de-
termination of the material strength parameter discussed in the preceding para-
graph. The corresponding modulus of elasticity is to be determined using Annex
O of EN 13445-3.

e For Poisson’s ratio the value 0.3 is specified (for the elastic regime).

The summand in the equation for the reference temperature, Equation (4.1), is
not a temperature margin, introduced for safety reasons, but is the contribution
from ambient temperature, taken to be 20°C.
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The design models ensure unique results with regard to safe actions, and the re-
sponse of the models to a given action history is unique in terms of the stress history
(but not necessarily in terms of the strain and displacement histories) [40], p. 253.

4.4. Design Values of Actions

The design values of the actions, to be considered in this (part of the) design check,
are given by the product of their characteristic values and the relevant partial safety
factors, given in Table 4.3 for normal operating load cases and in Table 4.4 for testing
load cases. The partial safety factors for exceptional load cases are equal to unity.

Formally, the temperature distribution in a structure is the effect of the temper-
ature action. This is one of the reasons for the inclusion of the corresponding
partial safety factors for temperature in these tables, for normal operating and for
testing load cases. Another reason is the following one:

The temperature (distribution) in the structure is taken into account in these in-
vestigations via the temperature dependence of the material strength parameters,

Table 4.3: Partial safety factors for actions and normal operating load cases

Action Condition Partial safety factor
Permanent® For actions with an unfavourable effect Yo =12
Permanent® For actions with a favourable effect Y = 0.8
Variable® For unbounded variable actions % =15
Variable® For bounded variable actions and limit values % =10
Pressure For actions without a natural limit % =12
Pressure For actions with a natural limit, e.g. vacuum % = 1.0
Temperature % =10
Displacement Y = 1.0

20ther than pressure, temperature and displacement.

Table 4.4: Partial safety factors for actions and testing load cases

Action Condition Partial safety factor
Permanent® For actions with an unfavourable effect Yo =12
Permanent® For actions with a favourable effect ¥ = 0.8
Pressure % = 1.0
Temperature % =10
Displacement Y% = 1.0

40ther than pressure, temperature and displacement.
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and in general, formally, thermal stresses need not be taken into consideration: In
a pure limit analysis approach thermal stresses need not be taken into account —
the limit analysis action is independent of thermal stresses, because thermal
stresses are self-stresses. The (structural) strain-limiting requirement in the princi-
ple changes this (simple) picture: There are (bad design) cases where strains due
to thermal stresses may become too large to be neglected in this design check.
Typical examples are temperature-induced forces at nozzles due to restrained
displacement at anchor (fix) points of piping attached to vessels, forces which can
result in non-negligible strains in the nozzle to shell region. Quite often, these
piping reactions are determined in piping analyses assuming total restraint of the
piping at the nozzles. This approach usually leads to overly large reactions, and,
thus, to overly large strains. Although not required in the standard, it is, in such
cases, recommended to include temperature in the load cases, and to include, at the
same time, relevant parts of the piping in the models. Alternatively, in the piping
analyses appropriately flexible supports at the nozzles can be used. As a warning
note: Only the thermal stress-related strains have to be considered in the strain-
limiting requirement, and not the strains due to thermal expansion, BAz, with the
coefficient of linear thermal expansion .

Analogously, the partial safety factors for imposed displacements have been in-
cluded here in these tables, whereas none are given in the standard.

For wind, for snow, and for earthquake actions, country-specific data, i.e. val-
ues specified in relevant regional codes, may be used, but their usage should be ac-
companied by a check of the (characteristic) values used such that the overall
safety margins are maintained.

Taking into account the fact that the coincident occurrence of values of non-
correlated variable actions near the actions’ characteristic values is small if one of
these actions has stochastic properties, the design values of stochastic variable
actions, like wind, snow, earthquake, may be multiplied by a combination factor ,
if these stochastic actions are combined, in multiple-action load cases, with
pressure and/or at least one other stochastic action.

If only a part of the pressure is subjected to a natural limit, e.g. the part of the
pressure that corresponds to a static head, then, in the determination of the design
value of pressure, this part may be multiplied by the partial safety factor 1.0 and
the other part by 1.2.

For checking the completeness of the load case specifications with regard to this
GPD-DC, the following combination rules may be used:

e all permanent actions must occur in every load case,
e each pressure action must be combined with the most unfavourable variable action,
e cach pressure action must be combined with the relevant sum of variable actions,
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e specifications for combination of actions in relevant regional codes (on envi-
ronmental actions) may be used, and
e favourable variable actions, including pressure, must not be considered.

In cases of “normal” standard hydraulic tests, as specified in EN 13445-5, i.e.
hydraulic tests without stability problems and with negligible actions other than
pressure, the GPD-DC for testing load cases is, in general, not required. Only in
cases where the influence of the static head in the test situation cannot be neg-
lected compared with that of the test pressure is a GPD-related testing load case
required.

4.5. The Principle

Using the preceding specifications for design models, Section 4.3, and design val-
ues of actions, Section 4.4, the GPD-DC'’s principle can be stated quite simply:

The design values of actions, of all relevant load cases, shall be carried by the
relevant design models with maximum absolute values of principal structural
strains not exceeding 5% in normal operating load cases, and 7% in testing load
cases, for a stress-free and weightless initial state, and for proportional increase of
all actions except temperature.

For exceptional load cases the strain limitation does not apply.

Temperature has a special role in this principle: In general, thermal stresses
need not to be taken into consideration (see Section 4.4), and then temperature en-
ters the investigations only via the temperature-dependent material strength pa-
rameters (see Section 4.3). Therefore, temperature has been excluded from the
proportional increase of actions, and the material strength parameters do not vary
during the increase of the (other) actions.

Without the strain-limiting requirement the necessary investigations were limit
analysis investigations, and the theorems of limit analysis would then apply, e.g. that

o the problem of the determination of limit analysis actions has a unique answer,

o the results, i.e. the values of the limit analysis actions, are independent of initial
conditions,

o the results are independent of action paths,

e the results are independent of the material parameters in the linear-elastic
regime,

o the set of safe actions is convex, given that the relevant characteristic value of
the material strength parameter is a convex function of temperature, and

e if, for a given action, any statically admissible stress field can be found which
is compatible with the relevant yield condition, then the action is a safe one.
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All of these theorems are important in the applications.

The first one gives the designer confidence: For a suitably set up model, with
appropriate initial and boundary conditions, there is one, and only one, solution,
despite the non-linearity of the design model owing to the non-linear constitutive
law.

The second one tells the designer that the unavoidable initial residual stresses
owing to manufacturing processes can be ignored.

The third one is of importance especially in the design stage: The, in general
unknown, actual action histories are unimportant, and the load case specifications
can be simplified.

The fourth one allows for simple approximations for these parameters.

The fifth one justifies the investigation of only load cases corresponding to the
vertices of the design domain.

The sixth one, the lower bound theorem of limit analysis theory, is the basis
for many approximation procedures and rough checks, and it is the reason for ne-
glecting thermal stresses in these investigations.

For values of actions close to the limit analysis action values problems with nu-
merical stability are quite common; these problems are almost always a nuisance,
requiring often a complete restart.

Therefore, the strain-limiting requirement had been introduced,

e to avoid numerical instability problems for design action values close to the
limit analysis action values,

e to create a unique break-up point for the calculation, such that the result does
not depend on the patience of the designer, nor on the computing power, but also

e to encompass the failure mode excessive local strain, which is important in
cases of strain concentrations.

The values of the strain limits are the result of a compromise — large enough to
allow for results close to the limit analysis actions, and small enough to avoid nu-
merical instabilities and to cover the failure mode excessive local strains safely.
They are seen to be by far small enough for the sufficiently ductile materials con-
sidered — with an elongation after rupture not less than 14%. Discussions have
shown that it is necessary to remind designers that these strain limits are limits for
the effects in the design models — with design material strength parameters — and
that they apply for design values of actions, i.e. the actual strains for characteris-
tic values of actions in the actual structure are in general much smaller than these
specified limits.

The specification of limits on structural strains allows for simpler FE-models:
For shell and plate-type structures shell and plate FE-elements can be used.
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Because of the introduction of the strain-limiting requirement some of the
above-listed advantages are lost. The results are still unique, but they depend, in
principle, on the (in general unknown) initial conditions and the (in general un-
known) action paths.

Results with the strain limitation are, in general, close to the corresponding
limit analysis results, and quite often the strain-limiting requirement is not
governing, the results being then identical. Therefore, the initial conditions and the
action paths have been specified quite pragmatically: as simple as possible, to
allow for easy pre-processing approaches.

Results with strain limitation being close to limit analysis results, often identi-
cal, convexity of the set of the limited strain limit actions may be assumed, is prob-
ably provable, and therefore the investigation of load cases corresponding to the
vertices in the design domain suffices.

4.6. Application Rule
The (only) application rule reads:

If it can be shown that any lower bound limit value of the action, determined
with the design model specified in the principle, is reached without violation
of the strain limit, the principle is fulfilled if the design value of the action
does not exceed that lower bound value (EN 13445-3 Annex B).

The validity of this application rule is obvious, it has nevertheless been included
in the standard to draw the user’s attention to this.

This application rule may be used in cases for which upper bounds on the struc-
tural strain in the limit analysis result can be given and such an upper bound is not
larger than the strain limit of the principle. It is usually used in conjunction with
the lower bound limit analysis theorem.

4.7. Examples

Examples can be found in Annex E.4.
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Chapter 5

Progressive Plastic Deformation Design
Check (PD-DC)

5.1. Introduction

Progressive plastic deformation design checks (PD-DC) deal with the failure mode
progressive plastic deformation, also called ratchetting and inadaptation, with re-
gard to cyclic application of actions and short-time response, i.e. excluding creep
effects. This design check often uncovers clearly singular features of structural be-
haviour under the influence of repeated actions.

Three basic types of responses of structures to cyclic actions are shown in Figs.
5.1-53.

Figs. 5.1a—c show examples of shakedown to linear-elastic behaviour.

Fig. 5.1a shows an example of a shell with a local structural perturbation source
subjected to one single-amplitude cyclic proportional combination of actions, an
example where the structure shakes down to linear-elastic behaviour in one action
cycle. The stress path at the critical point is shown in the deviatoric map, with the
shakedown trajectory shown as the thick line. From the initially stress-free state,
represented by the point O in the origin, a proportional increase of actions up to
their maximum value results for a linear-elastic model in a linear-stress path, up to
S¢ in the deviatoric map. The stress path for the linear-elastic ideal-plastic model
deviates from this straight line at the intersection with the circle, representing the
yield limit, remains at the circle and ends in S¢. Unloading is linear-elastic; the
deloading path is parallel to the first loading path, ends in S, for total removal of
all actions. The length of the straight line 0-S¢ is equal to that of S¢{-S,. The
reloading stress path ends in S{'— the structure has shaken down to linear-elastic
behaviour.

Fig. 5.1b shows an example of an infinitely long strip subjected to a constant
bending moment and a single-amplitude cyclic axial force, an example with the re-
sponse mode elastic shakedown with adaptation after infinitely many cycles, and
with one-sided plastic deformation. The stress trajectory plotted for the critical
point shows again shakedown — in this case the trajectory converges towards the
shakedown trajectory, shown again as a thick line. During unloading at the critical
point, for which the stress path has been plotted, there is a short loading phase at
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Figure 5.1: (a) Elastic shakedown after one action cycle; (b) Elastic shakedown after
infinitely many cycles with one-sided plasticity; (c) Elastic shakedown after infinitely
many cycles with two-sided plastic deformation.
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another point, and this loading influences the unloading at the critical point. The
picture on the left is the presentation of the stress path for the critical point and an
initially stress-free state, for a model with linear-elastic ideal-plastic constitutive
law and Mises’ yield condition, in a deviatoric map. In contradistinction to the pre-
ceding case, there is, during the decrease of the action, purely elastic unloading at
the point for which the stress path is plotted and a short plastic deformation phase
at another point of the structure. This plastic deformation phase influences the
elastic unloading at the other point, and the length of the deloading paths are not
necessarily equal. Reloading results again in plastic deformation, and the stress
path ends in S%! Unloading is at this point purely linear-elastic, and ends in S, and
so forth. For this action cycle it takes the structure infinitely many cycles to shake
down to linear-elastic behaviour. The diagram on the top right is a plot of the prin-
cipal plastic strains versus the action steps.

Fig. 5.1c shows an example of a cylinder-cone intersection subjected to cyclic
internal pressure, an example of elastic shakedown after infinitely many cycles and
two-sided plastic deformation at the critical point. The stress cycles at the critical
point, on the inside of the intersection, converge again asymptotically to the shake-
down cycle. In this example there is, at the point considered and in every action
cycle, plastic deformation at the maximum pressure and also (reverse) plastic
deformation at the minimum pressure with plastic strain increments converging
asymptotically to 0.

Fig. 5.2 shows another example with the same model and type of action as in Fig.
5.1b, but an example with the response mode alternating plasticity or elastic-plastic
shakedown is considered — after adaptation has taken place the response shows pure
alternating plasticity, and in each cycle plastic deformation occurs but the plastic

O3

Load history

Figure 5.2: Elastic-plastic shakedown (alternating plasticity).
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strain increments cancel out each other within each cycle. The picture on the left is
the presentation of the stress path of a critical point in a deviatoric map, for the
same model as in Fig. 5.1a. After a few action cycles the stress path becomes cyclic,
but plastic deformation does not cease. The diagram on the right is again a plot of
principal strains versus the action steps after adaptation strains are cyclic.

Fig. 5.3 shows, for the same model and type of action, an example with the res-
ponse mode progressive plastic deformation, or ratchetting — adaptation does not
occur, in each action cycle the plastic strain increment is different from 0, and
deformation increases. The picture on the left is again the presentation of the stress
path of a critical point in a deviatoric map — the stress path converges, but to a
cycle which indicates plastic strain increments resulting in non-vanishing
increments per cycle. The diagram on the right is again a plot of the principal
strains versus the action steps — (plastic) deformation clearly increases in each
cycle and does not converge to a (finite) limit value.

It is long known that in case of different repeated actions, low-cycle fatigue can
not only cause structural failure for actions well below the values of the ultimate
actions, but also may cause accumulation of plastic deformation, resulting in exces-
sive deformations of the structure, excessive with regard to service requirements.

In other well-known codes and standards, and also EN 13445-3 Annex C, as
safeguard against the relevant failure mode, requirements based on elastic
shakedown concepts are used, usually in the form of the so-called 3f-criterion — a
necessary but not sufficient condition for shakedown to linear-elastic behaviour in
linear-elastic ideal-plastic models.

03
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Figure 5.3: Progressive plastic deformation (ratchetting).
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Use of 3f-criterion requires great care, and is therefore not recommended —
fulfillment of the condition does, in general, not ensure elastic shakedown.

Elastic shakedown, on the other hand, does ensure that progressive plastic
deformation does not occur — the proof of elastic shakedown is used in the Direct
Route as an application rule.

Requiring of a design that it shakes down to elastic behaviour under the rele-
vant action cycles may be appropriate in designs where high-cycle fatigue is a gov-
erning failure mode, e.g. in machine design. In the design of pressure equipment
it is usually unnecessarily restrictive, because in cases of large cyclic stresses the
number of specified action cycles is frequently small enough such that the
repeated plastic deformation can be tolerated.

In other words, alternating plasticity is a response mode that is related to low-
cycle fatigue and is appropriately dealt with in the fatigue design check. The critical
response mode is progressive plastic deformation. Progressive plastic deformation
as a response mode may lead to incremental collapse, as a failure mode. Progressive
plastic deformation may also lead to excessive deformations, possibly resulting in
impairment of serviceability, but it can also lead to deformations large enough to
violate presuppositions of other investigations, such as displacements small
enough to justify calculations based on first-order theory, or on the validity of
theorems or experimental results based on first-order theory.

The responses shown in the figures correspond to the pure phenomena, and are
obtained with idealized models with linear-elastic ideal-plastic constitutive law.

Responses of real structures differ considerably due to the following reasons:

e Owing to the influence of the cyclic actions the yield surface is, relative to the
initial one, displaced, deformed, and its diameter is increased or decreased.
Even in a simple cyclic tensile test with cyclic uniaxial stress of constant ampli-
tude the stress—strain curve changes asymptotically from the (initial) monotonic
curve to the stabilized cycle with hardening or, possibly, softening, [41,42].

e Materials with pronounced yield point at ambient temperatures lose their previ-
ously horizontal platform at higher temperatures but still well below the creep
regime.

e Combination modes are evidently also possible.

Nevertheless, the PD-DC is considered to be a very valuable complement to the
other design checks — it deals with repeated actions and contributes to the legitimacy
of the other checks. Furthermore, this design check quite often renders valuable
insight into the behaviour of the structure under repeated actions, uncovers clearly
singular features of structural behaviour under the influence of repeated actions.

Unfortunately, and contrary to the gross plastic deformation design check (GPD-
DC) where the principle can be and usually is used directly, direct application of
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the PD-DC’s principle is frequently not feasible. Numerical calculations of the
responses to quite many action cycles frequently render strain increments of the
order of the numerical errors, say 10~ per action cycle, and a decision as to whether
there is progressive plastic deformation or whether the resulting values for strain
increments over cycles are due to numerical inaccuracies is frequently not possible.

In addition, at present, no directly applicable, generally valid theorem against
progressive plastic deformation is known. There are theorems in the literature
[32,33,41], but all lack generality, and are restricted to special deformation pat-
terns. As a consequence, the PD-DC often results in a trial and error procedure
with the various application rules.

To understand the behaviour of the responses of the models used in this design
check to actions that are periodic, two theorems are of importance:

e the theorem on the existence of steady cycles, and
o the theorem on the uniqueness of stresses in the steady cycle.

Both theorems are valid for materials for which the normality rule applies. The
first theorem states that the stress and strain rate response of the models to actions
that are periodic gradually stabilizes to remain unchanged in consecutive cycles [32,
p- 508]. The second theorem states that the stress distribution in the steady cycle does
not depend on the initial state of the model, and that it is unique in those regions in
which the plastic strain rates are non-vanishing in the steady cycle [32, p. 509].

For, with regard to progressive plastic deformation, non-critical cases for which
shakedown to linear-elastic behaviour can be proven, the shakedown application
rule provides a simple, straightforward procedure via the usage of Melan’s shake-
down theorem, or, even more straightforward, the extended shakedown theorem.

Melan’s shakedown theorem is usually used in its original (classical) formulation,
restricted in applicability by the presupposition of a time-invariant constitutive law:

A first-order-theory linear-elastic ideal-plastic model with associated flow law
will shake down under a cyclic action if a time-invariant self-stress field can be
found such that the sum of this self-stress field and the cyclically varying elastic
stress field for the given cyclic action is compatible with the yield condition, i.e.
the equivalent stress nowhere and at no time exceeds the yield stress.

There follow two obvious, but useful corollaries:

1. If a first-order linear-elastic ideal-plastic model with associated flow law
shakes down to linear-elastic behaviour under a cyclic action for any self-stress
field then it will shake down for all self-stress fields.

2. Whether a first-order theory linear-elastic ideal-plastic model with associated
flow law shakes down or not to linear-elastic behaviour under a cyclic action
does not depend on the initial (residual) stress distribution.

@ i p



Progressive Plastic Deformation Design Check (PD-DC) 75

The above-mentioned presupposition for Melan’s shakedown theorem of a
time-invariant constitutive law has importance with regard to two effects:

e the temperature dependence of the elastic material parameters of the (un-
bounded) linear-elastic constitutive law and

o the temperature dependence of the yield stress, used in the check of the com-
patibility with the yield condition, or in the comparison of the equivalent stress
with the yield stress.

Both effects may be of importance in cases of cyclic temperatures — cyclic tem-
peratures render cyclic elastic material parameters and cyclic yield stresses.

Fortunately, for temperatures below the creep regime, the temperature depend-
ence of elastic material parameters is small, and the use of time-invariant elastic
material parameters renders good approximate results — this effect does not limit
the applicability of the theorem. An extension of the theorem for temperature-
dependent, time-varying elastic material properties exists [32, p. 54; 43], but is
hardly used.

The temperature dependence of the yield stress, on the other hand, is significant
in pressure vessel applications. Fortunately, the theorem, as stated above, can eas-
ily be extended to include this temperature dependence:

Extended Shakedown Theorem: A first-order linear-elastic ideal-plastic
model with associated flow law will shake down under a cyclic action if a time-
invariant self-stress field can be found such that the sum of this stress field and the
cyclically varying elastic stress field for the given cyclic action is at each time
compatible with the time-dependent yield condition at the same time, i.e. in
Melan’s shakedown theorem the time-independent yield stress has to be replaced
by the temperature-dependent, and thus time-dependent, yield stress [33, p. 125ff;
32, pp. 54, 74], or, in other words, the equivalent stress of the superposition shall
nowhere and at no time exceed the yield stress on the very same point and at the
very same time.

The choice of the time-invariant self-stress field is arbitrary, quite often a very
good, near-optimal or optimal self-stress field can be obtained by the difference of
the stress fields for the same maximum action but for two different constitutive
laws. Such stress fields are usually already known — the stress field for the linear-
elastic ideal-plastic model of the GPD-DC and the stress field in the linear-elastic
regime scaled up to correspond to the very same action.

That this difference is a self-stress field is evident, and this procedure can be
used conveniently for each load case in the GPD-DC. Linear superposition of
these self-stress fields results again in a new self-stress field.

Optimization of the superposition factors and appropriate scaling of the self-
stress field can be visualized well by means of the deviatoric map. The deviatoric
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map can also be used to visualize the superposition of the time-invariant self-stress
field and the cyclic stress field required by Melan’s shakedown theorem, in criti-
cal points of the model [3,8,9,11,19].

It is recommended always to check superpositions also via the plots of the
equivalent stresses, at critical times.

5.2. Procedure

The GPD-DC, as discussed in the preceding chapter, deals with extreme values of
actions, which occur or can occur under reasonably foreseeable normal operating
conditions, during testing or under exceptional conditions. These extreme action
values correspond to points in the design domains.

In the PD-DC, on the other hand, cyclic functions of actions of time or a time-
like parameter are considered. These cyclic functions correspond to closed action
paths in the design domain. If in a specific load case only mechanical actions are
considered, then only the order of consecutive action states during a cycle is of im-
portance, and the action cycles can be described by cyclic characteristic functions
of a time-like parameter. Of course, these cyclic characteristic functions may be
specified, and are usually specified by periodic functions of time. If, on the other
hand, thermal stresses are to be included, then the whole temperature history is of
importance, and the cyclic characteristic functions have to be specified by periodic
functions of time. Corresponding cyclic action paths may frequently be visualized
in an extended design domain, one that includes an instantaneous rate of temper-
ature change, additionally. This visualization is especially useful in cases where
more than one cyclic action path is required in the design specification to model
conservatively a specific process cycle, e.g. one fast and one slow cycle encom-
passing one planned, intended periodic process cycle.

The PD-DC procedure can be summarized as follows:

e The PD-DC deals with all load cases that include cyclic characteristic functions
of actions, usually specified by periodic functions of time, and that are specified
to occur often enough to require their inclusion in this design check.

e Inload cases with non-negligible non-stationary thermal stresses, the cyclic char-
acteristic functions of actions have to be specified by periodic functions of time.

e Each combination of values of actions that corresponds to a vertex of the design
domain and that is specified as (possibly) occurring repeatedly, often enough to
require its inclusion in this design check, has to be on at least one of the specified
cyclic characteristic functions of actions. The whole set of these vertices of the de-
sign domain, on all of the specified cyclic characteristic functions of actions, is a
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subset of the set of vertices dealt with in the GPD-DC. This subset may also in-
clude vertices corresponding to load cases that have been eliminated in the GPD-
DC procedure (see Section 4.2).

For all of these load cases with cyclic actions, the investigation shall be
performed as specified in this chapter. Investigation using the design check’s
principle is frequently not conclusive, and is therefore not recommended. In
load cases with non-negligible cyclic thermal stresses, a trial and error
procedure involving some of the application rules is usually required, but no
general procedure for the selection can be given. In cases without thermal
stresses and without stresses induced by prescribed cyclic displacements, the
Application Rule 4 renders an easy solution procedure.

5.3. Design Models

The basic design models specified in the principle differ from the design models
specified in Section 4.3 by the following essential points:

e The geometry of the design models depends on the used application rule:

o In Application Rule 1 a stress-concentration-free geometry may be used. Like
in the GPD-DC, in the modelling process material may be removed but not
added.

o In Application Rules 2 and 3 the standard requires detailed models, models
with relevant local structural perturbation sources. The decision as to which
of the local structural perturbation sources are relevant, i.e. have to be in-
cluded in a model, is not easy. As a general rule, in case of doubt, a pertur-
bation source should be included, and, if a perturbation source is excluded, in
the modelling process material may be removed but not added.

Cladding has to be included in the models with the exception of integrally

bonded cladding with nominal thickness not exceeding 10% of the component

thickness at the same place, inclusive of the cladding thickness — in this excep-
tional case the influence of cladding may be neglected, i.e. the model based on
the base metal geometry.

Mises’ yield condition and associated flow rule may be used without correction

of the design yield stress.

All other requirements specified in Section 4.3 remain and are as follows:

e analysis thicknesses are to be used
e limit analysis models are to be used with

o first-order theory,
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o linear-elastic ideal-plastic constitutive laws and associated flow rules, and
o specified material and temperature-dependent yield stresses, given by the
specified design values of the material strength parameter.

But the relevant partial safety factors are equal to unity, and the yield stresses
used in the design models are equal to the relevant material strength parameters.
Under normal operating load cases, for these material strength parameters to be
used as design values of the yield stress in the design models, the same relations
as for the design models of the GPD-DC, given in Table 4.1, apply, but with
different reference temperatures. In the PD-DC, the reference temperature for the
material strength parameters is given by the (time- and space-dependent) metal
temperature, e.g. the one obtained in a numerical temperature calculation
procedure. As alternative, a time-independent (but space-dependent) temperature
may be used that is at each point not less than the weighted mean cycle tempera-
ture 7¢ given by 0.75¢, .. +0.25¢, ., where 7, and 7. are the maximum and
minimum calculated metal temperature, respectively, at this point and during the
whole action cycle. Instead of the (time- and space-dependent) metal temperature,
this time-independent and space-dependent temperature may also be used as
reference temperature for determining the other material parameters, such as
modulus of elasticity, coefficient of linear thermal expansion, thermal conductiv-
ity, thermal diffusivity, for which Annex O of EN 13445-3 applies. A Poisson’s
ratio of 0.3 may be used in the elastic regime. For determining the design values
of the material strength parameter, the above mentioned usage of the time-
dependent metal temperature as reference temperature is recommended — this
approach is usually quite straightforward, and also closer to the Extended
Shakedown Theorem than the alternative, which is a rough approximation for
large temperature differences between 7, and 7 . .

Testing load cases and exceptional load cases being exempted from this design
check, design models for these load cases are not required.

Mises’ yield condition is specified, because it was considered to be safe
enough for this design check — safety margins, due to hardening and non-linear
geometric relations, have been considered to balance any non-conservativity in
the yield condition.

Note: The decision as to which local structural perturbation sources are to be
included in the detailed model is not always easy. Frequently one has to decide
which specific weld details, e.g. in the design stage only via weld procedure tests
statistically known weld surface irregularities, have to be included, or which
geometric imperfections. The decision is even more complicated in cases of
singularities introduced by the modelling process itself, in the “simplification™ of
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the model geometry. The answer to this problem is contained in the Technical
Shakedown Application Rule. Details that may significantly affect the stress
distribution over more than 10% of a cross-section have to be included, and those
that affect the stress distribution significantly only over less than 10% can be
neglected. If in the region only one surface is affected the limit shifts to 20%. If
this requirement for exclusion is fulfilled, then the local structural perturbation
source may be omitted in the model, or the model smoothened. Fortunately, in
most of the cases involving modelling-related points, or lines of singularity, the
singularity may simply be ignored.

5.4. Design Functions of Actions

The PD-DC deals with the responses of design models to cyclic design actions.
These cyclic design actions are combinations of time-independent functions and
cyclic functions of time. The time-independent functions are given by the charac-
teristic values of permanent actions and by the time-independent sections of vari-
able actions, including pressure and temperature. The cyclic functions are given by
the cyclic sections of characteristic functions of variable actions, including
pressure and temperature.

It is important that the characteristic functions are indeed representative of the
corresponding action. For temperature actions, it is especially important that the
characteristic functions envelop not only the trajectories of reasonably
foreseeable re-occurring actions in the action space, but are also representative
with regard to the speed of change, i.e. they should also envelop (closely) the cor-
responding trajectories in the action-time space. In case of doubt, it is
recommended to specify two characteristic functions, a fast and a slow one to en-
compass the worst case. Some theorems, useful in the selection of design func-
tions of actions, are given in Annex A.

Most of the combination rules are similar to those of the GPD-DC:

e all permanent actions must be included in every load case,

e each pressure and temperature action must be combined with the most un-
favourable variable action,

e cach pressure and temperature action must be combined with the relevant sum
of variable actions, and

e favourable variable actions must not be considered.

In contradistinction to the GPD-DC, wind, snow, and earthquake actions need
not be considered unless required explicitly in the design specification.
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5.5. The Principle

Using the preceding specifications for design models (Section 5.3) and design func-
tions of actions (Section 5.4), the PD-DC’s principle can be stated quite simply:
On repeated application of the cyclic design actions on the relevant design models
progressive plastic deformation shall not occur (EN 13445-3 Annex B).

As already mentioned in Section 5.1, direct application of the principle is hardly
ever feasible — a generally valid and usable theorem for progressive plastic deforma-
tion is not known, and numerical inaccuracies prevent often a numerical approach.

Therefore, a trial and error procedure with the various application rules is usu-
ally the only way out.

5.6. Application Rules

The application rules specified in the following are new, to be included in one of
the next issues of the standard, having achieved sufficient agreement in the CEN
voting procedure.

There are four application rules available, each one with advantages in special
situations. A general recipe for the selection of the appropriate rule cannot be
given, and the following remarks may be of help:

If a load case encompasses only mechanical actions, and not thermal stresses or
stresses induced by imposed displacements, then Application Rule 4 (Section 5.6.4) is
the appropriate one, giving the result without further investigations.

In non-critical cases, in which the whole detailed model shakes down to linear-
elastic behaviour, Application Rule 2: Shakedown is the usually used application
rule, under the usage of Melan’s shakedown theorem, or the extended shakedown
theorem. But only application of any of the shakedown theorems for a load case
will show whether the load case is a non-critical one.

Application Rule 1: Technical adaptation is a straightforward, purely numerical
approach, but because of the required multiple repetition of the action cycles, the
computer time is often excessive, especially if extrapolation from a few cycles to
the specified number is not satisfactory.

Application Rule 3: Technical shakedown is based on the results of many
numerical calculations. It can be the last choice if the other application rules fail
or are too cumbersome.

Application Rule 1: Technical Adaptation (TA). The principle is fulfilled if it
can be shown that the maximum absolute value of the principal structural strains is,
after application of the specified number of all design action cycles on the design
model, less than 5%. If the number is not specified, a reasonably large number, but
at least 500, shall be assumed (EN 13445-3 Annex B).
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As already outlined in the introduction to this chapter (in Section 5.1), fatigue due
to repeated plastic deformation is appropriately dealt with in fatigue design checks,
and only progressive plastic deformation must be dealt with in separate design
checks. Strictly speaking, even progressive plastic deformation is per se not neces-
sarily a failure mode — it can be tolerated as long as the resulting deformations and
strains due to specified application cycles are limited sufficiently. This application
rule is a straightforward transposition of this idea.

Since the strain limitation applies for structural strains, stress-concentration-
free models may be used, and shell and plate elements for shell- and plate-type
structures. Otherwise the design models agree with those of the principle.

Despite this possibility of using simpler models, computing time is often ex-
cessive, even if extrapolation in cycles is used.

Application Rule 2: Shakedown (SD). The principle is fulfilled if the detailed
design model of the principle, with local structural sources of disturbance, shakes
down to linear-elastic behaviour under the action cycles considered (EN13445-3
Annex B).

This application rule is based on the fact that whenever a model shakes down
under action cycles to linear-elastic behaviour, then neither alternating plasticity
nor progressive plastic deformation can occur.

Together with Melan’s shakedown theorem or the extended shakedown theo-
rem, this application rule is a very convenient, handy, informative tool, with one
disadvantage: It is unnecessarily restrictive, by uniting both inadaptation modes as
unsafe — progressive plastic deformation and alternating plasticity.

With regard to the decision which local structural perturbation sources have to
be included in the design model see the note at the end of Section 5.3.

Application Rule 3: Technical shakedown (TSD). The principle is fulfilled if
the following conditions are satisfied:

(a) The equivalent stress-concentration-free model, or any model which deviates
from the model with local structural sources of disturbance solely in these
sources of disturbance, shakes down to linear-elastic behaviour under the ac-
tion cycles considered.

(b) For the (detailed) model with local structural sources of disturbance any time-
invariant self-stress field can be found such that the sum of this stress field and
the cyclic stress field determined with the (unbounded) linear-constitutive law
for the cyclic action considered is compatible with the relevant yield condition
continuously in a core of the structure which encompasses at least 80% of
every wall thickness (EN 13445-3 Annex B).

Note: The designation local structural source of disturbance used in the standard
is synonymous to the designation local structural perturbation sources used here.
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This application rule is less restrictive than Application Rule 2.

The first condition may be replaced by the requirement that under the action cy-
cles considered technical shakedown, also called shakedown in generalized
stresses, of the whole structure can be shown. In this approach the generalized
shakedown theorem, also called shakedown theorem in generalized stresses, is
usually used:

This generalized shakedown theorem [33,4] reads: If a time-invariant field of
generalized self-stresses can be found such that the sum of this field and the cycli-
cally varying (elastic) generalized stress field, determined for the given cyclic ac-
tion with the (unbounded) linear constitutive law, is compatible with the local
technical limit state condition, e.g. the Ivanov function /v nowhere exceeds unity,
then progressive plastic deformation cannot occur.

This “theorem” is not generally valid: it is valid only for special (plastic) defor-
mation modes [33,41], and is not valid, for example, if a decrease of an action after
plastic deformation in a cross-section does not result in unloading at each point of
the cross-section. Therefore, the second condition has been added to catch the de-
formation modes not considered in the proof of the technical shakedown theorem.

This second requirement is based on ideas proposed in the United States of
America and in Japan [43—47], and checked by numerous falsification trials in
Austria.

It may be that one of the two requirements already ensures fulfillment of the
principle, but both have been included as a conservative measure and for the time
being. Very likely the first requirement suffices if the design value of the yield
stress is determined with a partial safety factor y, = 1.25(instead of 1.0).

Application Rule 4: Technical Shakedown for Mechanical Actions. The
principle is fulfilled for all action cycles within the range of actions allowable ac-
cording to the Gross Plastic Deformation Design Check (EN 13445-3 Annex B).

This application rule is restricted to structures made of essentially the same ma-
terials, and to load cases with mechanical actions only, i.e. to load cases without
thermal stresses and without stresses induced by prescribed displacements. It may
also be used for load cases with prescribed displacements that can be converted
into load cases with prescribed forces via global equilibrium conditions, e.g. load
cases with prescribed vanishing vertical displacements at brackets.

If applicable, this application rule gives results quickly and without additional
effort.

5.7. Examples

Examples can be found in Annex E.5.
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Chapter 6

Stability Design Check (S-DC)

6.1. Introduction

In the gross plastic deformation design check (GPD-DC) and the progressive plas-
tic deformation design check (PD-DC) the design models used give confidence in
results — the results for well-posed problems are unique, they are fairly insensitive
to initial residual stresses, initial geometric imperfections, material inhomo-
geneities, action histories and to perturbations of action values, and quite often
they are even independent of these disturbances.

Additionally, in the PD-DC the underlying failure mode is not related to a sud-
den failure in a single application of an action, but with progressing deformation
due to cyclic actions, allowing the timely detection of failure by appropriate in-
service inspections.

In the S-DC, discussed in this chapter, this confidence cushion does not exist —
non-uniqueness is an essential feature of this design check and the used design mod-
els, and imperfection sensitivity as well as sensitivity to initial residual stresses to the
action histories is a quite frequent property of real structures and of design models.

To reflect the behaviour of real structures appropriately, models with non-linear
kinematic relations and second-order-theory are required. The second require-
ment, the obligation to apply second-order-theory, i.e. equilibrium conditions for
the deformed structure, leads to another feature of the models not encountered in
first-order theory models: Pressure is displacement dependent, and it acts normal
to the surfaces of structures. In second-order-theory models, pressure is normal to
the deformed surfaces, and its value may also depend on displacements. This can
decrease results for critical pressures in the stability checks quite considerably,
compared with the results for models with assumed deformation-independent
pressure. For example, for the sufficiently long cylinder under external lateral
pressure, the result for pressure normal to the (displaced) surface is near the
bifurcation point 25% smaller than the result for displacement-independent radial
pressure, even for small displacements and small strain, and even in an elastic case
(see Fig. 6.1 and [49,50]).

In this case, calculation with displacement-independent pressure is (uncon-
servatively) erroneous by 25%. On the other hand, in the better known Beck’s
problem, the Euler column clamped at one end and with tangential follower

83
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Pressure

Radial Displacement

Figure 6.1: Pressure—displacement paths: long (infinitely) cylinder under external
pressure; with pressure normal to displaced surface, and with displacement-
independent pressure [50, p. 66].

force at the other, the result for the follower (tangential) force is larger than
the corresponding one for the displacement-independent force by a factor of
approximately 8 [51] — use of the Euler buckling load or a calculation with
displacement-independent force were by far too conservative.

Note: In the treatment of Beck’s problem a dynamic design model is required,
whereas in the other examples mentioned static models suffice.

The problems related to displacement-dependent pressure in finite element
analyses are discussed in [52] in detail. The following conclusion can be made:
With the exception of cases where the pressure obviously requires a dynamic
model, e.g. in cases of flutter, quasistatic models are sufficient in all cases of pres-
sure vessel design. This pressure, which acts normal to the displaced surface, is to
be taken into account in all models used in S-DCs. Admittedly, for the infinitely
long cylinder, this effect is for buckling patterns with many buckles smaller than
those mentioned above and may even become negligible.

Geometric non-linearity, imperfection sensitivity, and sensitivity to residual
stresses result in a multitude of different buckling phenomena, to be taken into ac-
count in the design models to allow for their occurance.

For example, a perfect model of a circular cylindrical homogeneous shell of
uniform temperature and subject to lateral external pressure will deform initially
in a circular-symmetric mode, but at larger pressures this circular-symmetric state
becomes unstable, the model does not deform circular-symmetrically anymore.
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Figs. 6.2-6.4 show pressure—deflection paths for three different imperfect
cylinders; short (Fig. 6.2), medium long (Fig. 6.3), and for a relatively long one
(Fig. 6.4).

For the perfect cylinders, the pressure—deflection paths are shown by the fine
lines. These figures show that the initial pressure—deflection paths bifurcate at spe-
cific pressures, the bifurcation point pressures, and for higher pressures the states
are unstable. The figures also show that at pressures below the bifurcation point
pressure, states are unstable, and indicate that for very short cylinders, shorter than
the short one depicted here, the bifurcation point state may be stable.

In cases where the state at the bifurcation point pressure is unstable, states at
pressures below the bifurcation point pressure but above the minimum pressure in
the bifurcating pressure—deflection path are stable only for small perturbations and
unstable for larger ones.

The paths for the imperfect cylinders, shown as thick lines, are monotonically
increasing or pass through a maximum and a minimum, often called upper and
lower critical point, respectively.

Experimental results, reported in [53, Section 3.4], also show jumps from cir-
cular symmetric states to states without circular symmetry, in loading and vice
versa in unloading, indicating clearly that the lower critical point pressures are
design-relevant, although not necessarily design-decisive — the perturbation
required for the jump may be large enough, such that the circular-symmetric state,
being stable for the small perturbation, is safe enough.

Pressure

Radial displacement

Figure 6.2: Pressure—deflection paths of short, elastic, circular cylinders under external
pressure; L = 4.6 VRe, R/e = 405 [53, p. 312].
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Pressure

Radial displacement

Figure 6.3: Pressure—deflection paths of short, elastic, circular cylinders under external
pressure; L = 10.2 VRe, R/e = 405 [53, p. 312].

Pressure

0 Radial displacement

Figure 6.4: Pressure—deflection paths of elastic circular cylinders of moderate length
under external pressure; L = 22.9 V“Re, R/e =405 [53, p. 314].
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In all of these results for circular cylindrical shells under lateral external pres-
sure, the buckling modes are symmetric with regard to the mid-plane between the
two end-planes, see e.g. the post-buckling modes in Fig. 6.5, for a long cylinder.

The above results indicate that for all cylinders with the exception of extremely
short ones, post-buckling deformation patterns resulting in minimal critical lower
point pressures are different from the patterns resulting in minimal bifurcation
point pressures for perfect shells, or minimal upper limit point pressures for
imperfect shells. In other words, the bifurcation pattern corresponding to the lowest
bifurcation point pressure is, in general, not the critical post-buckling pattern, but
the pattern which corresponds to the design relevant minimal lower limit point
pressure, giving the minimal equilibrium pressure after buckling (see also [48]).

Circular cylindrical shells under axial compressive forces show this change in
post-buckling deformation patterns even more pronounced. Fig. 6.6 shows exper-
imental load—deflection curves for this case, and Fig. 6.7 shows the observed
deformation patterns — an asymmetric one, with regard to the mid-plane.

In Figs. 6.6 and 6.7, first buckling took place distinctly, but was associated with
a sudden drop in force carrying capacity and snapping into an asymmetric defor-
mation pattern with 12 circumferential buckles. Increase of the imposed, but now
lower, force resulted in another buckling, with sudden force drop into another
asymmetric deformation pattern, but now with 11 buckles, and so on. Symmetric
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Figure 6.5: Post-buckling deformation pattern of a long circular cylinder under lateral
external pressure; L = 32.4 YVRe, R/e = 405[53, p. 213].
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Asymmetric

7=500 Symmetric -----------

Force

Axial shortening

Figure 6.6: Force-shortening paths of a long circular cylinder under axial compression;
L = 22.9 VRe, R/e = 405 [53, p. 230].
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Figure 6.7: Post-buckling deformation pattern observed on long circular cylinder under
axial compression; L = 22.9 VRe R/e = 405 [53, p- 230].
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deformation patterns were obtained by applying appropriate finger tip pressure at
the shell wall; at the same time the wave number increased by 1.

For short shells, with L =< 4.6 VRe, only symmetric post-buckling patterns were
observed, and for the longer shells with L = 22.9 VRe asymmetric patterns oc-
curred spontaneously.

For an extremely short shell with L = 4.6 VRe no force reduction was observed
in buckling, but a local buckle appeared first, and then propagated circumferen-
tially, with increase in force and end shortening, until the whole circumference
was covered with uniformly distributed waves [53, p. 226].

The experimental results plotted in Fig. 6.6 depend, of course, on the testing
equipment. They indicate a very strong sensitivity to geometric imperfections, not
only with regard to the values of the imperfection, however defined, but also with
regard to the imperfection patterns. This can be seen clearly in analytical results
[53, p. 353ff]. Figs. 6.8a and b, show analytical results for a shell of medium
length: The initial pre-buckling path and post-buckling equilibrium curves for var-
ious symmetric post-buckling patterns are plotted on the left and asymmetric ones
on the right. For the symmetric patterns the lowest bifurcation point force corre-
sponds to a pattern with 18 waves in circumferential direction; for the asymmetric
patterns, it corresponds to a pattern with 17 waves and with slightly larger force.
Neither of these two patterns agree with those related to the so-called characteris-
tic post-buckling pattern, proposed in [54] as design-decisive, and defined as the

Pressure
;_: =
vi N
Pressure
>
\

13 16

Displacement Displacement

Figure 6.8: Force-shortening relations for a circular cylindrical shell of medium length

under axial force. N, wave number; L = 14.4 V’Fe, R/e =405 [53, p. 353].
Left: Symmetric patterns; right: asymmetric patterns.
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Pressure
Pressure

Displacement Displacement

Figure 6.9: Force-shortening paths of a circular cylindrical shell of medium length under
axial force; w, = max,/e, L = 14.4 \x’ﬁ. R/e = 405 [53, p. 356].
Left: symmetric patterns; right: asymmetric patterns.

equilibrium pattern having the minimum edge shortening. They also do not agree
with the experimentally observed ones (shown in Fig. 6.6 as dashed lines). The
post-buckling pattern will depend on the testing equipment but is, in general,
different from the bifurcation pattern.

From the highly unstable post-buckling equilibrium paths, shown in Fig. 6.8, it
is obvious that small imperfections will result in considerable reductions in the
critical forces. Fig. 6.9 shows this extreme imperfection sensitivity with regard to
the values of the imperfection, and the ratio of the maximum deviation and the
wall thickness for patterns with 14 symmetric waves and for patterns with 15
asymmetric ones, respectively.

Fig. 6.9 shows that the asymmetric patterns are associated with smaller forces;
for larger imperfections, upper and lower critical points disappear, and the force-
shortening paths become monotonically increasing curves without critical points.
In Fig. 6.9, this change in behaviour occurs for the asymmetric pattern at a maxi-
mum initial deviation from the perfect shape of approximately 60% of the wall
thickness, and the smallest upper critical force is approximately 40% of the bifur-
cation point force (of the perfect shell).

The geometric imperfection sensitivity plots (the upper and the lower critical
force vs. the maximum initial deviation from the perfect shape) in Fig. 6.10 show,
for a symmetric post-buckling pattern with 14 waves in circumferential direction
(lines a, c) and the asymmetric one with 15 waves (lines b, d) respectively, the very
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Pressure

Initial deflection

Figure 6.10: Upper and lower critical point force vs. maximum initial imperfection
circular of a cylinder of medium length under axial force;
L = 14.4 YRe, R/e = 405.

strong imperfection sensitivity of the circular cylindrical shell under compressive
axial force, and the dramatic reduction in carrying capacity, quite clearly.

The spherical shell under external pressure exhibits equally dramatic imperfec-
tion sensitivity. Figs. 6.11 and 6.12 show numerical results for the upper critical
point pressure vs. the maximum initial deviation from the perfect shape; Fig. 6.12
(right) shows the initial circular symmetric deviations used in this investigation
[56-58].

The parameter A = (48-(1 — ,L/,2)>1/4-\5H—/e in Fig. 6.11 is a measure of the assumed

size of the deviation. The dashed line is a reasonable envelope of the festoon curve
(for integer values of A).

Fig. 6.11 can be used as a very practical tool in determining the critical imper-
fection size for a given imperfection depth w,,. For example, for a spherical shell
of 1400 mm diameter, 5 mm thickness, and an imperfection depth w, / e = 1.0,
Fig. 6.11 gives an approximate value of A = 4, which renders H=12.1 mm, and
thus a critical imperfection diameter of 259.2 mm.

Fig. 6.13 shows the pressure—deformation paths for the spherical shell subject
to external pressure.
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Pressure

Initial deflection wy

Figure 6.11: Upper critical point pressure of a spherical shell under external pressure vs.
initial imperfection; w, = wy/e, A = 257\/H/e [56, p. 73].
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Figure 6.12: Spherical shell under external pressure; w, = w,/e [56, p. 71; 58].
Left: upper critical point pressure; right: assumed initial imperfection shape.

For all but extremely small imperfection depths, and for the spherical shell —
in contrast to the cylindrical one — practically the same results for the upper and
the lower limit point pressure, respectively, are obtained, irrespective of whether
only circular symmetric imperfections and post-buckling deformations are used
or also asymmetric imperfections and deformations [56, p. 74].

Some special spherical caps, sufficiently large and with very special hypotheti-
cal boundary conditions, buckle exactly like full spherical shells, but practically all
caps used in pressure vessel design behave less dramatically. Boundary conditions
or the transition conditions to adjacent parts, such as knuckles, flanges, cylindrical
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Pressure

Displacement

Figure 6.13: Pressure—deformation paths of spherical shells under
external pressure [56, p. 208].

shells, cannot be fulfilled by pure membrane stress states, but result in bending
stresses, and, therefore, even geometrically perfect caps exhibit bending stresses
before buckling, and geometrically perfect spherical caps behave as if they had
initial imperfections, with more clearly defined and observable limit points than the
full spherical shells [56, p. 74ff].

Similar effects occur also with structures where the perfect structures with appro-
priate perfect boundary conditions exhibit bifurcation buckling: Boundary condi-
tions, adjacent to other parts of the structure, and offset of axes or middle surfaces,
may result in bending stresses, and, therefore, the perfect structure behaves like a
geometrically imperfect one, and buckling, if it occurs at all, will be limit point buck-
ling. Additionally, buckling load—deflection paths may become asymmetric, i.e.
results for positive initial deformations are different from those for negative ones.

Interactive buckling is an instability failure mode that has to be considered quite
often in pressure vessel design. Interactive buckling is often related to a very strong
imperfection sensitivity [59,60, p. 314; 61], and if it is the result of multiple sym-
metry, symmetry-breaking imperfections can render a complicated imperfection
sensitivity, with an infinite variety of effects [60, p. 316]. Symmetry-breaking im-
perfections are also frequently introduced into finite element models of perfectly
circular symmetric problems via routine usage of automatic meshing routines.

All the analytical results shown above are for purely linear-elastic buckling.
Plasticity does not change the phenomena very much, especially so for imperfect
structures (see, e.g. [62,63]).
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An extensive literature on buckling phenomena exists; the selection [49—67]
and, with emphasis on steel constructions, the guide issued by the Structural
Stability Research Council [68], is biased towards those which give insight into
the various phenomena.

An important field in pressure vessel buckling or structural buckling is treated
quite poorly in the literature on structural buckling. Thermal stress buckling and
buckling influenced by thermal effects [69-73]. Temperature changes in a struc-
ture result in deformation and/or stresses. Temperature-related deformations act
like initial geometric imperfections, and perfect structures behave like geometri-
cally imperfect ones. Thermal stresses, on the other hand, can result in buckling
on their own, bifurcation or limit point buckling, and they can enhance or dimin-
ish buckling due to other actions, often changing symmetric buckling load—de-
flection paths into asymmetric ones.

Like other deformation-controlled buckling, thermal stress buckling is accompanied
by less critical action—deformation behaviour, although jump phenomena do exist.

In the design models used in the principle, characteristic values of material
parameters — modulus of elasticity, Poisson’s ratio, and material strength parame-
ters — are to be used as design values, i.e. no partial safety factors need be applied.
Partial safety factors are to be applied on the actions and on the calculated
buckling strengths. The partial safety factors to be used have been calibrated with
respect to DBF results for simple geometries.

Imperfection sensitivity, plasticity and thermal effects are dealt with in the sta-
bility design checks directly, using linear-elastic ideal-plastic geometrically im-
perfect models with thermal effects. The phenomenon that buckling patterns
change during buckling and post-buckling, and that the pattern at the upper criti-
cal or bifurcation point may be different to the one at the smallest lower critical
point, if any, is dealt with only indirectly, in a pragmatic approach. This is done
considering the behaviour of an imperfect structure with initial deformation cor-
responding to the buckling patterns at the bifurcation or upper limit points of the
geometrically perfect structure and calibrated with respect to the allowable geo-
metric fabrication tolerance limits, and presuming that this will give a reasonable
approximation to the lower critical point values of the imperfect structure.

As already discussed in Sections 4.1 and 4.2, there are also non-buckling cases
where resulting deformation has a weakening effect, where the carrying capacity
is detrimentally influenced by ensuing deformation and where the results are
highly imperfection-sensitive. For these cases, the failure modes may be gross
plastic deformation, excessive local strains, and, possibly, buckling. The usual
gross plastic deformation design checks (Chapter 4) are for these cases not safe.
For the corresponding load cases, called here deformation-weakening GPD-DC
load cases, additional checks as described in the following are required. These
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checks are usually in addition to the relevant gross plastic deformation design
checks, but in many load cases it may make the relevant gross plastic deformation
investigations superfluous if it is obvious that the relevant design model (for the
deformation-weakening GPD load case) results in allowable design actions that
obviously encompass the corresponding ones of the usual GPD design check, de-
scribed in Section 4.3 (see also Section 4.1).

In these deformation-weakening GPD load cases, initial deformation patterns
that correspond to the initial elastic deformation patterns are to be used, instead of
the buckling patterns used in buckling load cases.

6.2. Procedure

If thermal effects do not exist or can be neglected, then the procedure in the checks
discussed here is practically the same as in the GPD design checks, discussed in
Chapter 4.2:

e The design checks can be seen as investigations of the capacity of the structure
to carry safely all of them to be considered states of actions.

e The design checks encompass all action states in the design domain, they deal
with all load cases which correspond to vertices of the design domain related to
buckling problems or problems with deformation-weakening.

e Of these load cases some can be eliminated, because the investigation result is
encompassed by any of those for the non-eliminated ones.

e For all of the remaining load cases the checks shall be performed as specified in
this chapter.

e These proper checks are investigations as to whether the design models can carry
the design actions of the load cases with specifically limited structural strains.

If thermal effects do exist and cannot be neglected, these effects have to be
considered in the investigations, and proper design functions of temperatures are
required in the load cases.

The following sections deal with the investigations required for all (non-
eliminated) buckling and deformation-weakening load cases that correspond to
vertices of the design domain, complemented with design functions of temperature
if thermal effects exist and cannot be ignored.

6.3. Design Models

All design models used in the investigations discussed here may be stress-
concentration-free models. In the modelling of the stress-concentration-free
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geometry, in principle, material may be removed and adding of material requires
justification. Integrally bonded cladding has to be considered with respect to both
thermal analysis and stress analysis. Structural strength may be attributed to the
cladding only in case of integrally bonded type and by agreement of the parties
concerned. For clad components the nominal face of the cladding is to be used as
surface of the pressure application.

A pressure correction may be required in cases of finite element models with
shell elements, if pressure is (in the software) applied at the centroidal surfaces of
the elements and not on their actual surfaces. A pressure correction is required if
cladding is not included in the model. In both cases the correction factor is given
by the ratio of the (infinitesimal) areas of the surfaces on which pressure is applied
— actually and in the finite element model. If thermal effects do exist and cannot
be ignored, cladding has to be included in the model.

All of the design models used are geometrically non-linear with

e non-linear kinematic relations and second-order-theory

e linear-elastic ideal-plastic constitutive laws

e Mises’ yield condition and associated flow rule

e specified material and temperature-dependent yield stress, given by the speci-
fied design value of the material strength parameter (see Sections 6.3.2 and
6.3.3 respectively)

e stress-free initial state

e specified initial deviations from the perfect geometry (see Sections 6.3.2 and
6.3.3).

Second-order theory with linear kinematic relations may be used if known
to render sufficiently accurate results. Mises’ yield condition was chosen here for
convenience — in general plasticity effects are small anyway.

The yield stresses to be used in the design models — the design values of the
material strength parameters — are given by the relevant material strength
parameters RM. The values to be used are the same as for the GPD design check
and are given in Table 4.1 for normal operating load cases and exceptional load
cases, and in Table 4.2 for testing load cases. These values may be used directly
as design values, i.e. no division by partial safety factors is required.

For the values of the material strength parameters, see also the definition of the
design value of the material strength parameter, it is common practice to use the
minimum values specified in the material standards.

Contrary to the GPD design check, where the results are insensitive to or even
independent of used values for the material parameters in the linear-elastic
regime, the results for buckling load cases depend (directly) on the values of the
parameters modulus of elasticity and Poisson’s ratio, and the results for
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deformation-weakening load cases may depend on these values. Therefore, it is
required that for the (design) modulus of elasticity the temperature-dependent
values of Annex O of EN 13445-3 are used, and Poisson’s ratio of 0.3 is used in
the elastic regime.

For the reference temperature, fy,, for the determination of the material strength
parameters, t; for the determining all other material parameters, such as modulus
of elasticity, Poisson’s ratio, coefficient of linear thermal expansion, coefficient of
thermal conductivity, a temperature not less than the maximum calculated metal
temperature of the load case shall be used. This reference temperature may be
(chosen) space-independent or space-dependent. In the first case, the (chosen)
value must not be smaller than the maximum calculated metal temperature in any
point of the considered model. In the second case, the reference temperature at
each point must not be smaller than the calculated metal temperature at this point.
It is common practice to use, in this second case, the stationary result of the
(numerical) temperature calculation for the load case directly.

In load cases involving non-stationary thermal stresses, the non-stationary
results of the (numerical) temperature field calculation for the load case are to be
used as reference temperature for determining the material parameters.

In all design models initial deviations of the perfect shape of the structure are
to be incorporated. The initial deviations to be used are given as follows:

¢ in buckling load cases, by the deformation patterns of the perfect structure at the
bifurcation points or the upper limit points,

e in deformation-weakening GPD load cases, by the initial elastic deformation
patterns of the perfect structure,

e in both cases with the deviations calibrated with respect to the maximum per-
missible geometric fabrication tolerances, as specified directly in the Technical
Documentation, usually the drawings, or indirectly by reference to EN 134455,
or by reference to any other technical specification.

In some buckling load cases neither the initial imperfection corresponding to
the calibrated (classical) deformation pattern for the bifurcation point with the
lowest action value nor the one for the limit point with the lowest action value is
the critical imperfection with regard to this stability design check. The usually
large initial imperfections and the effect of plastic flow quite often render results
for different initial imperfection shapes that are reasonably close together. For
critical cases it is recommended to apply the following procedure:

e Determination of the first deformation shapes of the perfect structure at
bifurcation or limit points, calibrated, using the software in the usual way, with
maximum deviation from the perfect shape of the structure equal to unity.
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e Determination of the initial imperfection given by the linear superposition of
these first deformation shapes and calibrated such that the maximum deviation
from the perfect shape corresponds to the maximum permissible fabrication
tolerances. The required number of deformation shapes depends on the density
of the bifurcation or limit point values; 10 seems to be a reasonable value for
almost all cases.

e Performance of the design check with this initial imperfection, with investiga-
tion of the development of the deformation pattern, and, if the evolving pattern
differs substantially from the initial one, then

e Performance of another design check run, but now with an initial imperfection
given by the final pattern of the preceding run, calibrated such that the
maximum deviation from the perfect shape corresponds to the maximum per-
missible fabrication tolerances.

6.4. Design Values and Functions of Actions

The design values of actions and the combination rules are the same as in the GPD
design check (Section 4.4). Of course, only those load cases are relevant where
instability is a failure mode to be considered. Contrary to the GPD-DC, where ther-
mal stresses and thermal deformations may be neglected, these thermal effects are in
this design check to be taken into account. The relevant partial safety factor for tem-
perature actions, equal to unity, is already included in Table 4.3. Also, contrary to the
GPD-DC, checks for testing load cases are necessary.

6.5. The Principle

Using the specifications for design models, mentioned earlier (Section 6.3) and
design values of actions (Section 6.4), the principle of the stability design check
can be stated as follows: For all relevant load cases, the product of the design val-
ues of the actions and the relevant partial safety factors -y, shall be carried by
the relevant design models with maximum absolute value of principal structural
strains not exceeding 5% under normal operating load cases, and 7% in testing and
exceptional load cases, and for proportional increase of all actions except temper-
ature, which shall be increased first, or simply applied as initial condition. The
design value of the buckling strength is given by the quotient of the design model’s
buckling strength and the corresponding partial safety factor yp.

In load cases where thermal effects are included, design functions for tempera-
ture are to be used. In load cases without thermal effects temperature is included
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in the investigations only via the temperature-dependent material parameters, via
the reference temperatures %, and #; (see Section 6.3).
The partial safety factors are as follows:

e In buckling load cases:
o 1.25 for normal operating load cases provided that (external) standard pressure
tests as called for in EN 13445 5 are carried out;
o 1.5 for normal operating load cases without such a standard pressure test;
o 1.1 in testing load cases.
e In deformation-weakening load cases:
o for normal operating load cases the values given in Table 4.1 for gross plastic
deformation load cases,
o for testing load cases the values given in Table 4.2, for gross plastic defor-
mation load cases.
e For exceptional load cases partial safety factors are to be agreed by the parties
concerned, but must not be smaller than 1.1.

6.6. Application Rules

There are two application rules for this design check in Annex B of EN 13445. The
first rule deals with experimental results, and will not be discussed here. The sec-
ond one states that fulfilment of the requirements of clause 8 of EN 134453 (the
DBF requirements) suffices as stability design check for pressure action, and no
discussion seems to be required here.

6.7. Examples

Examples can be found in Annex E.6.
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Chapter 7

Cyclic Fatigue Design Check (F-DC)

7.1. Introduction
7.1.1. General Remarks to the F-DC

The principle of this design check in Annex B of EN 13445-3 is very general: The
design value of the accumulated fatigue damage index D, for cyclic fatigue, ob-
tained for all the (cyclic) design functions of pressure/temperature and variable
actions, shall not exceed 1 (EN 13445-3, Annex B).

This requirement is given meaning by the corresponding application rule, which
refers to clause 18, the fatigue clause in the DBF section of EN 13445-3:
Fulfillment of the requirements given in clause 18 suffices as a check against fa-
tigue failure (EN 13445-3, Annex B).

Therefore, the cyclic fatigue requirements given in this clause 18 are dealt
with in the following, with the incorporation of the requirements for the consider-
ation of cladding given in the fatigue sub-clause of Annex B of EN
13445-3. Of course, emphasis is on the usage as a design check within the
DBA approach. Clause 18 of EN 13445-3 not being incorporated in Annex B, the
annex containing all the other requirements for the Direct Route in Design
by Analysis, and having seen so many misuses, it seems to be necessary to
repeat the warning with regard to design checks: Clause 18 is, in its intention and
planned usage, a design check — it is not meant to give rules for a simulation of the
fatigue behaviour of real structural parts, it is not meant to give an approximation
of the fatigue behaviour, nor has it been developed for usage in on-line determi-
nation of fatigue damage. That clause 18 can be used, and has been used, for these
purposes successfully in combination with great care and expertise does not
change that.

The fatigue analysis according to clause 18 looks very complicated and
confusing, and it easily leads to mistakes in manual calculations, if the standard
has to be consulted for details. In actual applications it usually is straightforward
and uncomplicated, especially if supported by simple computer programs, which
take care of the various variants. Clause 18 looks complicated, because so many
different cases and possibilities had to be included, in a general presentation of the
requirements.
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The approach to cyclic fatigue investigation in clause 18 is a very modern one,
taking account of the fact that welded regions show a different cyclic fatigue be-
haviour than unwelded regions:

e In unwelded regions, a large proportion of the cyclic life is required for crack
initiation and only a short proportion for crack propagation till breakthrough of
the crack, or till rupture.

o In welded regions, in contrast, the existence of microcracks (crack-like weld de-
fects of microscopic scale) has to be taken into consideration — in a conservative
approach and in a statistical evaluation of experimental results a very short or
even non-existent crack initiation phase has to be taken into account, with the
main proportion of the cyclic life determined by the crack propagation phase.

¢ In welded regions many of the influencing factors on cyclic life are not, or not
sufficiently, known, at least not in the design stage:

o local surface notches at the weld, like weld bead roughness, weld ripples,
local undercut, local shrinkage grooves, local root concavity, welding
stop/start craters,

o material properties in the various weld “zones”,

o residual stresses, and

o internal defects.

This contrasting behaviour is taken into account by usage of

o different design fatigue curves, i.e. curves representing the relevant reference
stress range versus the allowable number of cycles till failure — break-through
or initiation of technical cracks, with
o different reference stress ranges,

o different corrections for the various other influences, other than the reference
stress ranges,

o different fatigue design curves for welded regions in dependence of the weld
details and the orientation of main principal stresses, via different fatigue
classes, corresponding to weld details, possible crack initiation spots and pos-
sible crack propagation directions, and orientation of main principal struc-
tural stresses,

o different fatigue design curves for unwelded regions in dependence of the
base material’s ultimate strength.

For damage accumulation, due to different single-amplitude cyclic actions or dif-
ferent sub-cycles of multi-amplitude cyclic actions, linear accumulation is prescribed
in the standard, i.e. the usage of the Palmgren-Miner cumulative damage rule,
commonly called Miner rule, and for the determination of the relevant sub-cycles of
multi-amplitude cyclic actions the reservoir cycle counting method is prescribed.
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Warning note 1: Plain material may contain weld repairs. Where weld repairs
cannot be excluded, the corresponding regions have to be assessed as welded re-
gions, like clad material.

Warning note 2: The basic databases for the design fatigue curves and for some
of the correction factors encompass only results of tests in air, the design fatigue
curves and the correction factors do not allow for any influence of environment.
Corrosive environment has, in general, a strong detrimental effect on fatigue be-
haviour — crack initiation and crack growth under cyclic actions can be substan-
tially accelerated, i.e. in environmentally enhanced fatigue cracks can occur at
lower stress range values, cracks can occur earlier, and crack propagation rates can
be much larger. An environment may produce negligible uniform corrosion under
constant actions, but result — at crevices, gaps, or cracks — in intensive localized at-
tack and in strongly enhanced corrosion fatigue under cyclic actions. Non-detected
cracks at final testing and cracks initiated by fatigue in service can provide ideal
sites for such accelerated corrosive attack — in the cracks corrosive reactions may
be set up resulting in accelerated crack propagation. Especially prone to such
corrosion fatigue effects are welded regions, because of the possibility of non-
detected microcracks and of unfavourable weld residual stresses, which can, in
some materials and environments, lead to stress corrosion cracking with possible
synergetic interaction with cyclic fatigue. As with other aspects of corrosion and
fatigue, attention to (corrosion resistant) material selection and to detail design,
with regard to stress concentrations, gaps, and crevices, where corrosion fatigue is
possible, is essential — the designer should always be conscious of the risk of
stress—corrosion cracking and corrosion fatigue.

Clause 18 of EN 13445-3 gives only requirements with regard to the conservation
of the magnetite layer of parts made from non-austenitic steels in contact with
water at temperatures exceeding 200°C.

In the context of warning note 2, the general presupposition for the application
of the fatigue calculation specified in EN 13445-3 is of importance: Fatigue critical
regions are accessible for inspection and non-destructive testing, and instructions
for appropriate maintenance (and dedicated inspection) are established and in-
cluded in the operating instructions. If fatigue critical regions are not accessible for
inspection and non-destructive testing, the design shall ensure that in these regions
fatigue relevant stress ranges are not larger than the respective endurance limits.

Where corrosion fatigue has to be taken into account and effective protection of the
material from the corrosive environment cannot be assured, special correction factors
should be used, correction factors based on experiment or testing. In setting up of
experiments and tests great care and expertise is required, since temperature, medium
velocity, and, quite frequently, small traces of substances or impurities can signifi-
cantly affect rate and form of corrosion. Relevant testing standards can be found in
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the extensive lists of the American Society for Testing and Materials (ASTM), the
European Committee for Standardization (CEN), the European Federation of
Corrosion (EFC), the International Organization for Standardization (ISO), and the
National Association of Corrosion Engineers (NACE), to name only the most widely
used ones, in alphabetical order. Relevant fatigue test factors, required for the evalu-
ation of test results, are given in sub-clause 18.10.3 of EN 13445-3.

Increase of in-service inspection frequency is a valuable and useful supplement,
especially in cases where sufficient reliable experience is not yet available.

7.1.2. General Remarks to the F-DC of Unwelded Region

The design fatigue curves of clause 18 for unwelded regions, shown in Fig. 7.1, have
been deduced from a fairly extensive database of experimental results with single-
amplitude push—pull and bending tests on polished specimens, see [72] and the liter-
ature cited therein. The main proportion of the results relate to rupture, but it had been
found that results for technical crack initiation are within the scatterband of those for
rupture — for the mainly small unnotched specimens rupture occurred shortly after
technical crack initiation, and the number of cycles to technical crack initiation was
approximately 80% of those to rupture. It had been considered permissible to use all
the results, for cycles to rupture and for cycles to technical crack initiation in these
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Figure 7.1: Design fatigue curves for unwelded regions of rolled and forged steels —
equivalent total stress range vs. allowable number of cycles, with tensile strength R,
as parameter.
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test specimens, for the deduction of design fatigue curves till initiation of technical
cracks in structures, with the usually larger dimensions.

In this evaluation of experimental results, the well-founded dependence of
endurance limits of ultimate strength [75-78] had been conservatively taken into
account. Re-evaluation during the preparation of the standard of additional test
results on unnotched specimens in the data collection [79] had been used to check
the long-used fatigue curves [74]. This re-evaluation had shown that the usage of
these mean value curves is still adequate, including the usage for austenitic steels
and for high strength steels with ultimate strengths up to 1000 MPa.

In the determination of fatigue design curves safety factors had been applied to
the mean curves of the experimental results, based on the assumption of a normal
distribution of the results. For the safety factor in cycle numbers the value 10 had
been chosen, a value which corresponds to a failure probability of 0.01% — a rea-
sonable value in pressure vessel design, taking into account that pressure vessels
of higher risk are, in general, subject per law to mandatory periodic in-service in-
spections, with, for pressure vessels with risk of fatigue failure, periods depending
on the calculated allowable (cyclic) lifetime. For the safety factor in stresses the
value 1.63 had been chosen in the region of endurance stresses, corresponding to
the same failure probability of 0.01% [74], Annex 1.

Smoothening and slight adaptation of the resulting curves reduced this safety
factor in stresses in the region of endurance stresses to values between 1.5 and
1.57, and increased the failure probability in this region to approximately 0.1%
[74] Annex 1, a value still considered to be reasonable in pressure vessel design,
because of the usual legal in-service inspection requirements, discussed above.

The test results for most steels indicate for single-amplitude cycles abrupt
changes in slope at approximately 107 (test) cycles. This change in slope is fre-
quently called knee point, and the corresponding stress range is called endurance
limit, fatigue limit, or more correctly single-amplitude endurance limit, or single-
amplitude fatigue limit: For stress ranges slightly smaller than this threshold value
single-amplitude cycle tests show, in a statistical sense, no sign of crack propagation,
even after the application of more than 107 cycles.

Experiments have shown that multi-amplitude cycles that combine single-ampli-
tude cycles with stress ranges above the endurance limit with other single-amplitude
cycles with stress ranges below the endurance limit show greater damage than the
single-amplitude stress cycles with stress ranges above the endurance limit alone, i.e.
that single-amplitude cycles with stress ranges smaller than the single-amplitude
endurance limit do contribute to fatigue damage if combined with single-amplitude
cycles with stress ranges larger than the single-amplitude endurance limit.

To take this experimentally observed fact into account, the single-amplitude de-
sign curves have been extended fictitiously for multi-amplitude cycles smaller
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than the single-amplitude endurance limit, with a shallower curve as suggested e.g.
by Haibach [105].

Unfortunately, the design fatigue curves give, for historical reasons, the func-
tional relationship between number of cycles and stress ranges:

In the early days of experimental investigations into fatigue problems, empha-
sis was on fatigue problems involving cyclic stresses well below the yield
strengths, or 0.2%-proof stresses, of the used materials. In this part of the high-
cycle fatigue regime there is a one-to-one relationship between stress and strain,
and stress was then considered to be the relevant response parameter in design,
with material strength parameters being determined in tensile tests.

This representation of fatigue curves, common in engineering applications,
hides the fact that not the range of the stress cycles, but the range, or the ampli-
tude, of the strain cycles were the appropriate variables, that strain is the essential
physical cause of fatigue damage. This representation leads, in the low-cycle fa-
tigue regime, to fatigue curves reaching into stress ranges well above the ultimate
strengths of the materials — the results of the strain-controlled tests have been con-
verted to stresses by usage of linear-elastic relationships also in the plastic regime,
and, therefore, the stresses in the plastic regime are fictitious stresses.

To summarize the test conditions:

The resulting design fatigue curves (see Fig. 7.1) have been determined by
means of test results for

e unwelded, polished, small, perfect, tensile or bending specimens, made of fer-
ritic or austenitic steels,

e specimens subjected to uniaxial constant amplitude cyclic stress states,

e tests under laboratory conditions, in air and at ambient temperature, and

e tests with stress or strain control, with measured strains converted into stresses
by usage of (unbounded) linear-elastic constitutive laws.

The design fatigue curves have been fictitiously extended in the high cycle
regime to allow for the incorporation of the damage contribution of sub-cycles of
multi-amplitude cycles with sub-cycle stress ranges below the single-amplitude
endurance limit.

Therefore, all of the influences on cyclic fatigue not accounted for in the tests
and the deduction of the design fatigue curves have to be accounted for in the de-
sign model — in the determination of the equivalent stress range, by application of
appropriate correction factors to the equivalent stress range and the fatigue design
curves; or these influences have to be excluded from the scope of the design check.

The used basic database does not include results of specimens with stress con-
centrations. Therefore, the design models have to include local structural perturba-
tion sources and the total stress ranges are to be used with the fatigue design curves.
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All results in the used database are for tests with uniaxial stress states. For multi-
axial stress states clause 18 of EN 13445-3 allows the usage of Tresca’s or Mises’
equivalent stress. Investigations of results with multiaxial stress states have shown
that both give, in the statistical sense, sufficiently conservative results. But it is not the
range of the equivalent stresses that is to be used, but the range of equivalent stress of
stress differences. For the frequent case of stress cycles between two states, the equiv-
alent stress of the difference of the two stress states is the range to be used in the fur-
ther investigation. For multi-amplitude stress histories one extreme stress state shall
be selected as “starting state” and the history of the equivalent stress of the difference
of the stress components of the other states and the “starting state” be determined. The
process is to be repeated with different “‘starting states”, and the “starting state” which
leads to the largest fatigue damage indicator is the decisive one.

Fig. 7.2 shows experimental results from tests with typical pressure vessels with
failure due to cyclic pressure in unwelded regions. Also shown are corresponding
fatigue curves, derived from the fatigue design curves by application of the cor-
rection factors for surface condition and for mean stress. The lower fatigue design
curve is the one for steel with ultimate strength of 410 MPa (and yield strength of
265 MPa). These values are typical for the majority of the used materials [81]. The
upper curve is the one for 720 MPa ultimate strength and with 520 MPa 0.2%-
proof stress, representative for the high-strength materials used in the tests.
Unfortunately, the surface condition of the test vessels in the failure region is no
longer known. Therefore, a reasonable value for the likely surface roughness R_ of
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Figure 7.2: Comparison of test data with design fatigue curves, corrected for mean stress and
surface condition influences, and with test results from the collection in [80] and from [81].

@ i p



108  Pressure Vessel Design: The Design Route

200 pum has been used, a value specified in clause 18 for untreated rolled (or
extruded) surfaces. For the mean stress correction, a mean stress value of half the
allowable stress range has been used in all cases not requiring plasticity correction
— the vessels had been subjected to pressure cycles from a very small value up to
a maximum value. In the low-cycle fatigue regime the curves include an additional
correction, given by the additional application of the plasticity correction factors
for the yield strengths of 260 and 520 MPa, respectively. A detailed numerical
comparison of the number of cycles achieved in the experiments with the corre-
sponding allowable ones according to the clause 18 procedures showed that of the
145 experimental results only one is (marginally) smaller than the allowable one,
i.e. the clause 18 procedure can be considered to render appropriate results, results
that are statistically sufficiently safe.

The progressive plastic deformation design check does not require shakedown to
linear-elastic behaviour, and, therefore, alternating plasticity is a response mode to
be taken into account in the F-DC. Because of the requirement of the progressive
plastic deformation design check, confined cyclic plasticity can be assumed, with the
deformation controlled by the regions remaining elastic. In a numerical approach, of
interest here, models with linear-elastic constitutive laws are suggested in the stan-
dard. These models will underestimate total strains in such cases of alternating plas-
ticity due to local structural perturbation sources, and correction of the calculated
stress ranges is required, by means of the so-called plasticity correction factor.

Usage of linear-elastic models may also require corrections of the mean stress,
to allow for the adaptation of the mean stress if in an action cycle plastic defor-
mation occurs.

As an alternative to the linear-elastic models, models with non-linear elastic—
plastic constitutive laws may be used, with conversion of calculated strains into
stresses afterwards, using linear-elastic relationships like in the deduction of fatigue
curves from experimental results mentioned above. In this approach, stabilized cyclic
stress—strain relationships are to be used, e.g. those collected in [79] or the rough
approximation given in [82], BR-E30, or monotonic stress—strain relationships with
corrected action ranges, assuming the validity of the Masing rule [42], see e.g.
[83-85]. No correction is required in these approaches with non-linear elastic—plastic
models and conversion of resulting strains linear-elastically into stresses. In this
alternative the required equivalent stress range is determined directly, without any
plasticity correction, and the equivalent mean stress is given by the equivalent stress
of the mean state of the two extreme stress states resulting in the maximum range.

Results of tests with notched specimen have shown that in general not all of the
total stress range, if relevant corrected for alternating plasticity effects, is effective
for the cyclic fatigue life, but only a part, which depends essentially on the notch
sensitivity of the material and the stress gradient. To take this influence, which is
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especially pronounced in cases of large theoretical stress concentration factors and
large stress gradients, into account, the effective stress concentration factor K, de-
rived from test results, was introduced, which may be used to reflect better the ef-
fective influence of local stress concentrations. This effective stress concentration
factor is defined as the ratio of the equivalent total stress of specimens without a
notch to that of notched specimens, whereby both result in the same number of fa-
tigue cycles. This effective stress concentration factor depends in general on the
shape of the notch, on the type of loading — tensile, bending, torsion, etc. —, on the
stress gradient, on the material, especially the hardening behaviour, and on the mag-
nitude of the equivalent stress, but it does not depend on the material, provided that
it is homogenous and isotropic. The effective stress concentration factor is never
larger than the theoretical one, and, hence, need not be applied — the usage of the
total stress range, if relevant corrected for alternating plasticity, is safe. In the stan-
dard, in a pragmatic approach, only a rough, simple approximation based on ex-
perimental results was chosen [86], for a more detailed one see [82], BR-E11.

The effective equivalent total stress range, to be used in the design fatigue curves,
is given by the product of the effective stress concentration factor and the range of
the equivalent structural stress, if relevant corrected for alternating plasticity.

The two correction factors discussed above, the plasticity correction factor and
the effective stress concentration factor, are incorporated in the F-DC to be applied
on the equivalent stress range, to modify this stress range (into the effective equiv-
alent stress range) for application with the design fatigue curves.

The following four correction factors are incorporated to be applied, at least in
principle, on the design fatigue curves, to modify these curves, to adapt them to
take into account influences on the fatigue life not taken into account in the deter-
mination of these design fatigue curves:

e The surface finish correction factor, to take into account the influence of the
specified or real surface finish of the structural part, if different from the
polished surfaces of the test specimens, see also the note at this chapter’s end.

e The thickness correction factor, to take into account the influence of the thick-
ness of the structural part larger than the thicknesses of the test specimen.

e The mean stress correction factor, to take into account the influence of mean
stresses different from zero, the value used in the evaluation of the test results.

e The temperature correction factor, to take into account the influence of
temperatures different from the ambient temperature of the tests. This correction
factor, which is also used for welded region, is for steels other than austenitic ones,
larger than required for the compensation of the temperature dependence of the
elastic properties — for these steels it does take account of other temperature effects
on the fatigue test results as well, whereas for austenitic steels it just reflects
the temperature dependence of the modulus of elasticity with temperature [74],
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Annex 1. The increase of the fatigue resistance of ferritic steels, especially of
unalloyed steels, observed in the temperature range of approximately 250-350°C
(region of blue-brittleness sensitivity) has not been taken into account [74],
Annex 1.

7.1.3. General Remarks to the F-DC of Welded Regions

The design fatigue curves of clause 18 for welded regions were deduced, like their
pendants for unwelded regions, from a fairly extensive database of experimental
results, but unlike these pendants from results of tests with real welded structural
parts, as fabricated, with all the usual geometrical and structural imperfections due
to material production and manufacture, imperfections such as

e allowed local surface notches at the weld, like weld bead roughness, weld rip-
ples, local undercut, local shrinkage grooves, local root concavity, and welding
stop/start craters,

o different metallurgical properties in the weld “zones” — base metal, weld metal,
and heat affected zone,

o residual stresses due to fabrication and welding,

e admissible internal defects, and

e local geometric imperfections, like linear and angular misalignment, within the
(specified) tolerance limits (corresponding to good workmanship).

Work on first international recommendations for this new approach, which was
used in clause 18 of EN 13445-3, started in 1979 in the Technical Committee 6
“Fatigue” of the European Convention for Constructional Steelwork (ECCS), re-
sulted in a first edition of relevant recommendations [88], and created a common
basis for the interpretation of fatigue test results and the principles for cyclic
F-DCs of welded regions.

This approach is also incorporated in Part 1 of Eurocode 3 [89] and in diverse
design recommendations by The International Institute of Welding [90-95], see
also [96,97].

This approach is based on the recognition of the stochastic character of stress
concentrations at welds and of the stochastic character of crack propagation in
welded regions.

The database results—range of principal structural stress vs. cycles to failure —
are for break-through of the cracks, from the crack initiation side to any other sur-
face of the part.

The results have shown that linear regression lines in double logarithmic plots
can be used as fairly good approximations of the mean values of test results for
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parts with similar weld details and orientations of the principal structural stresses.
The test results have also shown a sharp bend at the endurance limit for single-
amplitude loading, and the test results have also shown that the influence of the
mean value of the stress due to the applied forces is not identifiable, remains hidden
in the scatter of the test results, and is, therefore, included in the fatigue design
curves of welded regions.

Furthermore, the test results have shown that post weld heat treatment does not
decrease weld residual stresses sufficiently to justify usage of different design
fatigue curves for welded regions with post weld heat treatment, and the test results
have shown that differences in materials and material strengths, in the scope of the
standard, have no statistically significant influence on the cyclic fatigue life of
welded regions, in contrast to unwelded regions where the dependence of the
fatigue life from the ultimate strength has been shown. This different behaviour is
the result of the different dependencies of the crack initiation phase and the crack
propagation phase — the number of cycles for crack initiation depends on the
material’s ultimate strength, but the number of cycles in the crack propagation
phase does not. Thus, different fatigue design curves for different materials or
different material strength parameters are used for unwelded regions, but for
welded regions are neither required nor justifiable.

The design fatigue curves chosen in EN 13445-3 clause 18 are shown in Fig. 7.3.
To be able to take into account weld details, location of hot spot, and orientation of
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Fatigue life, N, cycles

Figure 7.3: Design fatigue curves for welded regions. FAT Classes
[32,40,45,50,56,63,71,80,90].
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principal stresses, 10 different design fatigue curves, corresponding to 10 different
fatigue classes, have been chosen and labelled Fatigue Class, or simply Class or
FAT Class, followed by a number which is equal to the value of the curve at 2 mil-
lion allowable cycles. Test results covered the range of 10 000 to 10 million cycles.
To include low cycle fatigue, a linear extrapolation in the double logarithmic plot
down to 100 allowable cycles was chosen and is considered to be conservative.

The full lines in Fig. 7.3 apply for single-amplitude cyclic actions, with more or
less arbitrarily chosen transition to the endurance region at 5 million cycles. The
broken lines apply for sub-cycles of multi-amplitude cyclic actions, extended
fictitiously below the single-amplitude endurance limit for the same reason as for
unwelded regions, see Section 7.1.2.

The assignment of the various cases of weld details, location of hot spot, and
orientation of principal stresses, relates to fatigue classes, and is given by tables
compiled in Annex P of EN 13445-3. Table 7.1 is an example of such a table.

The design fatigue curves are considered to be three standard deviations below
the mean lines, for all the weld details and orientation of principal structural
stresses encompassed in the corresponding fatigue class. This corresponds to a
probability of failure of approximately 0.135%.

The design fatigue curves were evaluated on the basis of the range of principal
structural stresses in the point of crack initiation normal and parallel to the weld
joint, with extrapolation of strain gauge measurements into this point of crack
initiation, linear as well as quadratic extrapolation [92, 94].

This fact requires that, in the F-DCs of welded regions, the very same stress
ranges are used, i.e. the ranges of principal structural stresses normal and parallel
to the weld joint direction at all the points of likely crack initiation, the so-called
critical points or hot spots, whereby in the determination of the structural stresses
the very same extrapolation as in the test result evaluation is to be applied. This
extrapolation can be omitted by usage of stress-concentration-free models if these
lead to sufficiently good approximations of structural stresses. The pivot points
used in the quadratic extrapolation are shown in Fig. 7.4.

The standard also allows the usage of stress ranges of equivalent structural
stress differences, but then different fatigue classes are to be used — the equivalent
stress does not have a direction, and, therefore, the most detrimental one was used
in the determination of the fatigue class.

Usage of the basic approach, the usage of principal structural stress ranges as
relevant stress ranges, is strongly recommended — it is more straightforward, is less
prone to mistakes, avoids penalization in the fatigue class determination, and it is
on the safe side (in cases where the equivalent stress range is smaller than the max-
imum principal stress range). Therefore, in the following, solely the principal
structural stress range approach is dealt with.
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Table 7.1: Example of fatigue class tables (this example consists of the first two pages of
the tables in EN 13445-3:2002 (E) Issue 9 (2004-2002) Annex P). For the Direct Route in
Design by Analysis only testing group 1 is admissible

Table P.1: Seam welds

Detail Joint type Sketch of detail Comments Class
no.

Testing  Testing
group 1 or 2 group 3

1.1 Full penetration - X == Weld to be proved 90° 71°
butt weld flush free from surface-
ground, including breaking flaws and
weld repairs significant sub-

o

surface flaws

(see EN 13445-5) 90 71
~

. by non-destructive
Fatigue cracks usually initiate

at weld flaws testing
1.2 Full penetration - - Weld to be 80P 63°
butt weld rngde —_—r—— p'rO\{efi free from 80° 63°
from both sides or significant flaws
from one side on (see EN 13445-5)

to consumable in- ol by non-destructive 80 71
sert or temporary testing
non-fusible backing 4
Ry o
‘ij:j-’ flaws by non-destruc-
tive testing (see EN

e
7 13445-5)
80 63

~

1.4 Weld to be proved free
from significant flaws
! (see EN 13445-5) by
o non-destructive testing
o= 30° 80 63
o > 30° 71 56
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Table 1 (Continued)

Detail Joint type

no.

Sketch of detail

Comments

Class

Testing  Testing
group 1 or 2 group 3

1.5

1.6

Full penetration
butt welds made
from one side

without backing

Full penetration
butt welds made
from one side onto
permanent backing

O oy B

(1.6a)

Weld to be proved
to be full penetration
and free from
significant flaws
(see EN 13445-5)

by non-destructive
testing

If full penetration

can be assured

If inside cannot be
visually inspected

Circumferential
seams only (see 5.7)

Backing strip to be
continuous and, if
attached by welding,
tack welds to be
ground out or buried
in main butt weld, or
continuous fillet welds
are permitted

- :@ == Minimum throat =

(1.6b)

shell thickness.

Weld root pass shall
be inspected to ensure
full fusion to backing
Single pass weld

Circumferential seams
only (see 5.7)

Backing strip attached
with discontinuous
fillet weld

80 71

63° 40°

40° 40°

56 40
40 40

63 63

(Continued)
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Table 1 (Continued)
Detail Joint type Sketch of detail Comments
no.
Testing  Testing

group 1 or 2 group 3

1.7 Joggle joint

-gj-»

Circumferential seams
only (see 5.7) 632

Minimum
throat = shell
thickness

Weld root pass
shall be inspected 56

to ensure full fusion

Single pass weld 40

63"

40

40

“Use f, instead of f,

w?

PEffect of misalignment to be included in calculated stress, see 18.10.4.

Extrapolation

Stress distribution

) 3
e =}
)
A
I e -
1.4e
1
0.9¢,
1
0.4e
1
1
—e ]
1
1

Stress

Figure 7.4: Pivot points for the quadratic extrapolation of stresses into the crack
initiation point (hot spot).
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To summarize the influences taken account of in the evaluation procedure of the
test results: In the design fatigue curves incorporated are the influences of

o the stress concentrations due to the surface irregularities and material inhomo-
geneities of the welds themselves,

e the welding residual stresses,

e the mean stress resulting from the applied actions,

o thickness of parts up to 25 mm, and

o different materials — steels and steel castings admissible according to EN
13445-2.

Not taken into account in the design fatigue curves, and, therefore, to be taken
into account in the design models or in the fatigue damage calculation procedure
are the influences of

e alternating plasticity,

e temperature, if the calculation temperature differs from the ambient tempera-
ture, and

e thickness of the relevant part, from the hot spot to any other side of the part,
greater than 25 mm.

Whereas the temperature correction factor for welded regions is the same as the
one for unwelded regions, the thickness correction factor for welded regions dif-
fers from the one for unwelded regions.

Geometric deviations from the ideal shape at the weld joints, like misalignment
of middle lines, peaking, and ovality, are partially included in the tests, but to ac-
count for the differences in civil engineering constructions and pressure vessels, a
different classification was chosen in EN 13445-3, and, consequently, in the mod-
els of the F-DC some of these deviations are to be included, or taken into account
via relevant stress concentration factors in the fatigue damage calculation proce-
dure, even if these imperfections are permissible according to EN 13445-4. The
details for which these imperfections are to be incorporated in the models, mainly
butt welds with main principal structural stress orientation normal to the weld
joint, are specified in the tables for the fatigue class selection.

7.2. Procedure

The relations in clause 18 of EN 13445-3 were deduced for single-amplitude stress
and strain cycles. The transformation of specified multi-amplitude action cycles
into relevant single-amplitude stress cycles can become quite complicated and
cumbersome, especially in cases involving thermal stresses and changes in the di-
rections of principal stresses in the cycles.
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Fortunately, the investigations being part of design checks, this transformation
is in the majority of cases quite straightforward and obvious. The specified usage
of linear-elastic models and of linear damage accumulation simplifies the whole
procedure further. Care should be taken if geometric deviations from the ideal
geometry are included in geometric non-linear models and new non-linearities
thereby introduced.

The whole procedure of determining the fatigue damage indicator can be split
up into six consecutive steps:

Step 1: Setting up of the cyclic design actions — design values at specific in-

stants of time, or of a time-like parameter, and, if required, cyclic design func-

tions of time.

Step 2: Determination of the stress cycles, the stress responses of the (linear-

elastic) models.

Step 3: Determination of all critical points of the structure and of all cycles of

the relevant stresses there — of equivalent stresses in unwelded regions and of

main principal stresses (approximately) normal and parallel to weld joint direc-
tion in welded regions.

Step 4: Transformation of the (usually variable amplitude) stress cycles ob-

tained in Step 3 into single-amplitude cycles of relevant stresses — relevant

stress ranges and cycle numbers.

Step 5: Determination of the fatigue damage index for each of the constant am-

plitude stress cycles obtained in Step 4.

Step 6: Linear superposition of all of the fatigue damage indices obtained

in Step 5 to determine the cumulative fatigue damage index.

All of these steps are addressed in the following sections, but not consecutively,
in order to improve readability and understanding of the concepts. Wherever dif-
ferences for welded and unwelded regions require different procedures, these are
dealt with in different sections.

7.3. Design Models
7.3.1. Requirements with Regard to Welded Regions

As input into the design fatigue curves for welded regions principal structural
stresses are required. The models used for the determination may, therefore, be
stress-concentration-free models. If detailed models with local structural perturba-
tion sources are used, or if stress/strain singularities are introduced by the model-
ling, structural stresses should be determined. Mises’ equivalent stresses may be
used, but this option is not suggested and is not discussed here.
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As output of FEM calculations principal structural stresses are required, at each
relevant hot spot on the surface of the structure, including weld surfaces. At each
hot spot at the root of directly loaded fillet welds or partial penetration welds either
the components of the stress vector at the weld throat plane or the average stress
normal to the weld throat plane and the average shear stress in the weld throat
plane are required, with averages along the weld throat line, see Section 7.8.

7.3.2. Requirements with Regard to Unwelded Regions

As input into the design fatigue curves for unwelded regions total stresses are
required, taking into account all local structural perturbation sources. Therefore,
the models used for the determination have to be detailed models, i.e. must include
all relevant local structural perturbation sources. To mention it again: a convenient
output of general software packages is equivalent stresses, but, in general, these
equivalent stresses are not the proper output, are not relevant for the ensuing steps
of the F-DC, see Section 7.1.2. All of the stress components are required to allow
for the determination of the ranges of equivalent stresses of total stress differences
relevant for the following steps.

If plasticity correction is required and the procedure of the standard is used,
then the determination of equivalent linearly distributed stresses and of structural
stresses at the relevant hot spot is necessary — for the latter the extrapolation of
(already known) total stresses into the hot spot is recommended. The procedure in
the standard is not satisfactory, and a different, conservative procedure is recom-
mended here (see Section 7.6.1) and then this problematic determination of
equivalent linear stresses along a possibly difficult to define evaluation line is not
required.

7.3.3. General Requirements with Regard to Welded and
Unwelded Regions

The design fatigue curves are highly non-linear and small changes in the stress
range may result in large changes in the allowable number of cycles. It is therefore
necessary to use fairly realistic stress ranges. This requires not only realistic char-
acteristic values or characteristic functions of actions (see Section 7.4) but also re-
alistic models, especially realistic thicknesses. Usage of analysis thicknesses, with
the subtraction of the whole corrosion or erosion allowance, is not required. It is
good engineering practice to use fatigue analysis thicknesses. Of course, analysis
thicknesses may always be used instead of fatigue analysis thickness.
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Linear-elastic constitutive laws are to be used. Only in the (fortunately rare)
cases where plasticity correction is required, elastic—plastic constitutive laws may
be used to determine the plasticity correction factor, see Sections 7.1.2 and 7.6.1.

The standard leaves the determination of the material parameters of the linear-
elastic constitutive law, like modulus of elasticity, Poisson’s ratio, coefficient of
linear thermal expansion, and coefficient of thermal conductivity, at the discretion
of the designer. The following procedure is recommended:

For Poisson’s ratio the value 0.3 is used. For all other material parameters of the
linear-elastic constitutive law the temperature-dependent values of Annex O of EN
13445-3 are used.

As reference temperature, a temperature not less than the maximum calculated
metal temperature is used. This reference temperature may be chosen as space-
independent or space-dependent. In the first case, the value must not be smaller
than the maximum calculated metal temperature in the considered (part of the)
model, with the maximum for all points and all times of the considered cycle. In
the second case, the value must not be smaller than the maximum calculated metal
temperature in the same point, with the maximum over all times of the considered
cycle. In this case it is common practice to use the stationary result of the
(numerical) temperature calculation for the considered cycle directly.

Geometrically linear models may be used in all cases. Usage of geometrically
non-linear models is strongly recommended for cases of deformation-hardening—
for these cases the relevant stress ranges may be substantially smaller and the
allowable number of cycles remarkably increased [98-101].

In principle, geometric imperfections have to be included in the design models.
In most of the load cases without deformation-weakening their effect will be
small, and the much simpler models without geometric imperfections may be
used. In deformation-weakening load cases on the other hand, geometric imper-
fections do have in general a non-negligible effect, and are, therefore, always to be
included in the design models.

Cladding is to be considered with respect to both thermal analysis and stress
analysis. However, when the cladding is of the integrally bonded type and the
nominal cladding thickness is not more than 10% of the respective total nominal
thickness of the structural part, the presence of the cladding may be neglected, i.e.
the model based on the base metal geometry, and only pressure correction applied,
as described in Section 6.3.

For clad surfaces the requirements of welded regions apply, with the correction
factors of the base metal, and it is recommended to use conservatively as incipient
crack plane direction, the one that leads to the largest stress range Ao, . The standard
does not specify a FAT Class for clad surfaces, but 90 is a very likely value that all
of the parties concerned can agree to.
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7.4. Design Values and Design Functions of Actions

The (cyclic) F-DC deals with load cases that include cyclic characteristic functions
of actions, usually specified as periodic functions of time or a time-like parameter,
load cases that are specified because they are likely to occur often enough to require
inclusion in this design check. In load cases with non-negligible and non-stationary
thermal stresses, the cyclic characteristic functions of actions have to be specified by
functions of time, because time derivatives of temperature are of importance as well.

As already mentioned in Section 7.3.3, the design fatigue curves are highly non-
linear, and hence fairly realistic stress ranges are required as input to the fatigue
damage determination. Therefore, great care is required in the specification of the
characteristic functions of actions to be used in this design check. Unlike the GPD-
DC and the I-DC, it is of paramount importance to specify in the (cyclic) F-DC
characteristic values and characteristic functions of actions that indeed represent
realistically those to be considered. It is not required to specify characteristic val-
ues and functions that envelop realistically all those extreme values and functions
that can occur under reasonably foreseeable conditions. In general, mean values of
the extremes and mean functions of the extreme cyclic functions suffice — in a
carefully drafted specification, the distribution of the extremes, and of the extreme
functions, is usually skewed to smaller values, and the design fatigue curves, on
the other hand, amplify the larger values, and it can be assumed that these two ef-
fects usually balance each other approximately.

Safety margins are already incorporated in the design fatigue curves, and, there-
fore, application of partial safety factors is not required, the design values and the
design functions of actions coincide with characteristic values and characteristic
functions.

To each characteristic function the relevant number of cycles has to be speci-
fied, and the characteristic values, the characteristic functions, and the used num-
ber of cycles specified in the Design Documentation.

7.5. The Principle

The principle of this design check reads:
The design value of the damage indicator D,, obtained for the design functions of
pressure/temperature and variable actions, shall not exceed 1 (EN 13445-3 Annex B).
As already mentioned in the beginning of this chapter, this principle is given
meaning only by the application rule, it has to be read in conjunction with the ap-
plication rule that states: Fulfillment of the requirements given in clause 18 suffices
as a check against fatigue failure (EN 13445-3 Annex B).
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7.6. Correction Factors for Unwelded Regions
7.6.1. Plasticity Correction Factor

Plasticity corrections are, in the usual procedure, required because linear-elastic
constitutive laws are used in the determination of the relevant stress ranges. The
standard requires this plasticity correction only if Ao, ,, the range of Mises’ equiv-
alent stress function of the differences of the equivalent linear stresses at the con-
sidered hot spot, exceeds twice the relevant yield strength at the relevant reference
temperature 1, R, ,,. for ferritic steels and R, for austenitic ones. Here
" denotes the weighted mean cycle temperature (of the considered action cycle at

the considered point of the model), defined by

=025t

¢, min

+0.75-¢

¢, max ’

(7.1)

where 7, . and 7, . are maximum and minimum calculated metal temperatures
of the considered action cycle at the considered point of the model.

The (approximate) plasticity correction in EN 13445-3, Clause 18, is not really
satisfactory. There exist cases of large stress concentrations with alternating plas-
ticity but in which Ao, ; <2-R ), or 2-R,,, o« respectively. In these not unusual
cases a plasticity correction should be necessary, but is not according to the stan-
dard’s procedure.

Usage of the procedure outlined in the following is recommended instead.
This procedure is, compared with the standard’s procedure, conservative,
i.e. on the safe side, may, therefore, always be used in permissibility checks
according to the standard. Furthermore, this procedure agrees with the basic
document [74].

In this route, plasticity correction is required if Ao, , the range of Mises’ equiv-
alent stress function of the differences of the relevant total stresses at the consid-
ered hot spot, exceeds twice the relevant yield strength at the relevant reference
temperature 7* R, . for austenitic steels, and R, ,,. for other steels. Here
t* corresponds to the weighted mean cycle temperature defined by Equation
(7.1).

For the special case of thermal stresses with non-linear distribution over eval-
uation lines that render the fatigue relevant thicknesses, the plasticity correction
factor is denoted by &, and is given by

k, = Max [1.0;0.7/(0.5 + 0.4R , .. / AG,,)] (7.2a)
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for austenitic steels, and by

k, = Max [1.0:0.7/0.5 + 0.4 - R 5. | AG,)] (7.2b)

for steels other than austenitic ones. This (questionable) correction factor is to be
applied to parts of stresses and stress ranges that correspond to the non-linearly
distributed parts of the thermal stresses.

In the general case, for all other stresses and parts of stresses, the plasticity cor-
rection factor is denoted by k,, and is given by

k,=1+04-(0.5 A0,/ R, o —1) (7.3a)
for austenitic steels, and for all other steels by
k.= 10+ Ay (0.5-Ac,,/ Ry, —1) (7.3b)

with

A, = 0.4 for R, = 500 MPa,
= 0.4 + (R,, — 500) / 3000 for 500 < R,, = 800 MPa,
= 0.5 for 800 < R,, = 1000 MPa.

This correction factor is to be applied to parts of stresses and stress ranges that
do not correspond to the non-linearly distributed parts of thermal stresses.

In action cycles without non-linearly distributed thermal stresses, a principal
stress or a stress range corrected for plasticity effects is given by

0, =k -0 (7.4)
and
Ao, =k, - Ac. (7.5)

In action cycles with non-linearly distributed thermal stresses, a principal stress
is given by

o, = (k, p,. T k,-p)o (7.6)
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with

Pee = A0, /A, (7.7a)

Pe = 17D (7.7b)

and with Ao, denoting the range of Mises’ equivalent stress of the differences of
the total stresses at the hot spot, see 7.3.2, and Ao, the corresponding range at the
hot spot for the equivalent linear thermal stress distribution. In the determination
of Ao, the sum of all stresses is to be used, independently of the type of stresses.
The relevant stress range is, in action cycles with non-linearly distributed dis-
placement controlled stresses, given by

Ao, = MEQIAk, - 0, ,. + k,- 0, ]I, (7.8)

Y, ¢

where o, and 0 are the parts of the relevant stress, for the general and the special
case respectively, and where for MEQ and Ao the definitions of Section 7.14 apply.

If the stress range Ac,, of the considered cycle is smaller than 2R, . for
austenitic steels and 2R, ,,,. for all other steels, respectively, no plasticity correction
is required, i.e. kK, = 1.0 and k, = 1.0.

The plasticity correction factor for the general case may be used also in the spe-
cial cases of non-linearly distributed thermal stresses.

In all thermal stress cases, and in cases of doubt, it is strongly recommended to
determine the plasticity correction factor by FEA, as the quotient of results of
Mises’ equivalent strains for two different models — one with a constitutive law
that approximates the (real) cyclic one of the material in the range of (small)
plastic strains sufficiently well, and one being the already used one with the (un-
bounded) linear-elastic constitutive law. In this approach the following steps are
required:

e determination of the components of the relevant strain differences in the hot
spot in the model with the non-linear cyclic constitutive law,

e determination of the corresponding Mises’ equivalent strain A
the corresponding stress range E - Ag,, . directly, see 7.1.2, or

e determination of the components of the relevant strain differences for the linear-
elastic model Ag,, ;,, and

e determination of the plasticity correction factor given by the quotient values of
Mises’ equivalent strain determined in the second and fourth step.

€, and usage of
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7.6.2. Effective Stress Concentration Factor

This correction factor is required to take into account the fatigue sensitivity of the
material and the influence of the stress gradient, conveniently represented by the
theoretical stress concentration factor, see also Section 7.1.2.

This fatigue relevant effective stress concentration factor is given by

K, =1+ 15(K,— D/(1 + 0.5-Max [1; Ao

total, eq

/ Acp)), (7.9)

where Aoy, is the endurance limit for single-amplitude stress cycles, Ao, ., the
range of the equivalent stress of the total stress, if applicable corrected for plastic-
ity effects, i.e. by application of the plasticity correction factor given in the
preceding Section 7.6.1, and where K, is the theoretical stress concentration fac-
tor, defined as the ratio of the equivalent total stress o, and the equivalent

structural stress O

struc, eq

total,eq

K

, /o,

struc, eq®

= O,

total, eq

(7.10)

This theoretical stress concentration factor characterizes the influence of local
structural perturbation sources, and in the definition the equivalent total stress and
the equivalent structural stress are the values at the considered hot spot and for the
same action values, and both determined with models with the same linear-elastic
constitutive law.

As a warning of an unfortunately often occurring mistake: This theoretical
stress concentration factor, used in the F-DCs, must not be confused with the
theoretically or experimentally determined (shape) factors for the determination
or comparison of stresses due to changes of global geometric parameter.
Unfortunately these shape factors are sometimes called also stress concentration
factors. These shape factors are usually taken from literature and were derived
from e.g. experiments or analytical results, using some kind of reference
stresses, conveniently chosen reference stresses but which are by definition differ-
ent from the structural stresses at the hot spot. Theoretical stress concentration
factor K, and effective stress concentration factor K are different from 1.0 only if
the cons1dered hot spot is within a region 1nﬂuenced by a local structural pertur-
bation source.

To calculate the stress range relevant in the fatigue calculation, the effective
stress concentration factor K has to be applied on the equivalent structural stress
range, or K,/ K, applied on the equivalent total stress range.
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7.6.3. Surface Finish Correction Factor

This correction factor is required to take into account the influence of surface con-
ditions on the fatigue design life. This factor, denoted by f,, depends on the surface
texture, characterized by the roughness-height index R, in pm, on the ultimate
strength R, of the material and, unfortunately, on the number of allowed cycles N.
It is specified by

S, = F01IN=0465 for N < 2000 000, (7.11a)
= F, for N > 2000 000, (7.11b)

with
F,=1-0.056(In R)**In R,, + 0.289(In R)**. (7.12)

In clause 18 of the standard values for the roughness-height index R, are specified as:

R_. = 200 um for surfaces of rolled and extruded parts,
= 50 um for machined surfaces,
= 10 um for ground surfaces that are free from notches,

and f, = 1is allowed for polished surfaces with R, < 6um. In a note it is indicated
that Equations (7.11) are not applicable for (untreated surfaces of) deep drawn
components and forgings. The approximation for F, given in the literature [102]
for untreated surfaces of deep drawn components and forgings

F, =025+ 0.75(1 — R,/ 1500)'3, (7.13)

which is based on the graphical presentation of test results in [96], p. 78, and [103],
is still under consideration in the standard’s working groups but may be used safely.

7.6.4. Thickness Correction Factor

This correction factor is required to take into account the influence of thickness on
the fatigue design life. This correction factor, denoted by f,, depends on the fatigue
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relevant thickness at the considered hot spot, e,, and unfortunately it depends also
on the number of allowed cycles N. It is specified by

f. = 1.0 for e, <25, (7.14)
= F011N-0465) for ¢ > 25 and N < 2000 000, (7.14b)
= F, for e, > 25 and N > 2000 000, (7.14c)

with
F, = (25/e,)"'% for 25 < e, = 150, (7.15a)
= (1/6)*1% for e, > 150, (7.15b)

and with the nominal thickness e, in mm.

7.6.5. Mean Stress Correction Factor

This correction factor is required to take into account the influence of mean
stresses on the fatigue design life. Compared with the design life for zero mean
stress, which is specified for the design fatigue curves, positive mean stresses de-
crease the fatigue design life and negative mean stresses increase it.

This mean stress correction factor, denoted by f,,, depends for N =< 2 X 109 cy-
cles on the material’s ultimate strength R, and on the quotient of the equivalent
mean stress G, and the value of the relevant fatigue design curve Aoy at the con-
sidered number of cycles N. In this range of number of cycles f,,is given by

fo =11 =26,/ AGMQ2 + M)(1 + M)]  for =Ry, = G,,=0.5A0,/(1 + M),
(7.16a)

and

fo=(0+M/3)(1+M) —MQ2G,,/Acy)3 otherwise, (7.16b)
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with
M = 0.00035R,, — 0.1. (7.16¢)
For N = 2 X 10% cycles, f,, is independent of the number of cycles and depends
on the material’s ultimate strength and on the quotient of the equivalent mean

stress and Ao, the value of the relevant fatigue design curve for 2 X 10° cycles
(see Table 7.3). In this range of number of cycles f, is given by

fo=11= Q5,1 MM + M)/(1 + M)]  for =Ry, = G,,=0.5A0,/(1 + M)
(7.17a)

and
fu=(+MI3)/(1+M) —MQ2G,,/Acy) /3 otherwise, (7.17b)
with M as above.

In case of plasticity effects on the mean stress, the value of the equivalent mean
stress G, used in the above equations has to be the corrected one, see Section 7.14.

7.6.6. Temperature Correction Factor
This correction factor is required to take into account the influence of temperatures
of the structure above 100°C on the fatigue design life.

This correction factor, denoted by f,.., depends on the material (type) and on the

weighted mean cycle temperature ¢*, defined by Equation (7.1) in Section 7.6.1.
For #* =100°C, this temperature correction factor is given by

fi. = L.0for r* = 100°C, (7.18a)
and for higher temperatures by
[ =1.043-4.3 - 10~%* for austenitic steels, and (7.18b)

fu=1.03—1.5-10"%"—1.5-107%*2 for other steels. (7.18¢)
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7.7. Correction Factors for Welded Regions

As already mentioned in Section 7.7.3, there are less influences not accounted for
in the fatigue design curves for welded regions than in those for unwelded regions,
and, therefore, less correction factors are required.

7.7.1. Plasticity Correction Factor

In the standard procedure this correction factor is required if A, ;, the equivalent
stress range corresponding to the variation of the equivalent linear distribution at
the considered hot spot, exceeds twice the relevant yield strength, R, ,/,. O R, ;.
respectively, at the relevant weighted mean cycle temperature ¢*, see 7.6.6. This
factor is for welded regions the same one as for unwelded regions, given in Section
7.6.1, but is to be applied on the principal structural stresses.

Like for the plasticity correction factor for unwelded regions, it is recom-
mended to deviate from the standard’s procedure and to replace Ao, , by the stress
range relevant to the region, i.e. by Ao,,, and Ao, respectively, the ranges of the
principal structural stress normal and parallel to the weld joint direction. Contrary
to the procedures for unwelded regions, the differences between the two proce-
dures are for welded regions minimal to zero.

7.7.2. Thickness Correction Factor

This correction factor, denoted by f,, , is required to take into account the influence
of the fatigue relevant thickness on the design fatigue life. Unlike its pendant for
unwelded regions, this factor depends only on the relevant thickness ¢,, in mm,
and is, in general, specified by

Sfow = 1.0 fore, =25 mm, (7.19a)
= (25/¢,)"® for25 < e, = 150 mm, (7.19b)
= (1/6)"*% fore,> 150 mm. (7.19¢)

There are cases where no thickness correction is required, or where the thick-
ness correction factor for unwelded regions has to be used. These deviations from
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the generally valid Equations (7.19) are detailed in Annex P of EN 13445-3, the
annex for the classification of weld details (with the principal stress approach).

7.7.3. Temperature Correction Factor

This correction factor, required to take into account the influence of temperatures
of the structure above 100°C on the fatigue life. It is for welded regions the same
one as for unwelded regions, given in Section 7.6.6.

7.8. Design Fatigue Curves
7.8.1. Design Fatigue Curves for Welded Regions

The design fatigue curves for welded regions, shown in Fig. 7.3, can be described
as follows:
For Ao, = Ao,

N =C,/Acy, (7.20a)

where N is the number of allowed cycles, Ao, the endurance stress range (for
single-amplitude stress cycles), and Aoy the relevant stress range.

For single-amplitude stress cycles N is equal to infinity if Ao, = Ao,

For single-amplitude sub-cycles of multi-amplitude cycles with sub-cycle stress
range Ao > Ao, the design fatigue curves are the same as given by Equation
(7.20a).

For multi-amplitude stress cycles with at least one single-amplitude sub-cycle
stress range Ao > Ao, the design fatigue curves for sub-cycles with Ao = Aoy,
can be described by

N = C,/ Acy® for Ao, > Aoy > Ao,

cut®

(7.20b)

= oo for ACy = A, (7.20c)

The coefficients C,, C,, the values of the endurance stress range (for single-
amplitude stress cycles) Ao, and the cut-off stress range Ac,,, are given in Table 7.2.

ut
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Endurance stress range Ao, and cut-off stress range Ao, correspond to the values
of the respective design fatigue curves for N equal to 5 million and 100 million al-
lowed cycles, respectively. These coefficients and stress values depend on the
respective fatigue class.

Table 7.2: Coefficients and values of the fatigue design curves for welded regions

Class C, C, Ao, in MPa Ao, in MPa
100 2.00 - 10" 1.09 - 10'¢ 74 40
90 1.46 - 102 6.41 - 10 66 36
80 1.02 - 102 3.56 - 10" 59 32
71 7.16 - 101 1.96 - 10" 52 29
63 5.00 - 10 1.08 - 1015 46 26
56 3.51- 10" 5.98 - 10 41 23
50 2.50 - 101 3.39 - 10% 37 20
45 1.82 - 101 2.00 - 10 33 18
40 1.28 - 101 1.11 - 10 29.5 16
32 6.55 - 100 3.64 - 10 24 13

7.8.2. Design Fatigue Curves for Unwelded Regions

The design fatigue curves for unwelded regions, shown in Fig. 7.1, can be de-
scribed as follows:
For Ao, = Aoy,

N =[4.6-10*/ (Acy — 0.63 - R, + 11.5)]%, (7.21a)

where N is the number of allowed cycles, Ao, the endurance stress range (for sin-
gle-amplitude stress cycles), and Aoy, the relevant stress range.

For single-amplitude stress cycles N is equal to infinity if Aoy = Aoy,

For single-amplitude sub-cycles of multi-amplitude cycles with sub-cycle
stress range Ao = AG;,, the design fatigue curves are the same as given by Equation
(7.21a).

@ i p



Cyclic Fatigue Design Check (F-DC) 131

For multi-amplitude stress cycles with at least one single-amplitude sub-cycle
stress range Ao = Ao, the fatigue design curves for sub-cycles with Ac = Ao,
can be described by

N = [(2.69R, + 89.72)/ Ac,]'° for Ac, = Ao, > AG (7.21b)

cut?®

= oo for Aoy = AC, (7.21c)

ut*

The values of the endurance stress range and the cut-off stress range, Ao, and
Ao, respectively, depend on the material’s ultimate strength R, and are given for

specific values of R, in Table 7.3. They correspond to the values of the design fa-
tigue curves for N qual to 2 million and 100 million cycles, respectively.

Table 7.3: Values of endurance and cut-off stress range in MPa for unwelded regions

R, in MPa
400 600 800 1000
Aoy, 273 399 525 651
Aoy, 184 270 355 440

7.9. Cycle Counting
7.9.1. General

The design fatigue curves give the allowed number of cycles for a given relevant
stress range of single-amplitude cycles.

The design functions of actions, on the other hand, are in general periodic vari-
able-amplitude functions of time, or of a time-like parameter, or even non-periodic
at all, see e.g. Fig. 7.5.

The responses of the models to these design functions of actions reflect the
characteristics of the design function of actions — the corresponding relevant
stresses are either periodic multi-amplitude scalar functions of time, or of a time-
like parameter, or non-periodic scalar functions.

An important task in the determination of the fatigue damage index is, therefore,
to deduce from this (multi-amplitude) stress history a sequence of single-amplitude
stress cycles that, applied separately without interaction, result in the same fatigue
damage (index) as the original stress history.
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Figure 7.5: Examples of design histories of actions. Top: Periodic action. Bottom:
Non-periodic action.

For this task a number of alternative procedures have been proposed, are in use,
and can be found in standards, handbooks, and other literature, e.g. [96,104—114].
For complicated stress functions, and especially for on-line calculations of used
design life, the Rainflow Cycle Counting Method, developed by Matsuishi and
Endo, and by de Jonge, is recommended, being amenable to mathematical algo-
rithms. This method is considered by some researchers to be the optimum count-
ing procedure for on-line fatigue damage calculations. In clause 18 the Reservoir
Cycle Counting Method is specified, being quite convenient and easy to apply in
the design stage. This method is specified as an alternative to an all but the sim-
plest cases unusable Simplified Cycle Counting Method. For periodic stress histo-
ries Rainflow and Reservoir Cycle Counting lead to the same results.

In the Rainflow and Reservoir Cycle Counting Method the largest stress range
is correctly counted first, and both consider practical combinations of minima and
maxima of the stress history. The Rainflow Cycle Counting Method is more diffi-
cult to apply manually, is therefore more prone to errors than the Reservoir Cycle
Counting Method [114].
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7.9.2. The Reservoir Cycle Counting Method

This cycle counting method can be explained quite clearly by means of a vivid
graphic representation.

The maxima and minima of the relevant stress history are plotted versus time, or
the time-like parameter, and connected by straight lines, see Fig. 7.6. In the case of a
periodic stress history only one period from one absolute maximum to the maximum
after the period is required. In the case of a non-periodic stress history the part of the
stress history before its maximum is added at the end, in order to create an artificial
period from the (old) maximum to the thereby created new maximum, see Fig. 7.7.
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Figure 7.6: Reservoir cycle counting method for periodic stress history.
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Figure 7.7: Reservoir cycle counting method for non-periodic stress history.
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The profile from one maximum to the next is visualized as reservoir walls, with
peaks and troughs, and the reservoir between the two maximum peaks filled with
water.

The largest depth of the whole reservoir, between the highest peak and the low-
est trough, corresponds to the first stress range, to be listed as the stress range of
one cycle. The reservoir is then considered to be drained at the lowest trough,
leaving the water that cannot escape trapped in troughs. If there is more than one
lowest point the drainage may be from any one of them.

The whole procedure is then repeated again and again with the next respective
lowest trough, the next minimum, until all water is drained out.

The procedure results in a list of individual stress ranges, if necessary conve-
niently ordered in descending order afterwards.

In the case of stress histories for hot spots in unwelded regions, the stress com-
ponents and the temperature at the instants of time, or time-like parameter, at
which the maximum and the minimum of the stress range occurs have to be in-
cluded in the list of individual stress ranges.

In the case of stress histories for hot spots in welded regions, only the stress
ranges and the temperatures matter, and cycles for which stress range and temper-
atures agree may be grouped together to cycles of equal stress range.

7.10. Fatigue Damage Accumulation

With any of the above-mentioned cycle counting methods, multi-amplitude
stress histories are reduced to a sequence of single-amplitude stress cycles with cy-
cles of equal relevant parameters grouped conveniently together. For each of these
groups of single-amplitude stress cycles the allowable number of cycles can then
be determined. The quotient of the number of cycles n; of a specific group and the
corresponding number of allowable cycles is defined as the fatigue damage index
(for this group of single-amplitude cycles).

For the determination of the cumulative fatigue damage index the fre-
quently used Palmgren—Miner Rule is prescribed. This rule, often simply
called Miner Rule, is based on a linear damage hypothesis, was first proposed
by A. Palmgren in 1924 [115] and popularized by M.A. Miner in 1945 [116].
It states that the cumulative fatigue damage index D, of a sequence of k
groups of constant amplitude stress cycles, of equal relevant characteristics,
is given by

D,=n,/N,+n,/N, +...+n, /N, +...+n,/ N,, (7.22)
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where n, is the number of single cycles in group i and N, the number of allowed
cycles corresponding to the parameters of these stress cycles in group i.

This rule takes no account of the effect of the order of occurrences of the
constant amplitude cycles, but it is very simple, and it is considered to render fair
approximations in usual cases, i.e. in cases with strongly alternating individual
stress cycles without any especially pronounced cycle order.

7.11. General Remarks to the Methodology

Unlike the design checks discussed before this design check, where individual,
separate load cases are to be investigated in a design check, in the F-DC the whole
cyclic design life has to be investigated in one encompassing check, and, therefore,
the whole cyclic design life has to be specified in the design specification, in the
form of cyclic actions as a continuous function of time, or as a function of a dis-
crete series of a time-like parameter, used to specify the order of occurrences of
action states, see also Section 7.4.

The stresses at the hot spots due to this cyclic action function are required for
the ensuing evaluation — the determination of the cyclic fatigue damage index.
These stresses are to be determined with the linear-elastic models discussed in
Section 7.3.

Depending on the location of the considered hot spot, different stress functions
are required:

(a) For welded regions the design fatigue curves depend on the fatigue class, and
the fatigue class in turn depends on the weld details and on the considered fa-
tigue crack propagation, characterized by the incipient crack plane. In the case
of hot spots on the surface of the structure, inclusive of weld surfaces, in gen-
eral two planes of likely incipient cracks have to be considered — one parallel
to the weld joint and one normal. In both cases the required stress function is
given by the respective values of the principal structural stress (in the hot spot)
closest to the normal of the considered incipient crack plane.

(b)In the case of hot spots at the root of directly loaded fillet welds, or of partial
penetration welds, the plane to be considered is the weld throat plane, the
plane through the weld’s root that is defined by the straight line in weld joint
direction and the straight line that renders the minimum thickness in the weld
cross-section. This minimum thickness is called weld throat thickness, and
the line weld throat line. In this case the required stress functions are the func-
tions of the three components of the stress vector at the hot spot that acts on the
weld throat plane. Usage of averaged components is allowed, averaged over the
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weld throat line. Usage of the values at the hot spot of the equivalent linear dis-
tribution is suggested if large bending stresses exist along the weld throat, and
this approach is recommended and used solely in the following. Admittedly, the
weld throat plane does in general not coincide with the incipient crack plane,
which in general coincides with any of the tangential planes of the joined parts,
but the stresses acting on the weld throat plane were chosen as reference
stresses in the classification of cracks emanating from the root of directly
loaded fillet welds and partial penetration welds, and, therefore, these stresses
have to be used in the design check for these cases as well.

(c) For unwelded regions, equivalent total stress ranges, or, more clearly, ranges of
the equivalent total stress functions, equivalent to the differences of the com-
ponents of total stress at different instants, are required for the determination of
the fatigue damage index. Therefore, functions of all total stress components at
the considered hot spots are required as output of the design models.
Furthermore, if plasticity correction is required and if effective stress concen-
tration factors are to be used, the functions of all structural stress components
at the considered hot spot are required as well.

7.12. Methodology for Welded Regions and Surface Hot Spots

This case of considered hot spots on the surface of welded regions is the simplest,
and it is relatively easy and straightforward.

At each surface hot spot in a welded region, the response of the model to the
design function of actions is required, in the form of a sequence of extreme val-
ues, i.e. maxima and minima of the respective principal structural stress closest to
the normal of the considered incipient crack plane, together with the temperature
at the corresponding instants (of time or the time-like parameter). In most cases
the relevant, to be considered incipient crack plane is parallel to the weld joint, be-
cause this crack plane corresponds to a lower fatigue class. In some cases a plane
normal to the weld joint is the relevant one, and in a few cases both planes, paral-
lel and normal to the weld, have to be considered.

From this, in general multi-amplitude sequence of stress values with related
temperature values, a sequence of constant amplitude cycles is then deduced by
means of any of the cycle counting methods discussed in Section 7.9, a sequence
that has been conveniently grouped such that each cycle in a group has the same
stress range and the same maximum and minimum temperature. This sequence can
be written conveniently in the form (Ao, %, n),, where m is the group identifier,
Ao stress range, and n the number of cycles in the group. The weighted mean cycle
temperature ¢ is given by Equations (7.18) in Section 7.6.6, with ¢, . and ¢, . the

c,max c,min
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highest and lowest metal temperatures in all the extreme value points in the sub-
cycle with stress range Ao.

The next step is the correction of the stress range for possible plastic deforma-
tion, for fatigue relevant thicknesses over 25 mm, and for weighted mean cycle
temperatures above 100°C. The result of this step is a sequence of groups of cor-
rected stress ranges and related number of occurrences (Ao,,,, t*, n),,, where

AGcar = A0 - k / (ft* 'few)’ (723)

is the corrected stress range, corrected for direct usage in the design fatigue curves,
and with k denoting here the plasticity correction factor, see Section 7.6.1, either
k, given by Equations (7.3), or k, given by Equations (7.2), or a combination of
both, see Equation (7.6).
For each stress range Ao, the corresponding allowable number of cycles N,
is to be determined next, by usage of the equations for the relevant design fatigue
curve, see Section 7.8.1. This number of allowable cycles depends on Ao, and
the fatigue class FAT, and for Ao, ,, < Ao, it depends also on the maximum stress

range of the other groups, Max [Ac,,, ] over all [ # m.
The cumulative damage index is then given by

>n,, /N, (7.24)

at this hot spot and for the considered incipient crack plane.
If both crack planes have to be considered, the relevant cumulative fatigue index
at the considered hot spot is given by the larger of the two individual ones.

7.13. Methodology for Welded Regions and Internal Hot Spots

The procedure for these cases of hot spots at the root of directly loaded fillet or
partial penetration welds is already more complex, inasmuch as not one single
scalar function is to be dealt with, as in the cases discussed in the preceding sec-
tion, but three concurrent scalar functions — the three components of the stress vec-
tor acting in the hot spot on the weld throat plane. From these three functions
o, (@, i=1,2,3, asingle scalar function denoted by ¢, (7) has to be deduced that
is somehow representative of the changes of the stress vector.
The chosen function is specified by

o, (0 =\[o, (D — 0, (T + [0, ,@® — 0, ,(T) + [0, 5(D) — 0, 5(})I*, (7.25)
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where 7, is a properly chosen time, chosen such that the resulting function 0,(7) is
the most detrimental one, i.e. resulting in the largest fatigue damage index. There
follows, that in general a trial and error procedure is required to find the most detri-
mental (pivot) time 7,. Fortunately in many applications the choice of 7,is quite
obvious and no repetitions of the whole procedure are required.

The required value of the weighted mean cycle temperature #* is defined exactly
as in Section 7.2.

The ensuing steps are the same as in Section 7.12:

e Deduction of the sequence of single-amplitude cycles with common weighted
mean cycle temperature (Ao, t*, n),,

e Correction of stress range for possible plastic deformation, for fatigue rele-
vant thicknesses over 25 mm, and for weighted cycle temperatures above
100°C,

AG,,=AG, kI (fo - fa): (7.26)

cor

resulting in a sequence of groups (Ao, t", 1)

¢ Determination of the corresponding numbers of allowed cycles N,,,.

e Summation of individual fatigue damage contributions 7, / N, to obtain the
cumulative fatigue damage index D,

7.14. Methodology for Unwelded Regions

The procedure for these cases of hot spots in unwelded regions is similar to the
preceding one, but with an even more complex equation for the deduction of the
single scalar function of time 7, denoted here by O'qu(T), a scalar function that is
representative of the changes of the six total stress components oy, (7) at the hot
spot. The procedure is additionally complicated by the need for the determination
of a relevant mean stress for the sub-cycles.

The fatigue relevant scalar stress function o,,,(7), the function to be used in the
determination of the equivalent stress ranges, is specified to be given by the Mises’
equivalent stress function MEQ[o,] of the differences Aoy of the total stress com-
ponents 0; at the instants 7 and 7,. With

Ac;=o0,@0—0,;@), ij=123, (7.27)

7
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the function is given by

0,0 = MEQ [Ac,] =

V[(AG,, — AGy,)* + (AG,, — AGy,)? + (AGy; — AG,)? + 6+ (AGR + Ac2 + AG21/2
(7.28)

see also Equation (2.14) in Section 2.4.2. In this equation 7, is, as in the preceding
section, a properly chosen time, chosen such that the resulting function 0,,,(7) is
the most detrimental one.

In these cases of hot spots in unwelded regions, weighted mean cycle tempera-
tures and equivalent mean stresses of the single-amplitude sub-cycles, determined
with any of the cycle counting methods, are also required. The temperature ¢* is
defined as in Section 7.12, whereby, for the determination of the temperature, the
temperature values at all instants of extreme values of the function Gqu(T) are re-
quired. For the determination of the relevant equivalent mean stress in each of
these sub-cycles, the values of all stress components at all of these instants of ex-
treme values of o, (1) are also required.

This equivalent mean stress G, can be obtained for each sub-cycle as follows:

Denoting the stress components at these instants (of maximum and minimum
0., () In a sub-cycle) by o ., and oy ;,, respectively, and the mean value of
each of them by o, i.e.

c,;= (o,

ij, max

+ o

ij, min

V2, i j=1,2,3, (7.29)
the equivalent mean stress G,, for each sub-cycle is specified by
Cy) = 0 + 0,y + 05, (7.30)

and the result for uniaxial stress states agrees with the value used in the determi-
nation of the mean stress correction factor, see Section 7.6.5.

Using the octahedral stress representation, the equivalent stress range Ao, (7) of
a sub-cycle and the corresponding equivalent mean stress are related to the octa-
hedral shear stress of the stress differences at 7 and 7, and the octahedral normal
stress of the mean values of the stress components at 7 and 7.

This approach, explicitly allowed but not detailed in clause 18, is in strict anal-
ogy to the approach detailed in clause 18, where the equivalent stress range is spec-
ified to be given by Tresca’s equivalent stress function and the equivalent mean
stress by the maximum normal stress acting at the plane of maximum shear stress.
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A comparison of the results obtained with this approach, which is based on Mises’
yield hypothesis, and the results obtained with the approach that is detailed in clause
18, which is based on Tresca’s yield hypothesis, is quite instructive and interesting.

Compared with the clause 18 results, the results with this approach for the
equivalent stress ranges are never larger, but, on the other hand, the absolute val-
ues of the equivalent mean stresses are never smaller — the advantage given by the
possible decrease of the equivalent stress range is frequently compensated by the
possible increase of the equivalent mean stress, i.e. the corrected stress range is
frequently nearly unaffected by the choice of the approach.

The models used in the determination of 0, (@) are linear-elastic ones, i.e. do
not take into account plasticity effects. The effect of plastic deformations on the
equivalent stress ranges is taken care of by application of the plasticity correction
factor, see Section 7.6.1. The effect of plastic deformations on the equivalent mean
stress of each sub-cycle has to be taken care of in a part of the cycle-counting pro-
cedure, by correcting the mean values G; of the stress components, Equation
(7.29), before the determination of the equivalent mean stress o, " Equation (7.30).

Without saying so, the respective procedure contained in clause 18 gives rea-
sonably valid results only for the special cases in which, in the space of stress
components, the straight line through 0,(,,,) and 0,(,,;,) of the considered sub-
cycle goes through the origin, or passes the origin reasonably closely.

The procedure outlined here has a much wider range of applicability and en-
compasses the clause 18 procedure as a special case.

Recognizing that in almost all F-DCs repeated plastic deformation is confined
plasticity, this procedure is based on the idea of confined plasticity, where plastic
flow occurs in a relatively small region that is enclosed by material which remains
elastic, and where the strain in the region of plastic deformation is essentially con-
trolled by the strain in the elastic region.

If MEQ[O}; .x] = R,, where R, is equal to R ,,« for austenitic steels and equal
to R, ,;,« for all other steels, no correction is required:

G ieor = O (7.31)

ijcor

If MEQ|o; .. 1> R, different sub-cases have to be considered:

ij, max

e sub-case 1: MEQ[0,;] =R,
e sub-case 2: MEQ[(T‘ij] >R,

In sub-case 1, the intersections of the straight line in the stress space that con-
nects o;, .. and o, . with Mises’ yield surface has to be determined first.

ij, max ij, min

The straight line is given by

G,+a-Ac, (7.32)
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with G;; as per Equation (7.29) and Ao as per Equation (7.27). Denoting the value

of o at the intersection on the side of 0y ,,, bY 0,,, and on the side of o; ;, by
o, one has
MEQIG; + Oy - AG,] = R, (7.33a)
and
MEQ[G; — 0y, - AG,] = R, (7.33b)
with ¢, and o, positive. These Equations (7.33) define ¢, and ¢, ;,, and serve
for their determination.
The route branches then in
e sub-case 1.1: o, + ¢, = 1,
e sub-case 1.2: o, + ¢, < 1.
In sub-case 1.1 the corrected mean values are given by
O iieor = 0 + ACy - (O — 04in)/2, (7.34a)
and in sub-case 1.2 by
G e = Gy + (O — 0.5) - Ac. (7.34b)

In sub-case 2, there are on the side of o} ,,,, two intersections of the straight

connecting line, given by Equations (7.32) with Mises’ yield surface. Denoting the

values of « at the intersections now by ¢, ; and ¢, 5, With &, | < 0., 5> they
can be determined by means of the equation
MEQ[G}; — Oy 1A O3l = R, (7.35)
with R, as above.
Again the route branches in
e sub-case 2.1: ¢, + Cpino = 1,
e sub-case 2.2: ¢, T Cpino < 1.
In sub-case 2.1 the corrected mean values are given by
Ciicor = 0 = ACy - (O F i 2)/2, (7.36a)
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and in sub-case 2.2 given by

Ojicor = 05 — (0.5 + 04 y) - Aoy, (7.36b)

ijcor

For these corrected mean stress components the equivalent mean stress has to
be determined, using Equation (7.30).

This procedure for correction of mean stresses for plasticity effects is not only
applicable for cases of alternating plasticity in sub-cycles, but also in cases of
order effects, where plastic deformation in one sub-cycle renders residual stresses
favourable for following sub-cycles, and where this order can be reliably specified
because it is reliably ascertained, e.g. the prescribed pressure test before going into
operation.

After the cycle counting procedure with, for each sub-cycle, determination of
the equivalent stress range, the weighted mean cycle temperature and the equiva-
lent mean stress possibly corrected for plasticity effects, the sequence of single-
amplitude cycles can then be conveniently grouped and written in the form
(Ac,,, 1, G,y 1),

The steps of the whole methodology are again analogous to those in Section
7.12:

e Deduction of the sequence of constant amplitude cycles with common weighted
mean cycle temperature and common equivalent mean stress (AC,,, 1', O,,, 1),

e Correction for effects of possible plastic deformation of the equivalent mean
stresses 0, and, afterwards, of the equivalent stress ranges Ag,,,.

e Correction of this (corrected) equivalent stress ranges Ao, for fatigue relevant
thicknesses over 25 mm, for weighted mean cycle temperatures above 100°C,
and here also for possible equivalent mean stresses different from zero, for
surface conditions, and for fatigue sensitivity:

A, =AC, k(K [ K) (- f+ £ o) (7.37)

cor

resulting in a sequence of groups (Ao, ', G, n),,, The value of the mean
stress correction factor f,, has to be determined for the corrected mean stress
0., corrected for possible one- or two-sided plastic deformation, see above.
The various correction factors are discussed in Sections 7.6.1 through 7.6.6, for
k, see also Section 7.12, the discussion after Equation (7.23).

e Determination of the corresponding numbers of allowed cycles N,, for each
group.

e Summation of individual fatigue damage contributions n,, / N,,, to obtain the
cumulative fatigue damage index D,
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7.15. Examples

Examples can be found in Annex E.7.

Note: Whereas the standard’s requirements for weld regions, dealt with here in
sub-chapter 7.7, 7.8.1, and 7.12, apply to all kinds of (sufficiently ductile) steels —
rolled, wrought, deep drawing, and cast—, the requirements for unwelded regions
do not apply for steel castings. Useable correction factors for steel castings can be
found, for instance, in [87]. Moreover, fatigue of bolting is dealt with in the
standard in a separate sub-clause, sub-clause 18.17, with different, but simple and
straightforward requirements not discussed here.
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Chapter 8

Static Equilibrium Design Check
(SE-DC)

8.1. Introduction

This design check deals with the global movement of structures, i.e. with the fail-
ure modes overturning, uplifting, and global displacement. In practically all cases
uplifting is already considered to be an ultimate failure mode, making the check
against overturning superfluous.

This design check is so closely linked to the GPD-DC that in many codes,
especially civil engineering ones, both design checks are combined in one more
general design check for a comparison of design effects of actions with resistances
of the structures, resistances against GPD, overturning, uplifting, and global dis-
placement.

In the Direct Route in DBA this design check is kept separately, because in the
overwhelming majority of cases in pressure vessel design this design check is very
different from the other design checks discussed above, inasmuch as the structure
can be considered as a rigid body and the whole design check reduced to the usual
traditional check of supports [117-119].

Only in cases in which reactions at supports — forces, contact pressures, and
moments — cannot be determined by means of global equilibrium conditions
together with simple conservative assumptions are non-rigid models required. And
even then usually part models suffice for the determination of these reactions,
which then can be used in the design check of the whole structure considered as a
rigid body. In the majority of these cases the required information can be directly
obtained from results of the GPD-DC, often the required reactions themselves.

Therefore, the discussion in this chapter is concise. The usual checks of the
most important supports are discussed in more detail by means of examples in
Annex E.8.

The principle of this design check requires the comparison of stabilizing design
effects of actions with destabilizing design effects. This makes sense only if the
notion effect refers also to reactions at supports, i.e. to forces, to contact pressures,
and to moments, at the boundary between foundation and base rings or base plates
of supports.
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8.2. Procedure

The idea of this design check is expressed in the principle quite clearly, but in
applications interpretations are quite often required — the principle is not always as
straightforward as it reads.

Depending on the type of support and on the considered failure mode — uplifting
or global displacement — the procedures differ in detail, but essentially the proce-
dure in the various load cases consists in general of the following two steps:

e Determination of appropriate resultants of the contact pressures at the separa-
tion between parts of the support and the foundation.

e Comparison of these resultants with allowable ones, and, if applicable, check
the compatibility of the model’s boundary conditions with the real ones.

If the support of a structure is statically determinate the required resultants can be
determined by means of the global equilibrium equations. If the support is statically
indeterminate, i.e. if the reactions at the various support points cannot be determined
by means of (global) equilibrium conditions alone, and if, therefore, temperature
changes may render changes in the reactions, additional flexibility calculations are
required, or a carryover of results from the GPD-DC.

For the determination of the allowable resultants the usual, traditional proce-
dures for the support calculations apply, see e.g. [23, 117-119] and Annex E.8.
When using allowable values from other codes or standards, like allowable pres-
sures for foundation material, or nominal design stresses for anchors, or coeffi-
cients for static friction, the inherent safety factors may have to be adjusted — in
the design actions partial safety factors are already incorporated.

Checks for compatibility of model boundary conditions are required if the design
model and the physical model differ in the boundary conditions; for example, if in
the design model two-sided boundary conditions are used, e.g. vanishing vertical
displacement, but in the physical model the corresponding boundary conditions are
one-sided, e.g. no downward displacement is possible but uplifting is.

8.3. Design Models

Special models are not required if supports are statically determinate. In these
cases the results for the relevant reactions can be carried over from the correspon-
ding load cases of the GPD-DC, or can be determined directly by means of global
equilibrium equations, plus, if required, usual assumptions on the distribution of
the reactions, see, for example [23] sub-clause 6.11 and Annex L, and the exam-
ples given in annex E.§ of this book.
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In case of statically indeterminate supports, the reactions can still be carried
over from the corresponding GPD-DC load cases, but with care because:

e temperature changes may result in non-vanishing reactions and these tempera-
ture-related reactions have to be taken into account here,

o the reactions in the GPD-DC load cases have been determined with linear-elastic
ideal-plastic models with design yield stresses that are smaller than the charac-
teristic values, and, hence, their usage can lead to unconservative results. It is
recommended to use reactions determined with a linear-elastic constitutive law,
or scaled-up reactions from GPD-DC load cases for action values where the
structure is still purely elastic, scaled-up such that values correspond to the
required design values.

8.4. Design Values of Actions

The requirements for design values and design load cases are very similar, and
often identical to the ones in the GPD-DC (Section 4.4) with one important
exception: pressure.

In the overwhelming majority of cases the internal (space independent) pressure
and the space-independent external pressure have no effect on the static equilibrium
(SE). Therefore, in all of these cases, pressure, the important name-giving action in
pressure vessel design, need not be considered, and, therefore, all the combination
rules of the GPD-DC, given in Section 4.4, that refer to pressure do not apply.

Internal pressure may have to be considered in cases of attached piping with
rigid fixture and expansion bellow.

Internal pressure due to liquid weight should be incorporated via the weight
directly.

Wind pressure can be incorporated via its global resultant force, usually pre-
scribed directly in the national codes for wind. In the GPD-DC, partial safety fac-
tors for variable actions are not required for testing load cases, and are therefore
not specified. In contrast, at least in the check of the maximum pressure at the base
to foundation interface, a sub-check of the SE-DC, the inclusion of the wind action
is recommended also for testing load cases, and for the partial safety factors of
wind actions the usage of those for normal operating load cases.

Otherwise the requirements of the GPD-DC (Section 4.4) for design actions can
be carried over:

o Partial safety factors for actions are the ones given in Tables 4.3 and 4.4.

o If for characteristic values country-specific data are used, it may be necessary
to adapt partial safety factors for actions in order to maintain the overall safety
required.
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e Permanent actions have to be represented by appropriate design values,
depending on whether the stabilizing and destabilizing effects result from a
stabilizing or destabilizing part of the action.

e Self-weights of structural or non-structural elements are to be incorporated as
separate permanent actions.

e Actions with stabilizing effect have to be represented by lower characteristic
values and actions with destabilizing effect by upper characteristic values.

For the combination rules the ones of the GPD-DC(Section 4.4) can be carried
over analogously:

e Actions with stabilizing effect may be included in combinations only if they can
be assumed to be present reliably.

e Variable actions have to be considered when they increase the destabilizing effect
but omitted when they increase the stabilizing effect.

e Account shall be taken of the possibility that elements might be omitted or
removed.

e Where the uncertainty of geometry significantly affects static equilibrium, the
corresponding dimension has to be incorporated by the most unfavourable value
that it can attain under reasonably foreseeable conditions.

Temperature has to be incorporated in load cases only if the support of the struc-
ture is statically indeterminate.

Pre-stress at anchors or at pipe supports, if any, has to be incorporated in load cases
as a permanent action. For anchors, the design value of the material strength param-
eter is obtained by division of the relevant material strength parameter by the relevant
partial safety factor . The values to be used are the same as in the GPD-DC, Section
4.3, e.g. Table 4.1 for normal operating load cases and Table 4.2 for testing load cases.

Special care is required in the setting up of load cases — an action may be
favourable for uplifting but unfavourable for the contact pressure at the separation
between base of support and foundation. Therefore, it may be necessary to consider
one action with different design values in one and the same load case. In these cases
it is recommended to consider within one design check different sub-checks:

Two for overturning — for uplifting and for maximum contact pressure — and
one for rigid body displacement.

8.5. The Principle

The principle, taken from Eurocode 3 [23], simply states that in all relevant load
cases the design effect of the destabilizing actions shall be smaller than the design
effect of the stabilizing actions (EN 13445-3, Annex B).
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As already mentioned in the preceding sections, this principle can be used
directly in the majority of cases with regard to uplifting and overturning, but may
need adaptation with regard to cases of rigid body displacement of structures,
where static friction forces contribute to the structures’ resistances against such
displacements.

In these cases the static friction forces have to be incorporated by their design
values, determined by usage of design values of the coefficient of static friction,
given by the quotient of their lower characteristic values and the partial safety
factor , = 1.2.

8.6. Examples

Examples can be found in Annex E.8.
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Epilogue

The Direct Route to Design by Analysis, as laid down in EN 13445-3 Annex B, is
a major step forward towards a more rational, informative design process for un-
fired pressure vessel components.

This approach provides much insight into the behaviour of the components and,
especially, into the safety margins against individual failure modes.

This approach offers advantages with respect to design improvements, and also
with respect to in-service inspections, in-service inspection procedures, and the
specification of in-service inspection intervals, including risk-based inspection ap-
proaches.

The presently existing restriction to unfired pressure vessels made of suffi-
ciently ductile steels is not really restricting — the present standard encompasses
the majority of unfired pressure vessel and the extension to other sufficiently duc-
tile materials is straightforward.

The presently existing restriction to unfired pressure vessels operating below
the creep regime will cease to exist in the near future — the draft of the design
checks for unfired pressure vessels operating in the creep regime has already
passed the first enquiry stage.

There may exist theoretically more attractive, more rational approaches, based
on total probabilistic concepts, on the concept of reliability of structures [123], but
these have still a long way to go to gain general acceptance in the pressure vessel
industry, with its variety of designs and phenomena. Moreover, the partial safety
factor concept, used in the Direct Route to Design by Analysis, is flexible and
open enough for incorporation of some of these (improved) probabilistic concepts
— the concept of reliability may serve the framework for a more rational, better al-
location of the partial safety factors.

There are, in this approach, still a few details that are not really solved satisfac-
torily, details worthy of being dealt with, theoretically as well as experimentally —
contributions are welcome.

We do hope that this book will be of help in the dissemination of this very
promising design route for unfired pressure vessels.
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Annex A: Useful Shakedown Theorems

The following theorems from [41,32,4] are useful in the setting up of the
load case specification lists, see Section 3.3.1, and they are also useful in
pre-checks in the context of the Progressive Plastic Deformation Design
Check, in pre-checks whether detailed checks or detailed investigations are
required. The theorems are proven, and therefore valid, for shakedown to
linear-elastic behaviour.

Theorem 1

Each cyclic action for which the corresponding elastic stress field is enveloped by
the envelope of the elastic stress field of a shakedown action is also a shakedown
action.

Theorem 2

A cyclic action can be a shakedown action only if for each point of the model a time-
invariant stress 0 can be found such that the superposition of this stress with the
cyclic elastic stress due to the cyclic action is always compatible with the yield con-
dition. The time-invariant stress 0 may be different for each point of the structure.

In cases in which, in each point of the model and during the whole action cycle,
the yield stress is invariant, this means that it must be possible to shift all of the
cyclic elastic stress trajectories (in the stress-space) due to the cyclic action trans-
latorially such that they are enveloped by the (invariant) yield surface. The trans-
latorial shift may be different for each point of the model.

In the more general cases in which, in each point of the model and during the
cycle, the yield stress may vary (cyclically), e.g. due to temperature changes, this
means that it must be possible to shift all of the trajectories of the compatibility ra-
tios of the cyclic elastic stresses translatorially such that they are enveloped by the
yield surface for the yield stress compatibility ratio equal to unity.

Note: This theorem renders simple checks whether a cyclic action can be a
shakedown action. It is a necessary condition for shakedown, i.e. its fulfilment
does not mean that the model will indeed shake down. Only if the stress field o7;
is a self-stress field is shakedown assured (by Melan’s shakedown theorem and the
extended shakedown theorem, respectively). This theorem results in easy checks
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162  Pressure Vessel Design: The Direct Route

via plotting of critical elastic stress trajectories or the trajectories of the compati-
bility ratios in the deviatoric map, together with a plot of the yield limit.

Corollary 1 to Theorem 2

This corollary applies to cases in which, in each point of the model during the
whole action cycle, the yield stress is invariant: A cyclic action can be a shake-
down action only if in the deviatoric map for each point of the model the diame-
ter of the corresponding cyclic elastic stress trajectory due to the cyclic action is
not larger than two times the yield stress.

Corollary 2 to Theorem 2

This corollary applies to the more general cases in which, in each point of the
model during the whole action cycle, the yield stress may vary (cyclically): A
cyclic action can be a shakedown action only if in the deviatoric map for each
point of the model the distance between points of the trajectory of the compatibil-
ity ratio of the corresponding cyclic elastic stress path due to the cyclic action is
not larger than 2.0.

Theorem 3

This theorem applies to cyclic actions with zero or negligible non-stationary ther-
mal stresses.

If the cyclic action that encompasses all corners of an action domain that define
the domain is a shakedown action, then each cyclic action in this action domain is
also a shakedown action.

Theorem 4

This theorem applies to cyclic actions with zero or negligible non-stationary ther-
mal stresses.

Each cyclic action in the smallest convex enveloping domain of a shakedown
action is also a shakedown action. The enveloping surface of this smallest convex
enveloping domain is characterized by the fact that each point is on a secant of the
shakedown trajectory (see Fig. A.1).
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Figure A.1: Smallest convex enveloping surface.
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Figure A.2: Shakedown trajectories in the context of Theorem 5.

Theorem 5

If a cyclic action A7), i = 1, 2, . . ., n, is a shakedown trajectory, then the cyclic ac-
tion a-A(7),i = 1,2, ..., n, with & < 11is also a shakedown trajectory (see Fig. A.2).

Theorem 6

The following two theorems apply in cases of zero or negligible non-stationary
thermal stresses and actions of the form

A(D) = 04-A®) (A1)

where A(7) is a single-amplitude cyclic function that cycles between A, ;, and A, ..
In the action space these actions are represented by portions of straight lines
through the origin. Both the theorems are necessary conditions for shakedown.

@ i p



164 Pressure Vessel Design: The Direct Route

Theorem 6a

An action of the above-mentioned type can be a shakedown action if and only if
A~ Ann = 24, where A, corresponds to the elastic limit action with zero ini-

max mi

tial stress state.

Theorem 6b

An action of the above-mentioned type can be a shakedown action if and only if
in each point of the model 6 - (A, — A;;,)/2 is compatible with the yield con-
dition, where 0 is the stress distribution in the equivalent linear-elastic model for
the action A; = ;.
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Annex E.3: Example of a design check table

In the following example, an extremely formalistic but instructive approach to the
setting up of a design check table is shown.

E.3.1: Design check table of a jacketed autoclave

The jacketed autoclave is sketched in Fig. E.3-1, and the process cycle is shown in
Fig. E.3-2.

The pressure and temperature increases in Chamber 1, denoted by p, ,, and
1) op» AT€ planned and controlled to occur concurrently with those in Chamber 2,
denoted by p,,, and 1, respectively. The concurrent pressurization in both
rooms is not ensured, and, therefore, the operating pressures (and temperatures)
have to be considered to be independent. After the process period at high tem-
peratures, the heating medium in both chambers can be blown out, and replaced
by cold water in Chamber 2. The cooling period in Chamber 1 is planned to end
at ambient conditions. Negative pressures are not planned, but cannot be excluded
either — condensation can occur under reasonably foreseeable conditions. For
Chamber 2, condensation, and thus negative pressure, is planned as a possible al-
ternative process. Consequently, the four process parameters p, .., ; o P2 op» ad
1, op» are considered for the design check table to be independent.

Table E.3-1 is the decision table for these four independent actions under nor-
mal operating load cases. A plus sign in the first four rows refers to an upper
characteristic value, and the corresponding value itself depends on the load case,
i.e. in principle it may be different from column to column. A minus sign refers to
a lower characteristic value, and the corresponding value itself depends, again, on
the load case. Rows 4 and 5 indicate load cases that seem to require consideration.
The designations refer to load case designations, and those in parentheses refer to
load cases that are formally not required by the standard. The stars in Row 6 indi-
cate combinations of values to be considered in the specification of the cyclic
action of the PD-DC that pass through the relevant corners of the design domain,
or through the neighbourhood of these corners.

Each of the two chambers is provided with one safety valve, with set pressures
above the maximum operating pressure, and with sufficient margins for pressure

165
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7 _p

Figure E.3-1: Jacketed autoclave.

pl‘ole,op
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Time
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Figure E.3-2: Process cycle.

excursions. The set pressures must not be larger than the corresponding maximum
=PS1" and

allowable pressures. In agreement with common practice, P,
P,..=PS2* have been chosen, whereby in this example, PS1"=PS27=2.6

bar=0.26 MPa, and, taking the vapor—pressure relationship into account, conse-
quently 7S1"=TS52"=140°C follows.
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These values, PS1*, TS1*, PS2*, TS2*, are also the upper characteristic values
for pressure and temperature under normal operating load cases of the GPD-DC
and the I-DC. The corresponding lower characteristic values are

PS1_=—1bar=—0.1 MPa; TS1_=RT

PS2_=-1bar=-0.1 MPa; 752_=0°C

where RT denotes ambient temperature (20°C).

The 16 combinations of the four upper and four lower characteristic values, as
given by the 16 columns in the decision table, are the corners of the design do-
main, of which the 12 in the condensed decision table (Table E.3-2) may be design
relevant, i.e. have to be considered in the various gross plastic deformation and sta-
bility design checks, indicated in Rows 4 and 5 of the full decision table.

It is acknowledged that not all of the resulting load cases indeed require detailed
investigations, but it is not obvious which ones could be deleted.

The load case specifications related to GPD design checks are listed in Table
E.3-3. Load cases NOLC 1.1 through NOLC 1.3 deal with GPD of the outer shell
and the end of the jacket, and with the closure. Load cases NOLC 1.4 through

Table E.3-1: Decision table for example E.3.1

p, o+ + + + - + o+ + - - -
P, + + + + - - - - + o+ 4+
f + + - - - + - = + o+ -
t2 + - + - - - + - + - +

1 1.1 (1.2) 1.3) 1.4 (1.5 (1.6)

3 3.1 32 33 34 35 3.6
2 *k *k *k * *k *k *k *k *
Table E.3-2: Considered decision table

P + o+ + o+ + o+ - - - -
Py + o+ + - - - + + o+ - - -
1 + o+ -+ + - + + - + o+ -
1 + - + o+ - + + - + + -+

1 1.1 1.2 1.3 14 1.5 1.6
3.1 32 33 34 35 36 37 38 39
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Table E.3-3: Load cases related to the GPD-DC

Load case Characteristic values® Partial safety factors Design values
p (MPa) and 7 (°C) p (MPa) and ¢ (°C)
P 23 L 15} P P h 2] D 12} L h

NOLC1.1 |+,u +,u + +
026 026 140 140 (1.2 12 1.0 1.0 [0.312 0.312 140 140
NOLC 1.2° |+,u +,u +
026 026 140 O 1.2 12 1.0 1.0 |0.312 0.312 140 O
NOLC 1.3* |+,u +,u -
026 026 RT 140 (1.2 12 1.0 1.0 {0.312 0.312 RT 140
NOLC14 |+,u —ul -+ +
026 -0.1 140 140 (12 10 1.0 1.0 [0.312 -0.1 140 140
NOLC1.5° |+,u —ul +
026 -0.1 140 O 1.2 1.0 1.0 1.0 |0.312 -0.1 140 O
NOLC1.6° |+,u —ul -
026 -0.1 RT 140 (1.2 10 1.0 1.0 [0.312 -0.1 RT 140

p is expressed in MPa and ¢ in °C in all the tables.

bConsideration of these load cases is formally not required by the standard — thermal stresses may be
neglected in GPD design checks and the design values of the yield stresses are not larger than the
ones in NOLC 1.2 or NOLC 1.4, respectively.

NOLC 1.6 deal with GPD of the end and the cylindrical shell of the inner cham-
ber, and possibly with the closure.

The plus and minus sign indicate upper and lower characteristic values, and the
designations u, f, and 1, refer to unfavourable, favourable, and limited actions,
respectively.

In Table E.3-4, the load case specifications related to the instability design
checks are listed. The load cases NOLC 3.1 through NOLC 3.3 and NOLC 3.7
through NOLC 3.9 deal with buckling of the jacket’s cylindrical shell and the end,
load cases NOLC 3.4 through NOLC 3.6 with buckling of the inner cylindrical
shell and the end, and load cases NOLC 3.4 through NOLC 3.9 with buckling of
the closure, including possible influences of jacket pressure and temperature.

These S-DC-related load case specifications of Table E.3-4 are to be comple-
mented by appropriate characteristic (and design) functions of the respective tem-
perature transitions into the specified states. The same applies to the cyclic action
for the PD-DC, but there these characteristic functions are less critical than for the
S-DC load cases, which are related to spontaneous failure.
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Table E.3-4: Load cases related to the S-DC

Load case Characteristic values p, t Partial safety factors Design values p, t
P 23 1 5] ) 2T 2 5 P JZ I 5}
NOLC 3.1 +,u —ul + +

026 0.1 140 140 1.2 1.0 1.0 1.0 0.312 -0.1 140 140
NOLC 3.2 +,u —ul +

o |

026 0.1 140 1.2 1.0 1.0 1.0 0.312 0.1 140 O
NOLC 3.3 +,u —ul - +

026 0.1 RT 140 1.2 1.0 1.0 1.0 0.312 -0.1 RT 140
NOLC34 | —u,l +,u + +

-0.1 026 140 140 1.0 1.2 1.0 1.0 -0.1 0.312 140 140
NOLC35 | —ul +,u +

o |

-0.1 026 140 1.0 1.2 1.0 1.0 -0.1 0.313 140 O
NOLC36 | —ul +,u - +

-0.1 026 RT 140 1.0 1.2 1.0 1.0 -0.1 0.312 RT 140
NOLC37 | —ul —ul + +

-0.1  -0.1 140 140 1.0 1.0 1.0 1.0 -0.1 -0.1 140 140
NOLC38 | —ul —ul +
-0.1  -0.1 140
NOLC39 | —u,l —ul + +
-0.1 -0.1 RT 140 1.0 1.0 1.0 1.0 -0.1 -0.1 RT 140

o |

1.0 1.0 1.0 1.0 -0.1 -0.1 140 O

Annex E.4: Examples of Gross Plastic Deformation Design
Checks

The examples in this part of Annex E are intended to illustrate the procedures
of the gross plastic deformation design check, and to indicate modelling prob-
lems and solutions. Therefore, all examples deal only with individual load cases
that are related to the GPD-DC, without consideration of completeness of the
design checks.

The first example deals with a clad pressure vessel, for which in a pure DBF
approach the nozzle moment is not permissible. The second deals with variants
of the transition region of a cylindrical shell to a hemispherical one, illustrating
the insight into a structure’s behaviour gained by DBA investigations. The third
example, a typical header of an air cooler (of rectangular cross-section), illus-
trates the safety margin due to plastification, and also the modelling problems of
tubesheet to tube connections.

The fourth deals with a clad pressure vessel, with in a pure DBF approach non-
admissible nozzle moment.
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Figure E.4.1-1: Hydrogenation reactor.

E.4.1: GPD-DC of a hydrocracking reactor

This example deals with one GPD load case of the upper part of a hydrocracking
reactor shown in Fig. E.4.1-1. The objective is to check the admissibility of the de-
sign under pressure and the specified piping reactions at the nozzle, which are not
admissible according to DBFE. Therefore, only the upper part of the vessel is
investigated, and, taking into account the symmetry of structure and actions, only
one-half of the structure’s upper part is modelled. The load case corresponds to
one corner of the design domain, relates to the state of maximum pressure,
maximum temperature, and reactions at the nozzle corresponding to the hot state.
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The geometry data without parentheses in Fig. E.4.1-1 are those of the design
model, while those in parentheses are the nominal ones of the design drawing if
different from the ones of the design model.

Excerpt from the design data specification

e Maximum allowable pressure: PS = 180 bar = 18 MPa
e Maximum allowable temperature: 7S = 400°C
e Maximum allowable actions at upper nozzle (upper face of vessel flange):
o Maximum allowable force:?
Hot: FS, = 90 kN
Cold: F'S, = 126 kN
o Maximum allowable bending moment:>
Hot: MS, = 296 kNm
Cold: MS, = 88 kNm
e Number of operational cycles: N = 100 cycles
e Material:
o Main shell and ends: EN 10222-2 11CrMo9-10
o Nozzle forgings: EN 10222-2 11CrMo9-10
o Cladding: 1.4571 (2 layers with together 7.5 mm nominal thickness)
e Thickness allowances:
o Corrosion/erosion: ¢ = 0
o Tolerances of main shell, end, and forging: 8, = 0
e Insulation thickness: 350 mm
(Considered) Design Load Case
NOLC 1.1:
o (Upper) characteristic value of pressure: p; = 18 MPa
o (Upper) characteristic value of temperature: ¢~ = 400°C
e (Upper) characteristic value of upper nozzle force: F7 = 90 kN, with 126 kN
due to weights and —36 kN due to temperature changes
e (Upper) characteristic value of upper nozzle moment: M} = 296 kN m, with
88 kN m due to weights and 208 kN m due to temperature changes

!'In the GPD-DC, no structural strength shall be attributed to the cladding. Therefore, with a nominal diameter
of the main shell’s cladding face of 2500 mm and a nominal cladding thickness of 7.5 mm, an inner diameter of
the model’s main shell of 2515 mm results. For the hemispherical ends, with a nominal radius of the ends’
cladding faces of 1290 mm, an inner radius of the model’s ends of 1297.5 results. For the nozzles with a nomi-
nal diameter of the cladding face of 505 mm, an inner diameter of the model’s nozzles of 520 mm results.

For the main cylindrical shell, the hemispherical ends, and the forged reinforcements, zero corrosion/erosion al-
lowance and zero thickness tolerance allowance are specified, i.e. the model thicknesses of these parts are equal
to the nominal thicknesses (of the base metal).

2 Force and moment occur concurrently, with temperature change related parts changing proportionally. Force
and moment in the cold state are due to weights, the changes to the hot state are due to the temperature change,
from cold to hot, i.e. from RT to 400°C.
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The corresponding load case specification, with derivation details, is given in
Table E.4.1-1.

The relevant material parameters are given in Table E.4.1-2. The reference tem-
perature for determining the modulus of elasticity is #,., and for determining the
strength parameter is 7,g,,.

For reasons of computing time, a model with Mises’ yield condition and, there-
fore, the design yield stress RM,, ,,, is used first. The input listing of the FEM run
is given in Annex L.4.1. To apply force and moment at the upper nozzle, all nodes
of the upper face of the nozzle flange are coupled together by a rigid region, and
one-half of the force and one-half of the moment applied, and additionally one-
half of the upwardly acting pressure resultant F,=pD2 /4. The displacement in
axial direction of all points of the design model’s lower end is restrained to zero,
as well as the displacement of all points in the meridional plane normal to this

Table E.4.1-1: Load case specification

NOLC 1.1
Action Characteristic value Partial safety factor Design value
Pressure p, (MPa) 18° 1.2 21.6°
Temperature ¢, (°C) 400 1.0 400
Nozzle force F_ ; (kN)* 126 1.2 (151.2)
-36 1.0 (-36.0)
115.2
Nozzle moment M, , (kNm)* 88 1.2 (105.6)
208 1.0 (208)
313.6

2The values in the first row correspond to the permanent part, due to weight. The values in the sec-
ond row correspond to the temperature change related part. The value in the third row is the design
value, given by the sum of the design values of the two parts.

Nozzle force and moment occur concurrently, and with temperature change related parts changing
proportionally. Therefore, the temperature change related part of the force is taken into account, al-
though it has a favourable effect.

"The nominal face of the cladding shall be the surface on which the pressure acts. In the model the
pressure acts on the inner face of the model. Therefore, the pressure used in the model is different
from the given calculation pressure. The correction factors are smaller than unity and usually so close
to unity that this correction is usually neglected. The correction factors are given by the ratio of the
corresponding infinitesimal surface elements, on the nominal cladding face and on the model inner
surface, respectively. In the present example they are:

e For the main shell (2500/2)/(2515/2) = 0.994.
e For the hemispherical ends 1290%1297.5% = 0.988.

e For the nozzle (520/2)/(535/2) = 0.972.
Following common practice, these corrections are neglected here.
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Table E.4.1-2: Material parameters

NOLC 1.1
Part ~ Material 1, tou E u, R, R, oompy DI3) % RM; RM,,,
group “C) (°C) (GPa) - (MPa) (MPa) - —  (MPa) (MPa)
1 2 6 “) G © @O ©

= (4)/(6)
1,2,3 52 305 400 190 03 520 195.0 0.38 1.25 156 135

Note: Because of the insulation, a reference temperature ?,5,, for determining the material parameters
equal to the characteristic value of temperature, r7=400°C, has been chosen for all parts of the model.
For determining the modulus of elasticity the reference temperature t,,, with ,=0.75¢
+0.25¢,;,=0.75¢:+5 has been chosen.

Values for E and u,, are from EN 13445-3, Annex O; values for material strength parameters are from
the referenced material standards, EN 10222-2 and EN 10028-2, respectively.

In the design models either Mises’ yield condition is used together with the reduced design value of
the yield stress RM, .., =RM )3/2 or Tresca’s yield condition with the (non-reduced) design value of
the yield stress RM ;.

plane. To prevent a still possible rigid-body displacement of the model, the dis-
placement in the third Cartesian direction of all structural points of the model’s
lower end symmetry line are restrained to zero. In this run, pressure, nozzle force,
and nozzle moment are increased proportionally from zero to the design values,
temperature and material properties are constant, and the initial state is stress-free.
In this approach, with Mises’ yield condition and reduced yield stress, the end
point of the action path, given by the design values of the actions, is not reached:
Fig. E.4.1-2 shows the development of the maximum absolute value of the princi-
pal strains up to the largest values of the actions with a convergent solution, and
Fig. E.4.1-3 shows the distribution of Mises’ equivalent stress for these action
values, given by 92.3% of the design values. Therefore, with this model the re-
quirements of the design check’s principle are, for this load case, not fulfilled.

Plausibility check and remedy:
As a comparison, and also as a (rough) check of the results, the theoretical limit
analysis results of idealized parts of the structure can be calculated. These results
(see e.g. [4], [138], [140]) correspond to the theoretical carrying capacity of the
corresponding models of these idealized parts without the strain-limiting require-
ment of the design check’s principle.

For the closed cylindrical shell with Tresca’s yield condition and the yield stress
given by RM , the limit analysis pressure is

Pur=RM - In(D, /D))=156-1n(2895/2515)=21.95 MPa.
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Figure E.4.1-2: Maximum absolute value of principal strains vs. action ratio.

Figure E.4.1-3: Mises’ equivalent stress distribution.
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For the closed cylindrical shell with Mises’ yield condition and the yield stress
as required by the principle, i.e. a yield stress given by RM,, ,,, the corresponding
limit analysis pressure is

Pran=(2/V3)RM,,,,. In(D /D,)=21.95 MPa,

i.e. the same as for Tresca’s yield condition, a result due to the fully plastic stress
states in the closed cylindrical shell that renders the largest difference in Mises’
and Tresca’s equivalent stresses.

For the spherical shell the limit analysis pressure is independent of the kind of
yield condition:

Pu=2'RM-In(R /R)).
Therefore, for Tresca’s yield condition and the yield stress RM, one has

Prur=2 RM In(1407.5/1297.5)=25.39 MPa,

and for Mises’ yield condition and the then required yield stress RM,,,,
D=2 RM,; ..+ In(1407.5/1297.5)=21.99 MPa,

with the resulting difference due to the fully plastic stress states in the spherical
shell with equal Mises’ and Tresca’s equivalent stresses, and the difference result-
ing from the difference in the yield stresses to be used according to the principle.

These results indicate that the usage of the basic approach, with Tresca’s yield
condition and yield stress RM,, can provide the required remedy. Therefore, the
check has been repeated with Tresca’s yield condition and the (non-reduced) yield
stress RM .

The calculation time for this model, with Tresca’s yield condition, is much
larger than that for the former model, with Mises’ yield condition, but the result is
worth the effort:

The design model with Tresca’s yield condition and yield stress RM, can carry
the design action. Fig. E.4.1-4 shows Tresca’s equivalent stress distribution for the
design values of the actions. Fig. E.4.1-5 shows for this model the development of
the maximum absolute value of the principal strains for proportional increase of
actions from zero to the design values. The figure shows that the maximum absolute
value of the principal strains for the design values of actions, given by the action
ratio 1.0, is less than 5% — the GPD-DC requirements are fulfilled for this NOLC.

Therefore: NOLC 1.1: O.K.
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Figure E.4.1-4: Tresca’s equivalent stress distribution.
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Figure E.4.1-5: Maximum absolute value of principal strains vs. action ratio.
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Remarks: In the strain-critical region the model can be considered to be stress-
concentration-free — principal total strains are practically equal to the principal
structural strains, which are required in the design check’s principle.

The gain in carrying capacity, via the usage of Tresca’s yield condition and non-
reduced yield stress, is quite typical for models of spherical shells, and also for
cases with structures that allow adaptation of the stress distribution to the yield
condition [122], but, of course, the gain can never be larger than 15.5%.

E.4.2: Detailed investigation of the transition of a cylindrical
to a hemispherical shell

In the preceding example, the thickness difference between the cylindrical and the
hemispherical shell is too large to allow for the required taper of 1:4 in the
cylindrical shell only, and, therefore, some of the usual design options for the tran-
sition are not possible, e.g.

e a smooth transition of the inner surfaces (which furthermore results in an overly
large misalignment of the middle surfaces),

e a hemispherical shell without straight flange welded to the cylindrical shell
without (planned) misalignment of middle surfaces.

Therefore, four variants of the transition, allowable according to the misalign-
ment and taper requirements of EN 13445-4, are compared with each other and
with two additional variants with non-permissible misalignments. These addi-
tional variants are incorporated because the tolerance limits for misalignment of
middle surfaces in EN 13445-4 are for the present example so restrictive that a
DBA-DR investigation for misalignment deviation is frequently required, an in-
vestigation also explicitly foreseen in the standard for such deviations.

Detail geometry 1: With the exception of the nozzle, which has been omitted
from the model for the investigations in this example, the models used in these in-
vestigations are the same as the one used in the preceding example. Details of the
model geometry for detail geometry 1 are shown in Fig. E.4.2-1. The distribution
of Mises’ equivalent stress for the largest pressure for which the requirements of
the GPD-DC are fulfilled is shown in Fig. E.4.2-2 and the corresponding distribu-
tion for the same pressure but a linear-elastic constitutive law in Fig. E.4.2-3. Like
in the preceding example, the model is considered to be stress-concentration-free
— despite the jump in the meridian tangent at the intersections of spherical surfaces
and cylindrical or conical ones, extrapolations into the hot spot result in practically
the same stresses and strains as the corresponding total ones directly from the
FEM output.
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Figure E.4.2-1: Detail geometry 1.

Figure E.4.2-2: Maximum equivalent stress distribution. GPD-DC design model:
detail geometry 1.

Maximum permissible pressure, and the results obtained with a linear-elastic
model for the maximum equivalent stress in the region outside of the butt welding
affected zone of the butt weld and for the maximum principal stress normal to the
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Figure E.4.2-3: Maximum equivalent stress distribution. Linear-elastic model:
detail geometry 1.

weld joint direction in the butt weld region,? are listed in Table E.4.2-1, together
with the corresponding results of the other geometry variants. This table is situated
on page 180.

Note: The value 131.5 MPa of the maximum principal stress at the lower end of
the model’s cylindrical shell inner surface agrees well with the corresponding the-
oretical value for the (closed) infinitely long cylindrical shell

o,(D)=pl(r/r2+11/[(r,/r)*]=131.8 MPa

ol

The value 129.0 MPa of the maximum Mises equivalent stress at the same point
also agrees well with the corresponding theoretical value of the closed, infinitely
long cylindrical shell

0,.u(D)=MEQ(0,,0;,0,)=130.1 MPa
with
o,=p/[(r/r)*~1]=56.7 MPa, 0,=-p=-18.4 MPa.

3 The welded region, i.e. the region relevantly influenced by the welding, is assumed to extend 1/10 of the weld
joint thickness, i.e. 11 mm, beyond the weld preparation surfaces.
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Table E.4.2-1: Listing of results

Model Pipp . (MPa) O (MP2) O\ s (MPa)

Detail geometry 1 18.42 156.4  (156.4) in A 158.6 (158.6) in A
Detail geometry 2 18.46 1479  (147.5)in A 1442  (143.8) in A
Detail geometry 3 18.31 1644  (165.4)in A 171.5 (172.5)in A
Detail geometry 4 18.37 151.2  (151.6)in A 148.2 (148.7) in A
Detail geometry 5 18.45 1332  (133.0)in B 129.6  (129.4) in C
Detail geometry 6 18.02 186.8  (190.9) in A 204.1 (208.6) in A

Ppp max>» Maximum permissible pressure according to the GPD-DC.

O, max> Maximum Mises’ equivalent stress corresponding to Pepp pyy-

O nay Maximum principal stress normal to direction of butt weld joint in butt welded region corre-
sponding  to Pgpp -

The maximum principal stress outside of the butt weld region is for all geometries on the inside of
the cylindrical shell, at the clad surface, at the model’s lower end, with principal stress direction cir-
cumferentially. This value is the same for all geometries, and is equal to 131.5 MPa for Pgpp .y Of
detail geometry 1. The maximum Mises equivalent stress there is also the same for all geometries,
and is given by 129.0 MPa. The values in parentheses are for Pgpp . Of detail geometry 1.

Detail geometry 2: The geometry is similar to the one above, but with a (per-
missible) offset of middle surfaces (of 8 mm) due to smaller hemisphere radii
(see Fig. E.4.2-4). The distribution of the Mises equivalent stress for the largest
pressure that fulfills the requirements of the GPD-DC is shown in Fig. E.4.2-5
and the corresponding distribution for the same pressure but a linear-elastic con-
stitutive law is shown in Fig. E.4.2-6.

Maximum permissible pressure, and the results obtained with a linear-elastic
model for the maximum equivalent stress in the region outside of the butt welding
affected zone and for the maximum principal stress normal to the weld joint di-
rection in the butt welded region® are listed in Table E.4.2-1.

Detail geometry 3: Like the preceding example, this example is similar to the
one for detail geometry 1, but now with an (permissible) offset (of 8 mm) due to
a larger hemisphere radii (see Fig. E.4.2-7). The results are shown in Figs. E.4.2-
8 and E.4.2-9, and listed in Table E.4.2-1.

Detail geometry 4: This example is similar to the one with detail geometry 1,
but with the shortest permissible taper of 1:4, on inside and outside of the cylin-
drical shell (see Fig. E.4.2-10). The results are shown in Figs. E.4.2-11 and E.4.2-
12, and listed in Table E.4.2-1.

Detail geometry 5: This example is similar to the one of detail geometry 2, but
with a larger offset of middle surfaces of 30 mm (see Fig. E.4.2-13), an offset not
permissible according to the DBF requirements. Results are shown in Figs. E.4.2-
14 and E.4.2-15, and listed in Table E.4.2-1.
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Figure E.4.2-4: Detail geometry 2.

Figure E.4.2-5: Maximum equivalent stress distribution. GPD-DC design model:
detail geometry 2.
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Figure E.4.2-6: Maximum equivalent stress distribution. Linear-elastic model:

detail geometry 2.
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Figure E.4.2-7: Detail geometry 3.
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Figure E.4.2-8: Maximum equivalent stress distribution. GPD-DC design model:
detail geometry 3.

Detail geometry 6: This example is similar to the one with detail geometry 3,
but with a larger offset of middle surfaces of 30 mm (see Fig. E.4.2-16), an offset
not permissible according to the DBF requirements. Results are shown in Figs.
E.4.2-17 and E.4.2-18, and listed in Table E.4.2-1, page 180.

Conclusions:
The results are quite interesting and instructive:

e In none of the detail geometries is the transition critical with regard to gross
plastic deformation, not even in the cases with quite large offset of middle sur-
faces, and, especially surprising, also not in the case with taper of the cylindrical
shell extending below the tangent line — the additional material in the transi-
tional part of the hemisphere compensates the removed material in the transi-
tional part of the cylinder, and the effect of the bending moment is small enough
and decays rapidly enough.
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Figure E.4.2-9: Maximum equivalent stress distribution: Linear-elastic model:
detail geometry 3.
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Figure E.4.2-10: Detail geometry 4.
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Figure E.4.2-11: Maximum equivalent stress. GPD-DC model: detail geometry 4.

Figure E.4.2-12: Maximum equivalent stress. Linear-elastic model: detail geometry 4.
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Figure E.4.2-13: Detail geometry 5.

Figure E.4.2-14: Maximum equivalent stress. GPD-DC model: detail geometry 5.
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Figure E.4.2-15: Maximum equivalent stress. Linear-elastic model: detail geometry 5.
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Figure E.4.2-16: Detail geometry 6.
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Figure E.4.2-17: Maximum equivalent stress. GPD-DC model: detail geometry 6.

Figure E.4.2-18: Maximum equivalent stress. Linear-elastic model: detail geometry 6.
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e The differences in the maximum permissible pressures (according to the GPD-
DC) of the various geometries are quite small.

e The thicknesses of the two shells are almost optimal with regard to GPD-DC
models with Mises’ yield condition and reduced yield stress (see also the com-
parison with the theoretical results with limit analysis models given above). As
a result, the critical region is either the apex of the spherical shell or the lower
end of the cylindrical one, depending on the radius of the spherical shell, which
differs for different geometries due to the middle surface offset:

e The critical region is the apex for detail geometries 1, 3, 4, 6, in which the
mean radius of the spherical shell is equal to or larger than the one of the cylin-
drical shell. Models with Tresca’s yield condition and non-reduced yield stress
shift the critical region to the lower end of the cylindrical shell, but the change
in the permissible pressure is minimal, the maximum permissible pressure
being limited by that of the cylindrical shell, given by the result for detail
geometries 2 and 5.

e The critical region is the lower end of the cylindrical shell for the other detail
geometries, in which the mean radius of the spherical shell is smaller than the
one for the cylindrical shell.

e For all geometries but one is the strain limitation not governing — only for de-
tail geometry 6 is the strain at the apex limiting the maximum permissible pres-
sure according to the GPD-DC.

e In all cases except one is the line of the maximum equivalent stress identical
to that of the maximum principal stress normal to the weld joint direction, and
is given by the intersection of the inner surfaces of the spherical and the cylin-
drical shell. For detail geometry 5 is the line of the maximum principal stress
normal to the weld joint region given by the intersection of the outer surfaces
of the spherical shell and the tapered section, and the line of the maximum
equivalent stress is above the intersection of the inner surfaces of the spheri-
cal and the cylindrical shell, i.e. in the unwelded region and well above the
welded region.

e With regard to fatigue in the butt welded region, governed by the maximum
principal stress normal to the weld joint direction, detail geometry 5 is the best
and detail geometry 6 is the worst, with differences mainly due to the different
sphere radii (see also Example E.7.1).

E.4.3: GPD-DC of an air cooler header

This example deals with the air cooler header shown in Fig. E.4.3-1. For a
feasibility study, a GPD-DC is to be performed on the part model shown in
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Figure E.4.3-1: Geometry of header.

Fig. E.4.3-2, a slice of the middle portion of the header, for the basic normal
operating load case with maximum allowable pressure and maximum allowable
temperature. In the model the effects of the finite length of the header, i.e. the ef-
fect of the front plates and also the effect of the nozzles in the side-plates are neg-
lected. Given that the nozzles can be made strong enough such that they are not
governing the design check, the chosen model is conservative. The finite element
model is shown in Fig. E.4.3-3.
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Figure E.4.3-2: Geometry of investigated model.
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Figure E.4.3-3: Finite element model.

Excerpt from the design data specification

e Maximum allowable pressure: PS = 72 bar = 7.2 MPa
e Maximum allowable temperature: 7S = 120°C
e Number of operational cycles: N = 1000 cycles
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e Materials:
o Plates: EN 10028-3 P355NL1
o Tubes: EN 10216-4 P215
o Nozzles: EN 10222-4 P355QH1
e Thickness allowances:
o Corrosion/erosion allowance: ¢ = 3 mm, with the exception of the heat ex-
changer tubes, for which ¢ = 0 applies
o Tolerances allowance: &, = 0
(Considered) Design Load Case
NOLC 1.1:

e (Upper) characteristic value of pressure: p.*= 7.2 MPa
o (Upper) characteristic value of temperature: .= 120°C

The corresponding load case specification, with derivation details, is given in
Table E.4.3-1.

In this load case the design check is performed strictly in accordance with the
requirements in Annex B of EN 13445-3, i.e. thermal stresses are not included in
the investigation.

The relevant material parameters, with derivation details, are given in
Table E.4.3-2. The reference temperature for the determination of the modulus of
elasticity is ¢,; and for the determination of the strength parameter is ¢,z,,.

The input listing of the FEM run is given in Annex L.4.3. In the model, the dis-
placement u, of all points of the front face, given by z = 30 mm, are restrained to
zero, and all points of the end face given by z = =30 mm, are coupled to prevent
warping of this face. The pressure forces on the plugs are incorporated to the
model via evenly distributed shear stresses on the bore surfaces, neglecting the in-
fluence of the threads. Within the tubesheet thickness the corresponding tubes and
the tubesheet points are connected — an acceptable model of the expanded tube
connection with two grooves if the required friction forces without support by the
grooves are admissible. Only part of the tubes are modelled three-dimensionally;
the rest is replaced by an equivalent beam, with cross-sectional area equal to one-
half of the full tube cross-sectional area and bending rigidity equal to one-half of

Table E.4.3-1: Load case specification

NOLC 1.1

Action Characteristic value Partial safety factor Design value

Pressure p, (MPa) 7.2 1.2 8.64
Temperature ¢, (°C) 120 1.0 120
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Table E.4.3-2: Material parameters

NOLC 1.1

m

group (°C) (°C) (GPa) - (MPa) (MPa) - - (MPa) (MPa)
.2, 1.2 95 120 206 0.3 490 296 0.60 125 236.8 205.1

Part Material 1t g, E Hep R, Ry, OVA) % RM, RM,,,

1
3
4 1.1 95 120 206 0.3 360 182 0.50 1.25 1456 126.1

For simplicity, a maximum metal temperature equal to the upper characteristic value of temperature
17=120°C is chosen, and, therefore, 7,4,,=120°C .

For the determination of the modulus of elasticity the reference temperature ¢, with ¢,,=0.75¢, . +
0.25¢,,,,=0.75¢F +5, has been chosen.

Values for E and u,, are from EN 13445-3, Annex O; values for material strength parameters are from
the referenced material standards, EN 10222-2 and EN 10028-2, respectively.

In the design models Mises’ yield condition is used together with the reduced design value of the
yield stress RM;,,,=RM ;\3/2.

For the tube material hot tensile properties are not given in the material standard. An interpolated
value has been chosen, with interpolation between the values for EN 10216-2 P195GH and P235GH.
Verification by hot tensile test at 120°C (or higher) is required.

the ones of the full tube. Points of these beams’ left ends act as master points to
which all of the (half) tube end points are connected. The displacement of all
points of these beams’ right ends, corresponding to the middle of the whole tube
lengths, is constrained to zero in the tubes’ and the header’s axial directions, so are
the rotations, taking into account the symmetry of structure and actions.

The results of the FEM run show that the model can carry the design pressure:
Fig. E.4.3-4 shows on the left Mises’ equivalent stress distribution in the four
plates for the design value of pressure, and on the right the compatibility ratio dis-
tribution, i.e. the ratio of the equivalent stress and the corresponding yield stress.
Fig. E.4.3-5 shows the corresponding distributions for the (half) tubes.

In this example the plots of the compatibility ratios are quite instructive, be-
cause of the different yield stresses of the two different materials. Fig. E.4.3-6
shows the development of the maximum absolute value of principal total strains
for proportional increase of pressure from zero to its design value, given by the ac-
tion ratio 1.0, as per FEM output for the chosen mesh. Total strains may always be
used instead of structural ones, which are required in the strain-limiting require-
ment of the GPD-DC’s principle, but with this model usage of total strains requires
additional investigation. For example, the corner at the root of the one-sided weld
joining the plug-plate and the lower side-plate creates a stress/strain singularity in
a linear-elastic model — the finer the mesh the larger total stresses and total strains.
Fig. E.4.3-7 shows the transition of the principal strain in the direction of the tubes
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Figure E.4.3-4: Stress distribution in plates. Left, Mises’ equivalent stress;
right, compatibility ratio.

Figure E.4.3-5: Stress distribution in tubes. Left, Mises’ equivalent stress;
right, compatibility ratio.

in the inner surface of the lower plate for the linear-elastic ideal-plastic model, for
which there is no singularity but a strong strain concentration. The dashed lines are
transitions along three lines of the principal total strain in the direction of the
tubes. The full lines are extrapolations into the corner point, and the pivot points
P,, P,, and P;, are shown as circles on the abscissa. This figure shows that the
structural strains are much smaller than the total ones, and, therefore, usage of
total strains is, as far as this corner line is concerned, very conservative. Total
strains being smaller than required by the principle, usage of total strains is still a
suitable approach. Especially so, since the strain critical point is on the inside of a
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E.4.3-6: Maximum absolute value of principal strains vs. action ratio.
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Figure E.4.3-7: Comparison of FEM output with extrapolations into the corner.

plug hole, where no singularity exists. The maximum absolute value of the principal
total strains is less than 5%, and, hence, the GPD-DC requirements are for this
NOLC fulfilled.

Therefore:

NOLC 1.1: O.K.
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Remark: In this example, the possibility incorporated in the standard of using
the large stress re-distributions in DBA-DR during plastic flow leads to great eco-
nomic advantages. It allows much smaller plate thicknesses than the DBF ap-
proach, resulting in much smaller weld thicknesses, i.e. less welding, and, fur-
thermore, post weld heat treatment is not required.

Plausibility Check:
With regard to gross plastic deformation, the weakest part of the header is obvi-
ously the plug wall, with two likely failure modes:

e failure of the plug wall in three horizontal planes with one plane through the
middle row of plug holes and two planes through the outermost plug holes, and

e failure of the plug wall in three horizontal planes with one plane through the
middle row of plug holes and two in extension of the inner surfaces of top and
bottom plate of the header.

In the following, it is shown that the limit analysis model given by a cross-
section slice of the header of 60 mm depth, with front and end plane through
the centre of three plug holes, can carry the design value of pressure, given by
8.64 MPa.

For both failure modes the mean normal stress in the three failure planes is stat-
ically determined, and given by

0,, = (8.64-60-196/2)/(31(60—28.173)) = 51.5 MPa
for the plane through the centre of the plug holes, and by
0,. = (8.64-60-196/2)/(31-60) = 27.3 MPa

for planes not containing plug holes.

The resultant bending moments, resulting from the normal stresses in the three
failure planes in the plug wall side of the slice are statically undetermined, a
moment distribution symmetrical to the central failure plane is obviously optimal,
a moment distribution given by

My, +q-x*/2

with x the distance from the central failure plane, M, the resulting moment at
x=0, and

q=8.64-60=518.4 N mm.
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For the first failure mode the optimal distribution is shown in Fig. E.4.3-8 on
the left, with equal moments in all three failure planes given by

My, =q-104/4=1.402-10°N mm.

In all three failure planes this mean moment is accompanied by equal resulting
normal forces, given by

N,=G,, 31+ (60-28.173)=5.080- 104 N.

The corresponding standardized values, standardized with respect to fully plas-
tic moment and fully plastic normal force, are then

My =My /(RM,,,,,+ (60-28.173) - 31%/4)=0.894,
N,=N,/(RM,,,, (60-28.173)-31)=0.251,

with RM,;,,,=205.1 MPa.
The combination rule for bending moment and normal force is known and renders

M,, + N2 =0.957,

less than 1.0, but already close to the limit (see Fig. E.4.3-6).
To illustrate usage and accuracy of the Ivanov function (see Section 2.4.3):

=Mo" Ny

and, thus,

Iv?=0.9206—1v=0.960,
which is very close to the exact combination value obtained above.

M 02 M.

Mo, Mo,

208
261
L
1
1
1

Figure E.4.3-8: Moment distributions.
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For the assumed uniaxial stress distribution there is no difference in the results
due to the underlying yield condition, and, therefore, the non-reduced yield stress
could have been used. The reduced yield stress has been used to allow for direct
comparison with the FEM results, for which Mises’ yield condition with reduced
yield stress has been used.

For the second failure mode the choice of the optimal resultant moment
distribution is not so obvious. A statically admissible distribution is shown in
Fig. E.4.3-8 on the right, with

M,=q-2618 — M,,,

and the statically undetermined moment in the middle M.
A reasonable choice for M, is the maximum moment compatible with the yield
condition

My,=(1—N 3)-RM,,,- (60-28.173)-31%/4=1.5405 - 10° N mm.

There follows that M,=2.874-10°N mm and MCZMC/(RMM,dﬁO -31%/4)=0.972.
This moment is to be combined with the resultant normal force

N.=q-196/2=5.0803-10* N,

with resulting standardized value N,=0.133.

Contrary to the stresses in failure planes through the centre of plug holes,
stresses which can be considered to be uniaxial, in this failure plane longitudinal
stresses do exist and should be incorporated in the investigation.

The resulting normal force, in longitudinal direction of the header, can be neg-
lected and the resulting bending moment can be approximated by
0.5-M.=1.437-10°N mm, with standardized value 0.486.

Then

—2

0,=N. 0, =M’+(0.5 M) - 0.5 M =0.7086,

an:Mc'ﬁc -0.5: ]WC' &/2200970,
and finally
Iv?=0.7372—1v=0.859.

The results show that the first considered failure plane is the critical one.
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Recommended normal operating load case: This load case investigation is
supplementary to the preceding one — NOLC 1.1. It deals with the same actions
as NOLC 1.1, but here, in this (recommended) load case, thermal stresses are
included, as recommended in Section 4.4. As a rough approximation of the
rather complicated heat transfer boundary conditions, uniform surface
temperatures have been prescribed, based on simple heat transfer calculations
for simple objects:

e at all tube side model surfaces 100°C,
o at all tubes outer model surfaces 70°C, and
o at all header outer model surfaces 40°C.

The resulting stationary temperature distribution, determined with the coeffi-
cient of thermal conductivity given in Table E.4.3-3, is shown in Fig. E.4.3-9.

(Considered) Design Load Case

NOLC 1.2: The load case specification is the same as the one for NOLC 1.1,
given in Table E.4.3-1. To allow for an easy comparison of the investigations
with and without thermal stresses, the same reference temperatures for deter-
mining the material parameters as in NOLC 1.1, given in Table E.4.3-2, are used
here as well, i.e. without taking advantage of the possibility of using values
based on the calculated metal temperature distribution. For the determination of
the stationary temperature distribution and the corresponding stationary thermal
stresses, temperature-dependent values of the coefficient of thermal conductivity
and the coefficient of linear thermal expansion have been used, values which
were determined, in the software, by linear interpolation between the pivot point
values given in Table E.4.3-3.

Table E.4.3-3: Material parameters

NOLC 1.2
Part Material 1, A B b A B
group  (°C) (W/(mK)) (1/K) °C)  (W/(mK)) (1/K)
1,2,3 1.2 20 49.5 11.30-107¢ 120 47.7 12.04 - 107¢
4 1.1 20 55.2 11.30-107¢ 120 52.6 12.04 - 107°

Values for t,,, E, 1, and RM,, ,, are the same as given in Table E.4.3-2.
A is the coefficient of thermal conductivity; j3 the coefficient of linear thermal expansion and #,,,, £,,r,
the pivot temperatures for the linear interpolation of 4,3, and RM,, .-
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Figure E.4.3-9: Temperature distribution.

Fig. E.4.3-10 shows the development of the maximum absolute value of princi-
pal total strains for two different cases:

e upper full line for proportional increase of temperature from zero to the calcu-
lated stationary distribution, for values of the time parameter from —1.0 to O,
followed by proportional increase of pressure from zero to its design value, for
values of the action ratio from 0 to 1.0, and

e lower full line for synchronous increase of pressure from zero to its design value
and thermal stresses from zero to the stationary distribution corresponding to
the calculated stationary temperature distribution.

Also included in this figure, as dashed line, is the curve for proportional
increase of pressure without thermal stresses, the curve already shown in
Fig. E.4.3-5.

The model can carry the design value of pressure and the maximum
absolute value of the principal total strains is less than 5%, and, therefore, the
GPD-DC requirements for this NOLC that includes the thermal stresses are also
fulfilled.
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Figure E.4.3-10: Maximum absolute value of principal total strains vs. time parameter.

Therefore:

NOLC 1.2: O.K.
Note: Comparison of Fig. E.4.3-10 with Fig. E.4.3-6 shows clearly the influ-

ence of thermal stresses on the principal total strains in this GPD-DC:

e For monotonic increase of actions the result is near the strain limit practically

independent of the action path, and

o thermal stress influence on strains is noticeable, the effect on the limit action

may be relevant, and the recommended design check may be design-decisive.

E.4.4: GPD-DC of a nozzle in hemispherical end

In this example the hemispherical end with nozzle shown in Fig. 4.4-1 is investi-
gated. The dimensions without parentheses are those of the model and those in

@ i p

parentheses are nominal ones as per design drawing, if different from the ones of

the design model. The lines separating different parts are demarcation lines in the

model and not weld edge preparation lines or weld joint lines.

Excerpt from the design data specification

e Maximum allowable pressure: PS = 80 bar = 8.0 MPa
e Maximum allowable temperature: 7S = 295°C

e Insulation thickness: 150 mm
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Figure E.4.4-1: Nozzle geometry.

Start-up and shutdown slow enough such that non-stationary thermal stresses
are never larger than stationary ones.

e Injection temperature of cold medium: 715 = 60°C
Injection temperature initially controlled, with transition slow enough such that
non-stationary thermal stresses are never larger than stationary ones.*

e Operational cycles:
One operational design cycle encompasses:
o Start-up with pressure and temperature synchronously.
o 500 cold medium injection at constant pressure and vessel content tempera-
ture, long enough such that stationary state is reached.
o Shutdown with pressure and temperature synchronously

4 Non-stationary calculations of temperature and elastic thermal stress fields have shown that even a short ramp of
the medium temperature transition with transition time in the order of seconds suffices.
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e Materials:
o Hemispherical shell: EN 10028-2 10CrM09-10 + NT
o Nozzle reinforcement: EN 10216-2 11CrMo09-10 + QT
o Nozzle: EN 10216-2 P265GH
e Thickness allowances:
o Corrosion/erosion: ¢ = 0.5 mm
o Tolerances:
o Hemispherical shell: §,=1 mm
o Nozzle reinforcement: §,=0 mm (surfaces machined)
o Nozzle: Acc. to EN 10216-2: §,=0.125-16.0=2.0 mm
(Considered) Design load cases:
NOLC 1.1: Stationary state/maximum pressure/maximum temperature/no
injection

o (Upper) characteristic value of pressure: p. =8.0 MPa
e (Upper) characteristic value of temperature: ;7 =295°C

The corresponding load case specification, with derivation details, is given in
Table E.4.4-1.

The relevant material parameters are given in Table E.4.4-2. The reference tem-
perature for determining the modulus of elasticity is 7., and for determining the
material strength parameters is 7,5,,.

To use the same model also in the second load case, with space-dependent tem-
perature, the temperature-dependent design values RM,, ., given in Table E.4.4-3
are used as pivot points in the input listing, for the piecewise linear function
RM, ., of 1,, required in the FEM model.

In this example, a different approach was used in the setting up of the model
geometry, using the interactive software commands. The listing of the check points
is given in Annex L.4.5. A rotational-symmetric model is used, with meridional
displacements at all points of the wide end boundary of the spherical shell re-
strained to zero. At the lower end boundary of the pipe all points are coupled to a
master node to which the pressure load is applied. In this problem, with large

Table E.4.4-1: Load case specification

NOLC 1.1

Action Characteristic value Partial safety factor Design value

Pressure p, (MPa) 8.0 1.2 9.6
Temperature ¢, (°C) 295 1.0 295
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Table E.4.4-2: Material parameters

NOLC 1.1
Part Material 7, ey E Mg R, Ryo,, DG % RM, RM,,,
group (°C) (°C) (GPa) - (MPa) (MPa) - - (MPa) (MPa)
-» @ 6 @& & © O ®)
=4)/(6)
1 52 22625 295 196.6 03 480 221.6 046 125 1773 1535
2 52 22625 295 196.6 03 540 289.7 0.54 1.25 231.8 200.7
3 .11 22625 295 196.6 03 410 1557 038 1.25 1246 1079

Table E.4.4-3: Pivot points of RM,, ., (MPa) vs. t,

Temperature (°C)

Position No. 20 100 150 200 250 300
1 201 173 165 161 157 153
2 246 224 216 211 205 200
3 184 157 148 133 118 107

thermal stresses, progressive plastic deformation and fatigue are the critical failure
modes, and the PD-DC and the F-DC are the important design checks. In the PD-
DC, Mises’ yield condition and in the F-DC an (unbounded) linear-elastic consti-
tutive law are prescribed, and, therefore and to save computing time, instead of
Tresca’s yield condition, required by the GPD-DC’s principle, Mises’ yield condi-
tion is used here, in the GPD-DC, with, of course, the reduced design value for the
yield stress. Metal temperatures are constant and equal to 7,; the pressure is in-
creased from zero to the design value p,. The FEM results show that the design
model can carry the design pressure — Fig. E.4.4-2 shows the distribution of the
compatibility ratio,’ i.e. the ratio of Mises’ equivalent stress and the design value
of the yield stress at the design value of the pressure, and Fig. E.4.4-3 shows the

3 Use of the usual plotting routines can lead to irritating results. In the postprocessing routines usually the values
of relevant quantities in the nodal points are used. These values are obtained in the solution routine via extrapo-
lation or copying from calculation values in the integration points. Extrapolation is the usually used option. In
linear-elastic ideal-plastic analyses extrapolation leads to stress fields that may not everywhere be compatible
with the relevant yield condition, whereas the stresses in the integration points, in which they are evaluated, are.
This phenomenon is especially irritating in the load cases considered here, with different materials and high tem-
perature and thermal stress gradients. Therefore a different plotting procedure has been used here. Values are
copied from the integration points to the nodal points — ANSYS-command (ERESX,NO). This procedure leads
to compatible stress fields. The evaluation of compatibility ratios has been performed at the mid-points of the el-
ements and, therefore, the uniform color of each element corresponds to the value at its mid-point.
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Figure E.4.4-2: Compatibility ratio distribution.
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Figure E.4.4-3: Maximum absolute value of principal strains vs. action ratio.

development of the maximum absolute value of the principal total strains as a
function of the pressure increase form zero to the design value. In the critical
regions the model can be considered as stress-concentration-free. Fig. E.4.4-3
shows that the maximum absolute value of the principal total strains at the design
pressure is less than 5% — the requirements of the GPD-DC are fulfilled.
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Therefore: NOLC 1.2: O.K.
NOLC 1.2: Stationary state/maximum pressure/maximum temperature/cold
injection

e (Upper) characteristic value of pressure: p. =8.0 MPa
o (Upper) characteristic value of temperature: ;7 =295°C
Cold injection with characteristic value of temperature #,, =60°C

The load case specification for pressure is the same as above, and the charac-
teristic values and design values of temperature are given by the FEM results of
the temperature calculation for the medium temperature 7 at points in the inner
surface of the hemispherical shell and 7, at points in the inner surface of the
nozzle. The chosen coefficients of surface heat transfer are h,=1.16
kW/(m?-K)=1.16-10"2W mm 2 K™! for the inner hemispherical shell surface,
h,=10.8 kW/(m?-K) =10.8-107> W mm~2 K~! for the inner nozzle surface, and
perfect insulation at the outer surfaces. The temperature-dependent pivot values of
RM,,,, are given again in Table E.4.4-3, and the pivot values for the material’s
thermal conductivity, from EN 13445-3 Annex O, in Table E.4.4-4. The modulus
of elasticity and the coefficient of linear thermal expansion of the model are inde-
pendent of time and space, and are given by their values for the reference temper-
ature 7., as per Table E.4.4-2.

This load case can be considered as (another) corner of the design space for nor-
mal operating load cases. Formally, for this GPD load case a detailed investigation
is not required, because thermal stresses need not be considered in GPD design
checks and the temperatures in this load case are not higher than the correspon-
ding ones of NOLC 1.1, and, therefore, the design values of the yield stresses
never higher than the corresponding ones of this NOLC 1.1, i.e. the GPD-DC of
NOLC 1.2 is formally encompassed by that of NOLC 1.1.

To follow the recommendation to investigate the thermal stress influences also
in the GPD design checks, this NOLC 1.2 is dealt with in detail here as well.

Table E.4.4-4: Pivot points for thermal conductivity (K™!)

. Temperature (°C)
Part No. Material group

20 155 295

1,2 52 37.09 - 10°° 37.29 - 10°° 36.44 - 107°
3 1.1 55.22 - 10°° 51.59 - 10°° 47.32 - 107

@ i p



Annex E: Examples 207

To allow for comparison, three sub-cases are considered:

e NOLC 1.2a: Proportional increase of pressure, no thermal stresses, time-
independent design temperature distribution, and time-independent distribution
of RM,,,, corresponding to the stationary temperature distribution for cold in-
jection.

e NOLC 1.2b: Increase of pressure from zero to its design value, and proportional
increase of temperature and thermal stresses from ambient and zero stress state,
respectively, to their design value distributions, corresponding to the stationary
distributions for cold injection. To ease input work, temperature-dependent values
of RM,,.,, with pivot points given in Table E.4.4-3, are used.

e NOLC 1.2c: Increase of pressure from zero to its design value, time-independent
temperature, and thermal stress distribution equal to their design value distribu-
tions, corresponding to the stationary distributions for cold injection.

NOLC 1.2a: To be able to show the influence of thermal stresses on the results,
the increase of pressure was not stopped at the design value, but continued to
increase until the strain limit or the design carrying capacity had been reached.

Figure E.4.4-4: Compatibility ratio distribution.
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Figure E.4.4-5: Maximum absolute value of principal strains vs. action ratio.

Fig. E.4.4-4 shows the distribution of the compatibility ratio for a pressure value
equal to its design value, and Fig. E.4.4-5 the development of the maximum
absolute value of the principal total strains as a function of the action ratio, stan-
dardized such that a value of 1.0 corresponds to the design value. The last step for
which a convergent solution was obtained corresponds to an action ratio larger
than 1.33. Pressure corresponding to action ratios over 1.33 cannot be carried by
the design model, and the maximum absolute value of principal total strains for an
action ratio of 1.33 is still below 5% — the strain limitation is not governing.

NOLC 1.2b: The procedure corresponds to the one of the preceding sub-case,
but in this load case thermal stresses are considered, and pressure and thermal
stresses increased proportionally from zero up to an action ratio of 1.0, and then
pressure only is increased further and thermal stresses kept at the values achieved
at an action ratio of 1.0. Fig. E.4.4-6 shows the distribution of the compatibility
ratio for a pressure value equal to its design value, and Fig. E.4.4-7 shows the de-
velopment of the maximum absolute value of principal total strains as a function
of the action ratio. The kink in the curve is the result of the thermal stresses, which
are time-invariant for action ratios above 1.0. The last step for which a convergent
solution had been obtained corresponds to an action ratio (of pressure) of 1.33, the
same value as in NOLC 1.2a. Pressures corresponding to action ratios of over 1.33
cannot be carried by the design model and the maximum absolute value of princi-
pal total strains for an action ratio of 1.33 is still well below 5% — the strain
limitation is, like in NOLC 1.2a, not governing.

NOLC 1.2¢: The procedure is like the one of the preceding sub-case, but now
thermal stresses are time-invariant, equal to the values corresponding to the station-
ary temperature distribution for cold injection, and pressure is increased from zero
to a value where either the strain limit or the carrying capacity of the design model
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Figure E.4.4-6: Compatibility ratio distribution.
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Figure E.4.4-7: Maximum absolute value of total principal strains vs. action ratio.

is reached. The action ratio is again standardized such that the value of 1.0 corre-
sponds to the design value. Fig. E.4.4-8 shows the distribution of the compatibility
ratio for a pressure equal to its design value, and Fig. E.4.4-9 the development of the
maximum absolute value of principal total strains as a function of the action ratio.
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Figure E.4.4-8: Compatibility ratio distribution.
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Figure E.4.4-9: Maximum absolute value of principal strains vs. time parameter.

Negative values on the abscissa are not values that correspond to action values as per
definition, but they represent time. The history in this part of the abscissa corre-
sponds to the application of temperature and to the increase of the corresponding
thermal stresses. Positive action ratios correspond to increase of pressure.



Annex E: Examples 211

Conclusion: The influence of thermal stresses on the result is zero, and so is
the influence of the action path into the limit action, a result of the fact that the
strain limitation in the design checks principle is not governing. The difference in
strains in the results without and with thermal stresses is small in comparison
with the strain limit of 5%.

Annex E.5: Examples of Progressive Plastic Deformation Design
Checks

Like in the preceding part E.4, the examples in this part are intended to illustrate
the procedure, modelling problems, and solutions, in one specific design check,
here the progressive plastic deformation design check, and all examples deal,
therefore, only with individual load cases that are related to this PD-DC.

The first example, related to the first one in Annex E.4, E.4.1, is a complement
to the NOLC 1.1 investigated there. The second example is a complement to the
NOLC 1.1 investigated in Section E.4.3, and the third example is a complement to
the investigation in Section E.4.4.

E.5.1: PD-DC of a hydrocracking reactor

This example deals with one PD load case of the upper part of the hydrocracking
reactor, discussed in Section E.4.1, with geometry shown in Fig. E.4.1-1. With the
cladding being integrally bonded and its nominal thickness being smaller than
10% of the related nominal component thickness, cladding is neglected in this load
case, like in NOLC 1.1 of Section E.4.1.

Temperature changes are specified to be slow enough such that non-stationary
thermal stresses need not be taken into consideration, but, nevertheless, nozzle
forces and bending moment have to be considered as being independent of the
temperature of the vessel.

Consequently, one cyclic action trajectory to be considered, in the following
denoted by NOLC 2.1, has to pass through the zero action point and the following
four action points, see also Table E.5.1-1, page 218.

e NOLC 2.1: Al:
p,=PS=18 MPa, t,=TS=400°C,
F_,=FS.=90kN, M, ,=MS =428 kN m
e NOLC 2.1: A2:
p,=PS=18 MPa, t,=TS=400°C
F_,=FS =126 kN, M, ,=MS, =88 kN m
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e NOLC 2.1: A3:
p,=P_=0,t,=T_=ambient(20°C)
F_/~FS=90kN, M, ,=MS =428 kN m

e NOLC 2.1: A4:
p,=P =0,t,=T_=ambient(20°C)
F,,=FS,=126 kN, M, ,=MS,=88 kN m.

According to Theorem 3 in Annex A: If for any cyclic action that passes through
these five action points shakedown to linear-elastic behaviour can be proven, then
the model will shake down to linear-elastic behaviour for each cyclic action in the
action domain specified by these five action points as corner points.

Mises’ equivalent stress distributions in the elastic model with E and u,, as in
Table E.4.1-2 and due to actions A1 through A4 are shown in Figs. E.5.1-1-E.5.1-4.

The equivalent stresses for the four action points are nowhere larger than the de-
sign value of the yield stress for the weighted mean cycle temperature, i.e. in all
of the action points are the stress fields compatible with the yield condition with
the yield stress based on the weighted mean cycle temperature. Therefore, accord-
ing to the variant of the principle, which uses the time-independent yield stress
corresponding to this weighted mean cycle temperature, and by virtue of Theorem

Figure E.5.1-1: Mises’ equivalent stress: action Al: elastic model.
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3 of Annex A, the design model shakes down to linear-elastic behaviour for each
action cycle in the action domain specified by these five action points.

Nevertheless, the recommended approach, which uses time-dependent yield
stresses is applied in the following as well: The stress points S, through S, in the
deviatoric map, shown in Fig. E.5.1-5, correspond to the stresses in the presum-
ably critical structural point denoted by MX in Fig. E.5.1-1.

The lines connecting the origin with these stress points represent the cyclic stress
path 0-S,,-0-S,,-0-S,5-0-S,,-0, due to the cyclic action 0-A1-0-A2-0-A3-0-A4-0,
and the full circle corresponds to Mises’ yield limit with RM,=195 MPa for this
load case and 7,=400°C, the dashed one to Mises’ yield limit with RM,;,, ,.=218.5
MPa for this load case and the weighted mean cycle temperature. The stress points
S, and S,, are close to each other, so are S, and S,,, and these are close to the
origin, all an indication that the stresses due to nozzle force and moment are small.
None of the four stress points S,, through S, are outside of the dashed cycle, i.e.
the stresses represented by these four stress points are all compatible with the cor-
responding yield condition, as discussed above. But S,, and S, are outside of the
full circle, indicating plastic flow, which can also be seen in Figs. E.5.1-1 and
E.5.1-2 — Mises’ equivalent stresses in excess of 195 MPa occur. The largest dis-
tance between the points 0, S,,, Sxp Saz and S,, is smaller than 2-RM, and the

Figure E.5.1-2:Mises’ equivalent stress: action A2: elastic model.
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Figure E.5.1-3: Mises’ equivalent stress: action A3: elastic model.

Figure E.5.1-4: Mises’ equivalent stress: action A4: elastic model.
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Figure E.5.1-5: Deviatoric map.

Figure E.5.1-6: Mises’ equivalent stress: residual stress (RS).
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whole stress path can easily be shifted translatorially into the circle, indicating the
possibility of shakedown to linear-elastic behaviour and of the proof via usage of
Melan’s shakedown theorem. To follow this idea, a residual stress distribution was
determined with the design model used in NOLC 1.1 (Section E.4.1) with Mises’
yield condition and reduced yield stress and the cyclic action from zero actions to-
wards the design values of NOLC 1.1 (Table E.4.1-2) but only up to action values
with convergent solution, i.e. an action ratio of 0.923 (see Section E.4.1) and then
back to zero actions. Mises’ equivalent stress distribution of this residual stress is
shown in Fig. E.5.1-6.

The stress point in the deviatoric map, Fig. E.5.1-5, denoted by Sgq, represents
the residual stress in the structural point MX.

In the deviatoric map (Fig. E.5.1-5) the superposition at the critical point of this
residual stress, which is a self-stress, and the cyclic stress path 0-S,;-0-5,,-0-S ,5-
0-S,4-0 is represented by the stress path Sgq-Sa; -Srs-Sas -Srs-Sa3z “Srs-Sas’ -Skrs-
The translatorial shift of the two stress paths corresponds to the vector from the
origin to Sgs. The whole stress path obtained by this superposition is inside of the
corresponding yield limit (circle), an indication that shakedown to linear-elastic
behaviour is possible. Mises’ equivalent stress distributions of the four
superpositions are shown in Figs. E.5.1-6-E.5.1-9.

Figure E.5.1-7: Mises equivalent stress: superposition of RS and A1 stress.
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Figure E.5.1-8: Mises’ equivalent stress: superposition of RS and A2 stress.

Figure E.5.1-9: Mises’ equivalent stress: superposition of RS and A3 stress.
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Figure E.5.1-10: Mises’ equivalent stress: superposition of RS and A4 stress.

Table E.5.1-1: Design values at action points

Design values

Load case point p, (MPa) 1, (°C) F. (kN) M, (kNm) RM (MPa)

NOLC 2.1: Al 18.0 400 90 296 RM, =195
NOLC 2.1: A2 18.0 400 126 88 RMd,Az=l95b
NOLC 2.1: A3 0 20 90 296 RM ; ,3=3 10°
NOLC 2.1: A4 0 20 126 88 RM, ,,=310°

*RM ;=R ,02/1,ry (see Table E.4.1-2). The value of RM, for the weighted mean cycle temperature
t,=305°Cis RM,,,,=218.5 MPa.

d,mct

°RM,=R,,;=310 MPa according to EN 10222-2

Mises’ equivalent stress distributions in Figs. E.5.1-7 and E.5.1-8 do not
exceed RM ;=195 MPa, the yield stress corresponding to 400°C, and those in
Figs. E.5.1-9 and E.5.1-10 do not exceed RM, =310 MPa, the yield stress cor-
responding to 20°C. According to the extended shakedown theorem the model
shakes down to linear-elastic behaviour under the cyclic action 0-A1-0-A2-0-
A3-0-A4-0, and, according to Theorem 3 in Annex A, it also shakes down to
linear-elastic behaviour under each cyclic action within the design regime spec-
ified by the corner points A1, A2, A3, and A4.

Therefore, this approach leads to the same result. Hence: NOLC 2.1: O.K.
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E.5.2: PD-DC of an air cooler header

This example deals with one PD load case of the air cooler header, discussed in
Section E.4.3, with geometry shown in Fig. E.4.3-1 and model geometry shown in
Fig. E.4.3-2.

Temperature changes are specified to be slow enough such that non-station-
ary thermal stresses need not be taken into consideration. The cyclic action con-
sidered is given by proportional increase of the actions pressure and temperature
from zero to the action point A and back, whereby the design values in the action
point A are given by the (upper) characteristic values of NOLC 1.1 of Section
E.4.3, i.e. defined by NOLC 2.1:A: p,=7.2 MPa,t,=120°C, including thermal
stresses. The stationary temperature distribution used for the determination of
the thermal stresses is the one discussed in Section E.4.3 in connection with
NOLC 1.2.

To illustrate the options in the PD-DC open to the designer, a fictitious load case
is discussed first: cyclic actions as given above, with cyclic pressure and tempera-
ture but without thermal stresses.

In the first option a time-invariant model is used, with material parameters de-
termined for the weighted mean cycle temperature as time-independent reference
temperature

=t g =1,y =0.75+120+0.25-20=95°C

see Section 5.3, where instead of 7., the design value of temperature for action
point NOLC 2.1:A, is used, which is not smaller than 7, ...

The used design values of the material parameters in the model are shown in
Table E.5.2-1.

Fig. E.5.2-1 shows the distribution of Mises’ equivalent stress for a pressure of
1.44 MPa, which corresponds to 20% of the design value, a pressure for which all
regions are still elastic.

The maximum relevant equivalent stress occurs at Point B, with a value of 94
MPa and with a compatibility ratio of 94.0/307.2 = 0.306. Point A, at the tube in-
side, is the point with maximum compatibility ratio. The Mises equivalent stress
in this point is 88.7 MPa and the compatibility ratio 88.7/188.0 = 0.472. The
stresses in the corner, designated in the figure by MX, are ignored, since they are
due to the modelling related singularity and a minor smoothening would bring the
values below that at Point B.

For the design value of pressure the compatibility ratio at Point B is given by
5-0.306=1.53, and at Point A by 5-0.472=2.36. The latter value being greater
than 2, shakedown to linear-elastic behaviour cannot occur there, whereas the
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Table E.5.2-1: Material parameters

(NOLC 2.1)*
Part Material group t,.(°C) E (GPa) U, RM (MPa)
1,2,3 1.2 95 206 0.3 307.2
4 1.1 95 206 0.3 188.0

In this option a time-invariant reference temperature for the design value of the yield stress and the

other material parameters is used.

For the tube material hot tensile properties are not given in the standard. An interpolated value has
been chosen, with interpolation between the values for EN 10216-2 P195GH and P235GH.

Verification by hot tensile test at 95°C (or higher) is required.
Fictitious load case.

Figure E.5.2-1: Mises’ equivalent stress distribution for 1.44 MPa pressure.

corresponding value at Point B shows that in the header proper shakedown to

linear-elastic behaviour is possible.

Fig. E.5.2-2 shows the stress path of Point A in the deviatoric map. Subscripts
in the stress point designations refer to the action step, superscript el refers to lin-
ear-elastic results, and superscript pl to the end point of linear-elastic ideal-plastic
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results. The stress path fluctuates around the origin, after 10 cycles the path goes
practically through the origin — an indication of shakedown to alternating plastic-
ity [17]. The same conclusion can be drawn from the development of the principal
total strains at Point A, as shown in Fig. E.5.2-3.

In the first option the design model is time-independent, and can thus be used
with Melan’s shakedown theorem and conveniently investigated with usual plot-
ting of stress paths in the deviatoric map.

In the second option the design model is time-dependent, insofar as the design
value of the material strength parameter is temperature-dependent, and, hence,
varies within the action cycle. Therefore, this option requires the use of the ex-
tended shakedown theorem. Usual plotting of stress paths in the deviatoric map is
often confusing and prone to errors, but plotting of compatibility ratios, i.e. of the
quotients of o; at the various instants of time and the corresponding design values
of the yield stress at the same instants, can be used well. Table E.5.2-2 shows the
material parameters used in this option.

Fig. E.5.2-4 shows in the deviatoric map the path of the stress at Point A for the
second action cycle, in terms of the compatibility ratios.

The corresponding figure for option 1 is Fig. E.5.2-2. Both figures are quite in-
structive and lead to the same conclusion. The required load case, which includes

03

el
s
el
SZO

Figure E.5.2-2: Deviatoric map: Point A.
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Figure E.5.2-3: Principal strains vs. time parameter.

Table E.5.2-2: Material parameters

NOLC 2.1

Part Material

group

1, (°C) E(GPa) u, RM,,

(MPa)

RM,,
(MPa)

trRM 0

°O

trRM,A

°O

1,2,3 1.2
4 1.1

95
95

206
206

0.3
0.3

120
120

296.0
182.0

20
20

355
215

t.ru.4 18 the reference temperature for RM,, 4, the design value of the yield stress at action point A;
and 7,y the reference temperature for RM,;,, the design value of the yield stress at action point 0.
For the tube material hot tensile properties are not given in the standard. An interpolated value has
been chosen, with interpolation between the values for EN 10216-2 P195GH and P235GH.
Verification by hot tensile test at 120°C (or higher) is required.

the (existing) thermal stresses and is specified in the beginning of this Section
E.5.2, is discussed next. Fig. E.5.2-5 shows the distribution of Mises’ equivalent
stress for a pressure of 1.44 MPa, which corresponds to 20% of the design value,
and for thermal stresses equal to 20% of the stationary ones due to the stationary
temperature distribution discussed in Section E.4.3 and at the beginning of this
Section E.5.2. For these action values all regions are still elastic.

The maximum relevant stress occurs are point B, with a value of 121.7 MPa and
a compatibility ratio of 0.395. Point A, at the tube inside, is the point with the
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Figure E.5.2-4: Deviatoric map: compatibility ratios: Point A.

Figure E.5.2-5: Mises’ equivalent stress distribution.
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224  Pressure Vessel Design: The Direct Route

maximum compatibility ratio. The Mises equivalent stress at this point is 111.8
MPa and the compatibility ratio is 0.593. For the design values of the actions the
compatibility ratio at Point B is given by 5-0.395=1.98, and at Point A by
5-0.593=2.96. The latter value being greater than 2, shakedown to linear-elastic
behaviour cannot occur at Point A, whereas the corresponding value at Point B
shows that in the header proper shakedown to linear-elastic behaviour is possible.

The behaviour in the neighbourhood of the critical point, Point A, is investi-
gated further in the following. Fig. E.5.2-6 shows the stress path at Point A for the
first cycle in form of the compatibility ratios in the deviatoric map.

The behaviour is similar to the preceding one, shown in Fig. E.5.2-4, indicat-
ing alternating plasticity. This indication is supported by the Figs. E.5.2-7 and
E.5.2-8.

Figure E.5.2-6: Deviatoric map: compatibility ratios: Point A.
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Figure E.5.2-7: Deviatoric map: compatibility ratios: Point A, .
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Figure E.5.2-8: Deviatoric map: compatibility ratios: Point A, .
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Fig. E.5.2-7 shows the corresponding stress path at a point opposite to Point A
at the outside surface of the tube, and Fig. E.5.2-8 the corresponding stress path at
the same point but as a point of the tubesheet.

Fig. E.5.2-7 shows for this point on the tube’s outer surface much less plasti-
fication than Fig. E.5.2-6 for Point A, and Fig. E.5.2-8 shows that in the point of
the header tubesheet shakedown to linear-elastic behaviour occurs after the first
action cycle.

Therefore: NOLC 2.1: O.K.

Remark: In this example keeping the identity of initially chosen principal stress
axes, for plotting of stress paths in the deviatoric map, has been especially
difficult. Quite often the principal stresses as per FEM output changed their order
according to their values, and detailed comparison of the development of principal
stresses and of stress components vs. time was necessary to determine the identity
of the principal stress axes.

E.5.3: PD-DC of a nozzle in hemispherical end

This example deals with one PD load case of the nozzle detail discussed in Section
E.4.4, with model geometry shown in Fig. E.4.4-1. Temperature changes are spec-
ified to be slow enough such that non-stationary thermal stresses need not be taken
into consideration.

The cyclic action considered is given by proportional increase of the actions
pressure and temperature from zero to the action point A1, one cold injection cor-
responding to action point A2, return to A1, and then back to zero. The design val-
ues in the action points are defined as follows:®

e NOLC 2.1: Al:
o p,=P§=8.0MPa, 1,=TS=295°C
e NOLC 2.1: A2:
o p,=P§S=8.0 MPa, 1,=TS=295°C
o cold injection ¢, ,=TIS=60°C, with heat transfer boundary conditions and co-
efficients as per NOLC 1.2 of Section E.4.4.
e NOLC 2.1: A3 = Al:
o p,=P§=8.0MPa, t,=TS=295°C

The equivalent elastic stress distributions for action points A1 and A2 are shown
in Figs. E.5.3-1 and E.5.3-2, respectively. The results are for a linear-elastic model

SAll partial safety factors are equal to 1.0.
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Figure E.5.3-1: Mises’ equivalent stress: action Al: elastic model.

Figure E.5.3-2: Mises’ equivalent stress: action A2: elastic model.
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Table E.5.3-1: Pivot points of RM,; (MPa) vs. t,

Temperature (°C)

Position No. 20 100 150 200 250 300
1 290 249 238 232 227 221
2 355 323 312 304 296 289
3 265 241 223 205 188 173

Partial safety factors being equal to 1.0, all values are upper yield strength values and proof stress
values, respectively, as per material standards.

with modulus of elasticity, Poisson’s ratio, thermal conductivity, and heat transfer
boundary conditions as in Section E.4.4.

The maximum equivalent stress is equal to 642.3 MPa, larger than 2-RM,,,, .=
599.6 MPa, with 7, =t ,=226.25°C and RM;,,,=299.8 MPa at the critical point.

But this maximum equivalent stress is smaller than RM ;,,+RM, at the critical
point, with” RM,;,,>289.7 MPa, RM ,,=355 MPa, and thus RM,,,,+RM ,,=644.7
MPa. These comparisons show that the requirement of Melan’s shakedown theo-
rem cannot be met, but the one of the extended shakedown theorem can be met
(see also Theorem 2 in Annex A, with corollaries).

To obtain a suitable self-stress field for usage in the extended shakedown theo-
rem, the model with linear-elastic ideal-plastic constitutive law has been subjected
to one action cycle, 0-A1-A2-A1-0, with linear-elastic material parameters as
above, and with yield stress values equal to the ones obtained in the software
processor for the corresponding metal temperatures via linear interpolation
between the pivot points of RM, as in Table. E.5.3-1.

The corresponding distribution of RM ,, for the actions 0, A1, and A2, are shown
in Figs. E.5.3-3 through E.5.3-5.%

The compatibility ratio distribution of this residual stress, in this model after
this cyclic action, is shown in Fig. E.5.3-6.

"The value on the right is for 295°C, a temperature which is with certainty not smaller than the metal temperatures
for action A2.

8Use of the usual plotting of the following inequality routines can lead to irritating results. In the postprocessing
routines usually the values of the relevant quantities in the nodal points are used. These values are obtained in the
solution routine via extrapolation or copying from calculation values in the integration points. Extrapolation is
the usually used option, sometimes the default one. Use of this option can lead to irritating results — in this load
case with large temperature and thermal stress gradients. Therefore, as in E.4.4, a different procedure has been
used here: Integration point values copied into the nodal points, evaluation of diverse quantities in mid-points of
the elements, and corresponding coloring of each element according to this mid-point value.
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Figure E.5.3-3: Distribution of RM,, for action 0: metal temperatures equal to ambient
temperature (20°C).

Figure E.5.3-4: Distribution of RM,, for action Al: metal temperatures equal to
TS=295°C.
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Figure E.5.3-5: Distribution of RM,, for action A2: metal temperatures equal to
stationary temperature distribution for cold injection at t,=75=295°C.

Figure E.5.3-6: Compatibility ratio: residual stress (RS).
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Figure E.5.3-7: Compatibility ratio: superposition of RS and A1 stress.

Figure E.5.3-8: Compatibility ratio: superposition of RS and A2 stress.
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The compatibility ratio distributions of the superpositions of this residual stress,
which of course is a self-stress, and the elastic stress distributions according to ac-
tions Al and A2 are shown in Figs. E.5.3-7 and E.5.3-8, respectively.

All the three figures have a maximum value not exceeding 1.0, i.e. the extended
shakedown theorem is fulfilled. The model shakes down to linear-elastic
behaviour under the cyclic action 0-A1-A2-A1-0, and, therefore, shakes down to
linear-elastic behaviour under each cyclic action in the design domain specified by
the actions 0, A1, A2 as corner points.

Therefore: NOLC 2.1: O.K.

Annex E.6: Examples of Stability Design Checks

Like in the preceding annexes, the following examples are intended to illustrate the
procedure, modelling, problems, and solutions, in one specific design check, here
the stability design check. Therefore, these examples deal solely with individual
load cases that are related to this design check.

E.6.1: First S-DC of a jacketed stirring vessel

This example deals with one load case of a dished lower end of a jacketed stirring
vessel, with geometry shown in Fig. E.6.1-1.
The geometry shown in this figure is the one of the model.

Excerpt from the design data specification:

e Maximum/minimum allowable pressure:’

PS = 4/-1 bar for the inner vessel; PS = 4 bar for the jacket
e Maximum allowable temperature:°

TS = 152°C for inner vessel and jacket
e Material:

EN 10028-7: X6CrNiTil8-10
e Thickness allowances:

Corrosion/erosion: ¢ = 0,

Tolerances: 6, = 0
e Fabrication tolerances:

According to EN 13445-4
e Insulation:

Yes

°For the inner vessel maximum allowable pressure and maximum allowable temperature correspond approximately
to saturated vapour of the medium contained, the minimum allowable pressure takes into account condensation.
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Figure E.6.1-1: Geometry of dished end.

Thermal transients are slow enough such that non-stationary thermal stresses
can be neglected

(Considered) Design Load Case

NOLC 3.1:
e (Relevant) characteristic values of pressure:

o Inner vessel: p.;-=0

o Jacket: p.;=0.42 MPa of which 0.02 MPa due to static head
e (Relevant) characteristic values of temperature:

o Inner vessel: 7;;=152°C

o Jacket: 7.;-=20°C
o Heat transfer coefficients:

14.4 kW(m™ - K) for inner vessel side
1.16 kW(m™2-K) for jacket side

i
ideal insulation on outside of jacket

The corresponding load case specification, with derivation details, is given in
Table E.6.1-1.
In this load case thermal stresses have to be included in the investigation.



234  Pressure Vessel Design: The Direct Route

A sufficiently good approximation of the temperature distribution in the inner
vessel walls is the one for the infinite straight plate and medium temperatures on
both sides of 152 and 20°C, respectively. This approximation renders a linear
temperature distribution over the thickness. For the 11 mm thick plate this
approximation results in metal surface temperatures of 146.4 and 89.8°C, respec-
tively. For the outer shell and the annular rings a uniform temperature of 20°C
may be assumed conveniently.

The relevant material parameters at pivot points are given in Table E.6.1-2.

For an admissible design, the model must be able to carry the ¥,-fold of the de-
sign values of actions, i.e. in this load case, not only the ¥,-fold of the design val-
ues of pressure, but also the y,-fold of the thermal stresses, due to the y,-fold of
the design values of temperature. In the design model the design values of the
yield stress are specified as the values corresponding to the design temperature,

Table E.6.1-1: Load case specification

NOLC 6.1
Action Characteristic Partial safety Design value
value factor

Inner vessel pressure p,; (MPa) 0 0
Jacket pressure p,; i (MPa)? 0.4 1.2 (0.48)

0.02 1.0 (0.02)

0.50

Inner vessel temperature #,; (°C) 152 1.0 152
Jacket temperature 7, i O 20 1.0 20

4The values in the first row correspond to the pressure proper at the reference point and the values
in the second row to the pressure due to static head, relative to the reference point.

Table E.6.1-2: Material parameters at pivot points

NOLC 6.1: y3,=1.25

Part Material t, E, B, R, o RM,,

group °O) (GPa) (K™ (MPa) (MPa)
1-5 8.1 20 200.0 15.3-107° 240.0 240.0
1-5 8.1 160 188.1 16.3 - 107° 194.0 194.0

For determining the partial safety factor it is assumed that the (external) pressure test as called for
in EN 13445-5 is to be carried out.

E,I,., [3![,, R, o and RM ip &€ the valges of E,B,R, 4, and RM,, at the pivot temperature 7,. Poisson’s
ratio is equal to 0.3 in the elastic regime.
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and, therefore, in a design model with temperature-dependent yield stress the ¥,-
fold of thermal stresses cannot be determined simply via the Yg-fold of
temperature if there is plastic flow. To overcome this problem, the values of the
coefficient of linear thermal expansion have been multiplied in the input artifi-
cially by 7, and, thus, at the design temperature thermal stresses correspond to
temperatures given by the ¥,-fold of the design temperature, in a model with cor-
rect yield stress design values.

Like in preceding examples involving thermal stresses, temperature has been
increased to its design value first and then the pressure up to the y,-fold of its
design value. In this investigation, the used design model corresponds to the
description in Section 6.3 for critical cases. To obtain the required initial im-
perfections of the inner dished end of the model geometry, a classical (eigen-
value) buckling calculation of the perfect structure with linear-elastic constitutive
law has been performed. The so obtained buckling shapes of the first buckling
modes are superposed and the superposition scaled, with regard to the maxi-
mum permissible irregularity in profile according to EN 13445-4, 5.4.4, and the
result is then used for the determination of the initial imperfect geometry. In
this case the maximum permissible local irregularity, according to EN 13445-
6, 5.4.4, is given by 14.8 mm. This classical buckling calculation has been
performed for pressure action on the outer surface of the inner dished end only,
without thermal stresses and a scaled superposition of the first 10 modes cho-
sen as initial imperfection.

To include the critical buckling modes that are not rotational-symmetric, nor
necessarily symmetric to any meridional plane, an FE model of the whole end has
been used.

The model with this imperfect geometry, used in the succeeding non-linear
FEM analysis, has been created by using of the macro IMPER (see Annex L.6.1).
With this macro the imperfect geometry is created. In this procedure the FEM
mesh is detached from the geometric lines and areas that had been used to create
the model of the perfect structure.

Two buckling modes of the classical (eigenvalue) buckling analysis of the inner
vessel’s dished end are shown in Fig. E.6.1-2, the first one on the left and the tenth
on the right.

Mises’ equivalent stress distributions of the non-linear model, with maximum
permissible imperfection and for actions given by the ¥,-fold of the design values,
are shown in Fig. E.6.1-3, those at the inside surface of the inner dished end on the
left and those at the outside surface on the right. The corresponding distributions
of the maximum of the absolute values of the principal total strains are shown in
Fig. E.6.1 4, again those at the inner surface on the left and those at the outer sur-
face on the right.
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Figure E.6.1-2: Classical buckling modes.

Figure E.6.1-3: Mises’ equivalent stress for },-fold of design actions.

Figure E.6.1-4: Maximum principal total strain for y,-fold of design actions.
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The model can carry the 7,-fold of the design values of the actions with maxi-
mum absolute value of principal total strains less than 5%.
Therefore: NOLC 3.1.: O.K.

E.6.2: Second S-DC of a jacketed stirring vessel

This example deals with another load case of the lower end described in the pre-
ceding example.
(Considered) Design Load Case
NOLC 3.2:
e (Relevant) characteristic values of pressure:
o Inner vessel: p.; =-0.1 MPa
o Jacket: pc;=0.42 MPa
this pressure acts in the lower chamber of the design model’s jacket only and
0.02 MPa of this pressure are due to static head, and the pressure in the upper
chamber of the design model is zero
e (Relevant) characteristic values of temperature:
o Inner vessel and jacket: 7.;=1.,;=20°C

The corresponding load case specification, with derivation details, is given in
Table E.6.2-1.

In this load case there are no thermal stresses, but the pressure difference is
maximal.

Table E.6.2-1: Load case specification

NOLC 6.2
Action Characteristic Partial safety ~ Design value
value factor
Inner vessel pressure p,; (MPa) —0.1 1.0 -0.1
Jacket pressure pq; MPa)* 0.4 1.2 (0.48)
0.02 1.0 (0.02)
0.50
Inner vessel temperature 7, (°C) 20 1.0 20
Jacket temperature laj °O) 20 1.0 20

4The values in the first row correspond to the pressure proper, at the reference point, the values in
the second row to the pressure due to static head, relative to the reference point. The specified pres-
sure acts only in the lower chamber of the jacket, the pressure in the upper chamber is zero.
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The relevant material parameters are given in Table E.6.2-2. The reference tem-
perature for determining the material strength parameters, the modulus of elastic-
ity and Poisson’s ratio is t,,,=t,,=t,=20°C, respectively.

The procedure used in this example and the initial imperfection used are simi-
lar to that used in the preceding example, E.6.1.

Mises’ equivalent stress distributions, in the model with maximum permissible
imperfection and for the y,-fold of the design values of the actions, are shown in
Fig. E.6.2-1, those at the inside surface of the inner dished end on the left and at
the outside surface on the right. The corresponding distributions of the maximum
of the absolute values of the principal total strains are shown in Fig. E.6.2-2; those
at the inside surface on the left and at the outside surface on the right.

The model can carry the y,-fold of the design actions with maximum absolute
value of principal total strains less than 5%.

Therefore: NOLC 3.2: O.K.

Table E.6.2-2: Material parameters

NOLC 6.2
Part Material E (GPa) R, R, o % RM, (MPa)
group (MPa) (MPa) -
(D 2 3) “) &)
1-6 8.1 200.0 500.0 240.0 1.25  240.0

Poisson’s ratio is 0.3.
For determining the partial safety factor ¥, it is assumed that the (external) pressure test as called
for in EN 13445-5 is to be carried out.

Figure E.6.2-1: Mises’ equivalent stress for Yg-fold of design actions.
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Figure E.6.2-2: Maximum principal total strain for Y,-fold of design actions.

Note 1: For both load cases the procedure recommended in sub-clause 6.3 for
critical cases has been used. For a comparison of results for different initial im-
perfections the better suited of the two load cases is the second one, i.e. NOLC
3.2: In this load case there is only one action, there are no thermal stresses and
the design yield stress is time-independent. As a result, the increase of action to
values higher than the 7,-fold is straightforward. Therefore, in this load case
NOLC 3.2, pressure was increased until the model ceased to carry any further
increase. For the initial imperfection given by the scaled superposition of the first
10 classical buckling shapes the model can carry a pressure of 0.795 MPa. The
corresponding action factor is 0.795/(0.5+0.1)=1.325, i.e. 6% greater than the
required one, given by y,=1.25. The maximum absolute value of the principal
strains at this pressure is smaller than the limit of 5%. With the initial imperfec-
tion given by the scaled result of this investigation, i.e. the buckling shape that
corresponds to the maximum pressure the model can carry, the model can carry a
pressure of 0.765 MPa, i.e. with an action factor of 1.275, which is smaller than
the preceding value, but still 2% larger than the required one. As in the preceding
case, the maximum absolute value of the principal strains is smaller than the limit
of 5%. Both pressure values are over 12% smaller than the corresponding value
for the DBF approach in EN 13445-3 (sub-clause 8.8), albeit for different per-
missible shape deviations.

Note 2: The investigations showed also that approximately 96% of the axial re-
sultant force due to pressure on the jacket’s dished end has to be carried by the
outer connection of the jacket and the inner shell, and only approximately 4% by
the inner connection, near the nozzle. This fact, which, of course, will also show
and be taken care of in the corresponding GPD design checks, can be easily over-
looked in a DBF design.
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Annex E.7: Examples of Cyclic Fatigue Design Checks

Like in the preceding parts of Annex E, E.4 and E.5, the examples in this part are
intended to illustrate the procedure in one specific design check, here the cyclic fa-
tigue design check, and the examples deal, therefore, solely with individual load
cases that are related to this F-DC.

The first example is a complement to the comparison of design details in
Section E.4.2. The second is a complement to the investigations for the air cooler
header considered in Sections E.4.3 and E.5.2.

E.7.1: F-DC of a cylindrical to hemispherical shell transition

This example of an F-DC with hot spots in welded regions deals with the transition
of the cylindrical shell to the hemispherical end as given by detail geometry 5 con-
sidered in Section E.4.2, and by the comparison of its cyclic fatigue life with that
of the transition as given by detail geometry 1, the nominal one. For this example
of an F-DC, the structures are assumed to be without a cladding and the model
thicknesses (of E.4.2 and E.4.1) are assumed to be fatigue analysis thicknesses.

For the F-DC linear-elastic stress-concentration-free models are used.
Therefore, the results obtained with the models used and described in Sections
E.4.2 and E.4.1 can be carried over into this F-DC.

Results for diverse stresses at various points due to the maximum permissible
pressure Ppp,..Of detail geometry 1 are listed in Table E.4.2-1. In the investigations
discussed here, a cyclic action NOLC 4.1, from action point 0 to action point A and
vice versa, is considered, with

e NOLC4.1: 0: p,=0, t,= ambient (20°C), stress-free,
e NOLC 4.1: A: p,=165.8 bar,'? t,=TS=400°C,

whereby temperature transients are sufficiently slow such that non-stationary
thermal stresses can be neglected.

For detail geometry 5 the value of the maximum principal stress due to action
NOLC 4.1:A is 118.4 MPa. This maximum principal stress occurs at a point, denoted
in the following by D, at the inner surface of the lower end of the cylindrical shell,
with first principal stress axis in circumferential direction. For a circumferential weld
in the (undisturbed) cylindrical shell this maximum principal stress acts parallel to the
weld joint direction, and the corresponding FAT Class is 80. In the butt weld region,
the maximum principal stress range acts normal to the weld direction and occurs
Point C. Its value is 116.5 MPa, slightly smaller than the one at Point D.

10This value corresponds to 90% of Pgpp, max Of detail geometry 1, a value considered to be a realistically repre-
sentative upper characteristic value in the sense of the F-DC.
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Table E.7.1-1: Fatigue life calculation/Detail Geometry 5/Point C

@ DBA : DR Fatigue design check F-DC

- F-DC welded material — ferritic steel WM/FS
A&gAB Page 1
Object: Example E.7.1 Load case No.: NOLC 4.1
Point: C Direction®: L
Input data
temax = 400°C FAT class®: 80 (EN 13445-3, Annex P)
Lomin = 20°C Stress range at 5-10° cycles: (EN13445-3, Table 18-7)
t* = 0.75¢, 4 T 0.251, 4 = 305°C Aoy, = 59 MPa
R, = 520 MPa Constants’® of Aog — N curve: (EN 13445-3, Table 18-7)
R = 218.5 MPa m=3 C=102-10"7
e, = 110 mm m=135 C=356-10"
Stress data
Aoy, = 116.5 MPa relevant® structural principal stress range

18.8 Plasticity correction factor
General case! Special case®

If AG,, > 2R, If ACyy > 2R 0
k,=1+A([0.5(A0,, /R 5/i+)— 1]
0.4 for R, = 500 MPa

_]0.4 + (R, — 500)/3000 k, = Max[1.0; 0.7/(0.5 +
0 for 500 = Rm = 800 MPa 04 - Rpo,z/,*/Ao-eq, 1)]
0.5 for 800 = R,, = 800 MPa
Ay= k= ,Ac= ker'eq = MPa k,= ,Ao= kvAGeq = MPa
Else Ac = Ac,,,. = 116.5 MPa Else Ac = AG,,,= MPa
Ao = 116.5 MPa

Note: If stresses of both cases are to be considered, the correction has to be made on each component of the stress
tensors, with k, and k, calculated with the above formulas with Ag,, for the full equivalent stress range, force and
displacement controlled parts. The factor k, is applied to the force controlled parts and k, to the displacement con-
trolled parts of the stress tensors, then both tensors are added and the new stress range is calculated. The plasticity
correction factor of the general case may be used for the special case as well.

“Direction of normal to the investigated incipient crack plane relative to the weld joint direction, L or //.

"With respect to determined FAT class.

‘Range of structural principal stress closest to the investigated direction, see footnote®.

dStresses other than those of the special case.

“Non-linearly distributed parts of thermal stresses, evaluated in the plane approximating the assumed crack surface.
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Table E.7.1-1: Continued

@ DBA : DR Fatigue design check F-DC

- F-DC welded material — ferritic steel WM/FS
AgAB Page 2

18.10.6.2 Temperature correction factor f,.
For r* > 100°C fre =103 — 1.5-107%* —1.5-107¢ *? = 0.8447

Else f,. = 1
[ = 0.8447

18.11.1.2 Thickness correction factor f,

Case 1: ¢, =25 mm Case 2: 25 mm = ¢, = 150 mm Case 3: e, = 150 mm
S = (25/¢,)°% = 0.6905 S = 0.6389
S =1 fow = 0.6905
18.11.2.1 Overall correction factor f;,
S = foufie = 0.5832
Ao, = Ao/f,, = 199.8 MPa
18.11.3 Allowable number of cycles
Case 1: Ao, > Aoy Case 2: Ao, < Aoj, and at Case 3: Ao, < Aoy,
least one other sub-cycle and all other sub-cycles
with Ao, > Aoy,: with Ao, > Aoy,
m=73 m=35
C =1.02 X 10" C=
N = C/(Ao,,,)" = 127960 N = Cl(Ac,, )" = N=o»

N = 127960 cycles

Remarks:

For detail geometry 1 the maximum principal stress due to action NOLC 4.1:A
occurs in the butt weld region, at point A, results from the principal stress normal
to the weld joint direction and its value is 142.7 MPa. At Point D the maximum
principal stress is the same as for detail geometry 5.
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Table E.7.1-2: Some results of fatigue life calculations

Detail geometry hot spot Ao(MPa) FAT class N (cycles)?
Detail geometry 5

Point C 116.5 80 127,960
Detail geometry 5

Point D 118.4 80° 121,900
Detail geometry 1

Point A 142.7 80 69,630
Detail geometry 1

Point D 118.4 80° 121,900

2Allowable number of cycles according to the F-DC.
"For assumed circumferential weld.

All these hot spots are in welded regions of ferritic material. The detailed
calculation for the fatigue life at Point C of detail geometry 5 is given in the fatigue
calculation form in Table E.7.1-1, a form convenient for reporting and checking.
Some results for the allowable number of cycles NOLC 7.1 for detail geometries
1 and 5 are listed in Table E.7.1-2.

Conclusion: As far as (full) pressure cycle fatigue is concerned, detail geometry
5, with misalignment not permissible by the (routine) DBF approach is much better
than the (ideal) detail geometry 1. The difference in allowable number of cycles is
quite remarkable. For detail geometry 5, the circumferential welds in the undis-
turbed cylindrical shell and the transition weld between cylindrical shell and hemi-
spherical ends are almost equally critical. For the circumferential weld incipient
crack planes normal to the weld joint direction are critical, for the transition joint
incipient crack planes in weld joint direction. For detail geometry 1 the transition
weld is the critical one, with critical incipient crack planes in weld joint direction.

E.7.2: F-DC of an air cooler header

This example of an F-DC with a hot spot in an unwelded region deals with the air
cooler header considered in Sections E.4.3 and E.5.2.

In the PD-DC, discussed in E.5.2, the action NOLC 2.1:A resulted in the linear-
elastic model in a fairly large equivalent stress and a compatibility ratio greater
than 1.0 at one point in the inner surface of the tubes, near the outer face of the
tubesheet. The allowable number of action cycles in this hot spot is determined in
the following.
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The considered action cycle NOLC 4.1 passes through the action points 0O-
A1-A2-A3-0 with

e NOLC4.1: 0: p, = 0, t, = ambient (20°C), stress-free,
e NOLC 4.1: Al: p, = 64.8 bar,!! ¢, = ambient,

e NOLC 4.1: A2: p, = 64.8 bar, t, = TS = 120°C,

e NOLC4.1: A3:p,=0,1t, =TS = 120°C,

whereby temperature transients are sufficiently slow such that non-stationary
thermal stresses can be neglected. The header is not insulated, and, therefore,
(stationary) thermal stresses are to be included in the investigation. As a rough
approximation, the temperature distribution determined in E.4.3 NOLC 1.2 (see
Fig. E.4.3-8) has been used here as well.

The resulting elastic stresses in the hot spot due to the various actions, as per
FEM output, are

846 -02 198 2193 02 -207
o= 02 3233 00 [ c% =| 02 3838 00
-198 0.0 17.1 207 0.0 306

(A1)

A3) — A2)
of >—0,.j( ) o

iy

The relevant stress range of the resulting stress cycle can be guessed, but, be-
cause of the change in orientation of principal axes, the more complicated
approach outlined in Section 7.14 is used here. The fatigue relevant functions
0O,qa(7), given by Equation (7.28), are shown in Fig. E.7.2-1.

The curve denoted by 0 corresponds to the reference parameter 7 at the zero action,
the one denoted by A1 to the reference parameter at action Al. The maximum stress
range is 526.4 MPa, resulting from the stress difference for the action A2 and the zero
action. The corresponding mean stress, defined by Equation (7.29), is given by

-109.7 -0.1 104
G,= 0.1 1919 00
-104 00 153

The detailed calculation for the fatigue life at this hot spot is given in the fatigue
calculation form in Table E.7.2-1. In this case of a hot spot in an unwelded region,
this calculation form is much less useful for the calculation itself — some
correction factors depend on the number of cycles, and, therefore, iteration is

This value corresponds to 90% of PS, a value considered to be a realistically representative upper characteristic
value in the sense of the F-DC.
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MEQ [AO’iﬂ
5264 |-
(0)
3693 L ane L\ ST :
: : (A1)
24161--\-/ -- ““““““ .
17651 A - e
Time parameter
0 1 2 3 4
0 Al A2 A3 0

Figure E.7.2-1: Fatigue relevant functions.

required. The calculation form is still convenient for reporting the results obtained
by means of short and simple programmes, and is useful for the checking of
results. The allowable number of cycles is 9425.

As illustration of the approach and of its possible advantages, the detailed pro-
cedure for the determination of the plasticity correction factor, as outlined at the
end of Section 7.6.1, is used in the following.

The strain tensor at the hot spot of the linear-elastic model for action Al,
already known from the FEM calculations performed, is given by

~166.8 -0.1 13.1
gl = 0.1 213.8 00 [.10°
~13.1 00 9.1

and the Mises equivalent strain by MEQ[e(]=332.0- 1075

The PD-DC check has shown that the tubesheet shakes down to linear-elastic be-
haviour, whereas the tubes shake down to alternating plasticity. Therefore, taking
into account the expected small plastic strain range, a linear-elastic ideal-plastic con-
stitutive law is considered for the non-linear model with yield stress values given by

_ ] 193.6 MPa for the tubes
Rp021%=)316.8 MPa for the plates

These values were chosen as approximate values for the required cyclic
constitutive law.
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Table E.7.2-1: Fatigue life calculation/Tube hot spot

@ DBA : DR Fatigue design check F-DC

- F-DC unwelded material — ferritic steel UWM/FS

AgAB Page 1
Object: Example E.7.2 Load case: NOLC 4.1 Point: MX in tubes
Input data Fatigue curve data

femax = 100°C Endurance stress range (for 2- 10° cycles)

temin = 20°C Aoy, = 0.63R,, + 21.0 = 247.8 MPa

% = 0.75¢, 0 T 0.25¢, ,,=80°C Iteration initial value for number of cycles

R, = 360 MPa N = 9425

R0+ = 193.6 MPa Allowable stress range for N cycles

e,=2.4 mm Ao, = 0.63R, — 11.5 + 46000/ VN = 761.7 MPa

R_ = 200 pm roughness-height index
(EN 13445-3, Table 18-8)

Stress data
Ao, ,=526.4 MPa equivalent total stress range® Ao,,,.=526.4 MPa structural
equivalent stress range®
0,,=0 MPa equivalent mean of total stress

Theoretical elastic stress Effective stress concentration
concentration factor K, factor K,
1.5(K,— 1)
K = Ao, . /Ao, .= 1.0 K,=1+ L =1.0
! et “ 1 + 0.5 Max [1; K, Agy,,. ., /ACp]
18.8 Plasticity correction factor
General case’ Special case®
If Ac,,, > 2R 5 If Ac,,, > 2R
k, =1+ A)0.5(A0,, +/R g ops) — 1]
0.4 for R,, = 500 MPa k, = Max[1.0; 0.7/(0.5 +
Ay =04+ (R, — 500)/3000
for 500 = R,, = 800 MPa 0.4-R, /A0, )]
0.5 for 800 = R,, = 1000 MPa
Ay =04k, = 1.144, Ao = kAo, = 602.2 MPa k,= ,Ac=kAc,,= MPa
Else Ao = Ag,, , = MPa Else Ao = Ac,,, = MPa
Ao = 602.2 MPa

Note: If stresses of both cases are to be considered, the correction has to be made on each com ponent of the stress
tensors, with k, and k, calculated with the above formulas with Ao, , for the full equivalent stress range, force
and displacement controlled parts. The factor &, is applied to the force controlled parts and the factor k, to the dis-
placement controlled parts of the stress tensors, then both tensors are added and the new stress range is calcu-
lated. The plasticity correction factor of the general case may be used for the special case as well.

aRange of Mises’ equivalent stress of the differences of the total stresses.

PEquivalent mean stress , if required corrected for plastification effects.

‘Range of Mises’ equivalent stress of the differences of the structural stresses.

dStresses other than those of the special case.

“Non-linearly distributed parts of thermal stresses, evaluated in the plane approximating the assumed crack surface.
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Table E.7.2-1: Continued

@ DBA : DR Fatigue design check F-DC

- F-DC unwelded material — ferritic steel UWM/FS
AgAB Page 2

18.10.6.2 Temperature correction factor f,.
f+=1.03 = 15-107*¢* — 1.5- 1076 r*2 for #* > 100°C
=1 for t* = 100°C
J==1

@ i p

18.11.1.1 Surface finish correction factor f;
F,=1—0.0056(In R)**InR,,+0.289 In(R )**® = 0.7411, a(N) = 0.101 In N—0.465=

fi=1 for N = 100
f,=FW for 100 <N <2 X 10°
f.=F, for N =2 X 10°
f, = 0.8739
18.11.1.2 Thickness correction factor f,
Case 1: e, = 25 mm Case 2: 25 = en = 150mm Case 3: e, = 150 mm
F, = (25/e,)*'% = F, = (25/150)*18 = 07217
fo=1 for N = 100
f,=F® for 100 < N < 2-10°
f.=F, for N = 2.10°
fe=1 fe=
f.=1

18.11.1.3 Mean stress correction factor f,,
M=0.0035R,—0.1=
Aoy, =Aoy for N<2-10° cycles
=Aoy, for N=2-10° cycles
Casel: =R, ,»=0,,=0.5-Acy,,,/(1+M) Case 2: 0.5A0;,,/(1+M)<0C,, =R 5

fm:\ 1 _M(2+M)(26-eq/AO-R /(M) fm:(l +M/3)(1 +M)—M(26'eq/AO'RV,e1)/3
=1 ’ =

Jn=1

18.11.2.1 Overall correction factor f,
fo=f Lo S [l Ky = 0.8739

18.11.3 Allowable of number of cycles N
AO—CUV: A O-/fl‘l

Casel: N<2-10° Case 2: 2-10°<108 and at least Case 3:Else
one other sub-cycle with N<2-10%
N=[4.6-10%(11.5-0.64R, +Ac., )]’ N=[(2.7R,+92)/Ac,, 1" N=oo
=9425 =
N=9425

Note: If the obtained value for N does not agree reasonably well with the initial one, further iteration is required.
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The non-linear FEM calculation resulted in a difference of the strain tensors, in
the hot spot and for actions A2 and 0O (after A3), of

165.2 0.0 335
Ag(i]’.”): 0.0 243 0.0 |[-105,
-33.5 0.0 —434

with resulting Mises’ equivalent strain
MEQ[Ae("=367.8 107,

Therefore, the plasticity correction factor, obtained via this detailed procedure
is given by

k,=MEQ[e("/MEQ[e?]=1.108,

which is slightly smaller than 1.144, the value obtained above in the standard
approach. Use of this plasticity correction factor renders an allowable number of
cycles of 10 270, i.e. 9% larger than the result with the procedure using the
plasticity correction factor obtained with Equation (7.3b).

Note 1: There are cases where the route for determining the plasticity correc-
tion factor via FEM models is favourable and, therefore, may provide a remedy
under critical situations.

Note 2: It may be good engineering practice to use tubes of softer material than
the tubesheet material, in order to ease the tube expansion procedure, but too large
a difference is risky — there may be alternating plasticity in the tubes, resulting in
strongly reduced cyclic life, and there may be sliding friction, with the risk of fret-
ting corrosion.

Annex E.8: Examples of Static Equilibrium Design Checks

The main purpose of the examples given here is not to discuss routine procedures
in the admissibility check of supporting structures, but to discuss the usage of the
partial safety factor concept in the context of these routine procedures.

E.8.1: SE-DC of a skirt supported heavy reactor column

In this example two load cases, each with three sub-cases, are considered:

e NOLC 5.1: Operating weight + Wind
e TLC 5.1: Self-weight + Fluid weight + Wind

m N
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Design Data:

e Geometry of lower end of the skirt and base ring: see Fig. E.8.1.
e Material of base ring: Steel EN 10028 P265GH
e Material of anchor bolts: Steel EN 10025 S235JRG2
e Material of foundation: Structural concrete C25/30
o Self-weight:'? F;,=3.48MN
e Operating weight:'* F,=3.6MN
e Fluid weight during hydraulic test: F,=2.68MN
e Wind:"
o Resultant (horizontal) force according to the (local) code for wind action:
F,,=53.49 kN.
o Resultant moment with respect to the centre point of the base (ring):
M,;,=0.6096 MN m

25
al8
95
Q
5050 .
] ||
X 9 . X 33
al8 a9 =
T 12 || a ?5185 2 =
)
1 1
70 175

a-measure of fillet not smaller than 0,7 times the thinner of the joined parts

Figure E.8.1: Skirt geometry of reactor column.

2Including internals, the whole skirt and accessories.

3The same value for the upper and the lower characteristic values is chosen — the main contribution is from self-
weight.

“4According to the (local) code for wind action the specified values are considered to be upper characteristic values.
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8.1.1: NOLC 5.1/U
This load case deals with uplifting — weight is favourable, but wind action is un-
favourable.

Design value of the operating weight:

Fou=Fo Y6/=3.6-0.8=2.88 MN
Design value of the wind moment
My =My, - 7,=0.6096 - 1.5=0.9144 MNm

Resultant longitudinal force (per unit length) in the skirt at the junction to the
base ring due to operating weight:

o1 =F o /(D,,)=181.5 Nmm™

where D,,=5050 mm is the mean shell diameter.

Resultant longitudinal force (per unit length) in the skirt at the junction to the
base ring due to wind:

Maximum: n,, =M,/ (D?,7/4)=45.7 Nmm™!

Uplifting check:

My01 = Ny —> NOLC 5.1/U: O.K.
(no anchoring required)

8.1.2: NOLC 5.1/P
This design check deals with the maximum contact pressure at the base ring to
foundation interface — operating weight and wind act unfavourably.

Design value of the operating weight:

F0d2=F0'76u=3.6- 1.2=4.32 MN
Design value of the wind moment (see NOLC 5.1/U):
de2:0.9144 MN m

Resultant longitudinal force (per unit length) in the skirt at the junction to the
base ring due to the operating weight:

n102:F0d2/(Dm7r):272.3 N mm_l
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Resultant longitudinal force (per unit length) in the skirt at the junction to the
base ring due to the wind moment:

Maximum: 1y, =M\,,/(D?, 7/4)=45.7 Nmm™!

Maximum pressure at the base ring to foundation interface: >

Ponan=0pF 0o)/bge=317.9/175=1.8 MPa
where by, =175 mm is the base ring width.
Maximum pressure!’> = 1.8 MPa

Maximum stress in the base ring:'’
Maximum moment:

MBR:pmax : bl%Re/2:5109 N

where by, =75 mm is the externally projecting width.
Maximum stress:!’

Opp=6"myple,, =12.3 MPa

where e,,,=48.5 mm is the analysis thickness of the base ring:
€pra=€pr—0,~c=50-1.0-0.5=48.5 mm,

with the absolute value of the possible negative thickness tolerance §,=1.0 mm ac-
cording to EN 10029, Table 1, Tolerance Class A, and the (chosen) corrosion al-
lowance ¢=0.5 mm.
Stress check in base ring: 0z, <RM ;5,=245/1.25=196 MPa—
NOLC 5.1/P: O.K.

5Value to be forwarded to civil engineering design department.

19The external projecting width of the base ring by, = 75mm is smaller than the one permissible in the calcula-
tion (see [23], Annex L):

W, =€ VRM 45/ 3B,k RM ;)= 117.6mm

where ey, , = epp —0,—c=48.5mm denotes the analysis thickness of the base ring, with the absolute value of the
possible negative thickness tolerance 6£= 1.0mm according to EN 10029, Table 1, Tolerance Class A, and the
(chosen) corrosion allowance ¢ = 0.5mm; RM,,, denotes the design value of the base ring material
(245/1.25=196.0MPa), RM ;- the characteristic cylinder compressive strength of the structural concrete founda-
tion (25/1.5=+6.7MPa), [3, the separation factor equal to 3/3, and kj the concentration factor for which the value
1.0 is conservatively assumed, in accordance with [23] Annex L. Therefore, a uniform contact pressure distribu-
tion across the base ring width may be assumed.

7Owing to insufficient ductility of concrete the maximum stress is calculated for a linear-elastic constitutive law,
and limited by the design value RM ;.
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8.1.3: NOLCS5.1/D
This design check deals with the failure mode rigid body displacement — operating
weight acts favourably, and wind unfavourably.

Design value of the operating weight:

F=F,,=2.88 MN
Design value of the wind force:

Fyyus=Fy¥p=53.49-1.5=80.24 kN

Design value of the reaction, i.e. design value of the static friction force:
Fry=Foull,=2.88+0.5=1.44 MN

with the design value of the coefficient of static friction'8 .
Rigid body displacement check:

Fyp<Fgs—

NOLC 5.1/D: O.K.

8.14: TLCS.1/U
This testing load case deals with uplifting — weight acts favourably, and wind
unfavourably.

Design value of the self-weight:

Fyyus=Fgs=3.48-0.8=2.78 MN
Design value of the fluid weight:
Fru= F}/Gf=2.68 -0.8=2.14 MN

Design value of the wind moment

My, =My, =0.9144 MNm

'8A value of y.,=p,/%,=0.6/1.2=0.5 may be used for steel on concrete according to EN 1337-1:2000: Structural
bearings. Part 1: General design rules.
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Uplifting check: The sum of the design values of favourable actions is larger than
in NOLC 1/U and the design value of the unfavourable wind moment is equal to
that in NOLC 1/U — Uplifting check is encompassed by NOLC 1/U —

NOLC 5.1/U: O.K.

8.1.5: TLCS5.1/P

This testing load case deals with the maximum contact pressure at the base ring to

foundation interface — self-weight, fluid weight and wind act unfavourably.
Design value of the self-weight:

Fowas=Fsw* You=348"12=4.18 MN
Design value of the fluid weight:
Frys=Fp 75, =2.68-1.2=3.22 MN
Design value of the sum:
Fys=7.39 MN
Design value of the wind moment!*
M,,s=M,,,,=0.9144 MNm

Resultant longitudinal force (per unit length) in the skirt at the junction to the
base ring due to the vertical force F,;:

Nyes=F (D, m)=465.8 MNm™!

Resultant longitudinal force (per unit length) in the skirt at the junction to the
base ring due to the wind moment:

Maximum: n,,s=M,,s/(D 2 n/4)=45.7 MNm™!
Maximum pressure at the base ring to foundation interface:

Porax =My +1y5)bpp=511.5/175=2.9 MPa

Maximum pressure!>= 2.9 MPa

Maximum stress in base ring:'°

Maximum moment: Mzp=p, . *bap,/2=8220 N

Maximum bending stress: Op,="6* mgp/e 2%, =20.9 MPa
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Stress check in base ring Oz <RMp,/Y,=245/1.05=233.3 MPa —
NOLC 5.1/P:0.K.

8.1.6: TLCS5.1/D
This load case deals with rigid body displacement — weight acts favourably, wind
unfavourably.

Design value of the self-weight:

Fowie=Fswan=2.78 MN
Design value of the fluid weight:
Fryo=Fpu;=2.14 MN
Design value of the wind force

Fyae=Fwas

Design value of the reaction, i.e. design value of the static friction force
Fry= FgasTFrae) Uq=2.46 MN

Rigid body displacement check:
Fiygs<Frq—

TLC 5.1/D: O.K.

E.8.2: SE-DC of a skirt supported light pressure vessel

This example is complementary to the preceding one: With the exception of the skirt

thickness, the thickness of the chairs’ top plates, and the base ring thickness, the same

skirt geometry applies, but the operating weight is much smaller. Only one load case,

with three sub-cases, is considered — the load case that is critical for the bolts:
NOLC 1: Operating weight + wind

Design Data:
The geometry of the lower end of the skirt and of the base ring is as in the preced-
ing example, but with thickness of the skirt 12 mm, the thickness of the top plate of
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chairs 16 mm, and the thickness of the base ring 20 mm. The mean diameter of the
skirt is still 5050 mm (see Fig. E.8.2).

e Material of base ring: Steel EN 10028 P265GH

Material of anchor bolts: Steel EN 10025 S235JRG2

Material of foundation: Structural concrete C25/30

Operating weight:'F,=0.36MN

Wind:?°

o Resultant (horizontal) force according to the (local) code for wind action:
F,,=53.49 kN.

o Resultant moment with respect to the centre point of the base (ring):
M,;,=0.6096 MNm

8.2.1: NOLCS5.1/U
This design check deals with uplifting — weight acts favourably and wind acts
unfavourably.

Design value of the operating weight !

FOdI: o )/Gf=0.36 -0.8=0.288 MN

al2
2
i | - | |
$33
12 |
ald a9 8
a 14 a9 ST
I
1 111 |
70 175

a-measure of fillet not smaller than 0,7 times the thinner of the joined parts

Figure E.8.2: Skirt geometry details.

“The same value for the upper and the lower characteristic values is chosen — the main contribution is from self-
weight.

20According to the (local) code for wind action the specified values are considered to be upper characteristic values.
2IThe same value for the upper and the lower characteristic values is chosen — the main contribution is from self-weight.
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Design value of the wind moment:
My =My 1,=0.6096 - 1.5=0.9144 MNm

Longitudinal membrane force in the skirt at the junction to the base ring due to
operating weight:

o1 =Foq/(D,,m)=18.15 Nmm™!

where D,,=5050 mm is the mean shell diameter.
Longitudinal membrane force in the skirt at the junction to the base ring due to
wind:

Ry =My /(D2 71/4)=45.65 Nmm™!

Because of n,,,<n,y,, anchor bolts are required.
Required design value of the bolt force to fulfill the principle’s requirement:

Fyareq™ My * Myo1) *D,, WIN=36.6 KN

with the number of bolts N = 12.
Lower characteristic value of the bolt force:

Fpeini=F pipeg /Yer™>36.6/0.8=45.8 kKN

cinf
Pretensioning of bolts required:>>?>
Required nominal bolt pretensioning force:

FBOreq>FBcinf>45'8 kN

Taking into account the scatter values €_ and &, of pretensioning with torque
wrench given in Annex G of EN 13445-3, a value of the pretensioning bolt force
Fy,=60 kN is chosen. This chosen value is slightly larger than the required one,
given by

(1+&) Fyip=1.2-45.8=55.0 kN

cinf

22Fact and value of chosen pre-tensioning bolt force to be forwarded to civil engineering design department.
23The value given below is a (conservative) lower bound, valid for an infinitely stiff foundation, see also the
comment after Section 8.2.
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The lower characteristic value of the pretensioning bolt force is then given by

Fpn=Fyo/(1+£)=60/1.2=50 kN.

cinf
The design value of the pretensioning bolt force, given by
Fp=F et Vo= 50 0.8=40 kN,

is then larger than the required bolt force Fy,;,,,=36.6 kN, and the upper charac-
teristic value of the pretensioning bolt force is then given by

Fpoy=(1+€,) Fgo=12+Fy =720 kN.

Check of bolt stress:
O3 =F pesuy” Y/ Ag=72.0- 1.2/570.6=154.0 MPa<RM;,=225/1.25=180 MPa—O.K.

for bolt material EN 10025 S235JRG2, stress relevant cross-section of M30 bolts
A=560.7 mm? and y,,=1,2.

Check of top plate:
Design value of the maximum moment in the top plate®*:

Mypy=Fpe Tou (b, +€,~wp)/4=72.0-36/4=648 KNmm

where b,+e,=70+12=82 mm is the mean distance of the ribs, and w,=46 mm
the width across the flats of the M30 bolts.
Design value of the resistance (for material P265GH):

Rprp=RM - (byp=dyzp) - € 2, 4=(245/1.25) - (95-33)- 14.9%/4=674 KNmm

where b;,=95 mm is the width of the top plate, d,;»=33 mm the bore in the top
plate, and e;,,=14.9 mm the analysis thickness of the top plate,

eTPg:eTp_’ye—C: 16_06—05 - 149 mm

with the absolute value of the negative possible tolerance ,=0.6 mm according to
EN 10029, Table 1, Tolerance Class A, and the (chosen) corrosion allowance
¢=0.5 mm.

%Conservatively considered as simply supported beam, i.e. bending support by ribs and skirt neglected.
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Check of top plate:

My, =648<R ;p=674 KNmm —> O.K.

Check of anchor chairs’ ribs:>
Design value of compressive force

F = Fpesup” Y6u/2=36 kN

Design value of resistance:
Fdrres:% ' :BAA ‘R ‘M/J/RI 119.3 kN

with A denoting the used (analysis) cross-section of the rib of analysis thickness
11.0 mm, with §,=0.5 mm according to EN 10029, Table 1, Tolerance Class A and
the (chosen) corrosion allowance ¢=0.5 mm,

A=75-11.0=825.0 mm?,

and with
RM = 245 MPa, for the rib material EN 10028 P265GH,
%:=1.25, the relevant partial safety factor,
B,=1.0, a factor, here 1.0, for a part of Class 1,
[,=0.7(300-16/2-20/2)=197.4 mm, the relevant buckling length,
i=\I/A=3.18 mm, the relevant radius of gyration of the cross-section,
A=1,/i=62.2, the slenderness,

A,=m-VEIRM =93.9-\235/RM =91.7, the reference slenderness for the rib
material — Steel EN 10028 P265GH,

A=M1/A,=0.678, the relative slenderness, and

x =0.7381, the reduction factor for buckling according to [23], sub-clause 5.5,
relevant buckling line c.

2Conservatively calculated as buckling columns, clamped at the lower end and upper end pivoted, in accordance
With [23], Chapter 5.5.
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Check of ribs:
F,=36<F, =1193kN

rres

Total sub-load case result: NOLC 5.1/U:0.K.

8.2.2: NOLCS5.1/P
This design check deals with the maximum contact pressure at the base ring to
foundation interface — operating weight, pretensioning force, and wind act un-
favourably.

Upper characteristic value of the pretensioning force per bolt, carried over from
NOLC 1/U:

Fpeup=T2.0kN
Design value of the pretensioning bolt force:
Fyoir=Fpap T =72.0-1.2=86.4 kN
Design value of the operating weight:
Fop=Fy Y5, =360-1.2=432 kKN
Design value of the wind moment:

M =M, =0.9144 MNm

Resultant longitudinal force (per unit length) in the skirt at the junction to the
base ring due to operating weight:

Mor= (FOdz/Dmﬂ):27.2 Nmm™!

Resultant longitudinal force (per unit length) in the skirt at the junction to the
base ring due to pretensioning:

Mg =N* Fpoo/(D,,m)=65.4 Nmm™!

Resultant longitudinal force (per unit length) in the skirt at the junction to the
base ring due to wind action:

Maximum: n,y,=My,,,/(D? m/4)=45.7 Nmm™!
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Maximum pressure at the base ring to foundation interface:>%?’

Pnax= Moo T 1ypoy T 1) e g off 1.3 MPa
with the effective base ring with®” e, ,,=12+2-45.8=103.6 mm
Maximum pressure?® = 1.3 MPa

Maximum stress in base ring:

Maximum moment*” mye=p,,..-w;/2=1.40 kN

Maximum bending stress:?® 0,,=6"myp/ep,, =23.5 MPa
where e,, ,=18.9 mm is the analysis thickness of the base ring

epra=¢€pr — 0,— ¢=20-0.6—0.5=18.9 mm,

with the absolute value of the possible negative thickness tolerance 9,=0.6 mm
according to EN 10029, Table 1, Tolerance Class A, and the (chosen) corrosion

allowance ¢=0.5 mm.
Stress check in base ring: 0z <RMpp/Yz=245/1.25=196 MPa— O.K.
NOLC 5.1/P:OK.

Comment on the approximation used above:

The procedure used above is based on the presupposition of an infinitely stiff
foundation, the influence of the flexibility of the prestressed parts, i.e. foundation,
base ring, part of skirt, is neglected. This simple procedure is recommended for
non-critical cases. For critical cases the following approach, which takes this
flexibility into account, is recommended.

20Value to be forwarded to civil engineering design department.
2’External and internal projecting width of the base ring, by, and by, are larger than the width permissible to be
used in the calculation:

W, = g VRM (3, k;RM ;)= 45.8mm,
where egg, = epr —8,—c= 18.9mm denotes the analysis thickness of the base ring, with the absolute value of the pos-
sible negative thickness tolerance §,=0.6mm according to EN 10029 Table 1, Tolerance Class A, and the (chosen)
corrosion allowance ¢=0.5mm; RM , denotes the design value of the base ring material (245/1.25=196.0MPa),
RM - the characteristic cylinder compressive strength of the structural concrete foundation (25/1.5=16.7MPa), 3; the
separation factor 2/3, and k; the concentration factor (1.0 in accordance with [23] Annex L conservatively assumed).
Therefore, a constant contact pressure over the effective width equal to skirt thickness plus 2c¢ is used.
20wing to insufficient ductility of concrete the maximum stress is calculated for a linear-elastic constitutive law,
and limited by the design value RM ;5

m N
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The flexibility factor B, of the prestressed parts, i.e. of those parts that are under
compression in pretensioning, is defined by

0r=PrF,

where & is the shortening of the prestressed parts under the arbitrary pretension-
ing force ;. The flexibility factor f; of the prestressing parts, i.e. of those parts that
are under tension in pretensioning, is defined by

Op=Pp' F,

where &, is the elongation of the prestressing parts under the arbitrary pretension-
ing force .

The required pretensioning force (per bolt) is, in this more elaborate approach,
given by

FBOZ(I_ﬁ)'FBreq’
with
B = Bp/(Br+By).

The maximum pressure at the base ring to foundation interface is, in this ap-
proach, given by

Ponax = Mi01aF Pupoat (1=B) 10247+ 13y ) Ve off

where n,,,, is the resultant longitudinal force (per unit length) in the skirt at the
junction to the base ring due to weight already acting before pretensioning and
04 the one due to the weight added after pretensioning of the anchor bolts. For
the usual design details with steel bolts and concrete foundation f=0.14 may
be used.

8.2.3: NOLCS5.1/D
This load case deals with rigid body displacement — pretensioning force and
weight act favourably and wind acts unfavourably.

Design value of the total pretensioning bolt force:

Fys=N*Fpng* Vo= 1250+ 0.8=480.0 kN
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Design value of the operating weight:
F,;=F,,=288.0kN
Design value of the wind force:

Fyr=Fy7,=53.49-1.5=80.2 kN

Design value of the reaction, i.e. design value of the static friction force:>

Fri=FogptFpp) -t =384.0kN
Rigid body displacement check

Fyys<Fgg =

NOLC 5.1/D: O.K.
E.8.3: SE-DC of a leg supported vertical storage tank

In this example of a vertical storage vessel, which is fairly large for leg supports,
only one load case, with three sub-cases, is considered:
NOLC 1: Operating, weight + wind

Design Data:

e Leg geometry: see Figs. E.8.3-1 and E.8.3-2
e Material of legs: EN 10025 S235JRG2
e Material of base plates: EN 10025 S235JRG2
e Material of foundation: Structural concrete C35/45
e Minimum operating weight*® = Self weight:** F,=407.6 kN
¢ Maximum operating weight*: F, , =543.3 kN
o Self weight of one leg: F,, =910 N
° Wind31,32
o Resultant (horizontal) force according to the (local) code for wind action:
F,,=5.75 kN
o Resultant moment with respect to the centre point of the base:
M, =28.76 kN m

A value of ., =u/7,=0.6/1.2=0.5 may be used for steel on concrete according to EN 1337-1:2000: Structural
bearings. Part 1: General design rules.

Fncluding internals, legs, and accessories.

31 According to the (local) code for wind action the specified values are considered to be upper characteristic values.
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Detail A:

2300

Figure E.8.3-1: Vertical storage tank.

e Pipe thrust’*:
o Horizontal force: F,=22.25 kN
o Lever arm with respect to the centre point of the base: a,=6095 mm,
o Moment with respect to the centre point of the base: M,=135.61 kNm

8.3.1: NOLCS5.1/U
This load case deals with uplifting — weight acts favourably, but wind and pipe
thrust act unfavourably.

Design value of the operating weight:

Foa=Fsy ¥57=407.6-0.8=326.1 kN

Design value of the wind moment with respect to centre point of the base:

My =My, 7,=28.76-1.5=43.14 kNm

2Conservatively, both actions, wind and pipe thrust, are considered to act independently and in the same direc-
tion, but, because of the determination of the piper thrust actions via a piping analysis with the pipe to pressure
vessel nozzle modelled as clamped support, the pipe thrust action is treated as bounded variable action.
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Figure E.8.3-2: Effective contact pressure bearing area and leg cross-section.

Design value of pipe thrust moment*? with respect to centre point of the base:
My =M,¥,,=135.61-1.0=135.61 kNm

Design value of the vertical leg force due to wind and pipe thrust:*?

Maximum: F, .y p, =4-(My,+Mp, )/(D,--N)=59.8 kKN with the number of legs
N=4, and the diameter D, ~=2990 mm of the circle through the assumed position
of the leg reaction forces (see Fig. E.8.3).

3 In the used model (of the supporting legs) the legs are considered to be columns clamped at the upper ends, at
the reinforcing plates welded to the shell or at the shell, and with reaction forces and a (limited) reaction moment
acting at the intersection points of the legs’ axes with the base plate to foundation interfaces. These reactions are
determined by means of (global) equilibrium equations complemented by simplifying assumptions:
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Design value of the vertical leg force due to operating weight:

Fpy01=Fpu/ N=81.5kN

Uplifting check:
Frao>Frawp1—

NOLC 8.1/U: O.K.

8.3.2: NOLCS5.1/P
This load case deals with the maximum contact pressure at the leg base plates
to foundation interfaces — operating weight, wind, and pipe thrust act un-
favourably.

Design value of the operating weight:

Fon=Foup Y6, =543.3-1.2=6520 kN
Design value of the wind moment with respect to centre point of the base:

Myy,=M,, =43.14 KNm

33 (continued)

The vertical reaction forces are assumed to be proportional to their distance from the axis of the global moment
of imposed forces with respect to the centre point 0 of the leg axes circle, and the moment of all these vertical
reaction forces must be in equilibrium with the moment of all imposed forces, again with respect to the same ref-
erence point. This results in F;, . =4 M/(D,.-N), where F,, . is the largest of all vertical leg forces, M is the
(global) moment of all imposed forces, N the number of legs, and D, . is the diameter of the circle through the
vertical reaction forces, see Figure E.8.4.

The ratio of the horizontal reaction force of any leg to the sum of all horizontal reaction forces (in all legs) is as-
sumed to be equal to the quotient of the moment of inertia of the cross-section of the considered leg, about the
axis perpendicular to the direction of the force and through the leg’s axis, to the sum of all these moments of in-
ertia of the cross-section of all legs.

Part of the moment due to the offset of the legs’ axes and the mean shell surface is assumed to be carried by a
linearly distributed contact pressure distributions between base plates and foundation: Due to the offset of leg
axes to the shell of the vessel, the transfer of vertical forces, from the vessel to the legs, results in each leg in a
bending moment at the upper end. Part of that moment will be transferred to the leg, the remaining part trans-
ferred to the vessel shell. It is assumed that the part of the moment transferred by the leg is given by the product
of the vertical reaction force (in the leg) and the distance a,, of the innermost fibre of the leg cross-section from
the centroid of the effective contact pressure bearing area, see Figure E.8.4. Slightly different variants of this as-
sumption are in use [117-119], which assign a larger or smaller portion of the offset moment to the base plate to
foundation interface. The (usual) assumption used here results in reasonable base plate sizes and leg to base plate
designs. In all variants no other moment is assigned to the base plate to foundation interface.
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Design value of the pipe thrust moment with respect to the center point of the base:
M, ,=M,,=135.61 kNm

Effective contact pressure bearing area of the legs’ base plates®*
Leg cross-section: IPB1 160 (see Fig. E.8.3-2)
Effective contact pressure bearing area: see Fig. E.8.3-2:

A=54114 mm?

Moment of inertia of the effective contact pressure bearing area about the axis
x—x through the centroid:

1,=3.5118-10° mm*

Distances from the centroid:
dy,;=149.0 mm, d,,=142.0 mm, a,=37.0 mm
Design value of the vertical leg force due to operating weight:
Fi0p=Fp/ N=651.2/4=163.0 kN
Design value of the vertical leg force due to wind and pipe thrust:
Fywpy=Fwp1=59.8 kKN

Maximum design value of the vertical leg force:

F1p=F 00t F wp,=222.8 kN

%The width of projecting parts of the base plates, projecting over the leg column cross-section, are laterally
larger than the width permissible to be used in the calculation according to [23], Annex L:

W,=egp, * VRM 3o/ 3Bk, RM ;) =37.9mm,

where RM ;, denotes the design value of the base plate material (235/1.25)=188.0 MPa, RM ;. the characteristic
cylinder compressive strength of the structural concrete foundation (35/1.5=23.3MPa), f3; the separation factor
2/3, and kj the concentration factor (1.0 in accordance with [23] Annex L conservatively assumed), and
eppa=Cpp—0,—¢=20.0—0.6—0.5=18.9mm the analysis thickness of the base plates, with §,=0.5mm being the
absolute value of the possible negative tolerance according to EN 10029, and ¢=0.5 the (chosen) corrosion al-
lowance. Therefore, the effective contact pressure area, permissible to be used in the calculation according to [23]
Annex L, is used. This area, based on the leg column cross-section extended by W is shown in Figure E.8.4 to-
gether with the leg cross-section and the actual base plate dimensions.
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Average contact pressure at the leg’s base plate to foundation interface:**
Pure=F,n/A=4.1 MPa
Moment in legs due to the offset of the leg axes from the shell mean surface:

Offset: a,=80 mm

Moment: M=(F, ,—Fy,) a,=17.75 MN mm

Moment with respect to the centroid of the effective contact pressure bearing area:
Lever arm: ay—a,=43.0 mm

Moment: M= (F, ,—F gy, Nay—a,)—Fgy,a.=9.51 MN mm
Maximum contact pressure due to M

Pp=Mc-dy,/1 =40 MPa
Maximum contact pressure:>**3
pmax:pave+pb1:8'l MPa
Maximum contact pressure’ = 8.1 MPa
Check of stresses in base plates:
Moment in critical cross-section 1-1, see Fig. E.8.4:
Maximum: m,_ ;=p,..-w;/2=5817 N
Maximum stress:
o,=m, - 6/c%, =98 MPa,

where e,,,=18.9 mm is the analysis thickness of the base plates and

0,=98 MPa<RM,=235/1.25=188 MPa — O.K.

$Value to be forwarded to civil engineering design department.
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Check of minimum contact pressure:
The operating weight acts in this check favourably, and wind and pipe thrust act
unfavourably.
Design value of the operating weight:
F4y=Fgy 15~=407.6-0.8=326.1 kN
Design value of the vertical leg force due to operating weight:
F|,,=F},,/N=81.5kN
Maximum design value of the leg force:
Fl2=F [t Frawp,=141.3 kN
Average contact pressure at the leg’s base plate to foundation interface®*:
po=F /|, /A=2.6 MPa

av

Moment with respect to the centroid of the effective contact pressure bearing area:
Moment:

M =(F»—Fgy)(a,—a,)—Fgy, - a,=6.00 MNmm,
Minimum contact pressure due to M .:
P pp=—M .- dy,/I,=—2.4 MPa
Minimum contact pressure check:
Porin=P wet P 5r=2.6-2.4=0.2 MPa>0—> O.K.

Total sub-load case result: NOLC 5.1/P : O.K.
8.3.3: NOLCS5.1/D
This load case deals with the failure mode rigid body displacement — the operating
weight acts favourably, and wind and pipe thrust act unfavourably

Design value of the operating weight

Fous=Fgy" ¥5=407.6 - 0.8=326.1 kN
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Design value of the wind force:
Fys=Fy 7,=5.751.5=8.6 kKN

Design value of the pipe thrust®2:
Fp=F, Yp,=22.25-1.0=22.2

Design value of the reaction, i.e. design value of the static friction force3¢
Fry=F py 1,,=326.10.5=163.0 kN

with the design value of the coefficient of static friction ¢ u_,.
Rigid body displacement check:

Fyyys+ Fpis=30.8 KN<F,,=163.0 kN—

NOLC 5.1/D:0O.K.

A value of u, = Uy 1y, = 0.6/1.2 = 0.5 may be used for steel on concrete according to EN 1337-1:2000:
Structural bearings. Part 1: General design rules.
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Annex L: ANSYS Input Listings

This annex contains ANSY'S input listings and other lists useful for checking some
of the examples dealt with in Annex E. The section numbering refers to the exam-
ple designations in Annex E, e.g. Section L.5.2 deals with Example 5.2 dealt with
in Annex E.5.2.

L.4.1: GPD-DC of a hydrocracking reactor

W J 0 Ul W

L )
w N P o

14
15
16
17
18
19

20
21
22
23
24
25
26
27
28
29
30
31
32

33

/filnam,Model, 1
/PREP7
*gset,pi,acos(-1)
*afun, deg

lgeometry cylindrical shell
*gset,riz,2515/2
*set,raz,2515/2+190
*gset,hz,2000

csys, 0

k,1,riz,0,0
k,2,raz,0,0
k,3,raz,hz,0
k,4,riz,hz,0

!geometry hemispherical end
*gset,rik,1297.5
*get,rak,1297.5+110

local, 11,1, ,hz,
k,5,rak,acos (riz/rik), 0
k,6,rik,acos(riz/rik) ,0

lgeometry nozzle
*set,ris,520/2
*set,ras,520/2+130
*set,rar,520/2+90
*get,hsv, 295
*set,hsr, 150

*set,rf, 50

k,7,rak,acos (ras/rak),0
k,8,rik,acos (ris/rik),0
1,5,7

1,8,6

csys, 0
k,9,ras, hz+ (sqgrt (rak**2-
ras**2))+hsv
k,10,ris,hz+ (sqgrt (rak**2-
ras**2)) +hsv
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34

35

36

37

38
39
40
41

42
43
44
45
46

47

48

49

50
51
52
53
54

k,11,rar,hz+ (sqrt (rak**2-
ras**2))+hsv+ (ras-rar) /tan(30)
k,12,ris,hz+ (sqrt (rak**2-
ras**2))+hsv+ (ras-rar) /tan(30)
k,13,rar,hz+ (sqrt (rak**2-
ras**2) ) +hsv+ (ras-
rar)/tan(30) +hsr
k,14,ris, hz+ (sqrt (rak**2-
ras**2) ) +hsv+ (ras-
rar)/tan(30) +hsr

1,7,9

1,10,8

LFILLT,1,3,rf,0
LFILLT,2,4,rf,0

!geometry flange
*gset,hf, 200
*set,raf,1045/2
*set,rda,700/2
k,19,raf,hz+ (sqrt (rak**2-
ras**2) ) +hsv+ (ras-
rar)/tan(30) +hsr
k,20,raf,hz+ (sqrt (rak**2-
ras**2) ) +hsv+ (ras-
rar)/tan(30) +hsr+hf
k,21,rda,hz+ (sqrt (rak**2-
ras**2))+hsv+ (ras-
rar)/tan(30) +hsr+hf
k,22,ris, hz+ (sqrt (rak**2-
ras**2))+hsv+ (ras-
rar)/tan(30) +hsr+hf

a,1,2,3,4

a,4,3,5,6
a,10,9,11,12
a,12,11,13,14
LANG,2,15,90,,0.1
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55 LANG, 4,16,90,,0.7 99 lesize,9,,,5
56 al,1,22,21,12 100 lesize,12,,,5
57 al,5,24,23,6,2,22 101 lesize,14,,,5
58 al,3,14,4,24 102 lesize,16,,,5
59 a,l4,13,21,22 103 lesize,19,,,5
60 a,13,19,20,21 104 lesize,25,,,5
105 lesize,27,,,5
61 csys,0 106 lesize,28,,,5
62 k,100,0,0,0 107 lesize,22,,,5
63 k,101,0,1,0 108 lesize,24,,,5
64 VROTAT,all,,,,,,100,101,180,2 109 1lesize,26,,,5
110 1lesize,29,,,5
65 !defining elements 111 lesize,30,,,5
66 et,1,plane42,,,,,,, 112 lesize,3,,,10
67 et,2,so0lid4s,,,,,.,. 113 lesize,4,,,10

114 lesize,15,,,5

68 Imaterial properties
69 Imaterial i cilindrical shell e 165%26'17"'5
116 1lesize,18,,,5
70 H; i;?l 191915 IE-Modul 117 1es%zer201"5
ex, 1, 118 1lesize,1,,,25
305°C

119 1lesize,21,,,25
120 1lesize,11,,,8
121 lesize,13,,,8
122 lesize,8,,,30
123 lesize,10,,,30

71 mp,nuxy,1,0.3

72 TBDE, BKIN, 1, ,,

73 TB,BKIN,1,2,2,1
74 !TBTEMP, 400

75 TBDATA, ,135,0,,,,

124 1sel,s,line,,2,6,4

76 Imaterial 2 nozzle i
77 mp,ex,2,191915 !E-Modul 125 1sel,a,line,,23,23,0
305°C

126 1lccat,all

78 mp,nuxy,2,0.3
P Y 127 allsel

79 TBDE, BKIN, 2, ,,
80 TB,BKIN,2,2,2,1

81 TBDATA, ,135,0,,,, 128 asel,s,area,,1,9,1

129 amesh,all

82 !material assignment 130 allsel
83 VSEL, s,volu,,1,2,1
84 VSEL,a,volu,,5,9,4 131 EXTOPT,ACLEAR, 1
85 VSEL,a,volu,,10,13,3 132 EXTOPT, VSWE, AUTO, 0
86 VATT,1,,2,0 133 EXTOPT,ESIZE, 22,0
87 allsel
88 VSEL,u,volu,,1,2,1 134 VSWEEP,1,1,14
89 VSEL,u,volu,,5,9,4 135 VSWEEP,10,14,53
90 VSEL,u,volu,,10,13,3 136 VSWEEP,2,2,18
91 VATT,2,,2,0 137 VSWEEP,11,18,57
92 allsel 138 VSWEEP,5,5,31

139 VSWEEP,14,31,70
93 !meshing 140 VSWEEP,6,6,37
94 lesize,5,,,11 141 VSWEEP,15,37,76
95 lesize,2,,,4 142 VSWEEP,7,7,40
96 lesize,23,,,4 143 VSWEEP,16,40,79
97 lesize,6,,,3 144 VSWEEP,3,3,23

98 lesize,7,,,5 145 VSWEEP,12,23,62



146
147
148
149
150
151

152
153
154
155

156

157

158
159
160
161
162
163
164
165
166
167
168

169
170
171
172
173
174
175
176

177
178
179
180
181
182
183

184

185
186
187

VSWEEP, 4,4,27
VSWEEP, 13,27, 66
VSWEEP, 8, 8,44
VSWEEP, 17,44, 83
VSWEEP, 9, 9,48
VSWEEP, 18,48,87

!defining beam element
ET,3,BEAM189,

save

finish
trrlbrrrrrprrrrpnrnrrrrrrrd

lcreating cross section for
beam element

/filnam, Beamsection, 1
/clear,

/PREP7
local,11,1,,,,180,,,,
*set,ri,520/2
*set,ra,1045/2
k,1,ri,0

k,2,ra,0

k,3,ra,180

k,4,ri, 180

a,1,2,3,4

et,1,mesh200,7

esize,ra-ri

mshkey, 1

amesh,all

secwrite, beamsection, sect,,1
save

finish
RN

/filnam,GPD Mises, 1

RESUME, GPD Mises,db
/PREP7
SECTYPE, 1,Beam, mesh, hrohroO,

SECREAD, beamsection, , ,mesh
SECOFFSET, origin,
k,200,0,hz+ (sgrt (rak**2-
ras**2))+ hsv+ (ras-

rar) /tan(30) +hsr+hf, 0
k,201,0,hz+ (sgrt (rak**2-
ras**2))+ hsv+ (ras-

rar) /tan(30) +hsr+hf+200,0
1,200,201
lsel,s,line,, 136
latt,1,1,3

188
189
190
191
192
193
194
195
196
197
198
199
200
201
202

203
204
205
206
207
208
209
210

211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229

230
231
232
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lesize,136,,,1
lmesh, 136
allsel

Iboundary conditions
csys, 0

nrotat,all
nsel, s, loc,y,0,,,
d,all,uy,0
nsel,s,loc,z,0,,,
d,all,uz,0
nsel, s, loc,y,0
nsel,r,loc,x,0
d,all,ux,0
*set,h,hz+ (sgrt (rak**2-
ras**2) )+ hsv+ (ras-
rar) /tan(30) +hsr+hf
nsel, s, loc,x,0
nsel,r,loc,z,0,
nsel,r,loc,y,h
d,all,rotx,0
d,all,roty, 0

lrigid region!
csys, 0
*set,h,hz+ (sqrt (rak**2-
ras**2))+ hsv+ (ras-
rar)/tan(30) +hsr+hf
nsel,s,loc,y,h,h+1,,
nsel,r,loc,x,0
nsel,r,loc,z,0
*get,ncerig, node, ,num, max
nsel, s, loc,y,h,h+1,,
csys, 5
ngsel,r,loc,x,0,rda
csys, 0
CERIG,ncerig,all,uy
nsel,s,loc,y,h,h+1,,
nsel,r,loc,x,0
csys, 5
ngel,r,loc,x,0,rda
csys, 0
CERIG,ncerig,all,ux

allsel
save
Finish

/solu

antype, 0, new

eresx, no lcopy integration
point results to the nodes for
all elements

@ i p
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233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249

Pressure Vessel Design: The Direct Route

l'lactions!!
rrrrrrrrrnd

*set,Pr,21.6
*set,Ms, 313600000
*set,Fs,115200

!pressure

asel,s,area,,13,17,4
asel,a,area, ,22,26,4
asel,a,area, ,30,34,4
asel,a,area,,35,36,1
asel,a,area,,39,43,4
asel,a,area,,52,56,4
asel,a,area,,61,65,4
asel,a,area, ,69,73,4

250
251
252
253
254

255
256

257

258
259
260
261
262
263

asel,a,area,,74,75,1
asel,a,area,,78,82,4
NSLA,s,1
sf,all,pres, Pr,
allsel

'nozzle force and moment
F,ncerig,FY,Pr*ris**2%pi/2-
Fs/2,,,
F,ncerig,Mz,-Ms/2,,,

time, 1
deltim,0.05,0.0001,0.05
neqgit, 15

outres,all,all

solv

finish

L.4.2: GPD-DC of details of cylindrical shell to hemispherical end

W 30 Ul W N

13
14
15
16
17
18
19
20

21
22
23
24
25

26

/PREP7
*gset,pi,acos(-1)
*afun, deg

lgeometry cylindrical shell
*set,riz,2515/2
*set,raz,2515/2+190
*set,hz,2000

csys, 0

k,1,riz,0,0
k,2,raz,0,0
k,3,raz,hz,0
k,4,riz,hz,0

lgeometry hemispherical end
*get,rik,1297.5
*set,rak,1297.5+110

local, 11,1, ,hz,
k,5,rak,acos (riz/rik),0
k,6,rik,acos (riz/rik),0
k,7,rik, 90,0

k,8,rak,90,0

a,6,5,8,7
csys, 0

a,1,2,3,4
a,3,5,6,4

et,1l,plane82,0,0,1,
Iplane82 2d, 8-node element!
Imaterial data!

27

28
29
30
31

32
33
34
35

36
37

38
39
40
41
42
43
44

45
46
47

48
49

mp,ex,1,191915 !material
properties

mp,nuxy,1,0.3

TBDE, BKIN, 1, ,,
TB,BKIN,1,2,2,1

TBDATA, ,135,0,,,,

esize, 30
amap,3,3,5,6,4
amap,1,6,5,8,7
amap,2,1,2,3,4

Imeshing!
,

12

csys, 0
nrotat,all
conditions!
nsel, s, loc,y,0
d,all,uy,0
allsel
nsel,s,loc,x,0
d,all,ux,0
allsel

save

!boundary

/solu

antype, 0, new

eresx, no lcopy inte-
gration point results to the
nodes for all elements
*set,p, 23

lsel,s,line, ,4,8,4

@ i p



50
51
52
53
54
55

lsel,a,line,, 10
NSLL,S,1
sf,all,pres,p
allsel

csys, 0

time, 1

56
57
58
59
60
61

L.4.3: GPD-DC of an air cooler header

Input file: NOLC 1.1: LC without
thermal stresses

oW

H W 3 o0 U

12
13
14
15
16
17
18
19
20
21
22
23
24
25

26
27
28
29
30

31

/filnam,Model, 1
/PREP7

*set,pi,acos(-1)
*afun, deg

a=190+2*3
b=255+2*3
sa=34-3
sb=34-3
T=30

aw=6

!geometry plates
k,1,0,0,0

k,2,8b,0,0
k,3,8b,sa,0
k,4,sb,sa+b-aw,0
k,5,sb+aw,sa+b, 0
k,6,sb+aw,2*sa+b, 0
k,7,0,2*sa+b, 0
k,8,8b+a,0,0
k,9,2*sb+a, 0,0
k,10,2*sb+a,2*sa+b, 0
k,11,sb+a-aw,2*sa+b, 0
k,12,sb+a-aw, sa+b, 0
k,13,sb+a,sa+b-aw,0
k,14,sb+a,sa,0

a,1,2,3,4,5,6,7
a,2,8,14,3
a,8,9,10,11,12,13,14
a,11,6,5,12

vext,1,4,1,0,0,T,

bore Isee macro bore.mac

32
33

34
35
36
37
38
39

40
41
42
43
44
45

46
47
48
49
50
51
52
53
54
55
56
57
58
59

60

61
62
63
64
65
66
67
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deltim, 0.05,0.0001,0.05
neqgit, 15

outres,all,all

save

solv

finish

!defining elements
et,1,so0lid9ss,,,,,,,

Imaterial properties plates
mp,ex,1,206000
mp,nuxy,1,0.3

TBDE, BKIN, 1, ,,
TB,BKIN,1,1,,1

TBDATA, ,205.1,0,,,,

Imaterial properties tubes
mp,ex,3,206000
mp,nuxy,3,0.3

TBDE, BKIN, 3, , ,
TB,BKIN,3,1,,1

TBDATA, ,126.1,0,,,,

Imeshing
cmsel, s, tube,volu
Vatt,3,,,
esize,2.4
vsweep,all

allsel

cmsel,u, tube,volu
Vatt,1,,,
esize,sa/5
vsweep, 2

vsweep, 4

MSHKEY, 0
MSHAPE, 1, 3d
VMESH, 13,15,2
tube !see macro tube.mac
!boundary conditions

csys, 0

nsel,s,loc,z,0,,,
nsel,r,loc,x,0,2*sb+a+1r,,
d,all,uz,0

nsel, s, loc,y,sa+b/2,,,

nsel,r, loc,x,sb+a,,,

@ i p
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68
69
70
71
72
73
74
75
76
77
78

79
80

81
82
83
84

85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108

109
110
111
112
113
114

Pressure Vessel Design: The Direct Route

d,all,uy,0
nsel,s,loc,z,T,,,
nsel,r,loc,x,0,2*sb+a+1r,,
cp,1l,uz,all

allsel

nsel, s, loc,x,2*sb+a+lr,
d,all,ux,0

d,all,rotx,0
d,all,roty,0
d,all,rotz,0

allsel

finish
save

I'solution
/SOLU
!

eresx,no !copy integration

point results to the nodes for

all elements

1

*set,p,7.2*%1.2
SFA,8,1,PRES, p
SFA,9,1,PRES,p
SFA,16,1,PRES,p
SFA,22,1,PRES,p
SFA,26,1,PRES,p
SFA,27,1,PRES,p
SFA,31,1,PRES,p
SFA,34,1,PRES,p
SFA,38,1,PRES,p
SFA,41,1,PRES,p
SFA,44,1,PRES,p
SFA,49,1,PRES,p
SFA,51,1,PRES,p
SFA,54,1,PRES,p
SFA,61,1,PRES,p
SFA,64,1,PRES,p
SFA,69,1,PRES,p
SFA,71,1,PRES,p
SFA,74,1,PRES,p
SFA,95,1,PRES,p
SFA,100,1,PRES,p
plugforce !see macro
plugforce.mac
allsel

time, 1
deltim,0.1,0.001,0.1
outres,all,all
save

solv

Macro: bore.mac

W N

ul

10
11

12
13

14

15
16
17
18

19
20

21

22
23
24
25

26
27

28

29
30
31
32

x=0

y=sa+b/2-52

z=0

wplane,-1,%X,y,2,X,Y,2-
1,x,y+1,z
cyl4,0,0,28.173/2,,,,sb
wplane, -
1,x+sb+a,y,z,x+sb+a,y,z-1,
x+sb+a,y+1,z
cyl4,0,0,25.65/2,90,25.65/2-
2.371,270,sb

x=0

y=sa+b/2+52

z=0

wplane,-1,%X,¥,2,X,Y,2-
1,x,y+1,z
cyl4,0,0,28.173/2,,,,sb
wplane, -
1,x+sb+a,y,z,x+sb+a,y,z-1,
x+sb+a,y+1,z
cyl4,0,0,25.65/2,90,25.65/2-
2.371,270,sb

x=0

y=sa+b/2-104

z=T
wplane,-1,%x,y,2,X,Y,2-
1,x,y+1,z
cyl4,0,0,28.173/2,,,,8b
wplane, -
1,x+sb+a,y,z,x+sb+a,y,z-1,
x+sb+a,y+1,z
cyl4,0,0,25.65/2,-90,25.65/2-
2.371,90,sb

x=0

y=sa+b/2+104

z=T
wplane,-1,%X,y,2,X,Y,2-
1,x,y+1,z
cyl4,0,0,28.173/2,,,,sb
wplane, -
1,x+sb+a,y,z,x+sb+a,y,z-1,
x+sb+a,y+1,z
cyl4,0,0,25.65/2,-90,25.65/2-
2.371,90,sb

x=0

y=sa+b/2

z=T
wplane,-1,%X,Y,2,X,Y,2-
1,x,y+1,z
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33
34

35

36
37
38
39
40
41
42
43
44
45
46
47
48

cyl4,0,0,28.173/2,,,,sb
wplane, -
1,x+sb+a,y,z,x+sb+a,y, z-
1,x+sb+a,y+1,z
cyl4,0,0,25.65/2,-90,25.65/2-
2.371,90,sb

Vsel,s,volu,,5,13,2

cm, bohrung, volu
Vsel,s,volu, ,6,14,2

cm, tube, volu
Vsel,s,volu,,1,4,1

cm, rahmen, volu

allsel

vsbv, rahmen, bohrung, , ,delete
allsel

vsbv, rahmen, tube, , , keep
vsel,s,volu,,1
vsel,a,volu,,5,11,2
vdele,all,,,1

Macro: tube.mac

w J o Ul b W N

(o)

11
12
13
14
15
16
17
18
19
20

21
22
23
24
25

lcreating cross sections for
beam elements

save

finish
/filnam,beaml, 1
/clear,

/PREP7
local,11,1,,,,180,,,,
*set,ra,25.4/2
*set,ri,ra-2.4
k,1,ri,0

k,2,ra,0

k,3,ra,180

k,4,ri, 180

a,1,2,3,4
et,1,mesh200,7
esize,ra-ri

mshkey, 1

amesh,all
secwrite,beaml, sect,,1
finish

/filnam,beam2,1
/clear,

/PREP7
local,11,1,,,,0,,,,
*set,ra,25.4/2

26
27
28
29
30
31
32
33
34
35
36
37

38
39
40
41
42
43
44
45
46

47
48

49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72

73
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*set,ri,ra-2.4
k,1,ri,0
k,2,ra,0
k,3,ra,180
k,4,ri, 180
a,1,2,3,4
et,1l,mesh200,7
esize,ra-ri
mshkey, 1
amesh,all
secwrite,beam2, sect,, 1
finish

Imodelling tubes
/filnam,Model, 1

RESUME, Model , db

/PREP7

*set,lr,5460

ET,3,BEAM189,
SECTYPE, 1,Beam, mesh, hrohro,
SECREAD, beaml, , ,mesh
SECOFFSET, origin,

numcmp , kp
numcmp, line

x=2*sb+a

y=sa+b/2

z=T

csys, 0

k,,x+sb,y,z

k,,x+lr,y,z
*get,nkp, kp, ,num, max
1,nkp-1,nkp
*get,nline, line, ,num, max
1lsel,s,line, ,nline
lesize,all,,,3
latt,3,,3,,,,1
lmesh,nline
nsel,s,loc,z,z,,,
nsel,r,loc,y,V,, .,
nsel,r,loc,x,x+sb, ,,
*get,ncerig,node, ,num, max
local,20,1,x,y,2,0,0,90
asel,s,loc,x,0,25.65/2
asel,r,loc,z,0
local,21,0,%x,y,2,0,0,90
extopt,esize, 10

mat, 3
vext,all,,,0,0,s8b,25.4/25.65,
25.4/25.65,

csys, 20
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74
75
76
77
78
79
80

81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104

105
106
107
108
109
110
111
112

113
114
115
116
117
118
119
120
121
122
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nsel,s,loc,x,0,25.65/2
nsel,r, loc, z, sb,
CERIG,ncerig,all,ux,
csys, 21
nsel,r,loc,y,0,,,
CERIG,ncerig,all,uy,
allsel

x=2*sb+a

y=sa+b/2-104

z=T

csys, 0

k, ,x+sb,y,z

k,,x+lr,y,z
*get,nkp, kp, ,num, max
1,nkp-1,nkp
*get,nline,line, ,num, max
lsel,s,line, ,nline
lesize,all,,,3
latt,3,,3,,,,1
lmesh,nline
nsel, s, loc,z,z,,,
nsel,r,loc,y,V,. .
nsel,r,loc,x,x+sb,,,
*get,ncerig, node, ,num, max
local,20,1,x,y,2,0,0,90
asel,s,loc,x,0,25.65/2
asel,r,loc,z,0
local,21,0,x,y,2z,0,0,90
extopt,esize, 10

mat, 3
vext,all,,,0,0,s8b,25.4/25.65,
25.4/25.65,

csys, 20
nsel,s,loc,x,0,25.65/2
nsel,r, loc, z, sb,
CERIG,ncerig,all, ux,
csys, 21
nsel,r,loc,y,0,,,
CERIG,ncerig,all,uy,
allsel

x=2*sb+a

y=sa+b/2+104

z=T

csys, 0

k, ,x+sb,y.,z

k, , x+1lr,y,z
*get,nkp, kp, , num, max
1,nkp-1,nkp
*get,nline, line, ,num, max
lsel,s,line, ,nline

123
124
125
126
127
128
129
130
131
132
133
134
135
136

137
138
139
140
141
142
143
144

145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171

lesize,all,,,3
latt,3,,3,,,,1
lmesh,nline
nsel,s,loc,z,z,,,
nsel,r,loc,y,V,,,
nsel,r,loc,x,x+sb, ,,
*get,ncerig,node, ,num, max
local,20,1,x,y,2,0,0,90
asel,s,loc,x,0,25.65/2
asel,r,loc,z,0
local,21,0,x,y,2,0,0,90
extopt,esize, 10

mat, 3
vext,all,,,0,0,s8b,25.4/25.65,
25.4/25.65,

csys, 20
nsel,s,loc,x,0,25.65/2
nsel,r, loc, z, sb,
CERIG,ncerig,all,ux,
csys, 21
nsel,r,loc,y,0,,,
CERIG,ncerig,all,uy,
allsel

SECTYPE, 2,Beam, mesh, hrohro,
SECREAD, beam2, , ,mesh
SECOFFSET, origin,
x=2*sb+a

y=sa+b/2-52

z=0

csys, 0

k,,x+sb,y,z

k,, x+lr,y,z
*get,nkp, kp, , num, max
1,nkp-1,nkp
*get,nline, line, ,num, max
lsel,s,line, ,nline
lesize,all,,,3
latt,3,,3,,,,2
lmesh,nline
nsel,s,loc,z,z,,,
nsel,r,loc,y,v,, .
nsel,r,loc,x,x+sb,,,
*get,ncerig, node, ,num, max
local,20,1,x,y,2,0,0,90
asel,s,loc,x,0,25.65/2
asel,r,loc,z,0
local,21,0,x,y,2,0,0,90
extopt,esize, 10

mat, 3
vext,all,,,0,0,sb,25.4/25.65,
25.4/25.65,



172 csys, 20

173 nsel,s,loc,x,0,25.65/2
174 nsel,r,loc,z,sb,

175 CERIG,ncerig,all,ux,
176 csys,21

177 mnsel,r,loc,y,0,,,

178 CERIG,ncerig,all,uy,
179 allsel

180 x=2*sb+a

181 y=sa+b/2+52

182 z=0

183 csys,0

184 k,,x+sb,y,z

185 k,,x+1lr,y,z

186 *get,nkp, kp, ,num, max
187 1,nkp-1,nkp

188 *get,nline, line, ,num,max
189 1sel,s,line,,nline

190 1lesize,all,,,3

191 1latt,3,,3,,,.,2

192 1mesh,nline

193 nsel,s,loc,z,z,,,

194 nmnsel,r,loc,y,V,,.

195 nsel,r,loc,x,x+sb,,,
196 *get,ncerig,node, ,num,max
197 1local,20,1,x,y,2,0,0,90
198 asel,s,loc,x,0,25.65/2
199 asel,r,loc,z,0

200 1local,21,0,x%x,y,2,0,0,90
201 extopt,esize, 10

202 mat,3

203 vext,all,,,0,0,sb,25.4/25.65,

25.4/25.65,
204 csys,20
205 mnsel,s,loc,x,0,25.65/2
206 nsel,r,loc,z,sb,
207 CERIG,ncerig,all,ux,
208 «csys,21
209 mnsel,r,loc,y,0,,,
210 CERIG,ncerig,all,uy,
211 allsel

Macro: plugforce.mac

x=0

y=sa+b/2

z=T

csys, 0
local,20,1,x,y,2,0,0,90
nsel,s,loc,x,0,28.173/2

o Ul W N

11
12
13
14
15
16
17
18
19
20

21
22
23
24
25
26
27
28
29
30

31
32
33
34
35
36
37
38
39
40

41
42
43
44
45
46
47
48
49
50
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nsel,r,loc,z,0,sb

*get ,nnode, node, , count,
csys, 0

f,all, fx, -
p*28.173**2%pi/4/2/nnode

x=0

y=sa+b/2-104

z=T

csys, 0
local,20,1,%x,y,2,0,0,90
nsel,s,loc,x,0,28.173/2
nsel,r,loc,z,0,sb
*get,nnode,node, , count,
csys, 0

f,all, fx, -
p*28.173**2%pi/4/2/nnode

x=0

y=sa+b/2+104

z=T

csys, 0
local,20,1,%,y,2,0,0,90
nsel,s,loc,x,0,28.173/2
nsel,r,loc,z,0,sb
*get,nnode, node, , count,
csys, 0

f,all, £x, -
p*28.173**2%pi/4/2/nnode

x=0

y=sa+b/2+52

z=0

csys, 0
local,20,1,x,y,2,0,0,90
nsel,s,loc,x,0,28.173/2
nsel,r,loc,z,0,sb

*get ,nnode, node, , count,
csys, 0

f,all, £fx, -
p*28.173**2%*pi/4/2/nnode

x=0

y=sa+b/2-52

z=0

csys, 0
local,20,1,%x,y,2,0,0,90
nsel,s,loc,x,0,28.173/2
nsel,r,loc,z,0,sb
*get,nnode, node, , count,
csys, 0

f,all, £fx, -
p*28.173**2%pi/4/2/nnode

@ i p
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280 Pressure Vessel Design: The Direct Route

Input file: Recommended NOLC 1.2: 42  MPDATA,ALPX,1,,11.30E-6,12.04E-

. lthermal expansion!
LC with thermal stresses 43 MPDATA, kxx,1,,49.50,47.70

!thermal conductivity!

1 /filnam,Model, 1 44 Imaterial properties tubes
2 /PREP7 45 mp,ex,3,206000
3 *set,pi,acos(-1) 46 mp,nuxy,3,0.3
4 *afun, deg 47 TBDE, BKIN, 3, ,
48 TB,BKIN,3,1,,1
5 a=190+2*3 49 TBDATA, ,126.1,0,,,,
6 b=255+2*3 50 mptemp,1,20,120
7 sa=34-3 51 UIMP, 3,REFT,,,20
8 sb=34-3 52 MPDATA,ALPX,3,,11.30E-
9 T=30 6,12.04E-6
10 aw=6 53 MPDATA, kxx,3,,55.2,52.6
11 lgeometry plates 54 Imeshing

12 k,1,0,0,0

13 k,2,8b,0,0

14 k,3,8b,sa,0

15 k,4,sb,sa+b-aw,0
16 k,5,sb+aw,sa+b, 0

55 cmsel, s, tube,volu
56 Vatt,3,,,

57 esize,2.4

58 vsweep,all

59 allsel

17 k,6,sb+aw, 2*sa+b, 0 60 cmsel,u, tube,volu
*

18 k,7,0,2*sa+b,0 61 vatt,1,,,

19 k,8,sb+a, 0,0 62 esize,sa/5

20 k,9,2*sb+a, 0,0

63 vsweep, 2

64 vsweep, 4

65 MSHKEY, 0

66 MSHAPE, 1, 3d
67 VMESH, 13,15, 2

21 k,10,2*sb+a,2*sa+b, 0
22 k,11,sb+a-aw,2*sa+b, 0
23 k,12,sb+a-aw, sa+b, 0
24 k,13,sb+a,sa+b-aw,0
25 k,14,sb+a,sa,0

26 a,1,2,3,4,5,6,7 68 tube !'see macro tube.mac
27 a,2,8,14,3
28 a,8,9,10,11,12,13,14 69 !boundary conditions
29 a,11,6,5,12 70  csys,0
71 nsel,s,loc,z,0,,,
30 vext,1,4,1,0,0,T, 72 nsel,r,loc,x,0,2*sb+a+1r, ,
73 d,all,uz,0
31 bore Isee macro bore.mac 74 nsel,s,loc,y,sa+b/2,,
75 nsel,r,loc,x,sb+a,,,
32 !defining elements 76 d,all,uy,0
33 et,1,s0l1id9s,,,,,,, 77 nsel,s,loc,z,T,,,
78 nsel,r,loc,x,0,2*sb+a+1r,,
34 Imaterial properties plates 79 cp,1l,uz,all
35 mp,ex,1,206000 80 allsel
36 mp,nuxy,1,0.3 81 nsel,s,loc,x,2*sb+a+lr,
37 TBDE, BKIN, 1, ,, 82 d,all,ux,0
38 TB,BKIN,1,1,,1 83 d,all,rotx,0
39 TBDATA, ,205.1,0,,,, 84 d,all,roty,0
40 mptemp,1,20,120 85 d,all,rotz,0

41 UIMP,1,REFT,,, 20 86 allsel



87
88

89

90
91
92

93

94
95
96
97

98

99

100
101
102
103
104
105
106
107

108
109
110
111
112
113

114
115
116
117
118
119
120
121
122
123
124
125
126
127
128

finish
save

/filnam,Model therm,1

/PREP7

lclear,all

etchg, stt !change element type
from struct to thermal

finish

/SOLU

ANTYPE, 0

!

eresx, no ICopy inte-
gration point results to the
nodes for all elements

!

asel,s,area, , 6
asel,a,area,, 11
asel,a,area,, 14
asel,a,area,,18
asel,a,area,, 20
asel,a,area, , 25
asel,a,area,, 70
asel,a,area,, 94

da,all, temp, 40

asel,s,area,,3
asel,a,area,, 19
asel,a,area,,30
asel,a,area, , 47
asel,a,area,, 98
da,all, temp, 70

asel,s,area,,9

asel,a,area,, 16
asel,a,area, , 22
asel,a,area,, 26
asel,a,area,,31
asel,a,area, , 41
asel,a,area,,51
asel,a,area,, 61
asel,a,area, , 69
asel,a,area,,71
asel,a,area,, 95
asel,a,area,,8

asel,a,area,,27
asel,a,area,, 34
asel,a,area,,38

129
130
131
132
133
134
135
136

137
138
139
140
141

142
143
144
145
146
147

148
149
150
151

152

153
154
155
156
157

158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
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asel,a,area, , 44

asel,a,area, , 49

asel,a,area,, 54

asel,a,area, ,h 64

asel,a,area,, 74

asel,a,area,, 100
da,all, temp, 100

allsel

time, 1
nsubst, 1
save
solv
finish

/filnam,Model, 1
RESUME, Model, db

/SOLU

ANTYPE, O

!

eresx, no ! Copy

integration point results
to the nodes for all
elements

!

outres,strs,all
outres,epel,all

outres, eppl,all

LDREAD, TEMP, 1,1, ,,
'Model_therm’,’rst’,
allsel

time, 1
deltim,0.2,0.001,0.2
save

solv

*set,p,7.2*1.2

SFA,8,1,PRES,p

SFA,9,1,PRES,p

SFA,16,1,PRES,p
SFA,22,1,PRES,p
SFA,26,1,PRES,p
SFA,27,1,PRES,p
SFA,31,1,PRES,p
SFA,34,1,PRES,p
SFA,38,1,PRES,p
SFA,41,1,PRES,p
SFA,44,1,PRES,p
SFA,49,1,PRES,p
SFA,51,1,PRES,p
SFA,54,1,PRES,p
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173
174
175
176
177
178
179

Pressure Vessel Design: The Direct Route

SFA,61,1,PRES,p
SFA,64,1,PRES,p
SFA,69,1,PRES,p
SFA,71,1,PRES,p
SFA,74,1,PRES,p
SFA, 95,1, PRES,p
SFA,100,1,PRES,p

180

181
182
183
184
185

m N

plugforce !see macro plug-
force.mac

allsel

time, 2
deltim,0.1,0.001,0.1

save

solv

L.4.4: GPD-DC of a nozzle in hemispherical end

In this example, instead of the usual listings of the input, a listing of the key points
is given. Fig. L.4.4 shows the key points used, and the list after the figure shows

the corresponding data.

Figure L.4.4: Key point designations.



Key point data

LIST ALL SELECTED KEYPOINTS.

Koints. txt

DSYsS= 0

X,Y,Z LOCATION

NO.
2 84.15000 -1400.000
3 67.05000 -1112.825
4 105.3000 -1112.825
5 67.05000 -1226.000
6 109.5500 -1189.400
7 105.3000 -1056.264
8 121.1363 -1099.919
9 782.7672 -782.7672
10 750.5938 -750.5938
12 67.05000 -1059.380
13 109.5500 -1112.825
14 86.15918 -1229.920
16 84.15000 -1237.419
17 70.24540 -1231.512
18 70.65000 -1233.017
19 157.9543 -1095.260
20 151.5436 -1050.627
21 70.65000 -1253.677
22 84.15000 -1253.677
23 70.65000 -1400.000
L.5.1:
used.
L.5.2:

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

.000000
.000000
.000000
.000000
.000000
.000000
.000000
.000000
.000000
.000000
.000000
.000000
.000000
.000000
.000000
.000000
.000000
.000000
.000000
.000000

PD-DC of an air cooler header

Input file: LC without thermal stresses 8
/ Option 1: Time-independent model

/filnam,Model, 1
/PREP7

*set,pi,acos(-1)
*afun, deg

a=190+2*3
b=255+2*3
sa=34-3

11
12
13
14
15
16
17
18
19
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sb=34-3
T=30
aw=6

lgeometry plates
k,1,0,0,0
k,2,8b,0,0
k,3,s8b,sa,0
k,4,sb,sa+b-aw, 0
k,5,sb+aw, sa+b, 0

k
k
k

1

1

1

6
7
8

,sb+aw, 2*sa+b, 0
,0,2*sa+b, 0
,sb+a, 0,0

283

PD-DC of a hydrocracking reactor: The model of L.4.1 can be

@ i p



@ i p

284 Pressure Vessel Design: The Direct Route

20 k,9,2*sb+a, 0,0 63 nsel,s,loc,z,0,,,
21 k,10,2*sb+a,2*sa+b, 0 64 nsel,r,loc,x,0,2*sb+a+1r,,
22 k,11,sb+a-aw,2*sa+b, 0 65 d,all,uz,0
23 k,12,sb+a-aw, sa+b, 0 66 nsel, s, loc,y,sa+b/2,,,
24 k,13,sb+a,sa+b-aw,0 67 nsel,r, loc,x,sb+a,,,
25 k,14,sb+a,sa,0 68 d,all,uy,0
69 nsel, s, loc,z,T,,,
26 a,1,2,3,4,5,6,7 70 nsel,r,loc,x,0,2*sb+a+1r,,
27 a,2,8,14,3 71 cp,1l,uz,all
28 a,8,9,10,11,12,13,14 72 allsel
29 a,11,6,5,12 73 nsel, s, loc,x,2*sb+a+lr,
74 d,all,ux,0
30 vext,1,4,1,0,0,T, 75 d,all,rotx,0
76 d,all,roty,0
31 bore !see macro bore.mac 77 d,all,rotz,0
78 allsel
32 !defining elements
33 et,1,s011d95,,,,.,.,., 79 finish
80 save
34 Imaterial properties plates
35 mp,ex,1,206000 81 Isolution
36 mp,nuxy,1,0.3 82  /SOLU
37 TBDE, BKIN, 1, ,, 83 !
38 TB,BKIN,1,1,,1 84 eresx, no lcopy inte-
39 TBDATA, ,307.2,0,,,, gration point results to the
nodes for all elements
40 Imaterial properties tubes 85 !
41 mp,ex,3,206000 86 *set,p, 7.2
42 mp,nuxy,3,0.3 87 SFA,8,1,PRES,p
43 TBDE, BKIN, 3, , , 88 SFA,9,1,PRES,p
44 TB,BKIN,3,1,,1 89 SFA,16,1,PRES,p
45 TBDATA, ,187.9,0,,,, 90 SFA,22,1,PRES,p
91 SFA,26,1,PRES,p
46 !meshing 92 SFA,27,1,PRES,p
47 cmsel, s, tube,volu 93 SFA,31,1,PRES,p
48 vVatt,3,,, 94 SFA,34,1,PRES,p
49 esize,2.4 95 SFA,38,1,PRES,p
50 vsweep,all 96 SFA,41,1,PRES,p
51 allsel 97 SFA,44,1,PRES,p
52 cmsel, u, tube, volu 98 SFA,49,1,PRES, p
53 Vatt,1,,, 99 SFA,51,1,PRES,p
54 esize,sa/5 100 SFA,54,1,PRES,p
55 vsweep, 2 101 SFA,61,1,PRES,p
56 vsweep, 4 102 SFA,64,1,PRES,p
57 MSHKEY, 0 103 SFA,69,1,PRES,p
58  MSHAPE,1,3d 104 SFA,71,1,PRES,p
59 VMESH, 13,15,2 105 SFA,74,1,PRES,p
106 SFA,95,1,PRES,p
60 tube !see macro tube.mac 107 SFA,100,1,PRES,p
108 plugforce Isee macro
61 lboundary conditions plugforce.mac

62 csys, 0 109 allsel



110 time, 1

111 deltim,0.2,0.001,0.2
112 save

113 solv

114 *set,p,0
115 SFA,8,1,PRES,p
116 SFA,9,1,PRES,p
117 SFA,16,1,PRES,p
118 SFA,22,1,PRES,p
119 SFA,26,1,PRES,p
120 SFA,27,1,PRES,p
121 SFA,31,1,PRES,p
122 SFA,34,1,PRES,p
123 SFA,38,1,PRES,p
124 SFA,41,1,PRES,p
125 SFA,44,1,PRES,p
126 SFA,49,1,PRES,p
127 SFA,51,1,PRES,p
128 SFA,54,1,PRES,p
129 SFA,61,1,PRES,p
130 SFA,64,1,PRES,p
131 SFA,69,1,PRES,p
132 SFA,71,1,PRES,p
133 SFA,74,1,PRES,p
134 SFA,95,1,PRES,p
135 SFA,100,1,PRES,p
136 plugforce !see macro plug-
force.mac
137 allsel
138 time,2
139 deltim,0.2,0.001,0.2
140 save
141 solv

Input file: LC without thermal
stresses / Option 2: Temperature-

dependent material strength parameter

1 /filnam,Model, 1
2 /PREP7

3 *gset,pi,acos(-1)
4 *afun, deg

5 a=190+2*3

6 b=255+2*3

7 sa=34-3

8 sb=34-3

9 T=30

10 aw=6

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

26
27
28
29

30

31

32
33

34
35
36
37
38
39
40
41
42
43

44
45
46
47
48
49
50
51
52
53

54
55
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lgeometry plates
k,1,0,0,0
k,2,8b,0,0
k,3,sb,sa,0
k,4,sb,sa+b-aw,0
k,5,sb+aw, sa+b, 0
k,6,sb+aw,2*sa+b, 0
k,7,0,2*sa+b,0
k,8
k,9

,2*sb+a, 0,0
k,10,2*sb+a,2*sa+b, 0
k,11,sb+a-aw,2*sa+b, 0
k,12,sb+a-aw, sa+b, 0
k,13,sb+a,sa+b-aw,0
k,14,sb+a,sa,0

a,
a,2,8,14,3
a,8,9,10,11,12,13,14
a,11,6,5,12

vext,1,4,1,0,0,T,

bore !see macro bore.mac
ldefining elements
et,1,s011d95,,,,.,..,

Imaterial properties plates
mptemp,1,20,120
mpdata,ex,1,1,206000,206000
mpdata,nuxy,1,1,0.3,0.3
TBDE, BKIN, 1, ,,
TB,BKIN,1,2,1,1

TBTEMP, 20

TBDATA, ,355,0,,,,

TBTEMP, 120

TBDATA, ,296,0,,,,

Imaterial properties tubes
mptemp,1,20,120
mpdata,ex,3,1,206000,206000
mpdata,nuxy,3,1,0.3,0.3
TBDE, BKIN, 3, ,,
TB,BKIN,3,2,1,1

TBTEMP, 20

TBDATA, ,215,,,,

TBTEMP, 120

TBDATA, ,182,,,,

Imeshing
cmsel, s, tube,volu
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56
57
58
59
60
61
62
63
64
65
66
67

68

69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86

87
88

89
90
91
92

93
94
95
96
97
98
99
100
101
102

Pressure Vessel Design: The Direct Route

Vatt,3,,,
esize,2.4
vsweep,all
allsel
cmsel, u, tube,volu
vVatt,1,,,
esize,sa/5
vsweep, 2
vsweep, 4
MSHKEY, 0
MSHAPE, 1, 3d
VMESH, 13,15,2

tube Isee macro tube.mac

Iboundary conditions
csys, 0

nsel,s,loc,z,0,,,
nsel,r,loc,x,0,2*sb+a+lr,,
d,all,uz,0

nsel, s, loc,y,sa+b/2,,,
nsel,r,loc,x,sb+a,,,
d,all,uy,0
nsel,s,loc,z,T,,,
nsel,r,loc,x,0,2*sb+a+lr,,
cp,1l,uz,all

allsel

nsel, s, loc,x,2*sb+a+lr,
d,all,ux,0

d,all,rotx,0

d,all,roty, 0

d,all,rotz,0

allsel

finish
save

I'solution

/SOLU

!

eresx, no lcopy inte-
gration point results to the
nodes for all elements

1

tunif, 120

*set,p, 7.2

SFA,8,1,PRES,p
SFA,9,1,PRES,p
SFA,16,1,PRES,p
SFA,22,1,PRES,p
SFA,26,1,PRES,p
SFA,27,1,PRES,p
SFA,31,1,PRES,p

103
104
105
106
107
108
109
110
111
112
113
114
115
116
117

118
119
120
121
122

123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146

147
148
149
150
151

SFA,34,1,PRES,p
SFA,38,1,PRES,p
SFA,41,1,PRES,p
SFA,44,1,PRES,p
SFA,49,1,PRES,p
SFA,51,1,PRES,p
SFA,54,1,PRES,p
SFA,61,1,PRES,p
SFA,64,1,PRES,p
SFA,69,1,PRES,p
SFA,71,1,PRES,p
SFA,74,1,PRES,p
SFA,95,1,PRES, p
SFA,100,1,PRES,p
plugforce
plugforce.mac
allsel

time, 1
deltim,0.2,0.001,0.2
save

!see macro

solv

tunif, 20
*set,p, 0
SFA,8,1,PRES,p
SFA,9,1,PRES,p
SFA,16,1,PRES,p
SFA,22,1,PRES,p
SFA,26,1,PRES,p
SFA,27,1,PRES,p
SFA,31,1,PRES,p
SFA,34,1,PRES,p
SFA,38,1,PRES,p
SFA,41,1,PRES,p
SFA,44,1,PRES,p
SFA,49,1,PRES,p
SFA,51,1,PRES,p
SFA,54,1,PRES,p
SFA,61,1,PRES,p
SFA,64,1,PRES,p
SFA,69,1,PRES,p
SFA,71,1,PRES,p
SFA,74,1,PRES,p
SFA,95,1,PRES,p
SFA,100,1,PRES,p
plugforce !see macro
plugforce.mac
allsel

time, 2
deltim,0.2,0.001,0.2
save

solv



Input file: LC with thermal stresses

& temperature dependent material
parameters

1 /filnam,Model, 1

2 /PREP7

3 *set,pi,acos(-1)
4 *afun, deg

5 a=190+2*3

6 b=255+2*3

7 sa=34-3

8 sb=34-3

9 T=30

10 aw=6

11 lgeometry plates

12 k,1,0,0,0

13 k,2,8b,0,0

14 k,3,8b,sa,0

15 k,4,sb,sa+b-aw,0
16 k,5,sb+aw,sa+b, 0

17 k,6,sb+aw,2*sa+b, 0
18 k,7,0,2*sa+b, 0

19 k,8,sb+a,0,0

20 k,9,2*sb+a, 0,0

21 k,10,2*sb+a,2*sa+b, 0
22 k,11,sb+a-aw,2*sa+b, 0
23 k,12,sb+a-aw,sa+b, 0
24 k,13,sb+a,sa+b-aw,0
25 k,14,sb+a,sa,0

26 a,1,2,3,4,5,6,7

27 a,2,8,14,3

28 a,8,9,10,11,12,13,14
29 a,11,6,5,12

30 vext,1,4,1,0,0,T,
31 bore

32 !defining elements
33 et,1,s01id95,,,,,,,

34 toffst,273

35 Imaterial properties plates

36 mptemp,1,20,120

37 mpdata,ex,1,1,206000,206000
38 mpdata,nuxy,1,1,0.3,0.3

39 UIMP, 1,REFT,,,20

!see macro bore.mac

41

42
43
44
45
46
47

48
49
50
51
52
53

54

55
56
57
58
59
60

61
62
63
64
65
66
67
68
69
70
71
72
73
74

75

76
77
78
79
80
81
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MPDATA,ALPX,1,,11.30E-
6,12.04E-6
lthermal expansion!
MPDATA, kxx,1,,49.50,47.70
lthermal conductivity!

TBDE, BKIN, 1, ,,
TB,BKIN,1,2,1,1
TBTEMP, 20

TBDATA, ,355,0,,,,
TBTEMP, 120
TBDATA, ,296,0,,,,

Imaterial properties tubes
mptemp,1,20,120
mpdata,ex,3,1,206000,206000
mpdata,nuxy,3,1,0.3,0.3
UIMP, 3,REFT,,,20
MPDATA,ALPX, 3, ,11.30E-
6,12.04E-6

MPDATA, kxx,3,,55.2,52.6

TBDE, BKIN, 3, , ,
TB,BKIN,3,2,1,1
TBTEMP, 20
TBDATA, , 215, ,,,
TBTEMP, 120
TBDATA, ,182,,,,

Imeshing
cmsel, s, tube, volu
Vatt,3,,,

esize, 2.4
vsweep,all

allsel

cmsel,u, tube,volu
Vatt,1,,,
esize,sa/5
vsweep, 2

vsweep, 4

MSHKEY, 0
MSHAPE, 1, 3d
VMESH, 13,15,2
tube !see macro tube.mac
!boundary conditions

csys, 0

nsel,s,loc,z,0,,,
nsel,r,loc,x,0,2*sb+a+1r,,
d,all,uz,0

nsel, s, loc,y,sa+b/2,,,
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82 nsel,r,loc,x,sb+a,,, 123 asel,s,area,,?9
83 d,all,uy,0 124 asel,a,area,,16
84 nsel,s,loc,z,T,,, 125 asel,a,area,,22
85 nsel,r,loc,x,0,2*sb+a+1r, , 126 asel,a,area,, 26
86 cp,1l,uz,all 127 asel,a,area,,31
87 allsel 128 asel,a,area, , 41
88 nsel,s,loc,x,2*sb+a+lr, 129 asel,a,area,,b51l
89 d,all,ux,0 130 asel,a,area,,61
90 'd,all,uy,0 131 asel,a,area,,69
91 !d,all,uz,0 132 asel,a,area,,71
92 d,all,rotx,0 133 asel,a,area,, 95
93 d,all,roty,0 134 asel,a,area,,8
94 d,all,rotz,0 135 asel,a,area,,27
95 allsel 136 asel,a,area,, 34
137 asel,a,area,, 38
96 finish 138 asel,a,area,, 44
97 save 139 asel,a,area,, 49
140 asel,a,area,,b54
98 /filnam,Model, 1 141 asel,a,area,, 64

142 asel,a,area,,74

143 asel,a,area,, 100
144 da,all,temp,100

145 allsel

99 /PREP7
100 1lclear,all
101 etchg,stt !change element

type from struct to thermal ,
146 time, 1

147 nsubst,1

102 finish 148 save

149 solv
103 /SOLU 150 finish
104 ANTYPE, O
105 ! 151 /filnam,Model, 1
106 eresx,no ! Copy 152 RESUME,Model, db
integration point results to 153 /SOLU
the nodes for all elements 154 ANTYPE, 0
107 ! 155 !
108 asel,s,area,,6 156 eresx,no !Copy integration
109 asel,a,area,, 11 point results to the nodes
110 asel,a,area,, 14 for all elements
111 asel,a,area,,18 157 !
112 asel,a,area,,20 158 outres,strs,all
113 asel,a,area,,25 159 outres,epel,all
114 asel,a,area,, 70 160 outres,eppl,all
115 asel,a,area,, 9%
116 da,all,temp,40 161 LDREAD,TEMP,1,1,,,
'Model_therm’,’'rst’,
117 asel,s,area,,3 162 *set,p,7.2
118 asel,a,area,,19 163 SFA,8,1,PRES,p
119 asel,a,area,, 30 164 SFA,9,1,PRES,p
120 asel,a,area, 47 165 SFA,16,1,PRES,p
121 asel,a,area,,98 166 SFA,22,1,PRES,p

122 da,all,temp, 70 167 SFA,26,1,PRES,p



168 SFA,27,1,PRES,p
169 SFA,31,1,PRES,p
170 SFA,34,1,PRES,p
171 SFA,38,1,PRES,p
172 SFA,41,1,PRES,p
173 SFA,44,1,PRES,p
174 SFA,49,1,PRES,p
175 SFA,51,1,PRES,p
176 SFA,54,1,PRES,p
177 SFA,61,1,PRES,p
178 SFA,64,1,PRES,p
179 SFA,69,1,PRES,p
180 SFA,71,1,PRES,p
181 SFA,74,1,PRES,p
182 SFA,95,1,PRES,p
183 SFA,100,1,PRES,p
184 plugforce !see macro
plugforce.mac
185 allsel
186 time,1
187 deltim,0.2,0.001,0.2
188 save
189 solv

190 Dbf,all,temp, 20
191 *set,p,0
192 SFA,8,1,PRES,p

193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213

214
215
216
217
218
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SFA,9,1,PRES,p
SFA,16,1,PRES,p
SFA,22,1,PRES,p
SFA,26,1,PRES,p
SFA,27,1,PRES,p
SFA,31,1,PRES,p
SFA,34,1,PRES,p
SFA,38,1,PRES,p
SFA,41,1,PRES,p
SFA,44,1,PRES,p
SFA,49,1,PRES,p
SFA,51,1,PRES,p
SFA,54,1,PRES,p
SFA,61,1,PRES,p
SFA,64,1,PRES,p
SFA,69,1,PRES,p
SFA,71,1,PRES,p
SFA,74,1,PRES,p
SFA,95,1,PRES, p
SFA,100,1,PRES,p
plugforce !see macro
plugforce.mac
allsel

time, 2
deltim,0.2,0.001,0.2
save

solv

L.5.3: PD-DC of a nozzle in hemispherical end: The model with key

points as per L.4.4 can be used.

L.6.1: First S-DC of a jacketed autoclave

Input file (macro vessel.mac)

/FILNAME, vessel, 1

Il linner shell
*afun, deg

*set,ei, 11
*set,rki,2000+ei/2
*set,rzi,1978/2+ei/2
*set,rfi,200+ei/2

<N o0 W

xfi=rzi-rfi

yfi=sqgrt ((rki-rfi) **2- (rzi-
rfi) **2)

10 alphai=acos (yfi/ (rki-rfi))

O ©

11
12
13
14
15
16

17

18

19

20

21
22

/VUP,1,y

/PREP7
local,11,2,0,0,0,0,-90,0
k,1,0,0,0

csys, 0
k,2,0,2*168.3+sgrt
((168.3/2) **2+rki**2)
k,3,168.3/2,2*168.3+sgrt
((168.3/2)**2+ rki**2)
csys, 11
k,4,rki,0,90-asin(168.3/2/rki)
k,5,rki, 0,90-
asin((168.3/2+25) /rki)
k,6,rki, 0,90-alphai
local,12,1,xfi,yfi,
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23 k,7,rfi,0,0 66 lsel,s,line,, 8,12

24 csys, 0 67 arotat,all,,,,,,2,1,360,40

25 k,8,rzi,yfi-78 68 allsel

26 k,9,rzi,yfi-78-1000 69 arotat,13,,,,,,2,1,360,40
70 arotat,14,,,,,,2,1,360,40

27 1,2,3,3,1

28 1,3,4,10,1 71 ET,1,SHELL93

29 csys, 11 72 R,1,ei, , . . ,

30 1,4,5,1,1 73 R,2,e0, , , , +

31 1,5,6,15,1 74 R,3,4, + + + +

32 csys, 12 75 R,4,16, , , ., .+ .,

33 1,6,7,4,1 76 UIMP,1,EX, , ,200000,

34 csys, 0 77 UIMP,1,NUXY, , ,0.3,

35 1,7,8,2,1

36 1,8,9,10,1 78  csys,11

79 lsel,s,loc,z,90-alphai,
80 lsel,a,loc,z,90-

37 !I'l'louter shell i ]
38 *set,eo,10 asin(168.3/2/rki)
39  *set,rko,2100+e0/2 81 lsel,a,loc,z,90- .
40 *set,rzo,2080/2+e0/2 asin((168.3/2+25) /rki)
41  *set,rfo,210+e0/2 82  LESIZE,all,,,1,,,,,
42  xfo=rzo-rfo 83 csys, 21
43 yfo=sqrt ( (rko-rfo) **2- (rzo- 84 lsel,s,loc, z,90-alphao,
rfo) **2) 85 lsel,a,loc,z,85.45227
44 alphao=acos (yfo/ (rko-rfo)) 86 LESIZE,all,, ,1,,,,,
45 local,21,2,0,rki+50-rko,0,0, - 87  csys,0
90,0 88 lsel,s,loc,y,yfi,
46  k,10,rko,0,85.45227 89 1lsel,a,loc,y,yfi-78,
47 k,11,rko,0,90-alphao 90 1lsel,a,loc,y,yfi-78-1000,
48 local,22,1,xfo,yfo, 91 LESIZE,all,,,1,,,,,
49  k,12,rfo,0,0 92  1sel,s,loc,y,yfo,
50 csys, 0 93 LESIZE,all,,,1,,,,,
51 k,13,rzo,yfi-78 94 allsel

52 k,14,rzo,yfi-78-1000
95 csys, 5

53 local,23,1,159.11480, 96 asel,s,loc,x,0,168.3/2
1999.25894, 97 aatt,1,3,1
54 1,5,10,3,1 98 allsel
55 csys, 21 99 asel,u,loc,x,0,168.3/2
56 1,10,11,15,1 100 asel,r,area,,l1,280
57 csys, 22 101 aatt,1,1,1
58 1,11,12,4,1
59 csys, 0 102 asel,s,area,,281,480
60 1,12,13,2,1 103 aatt,1,2,1
61 1,13,14,10,1
62 1,8,13 104 asel,s,area,, 481,560
63 1,9,14 105 aatt,1,4,1
106 allsel
64 lsel,s,line,, 1,7 107 amesh,all

65 arotat,all,,,,,,2,1,360,40 108 nummrg,all



109
110
111
112

113
114
115
116
117

118
119
120
121

122
123
124

125
126
127
128

129
130
131
132
133
134
135

136
137
138
139
140
141
142
143
144
145

146

147
148
149
150
151
152

csys, 5
asel,s,loc,x,0,168.3/2+25
ESLA, s

CM,nozzle,elem

asel,s,area,,1,280
asel,u,loc,x,0,168.3/2+25
asel,u,loc,z,0,yfi-78
ESLA, s

CM, innerhead, elem

asel,s,area,, 281,560
asel,u,loc,z,0,yfi-78
ESLA, s

CM, outerhead, elem

asel,s,loc,z,yfi-78
ESLA, s
CM,Ring, elem

asel,s,area,,1,280
asel,r,loc,z,0,yfi-78-1
ESLA, s

CM, innerzyl,elem

cmsel, s,nozzle
cmsel, a, innerhead
cmsel, a, innerzyl
cmsel,a,ring

cm, innen, elem
allsel

csys, 0

!boundary conditions!
csys, 5
nsel,s,loc,z,y£i-78-1000
nsel,r,loc,x,rzi
nrotat,all

d,all,uz,0

d,all,uy,o

allsel

save

FINISH

I'lleigenvalue (linear) buck-
ling analysis
/assign,rst,linear, rst

/solu

antype, 0, new

pstres,on

cmsel, s,nozzle
cmsel, a, innerzyl
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153 sfe,all,1l,pres,,-0.1*1.25
154 cmsel, s, innerhead

155 sfe,all,1l,pres,,-0.6*1.25
156 cmsel, s,outerhead

157 sfe,all,l,pres,,0.5*%1.25
158 cmsel,s,Ring

159 sfe,all,1l,pres,,-0.5%¥1.25
160 allsel

161 solv

162 finish

163 /assign,rst,modes,rst
164 /solu

165 antype,buckle

166 bucopt,lanb, 30,

167 outpr,nsol,all

168 save

169 solv

170 finish

171 /solu

172 expass,on

173 mxpand,

174 outres,all,all
175 save

176 solve

177 finish

Nonlinear buckling analysis (macro
imperTH.mac; files vessel.db and
modes.rst created by vessel.mac are
required.)

1 resume, vessel,db
2 csys, 0

3 /postl

4 rsys, 0

5 file,modes, rst

6 nmodes=10

7 *do,m,1l,nmodes, 1
8 LCDEF,m,1,m,

9 *enddo

10 LCZERO

11 *do,m, 1, nmodes, 1
12 LCOPER, add, m

13 *enddo
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14
15
16

17
18
19
20
21

22
23
24
25
26
27
28

29
30
31
32
33
34

35
36
37
38

39
40
41
42

43
44

45
46
47

Pressure Vessel Design: The Direct Route

RAPPND, 2, 2
set,2,1
*set,kappa,l14.8/11

nsort,u, sum, , 1
*get,umx, sort, ,max
*get,iumx, sort, , imax
umul=kappa*11l/umx
finish

/FILNAME, imperTH, 1

/prep7

mptemp,1,20,160
mpdata,ex,1,1,200000,188100
mpdata,nuxy,1,1,0.3,0.3
UIMP, 1,REFT,,,20
MPDATA,ALPX,1,,15.3E-
6*1.25,16.3E-6%1.25
!'thermal expansion!

TBDE, BKIN, 1, ,,
TB,BKIN,1,2,1,1
TBTEMP, 20

TBDATA, ,240,0,,,,
TBTEMP, 160
TBDATA, ,194,0,,,,

upgeom,umul, 2,1, modes, rst,
eplot

save

finish

/assign, rst,modeTH, rst

/solu
antype, 0, new
eresx,no !Copy integration

point results to the nodes for
all elements

nlgeom, on

outres,all,all

csys, 5

asel,s,area,, 281,560
asel,r,loc,z,yfi-78-
1000+1,yfi-78-1

48
49

50
51
52
53
54
55

56
57
58
59
60

61

62
63

64

65
66
67
68

69
70
71
72
73
74
75
76
77
78

79
80
81
82
83

ESLA, s
CM, outerzyl,elem

asel,s,area,, 281,560
asel,r,loc,z,yfi-78-1000
ESLA, s

CM, ring2,elem

csys, 0

allsel

sfedele,all,all,all
tunif, 20

cmsel, s, innerzyl
cmsel, a, innerhead
BFE,all,TEMP,1,146.4,
146.4,146.4,146 .4
BFE,all,TEMP,5,89.8,89.8,
89.8,89.8

cmsel, s, nozzle
BFE,all,TEMP,1,152,152,152,
152
BFE,all,TEMP,5,152,152,152,
152

allsel
deltim,0.1,0.001,0.1
save

solv

cmsel, s, innerzyl
sfe,all,1,pres,,-0.5*1.25
cmsel, s, innerhead
sfe,all,1,pres,,-0.5*1.25
cmsel, s,outerhead
sfe,all,1,pres,,0.5*%1.25
cmsel, s,outerzyl
sfe,all,1,pres,,0.5%¥1.25
cmsel, s, ring2
sfe,all,1,pres,,-0.5*1.25

allsel
deltim,0.1,0.001,0.1
save

solv

finish

L.6.2: Second S-DC of a jacketed autoclave

Nonlinear buckling analysis (macro
imper.mac; files vessel.db and
modes.rst created by vessel.mac from

Annex L.6.1 are required. Eigenvalue
(linear) buckling analysis is the same
as for Example E.6.1)



U W NP

10
11
12
13

14
15

16

17
18
19
20
21

22
23
24

resume,vessel,db
csys, 0

/postl

rsys, 0
file,modes, rst

nmodes=10

*do,m, 1, nmodes, 1
LCDEF,m,1,m,
*enddo

LCZERO
*do,m, 1, nmodes, 1
LCOPER, add, m
*enddo

RAPPND, 2,2
set,2,1

*gset,kappa,14.8/11

nsort,u, sum, , 1

*get,umx, sort, ,max
*get,iumx, sort, , imax

umul=kappa*11l/umx
finish

/FILNAME, imper, 1
/prep7
TBDE, BKIN, 1, ,,

25
26
27
28
29
30

31
32
33
34

35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
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TB,BKIN,1,1,,1
TBDATA, ,240,0,,,,
upgeom,umul, 2,1, modes, rst,
eplot

save

finish

/assign, rst,modeNL, rst
/solu

antype, 0, new

eresx,no !Copy integration
point results to the nodes for
all elements

nlgeom, on

outres,all,all
cmsel, s, nozzle
cmsel, a, innerzyl
sfe,all,1l,pres,,-0.1*1.25%*2
cmsel, s, innerhead
sfe,all,1l,pres,,-0.6*1.25*2
cmsel, s,outerhead
sfe,all,1l,pres,,0.5*¥1.25%2
cmsel, s,Ring
sfe,all,1l,pres,,-0.5*1.25*2
allsel

nsubst, 20

arclen,on,1,

arctrm,u, 30

save

solv

finish
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Subject Index

Action, Einwirkung, x, xii, 4-9, 10, 11, 12, 14, 15,
17, 21-29, 32, 34, 36, 46-53, 64

Action space, Einwirkungsraum, 14, 46, 47, 79

Actual thickness, ratscichliche Dicke, 18

Adaptation, Einspielen, 8, 71, 80

Admissibility check, Zuldssigkeitsnachweis, 53

Allowable stress, zuldssige Spannung, ix, 27

Alternating plasticity (AP), Alternierende Plastizitt,
5,9,71,73,81, 108, 116, 121, 142

Analysis model, Berechnungsmodell, 16

Analysis thickness, (tragfiihigkeitsrelevante)
Berechnungsdicke, 18, 77, 118

Application rule, Anwendungsregel, 26, 52, 67, 80,
99, 101

Associated flow law, assoziiertes Fliefigesetz, 30, 75

Associated flow rule, assoziierte Fliefiregel, 30, 34,
60, 75

Axial misalignment, Kantenversatz, 16

Beck’s problem, Becksches Problem, 83, 84

Bifurcation action, Verzweigungseinwirkung, 9, 17

Bifurcation buckling, Verzweigungsbeulen, -knicken,
-kippen, 9, 85, 87, 93, 94

Bifurcation instability, Verzweigungsinstabilitcit, 9

Bifurcation point, Verzweigungspunkt, 9, 83, 85, 89,
94,97

Bifurcation point pressure, Verzweigungsdruck, 85, 87

Boundary condition, Randbedingung, 16, 20, 146

Bounded action, Einwirkung mit Grenzwert, 63, 49

Break-through, Durchbruch, 102

Buckle, Beule, Einbeulung, 16, 89

Buckling, Beulen, Knicken, Kippen, 9, 83-99

Buckling of cylindrical shells, Beulen zylindrischer
Schalen, 85-89

Buckling strength, Beul-, Knick-, Kippfestigkeit, 24,
94, 98

Burst, Bersten, 68

Calculation pressure, Berechnungsdruck, 13, 27

Calculation temperature, Berechnungstemperatur,
13, 27,43, 61

Chamber, Kammer, 15

Characteristic function of action, charakteristische
Funktion der Einwirkung, 23, 24, 26, 49, 50, 76,
79, 118, 120

Characteristic value of action, charakteristischer Wert
der Einwirkung, 22, 24-26, 28, 29, 46-50, 63, 64
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Check of support, Unterstiitzungsberechnung,
Halterungsberechnung, 145

Clad component, plattierter Bauteil, ausgekleideter
Bauteil, 59, 60, 96, 119

Cladding, Plattierung, Auskleidung, 30, 59, 60, 77,
96, 101, 119

Classical buckling, klassisches Beulen, Knicken oder
Kippen, 9

Coefficient of linear thermal expansion, linearer
Wirmeausdehnungskoeffizient, 33, 64, 78, 97,
119

Coefficient of variation, Variationskoeffizient, 25

Coefficients of static friction, Haftungsbeiwert, 146,
149

Collapse, Kollaps, Totalversagen, 6-8, 73

Combination factor, Kombinationsfaktor, 25, 64

Combination of action, Einwirkungskombination,
5,6

Compatibility ratio of principal stress, bezogene
Hauptspannung, 36, 40

Compatibility ratio of stress state, Anstrengungsmay,
40

Compatibility with yield condition, Vertréiglichkeit
mit Flieffbedingung, 39, 65

Component, Bauteil, Komponente, 15

Confined plasticity, eingeschrdnktes plastisches
Fliefzen, 108, 140

Constitutive law, Werkstoffgesetz, 30, 33

Contact pressure, Kontaktdruck, Kontaktpressung,
145, 146

Contour plot, Konturplot, 36

Corrosion allowance, Korrosionszuschlag, 18

Corrosion fatigue, Korrosionsermiidung,
Schwingrifikorrosion, 103

Country specific data, landesspezifische Werte, 6,
147, 148

Crack initiation, Rif3start, 31, 102, 104, 111

Crack propagation, Rissfortschritt, Rissausbreitung,
102, 111

Creep Fatigue Interaction Design Check, Nachweis
der Interaktion von zyklischer Ermiidung und
Kriechschddigung, 43

Creep range, Kriechbereich, 43

Creep Rupture Design Check,
Kriechtragfihigkeitsnachweis, 43

Cut-off stress range, Schwellenwert der
Ermiidungsschwingbreite, 129, 130, 131
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Cycle counting, Zyklenzdhlung, 131

Cycle counting method, Zyklenzdihlverfahren, 131-133

Cyclic action, zyklische Einwirkung, 5, 9, 12, 21, 25,
135

Cyclic fatigue, zyklische Ermiidung, 9, 101

Cyclic fatigue damage, Schédigung durch zyklische
Ermiidung, 135

Cyclic Fatigue Design Check (F-DC),
Ermiidungsnachweis (ZEN), 43, 47,49, 101-119,
120, 121-143

Damage accumulation, Schddigungsakkumulation,
102, 117, 134, 137

DBA, see Design by Analysis

DBEF, see Design by Formulae

Deformation controlled buckling,
deformationsgesteuertes Beulen, Knicken,
Kippen, 94

Deformation weakening, Deformationsentfestigung,
57, 58,59, 94, 95, 97,99, 119

Design action, Bemessungseinwirkung, 4, 21, 23, 28,
52, 63,79, 95,98, 117, 120, 146, 147

Design by Analysis (DBA), Analytischer
Zuldssigkeitsnachweis (AN), ix—xii, 1-3, 46, 60

Design by Formulae (DBF), Klassischer
Zuldissigkeitsnachweis, Zuldssigkeitsnachweis mit
Bemessungsformeln, ix, 3, 27, 46, 60

Design check, Nachweis, 4, 5, 14, 21, 23, 28, 30, 32,
33,43, 44,52, 101

Design check table, Nachweistabelle, 50, 51

Design domain, Auslegungsbereich (der
Einwirkungen), 14, 15, 46, 58, 76

Design fatigue curve, Ermiidungskurve,
Bemessungsfunktion der Ermiidungsfestigkeit, 102,
104, 105-107, 109-112, 115, 118, 120, 129, 130

Design function of action, Bemessungsfunktion einer
Einwirkung, 23,79, 98, 120

Design mechanical load, Auslegungslast, 13

Design model, Berechnungsmodell, 17, 22, 30, 32,
33,52,57,59,717, 95, 96, 106, 117, 146

Design pressure, Auslegungsdruck,
Konstruktionsdruck, 13, 28

Design resistance, Bemessungswert der
Tragfiihigkeit, 146

Design temperature, Auslegungstemperatur,
Konstruktionstemperatur, 13

Design value of action, Bemessungswert einer
Einwirkung, 23, 28, 63, 79, 98, 120

Design value of material strength, Bemessungswert
der Werkstofffestigkeit, 24, 60

Design values of buckling strength, Bemessungswert
der Beulfestigkeit, 24

Destabilizing design effect, destabilisierender
Berechnungseffekt, 145

Destabilizing effect, destabilisierender Effekt, 145, 148

Deviatoric map, deviatorische Abbildung, 35, 36, 37,
40, 70-72, 75

Deviatoric projection, deviatorische Projektion, 36

Direct Route (DR), Direktes Verfahren, 1-3

Displacement limit, Grenze fiir Verschiebung, 6

DR, see Direct Route

Ductile fracture, Zdhbruch, 8

Dynamic boundary condition, dynamische
Randbedingung, 16

Dynamic model, dynamisches Modell, 84

Earthquake, Erdbeben, 49

Effect, Effekt, Auswirkung, Reaktion, 22, 25, 63

Effective equivalent stress range, effektive
Vergleichsspannungsschwingbreite, 109

Effective stress concentration factor, effektive
Formzahl, 109, 124, 136

Eigenstress, Eigenspannung, 20

Elastic follow-up, elastische Nachwirkung, 21, 30

Elastic follow-up effect, Effekt der elastischen
Nachwirkung, 21, 30

Elastic limit action, elastische Grenzeinwirkung, 7

Elastic limit state, elastischer Grenzzustand, 7

Elastic-plastic shakedown, elastisch-plastisches
Einspielen, 9

Elastic shakedown, elastisches Einspielen, 8, 69-71,
73,74

Elastic stress field, elastisches Spannungsfeld, 18

ELC, see Exceptional load case

Endurance limit, Dauerschwinggrenze, 105, 106, 111

Endurance stress range,
Dauerfestigkeitsschwingbreite, 129, 130, 131

Environmental action, umgebungsbedingte
Einwirkung, 5, 6, 49, 64, 65,79, 147

Environmentally assisted fatigue,
umgebungsbeschleunigte Ermiidung, 103

Equilibrium condition, Gleichgewichtsbedingung,
145, 146

Equivalent linear stress distribution, dquivalente
lineare Spannungsverteilung, 19

Equivalent mean stress, schédigungsdquivalente
Mittelspannung, 127, 139, 140, 142

Equivalent stress, Vergleichsspannung, 36, 37, 38

Equivalent structural stress, schédigungsdquivalente
Strukturspannung, 109, 124

Equivalent total stress, schadigungsdquivalente
Gesamtspannung, 109, 124, 136

Erosion allowance, Erosionszuschlag, 18

ESR, see Essential Safety Requirements
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Essential Safety Requirements (ESR), Grundlegende
Sicherheitsanforderungen, Wesentliche
Sicherheitsanforderungen, 1-3

Euler buckling, Eulerknicken, 9, 83, 84

European Committee for Standardization (CEN),
Europdisches Komitee fiir Normung, 1

Evaluation line, Auswertungslinie, 19

Exceptional action, auflergewdhnliche Einwirkung,
11, 22, 23, 48

Exceptional load case (ELC), auflergewohnlicher
Lastfall, 12, 23, 46, 47, 60, 65, 78, 96

Excessive Creep Strain Design Check, Nachweis
zuldssiger Kriechdehnung, 43

Excessive local strain, unzuldssige lokale
Verzerrung, 55, 59

Existence of steady cycle, Existenz stationdirer
Zyklen, 74

Extended shakedown theorem, erweiterter
Einspielsatz, 75, 78, 80, 81

Failure, Versagen, 6

Failure mode, Versagensart, 6, 21, 44

Fatigue, Ermiidung, 7

Fatigue analysis, Ermiidungsuntersuchung, 101

Fatigue analysis thickness, ermiidungsrelevante
Dicke, 19, 118

Fatigue class, Ermiidungsklasse, 102, 111, 113-115,
119, 135

Fatigue curve, Ermiidungsfestigkeitskurve, 102,
104-107, 109-112, 115, 118, 120, 129, 130

Fatigue damage accumulation,
Ermiidungsschédigungsakkumulation, 134, 137,
138, 142

Fatigue damage index, Ermiidungsgrad, 101, 120,
134, 137, 138, 142

Fatigue Design Check (F-DC), Ermiidungsnachweis
(ZEN), 36, 43, 47, 49, 101-119, 120, 121-143

Fatigue limit, Dauerfestigkeit, 105

Fatigue relevant thickness, ermiidungsrelevante
Dicke, 18

Favourable action, giinstige Einwirkung, 63

Favourable effect, giinstige Auswirkung, 25, 63

F-DC, see Fatigue Design Check,

Fillet welds, Kehindhte, 135, 118

First-order-theory, Theorie 1. Ordnung, 32, 60, 77

Follower force, Folgekraft, 83, 84

Full plastification, totale Plastifizierung, 40, 41

Generalized shakedown theorem, verallgemeinerter
Einspielsatz, 82

Generalized stress, verallgemeinerte Spannung, 40, 41

Generalized variable, verallgemeinerte Grifle, 40

Subject Index 297

Geometric deviation, geometrische Abweichung, 30,
57, 58,97, 116, 117

Geometric fabrication tolerance, geometrische
Fertigungstoleranz, 97, 116

Geometric non-linearity, geometrische
Nichtlinearitdt, 5, 59, 84

Geometrical imperfection, geometrische
Imperfektion, 16, 83, 84, 89, 90, 93, 116, 119

Geometrically linear theory, geometrisch lineare
Theorie, 32

Geometrically non-linear relations, geometrisch
nichtlineare Beziehungen, 22, 32

Global displacement, globale Verschiebung, 10, 145,
146

GPD-DC, see Gross Plastic Deformation Design
Check,

Gross plastic deformation, globale plastische
Deformation, 7, 8, 28, 55, 60

Gross Plastic Deformation Design Check (GPD-
DCQ), Tragfihigkeitsnachweis (TN), 43, 47, 55,
56, 57, 58, 59-64, 65, 66, 67

Gross section yielding, globales Flieffen im
Querschnitt, 8

Group identifier, Klassenkennung, 136

Hardening, Verfestigung, 7, 34, 55, 58, 73, 78

High-cycle fatigue, Ermiidung bei hohen
Zyklenzahlen, 106

Hot Spot, kritischer Punkt, Hot spot, 30, 111, 112,
116, 118, 134136, 139

Imperfection sensitivity,
Imperfektionsempfindlichkeit, 83, 84, 90, 91, 93,
94

Inadaptation, Nichteinspielen, 8, 69, 81

Incompressibility, Inkompressibilitdt, 35

Incremental collapse, progressives Totalversagen, 8

Initial deviation, anfingliche Abweichung, 57, 97, 98

Instability, Instabilitdt, 7, 10, 9, 57, 98

Instability mode, Instabilitdtsart, 9, 17, 93

Interactive buckling, interaktives Beulen, Knicken,
Kippen, 10, 93

Internal defect, innerer Fehler, 102, 110

Internal hot spot, innenliegender Hot Spot, 137

Ivanov function, Ivanov-Funktion, 41, 82

Ivanov’s (second) yield function, Ivanovs (2.)
Fliefifunktion, 41

Kinematic boundary condition, kinematische
Randbedingung, 16, 20

Kinematic relation, kinematische Beziehung, 17, 57

Kirchhoft’s hypothesis, Kirchhoffsche Hypothese, 40
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Leak tightness, Leckdichtheit, 22

Leakage, Leckage, 5,7, 44

Limit analysis action,
Grenztragfihigkeitseinwirkung, 17, 64, 65

Limit analysis model, Grenztragfihigkeitstheorie-
Modell, 17, 55, 57, 58, 60, 77

Limit analysis theorems, Grenztragfiihigkeitsscitze,
65, 67

Limit load, Grenzlast, 17

Limit point, Grenzwertpunkt, 93, 94, 97

Limit point buckling, Grenzwertbeulen, -knicken, -
kippen, 9, 93, 94

Limit state, Grenzzustand, 6, 40, 44

Linear-elastic constitutive law, linearelastisches
Werkstoffgesetz, 33

Linear-elastic ideal-plastic constitutive law,
linearelastisch-idealplastisches Werkstoffgesetz,
5,33

Linear-elastic model, linearelastisches Modell,

Load case, Lastfall, 5,12, 21, 28, 43, 45, 47, 48, 50,
97, 148

Load case identifier, Lastfallkennung, 5, 50

Load case specification, Lastfallspezifikationen, 5,
25,50

Load case specifications list, Liste der
Lastfallspezifikationen, 50

Loading, Belastung, 34, 37

Local geometric imperfections, lokale geometrische
Fehler, 110

Local limit state, lokaler Grenzzustand, 40

Local limit state function in generalized variable,
lokale Grenztragfiihigkeitsfunktion in
verallgemeinerten Spanungen, 40

Local root concavity, lokaler Wurzelriickfall, 102, 110

Local shrinkage groove, lokale Wurzelkerbe, 102, 110

Local stress concentration, lokale
Spannungskonzentration, 109

Local structural discontinuity, lokale Storstelle, 17

Local structural perturbation sources, lokale
Storstelle, 17, 77-179, 81, 106, 118, 124

Local surface notch, lokale Oberflichenkerbe, 102,
110

Local technical limit state function, lokale
technische Grenztragfiihigkeitsfunktion, 41

Local thinning, lokale Dickenverminderung, 16

Local undercut, lokale Schweifinahtkerbe, 102

Loss of equilibrium, Gleichgewichtsverlust, 7, 10

Loss of static equilibrium, Verlust des statischen
Gleichgewichts, 7, 10

Low cycle fatigue, Ermiidung bei niedrigen
Zyklenzahlen, 72, 73, 106

Lower bound limit value, unterer Grenzwert, 67

Lower bound theorem of limit analysis theory,
unterer Grenzwertsatz der
Grenztragfihigkeitstheorie, 66, 67

Macro: bore.mac, 276

Macro: imper.mac, 292, imperTH.mac, 291

Macro: plugforce.mac, 279

Macro: tube.mac, 277

Macro: vessel.mac, 289

Manufacturing tolerances, Herstellungstoleranzen, 3

Masing rule, Masing-Regel, 108

Material strength parameter,
Werkstofffestigkeitskennwert, 24, 25, 34

Mathematical model, mathematisches Modell, 16

Maximum allowable action, maximal zuldssige
Einwirkung, 14, 28

Maximum allowable load, maximal zuldissige Last,
14, 28

Maximum allowable pressure (PS), maximal
zuldissiger Druck, 14, 27-29, 49

Maximum distortion energy hypothesis,
Gestaltinderungsenergiehypothese, 39

Maximum/minimum allowable temperature (PT),
maximal/minimal zuldssige Temperatur, 14, 28, 49

Maximum octahedral shear stress hypothesis,
Hypothese der maximalen
Oktaederschubspannung, 39

Maximum permissible pressure, maximal zuldssiger
Grenzdruck, rechnerisch zuliissiger Druck, 13

Maximum shear stress hypothesis,
Hauptschubspannungshypothese, 38

Mean stress, Mittelspannung, 36, 38, 107, 111, 116,
126, 127, 139, 140, 142

Mean stress correction factor,
Mittelspannungseinfluf3-Korrekturfaktor, 108,
109, 126, 127, 139

Melan’s shakedown theorem, Melanscher
Einspielsatz, 74, 80, 81, 161

Microcrack, Mikrorifs, 102

Miner’s rule, Miner-Regel, 102, 134

Minimum wall thickness, minimale Wanddicke, 18

Misalignment, Versatz, 16, 110, 116

Mises’ equivalent stress function, Misessche
Vergleichsspannungsfunktion, 38, 39, 138

Mises’ yield condition, Misessche Fliefibedingung,
38, 60, 77, 78, 96

Modulus of elasticity, Elastizitdtsmodul, 33, 62, 78,
97,119

Monotonic, monoton, ziigig, 11

Monotonic action, ziigige Einwirkung, 11, 55

Multi-action load case, Lastfall mit mehreren
Einwirkungen, 12, 23
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Multi-amplitude cyclic action, mehrstufenzyklische
Einwirkung, 12, 102, 105, 107, 112, 131

Multiaxial stress state, mehrachsiger
Spannungszustand, 19, 107

Multiple safety factor format,
Teilsicherheitsfaktorkonzept, 5

Neutral loading, neutrale Belastungsinderung, 34

NOLC, see Normal operating load case,

Nominal design stress, zuldssige Spannung, 27

Nominal thickness, Nenndicke, 18

Non-linear kinematic relation, nichtlineare
kinematische Beziehung, 57, 83

Non-linearly distributed thermal stress, nichtlinear
verteilte Wiirmespannung, 122

Non-stationary thermal stress, instationdre
Wiéirmespannung, 47, 58, 59, 76, 97

Normal operating load case (NOLC),
Normalbetriebslastfall, 12, 47, 61, 63, 78, 96, 99

Normality rule, Normalitdtsregel, 35, 74

Notch sensitivity, Kerbempfindlichkeit, 108

Notched specimen, gekerbte Probe, 109

Octahedral normal stress, Oktaedernormalspannung,
39, 139

Octahedral planes, Oktaederebenen, 39

Octahedral shear stress, Oktaederschubspannung,
39, 139

Octahedral stress, Oktaederspannung, 39, 139

Onset of unconstrained plastic flow, Beginn von
uneingeschrdnkt plastischem Flief3en, 7

Operating pressure, Betriebsdruck, 13

Operating temperature, Betriebstemperatur, 13

Order effect, Reihenfolgeeffekt, 142

Out-of-roundness, Unrundheit, 16

Ovality, Ovalitdt, 16

Overturning, Umstiirzen, 7, 10, 145, 148, 149

Palmgren-Miner cumulative damage rule, Palmgren-
Miner Schidigungsakkumulationsregel, 102

Palmgren-Miner Rule, Palmgren-Miner-Regel, 134

Part model, Teilmodell, 30, 145

Partial penetration weld, nicht durchgeschweifite
Schweifinaht, 118, 135

Partial safety factor, Teilsicherheitsbeiwert, 5, 6, 24,
25, 49, 60-63, 78, 96, 98, 147, 149

PD-DC, see Progressive Plastic Deformation Design
Check,

PED, see Pressure Equipment Directive,

Permanent action, stindige Einwirkung, 11, 48, 148

Physical model, physikalisches Modell, 16

Piping analysis, Rohrleitungsberechnung, 64
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Plastic collapse, plastisches Totalversagen, 6

Plastic collapse load, plastische Traglast, 8

Plastic flow, plastisches Flief3en, 4, 6,7, 35, 74

Plastic load, plastische Last, 8

Plastic multiplier, Plastizitcts-Multiplikationsfaktor, 35

Plasticity correction factor, Plastizitctseinflufs-
Korrekturfaktor, 107-109, 118, 119, 121, 122,
123, 128, 136, 137, 140, 142

Poisson’s ratio, Poisson-Zahl, 62, 78, 94, 97, 119

Post-buckling, Nachbeulen, -knicken, -kippen, 89, 90

Post weld heat treatment, Wéirmebehandlung nach
dem Schweifsen, 24, 111

Pressure, Druck, 11, 13, 48

Pressure Equipment Directive (PED),
Druckgerditerichtlinie, 1, 2-4, 26, 28

Pressure surge, Uberschwingen des Drucks, 13, 27,
29, 49

Pressure test, Druckpriifung, 65, 99

Prestress, Vorspannung, 148

Principal stress, Hauptspannung, 36, 38, 39

Principal structural strain, Hauptstrukturdehnung,
65, 80

Principal structural stress, Hauptstrukturspannung,
118

Principal structural stress range, Schwingbreite der
Hauptstrukturspannung, 112

Principle, Verbindliche Regel, 25, 52, 65, 80, 98,
120, 148

Progressive Plastic Deformation Design Check
(PD-DC), Einspielnachweis (EN), 43, 47, 69,
70-82

Progressive plastic deformation (PD),
Fortschreitende plastische Deformation, 8, 23,
69, 73, 76, 80, 82

PS, see Maximum allowable pressure,

Quasi-static model, quasistatisches Modell, 17, 32
Quasi-stationary responses, quasistationdire
Reaktion, 18

Rainflow Cycle Counting Method, Rainflow-
Zyklenzdhlverfahren, 132

Ratchetting, Fortschreitende plastische Deformation,
8, 69,72

Rating pressure, Ratingdruck, 13

Reaction, Reaktion, 14, 16, 20, 22, 145

Real material, realer Werkstoff, 55

Real structure, reales Tragwerk, 16, 55

Reasonably foreseeable, nach verniinftigem
Ermessen vorhersehbar, 5, 11, 13, 26, 27, 29, 46,
49, 76, 102

Reference stress, Bezugsspannung, 20, 102
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Reference stress range, Schwingbreite der
Bezugsspannung, 102

Reference temperature, Bezugstemperatur, 33, 61,
62,78,97,99, 119, 121

Reliability, Zuverlissigkeit, 7

Reloading, Wiederbelastung, 69

Reservoir cycle counting method, Reservoir-
Zyklenziihlverfahren, 102, 132, 133, 134

Residual stress, Restspannung, 20, 32, 102, 110

Response mode, Reaktionsart, Antwortart, 22

Root of directly loaded fillet weld, Wurzel einer
direkt belasteten Kehlnaht, 136

Roughness-height index, Rauhtiefe, 125

Rupture, Bruch, 7, 102, 104

Safe action, sichere Einwirkung, 17, 63, 65

Safety factor, Sicherheitsbeiwert, 105, 146

Safety relevant action, sicherheitsrelevante
Einwirkung, 50

S-DC, see Stability Design Check,

SE-DC, see Static Equilibrium Design Check,

Second-order-theory, Theorie 2. Ordnung, 32, 57,
83, 96

Self-equilibrating stress, Eigenspannung,
reaktionsfreies Eigenspannungsfeld, 20

Self-stress, Eigenspannung, 20

Self-stress field, Eigenspannungsfeld, 20, 74

Self-weight, Eigengewicht, 11,49, 148

Sensitivity to residual stress,
Restspannungsempfindlichkeit, 84

Serviceability, Gebrauchstauglichkeit, 6, 7, 45

Serviceability limit state,
Gebrauchstauglichkeitsgrenzzustand, 6, 7, 45

Shakedown action, Einspiel-Einwirkung, 12, 161

Shakedown (SD), Einspielen, 8, 69, 70, 80, 81

Shakedown theorem, Einspielsatz, 74, 161-164

Shakedown theorem in generalized stresses,
Einspielsatz in verallgemeinerten Spannungen, 82

Shakedown trajectory, Einspieltrajektorie, 69

Shutdown, Abfahren, 12, 13

Single-amplitude cyclic action, einstufenzyklische
Einwirkung, 12, 105

Single-amplitude endurance limit,
Ermiidungsgrenze, Dauerfestigkeitsgrenze fiir
Einstufenzyklen, 105, 106

Single-amplitude fatigue limit,
Dauerfestigkeitsgrenze fiir Einstufenzyklen, 105

SLC, see Special load case

Snap-through, Durchschlagen, 9, 10

Snap-through buckling, Durchschlagsbeulen,
knicken, kippen, 9, 10

Softening, Entfestigung, 34, 73

Special load case (SLC), besonderer Lastfall, 5, 12

Spherical cap, Kugelkalotte, 92

Spherical shell, Kugelschale, 91, 92

Stability Design Check (S-DC), Stabilititsnachweis
(SN), 43, 83, 84-97, 98, 99

Stability of a structure, Tragwerksstabilitdt, 10

Stabilized cyclic stress-strain curve, stabilisierte
Spannungs-Dehnungs-Kurve, 108

Stabilizing design effect, stabilisierender
Berechnungseffekt, 145, 148

Stabilizing effect, stabilisierender Effekt, 145

Stable structural state, stabiler Tragwerkszustand, 10

Standard hydraulic test, standardgemdifle
Druckpriifung, 65

Startup, Anfahren, 12, 13

Static Equilibrium Design Check (SE-DC),
Nachweis des statischen Gleichgewichts (GN),
22,43, 47, 145-147, 149

Static friction, Haftung, 149

Statically admissible, statisch zuldssig, 20, 65

Statically admissible stress, statisch zuldissige
Spannung, 20, 65

Statically determinate, statisch bestimmt, 16, 146

Statically indeterminate support, statisch
unbestimmte Unterstiitzung, 146, 147

Stationary responses, stationdire Reaktion, 19

Steel casting, Stahlgufs, 143

Strain hardening, Dehnungsverfestigung, 55

Stress concentration, Spannungserhéhung, 103

Stress concentration factor, Formzahl, 116

Stress-concentration-free model, kerbfreies Modell,
17, 18, 31, 59, 77, 81, 95

Stress corrosion cracking, Spannungsrifikorrosion, 103

Structural instability, Tragwerksinstabilitdt, 22, 23

Structural strain, Strukturdehnung, 31, 65, 80, 98

Structural stress/strain, Strukturspannung, -dehnung,
30, 31, 115

Structure, Tragwerk, 15

Sufficiently ductile, ausreichend duktil, xi, 4, 66

Support, Unterstiitzung, Halterung, 16, 145

Surface finish correction factor,
Oberflicheneinflui—Korrekturfaktor, 109, 125

Surface hot spot, an Oberfliche liegender Hot Spot,
136

Surface irregularity, Oberflichenunregelmdfigkeit, 116

Symmetry breaking imperfection,
symmetriedindernde Imperfektionen, 93

Technical adaptation, technisches Einspielen, 80

Technical shakedown, technisches Einspielen, 79,
80, 82

Temperature, Temperatur, 11, 48, 116, 148
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Temperature correction factor, Temperatureinflufs-
Korrekturfaktor, 109, 116, 127, 129

Temperature effect, Temperatureffekt, 65, 116

Test pressure, Priifdruck, 14

Test temperature, Priiftemperatur, 14

Testing, Priifen, 12

Testing load case (TLC), Priiflastfall, 23, 47, 61-63,
78, 99

Theoretical limit load, theoretische Grenzlast, 17

Theoretical stress concentration factor, theoretische
Formzahl, 19, 20, 109, 124

Thermal capacity, Warmekapazitdt, 33

Thermal conductivity, Wérmeleitfiihigkeit, 33, 97, 119

Thermal diffusivity, Temperaturleitzahl, 33

Thermal effect, Temperatureffekt, 94, 95, 98

Thermal stress, Warmespannung, 20, 23, 46, 47, 64,
65, 76, 98, 116, 120, 123

Thermal stress buckling,
wdrmespannungsinduziertes Beulen, Knicken,
Kippen, 94

Thickness correction factor, Dickeneinfluf3-
Korrekturfaktor, 109, 125, 128

Thickness tolerance, Dickentoleranz, 18

Thickness tolerance allowance,
Dickentoleranzzuschlag, 18

TLC, see Testing load case

Total strain, Gesamtverzerrung, 31, 108

Total stress, Gesamtspannung, 31

Total stress range, Schwingbreite der
Gesamtspannung, 106

Tresca’s yield condition, Trescasche Fliefbedingung,
38, 60

TS, see Maximum allowable temperature

Ultimate action, Grenzeinwirkung, 6, 8

Ultimate failure mode, Grenzzustand der
Tragfahigkeit,

Ultimate limit state, Tragfestigkeitsgrenzzustand 6,7

Ultimate load, Grenzlast, 8, 55, 58

Unfavourable effect, ungiinstige Auswirkung, 25, 63

Uniqueness of stress, Eindeutigkeit in Spannungen, 74

Unloading, Entlastung, 34, 37

Unrestricted plastic flow, unbegrenztes plastisches
Flief3en, 7, 56
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Unrestricted plastic flow load, Last bei
uneingeschrdnkt plastischem Flief3en, 7, 55,
57

Unstable gross plastic yielding, instabiles globales
plastisches Fliefien, 7, 8

Unwelded region, ungeschweifster Bereich, 102, 104,
111, 118, 130, 131, 134, 136, 138, 139

Uplifting, Abheben, 145, 146, 148, 149

Upper characteristic value of pressure, oberer
charakteristischer Wert des Drucks, 28, 29

Upper characteristic value of temperature, oberer
charakteristischer Wert der Temperatur, 49

Upset condition, Storfallbedingungen, 13

Variable action, verdnderliche Einwirkung, 11, 48,
148

Variable amplitude action, Einwirkung mit
verdnderlicher Amplitude, 12

Vessel, Behdilter, 15

Virtual structure, virtuelles Tragwerk, 16

Weighted mean cycle temperature, gewichteter
Mittelwert der Zyklustemperatur, 78, 121, 127,
136, 137-139, 142

Weld bead roughness, Schweifnaht-
Oberflichenunregelmdpigkeit, 102, 110

Weld ripple, Schweifinahtwelligkeit, 102, 110

Weld throat line, Kehlschnittlinie, 135, 136

Weld throat plane, Kehlschnitt, 118, 135, 136

‘Weld throat thickness, Kehlnahtdicke, 135

Welded region, geschweifiter Bereich, 102, 107, 110,
111, 128, 134-137, 139

Welding residual stress, Schweif3-Restspannung, 103,
110, 116

Welding stop/start crater, Schweifsnahtkrater,
-endkrater, 102, 110

Yield condition, Fliefibedingung, 34, 35, 38

Yield function, Fliefifunktion, 34, 37

Yield limit, Fliefigrenze, 34, 69

Yield limit in deviatoric map, Flief3grenze in
deviatorischer Abbildung, 39

Yield stress, FliefSspannung, 34, 60, 78

Yield surface, Fliefifliiche, 35, 73
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