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Foreword

The EN Eurocodes are a series of European standards which provide a common
series of methods for calculating the mechanical strength of elements playing a
structural role in construction works, i.e. the structural construction products. They
make it possible to design construction works, to check their stability and to give the
necessary dimensions of the structural construction products.

They are the result of a long procedure of bringing together and harmonizing the
different design traditions in the Member States. In the same time, the Member
States keep exclusive competence and responsibility for the levels of safety of works.

According to the Commission Recommendation of 11 December 2003 on the
implementation and use of Eurocodes for construction works and structural
construction products, the Member States should take all necessary measures to
ensure that structural construction products calculated in accordance with the
Eurocodes may be used, and therefore they should refer to the Eurocodes in their
national regulations on design.

The Member States may need using specific parameters in order to take into account
specific geographical, geological or climatic conditions as well as specific levels of
protection applicable on their territory. The Eurocodes contain thus ‘nationally
determined parameters’, the so-called NDPs, and provide for each of them a
recommended value. However, the Member States may give different values to the
NDPs if they consider it necessary to ensure that building and civil engineering works
are designed and executed in a way that fulfils the national requirements.

The so-called background documents on Eurocodes are established and collected to
provide technical insight on the way the NDPs have been selected and may possibly
be modified at the national level. In particular, they intend to justify:

- The theoretical origin of the technical rules,

- The code provisions through appropriate test evaluations whenever

needed (e.g. EN 1990, Annex D),
- The recommendations for the NDPs,
- The country decisions on the choice of the NDPs.

Collecting and providing access to the background documents is essential to the
Eurocodes implementation process since they are the main source of support to:
- The Member States, when choosing their NDPs,
- To the users of the Eurocodes where questions are expected,
- To provide information for the European Technical Approvals and
Unique Verifications,
- To help reducing the NDPs in the Eurocodes when they result from
different design cultures and procedures in structural analysis,
- To allow for a strict application of the Commission Recommendation of
11 December 2003,
- To gradually align the safety levels across Member States,
- To further harmonize the design rules across different materials,
- To further develop the Eurocodes.

il



This joint ECCS-JRC report is part of a series of background-documents in support to
the implementation of Eurocode 3. It provides background information on the specific
issue of design rules affected by the toughness of steel.

In its various parts, EN 1993 — Eurocode 3 currently addresses steel properties
essentially with regard to strength. The toughness properties are also dealt with in
Part 1-10 and Part 1-12.

The interrelation between toughness properties and the safety of steel structures is
not commonly known, and therefore EN 1993-1-10 does not explicitly address this
issue. The background material to EN 1993-1-10 presented in this report provides
the necessary explanations on the underlying principles and their application rules. It
also opens the door to the application of these principles to situations not yet fully
covered by EN 1993.

Due to its rather innovative character, some of the contents of this joint ECCS-JRC
still needs to be complemented through additional research likely to be carried out in
the context of the further development of Eurocode 3.

The European Convention for Constructional Steelwork (ECCS) has initiated the
development of this commentary in the frame of the cooperation between the
Commission (JRC) and the ECCS for works on the further evolution of the
Eurocodes. It is therefore published as a Joint Commission (JRC)-ECCS-report.

Aachen, Delft and Ispra, September 2008

Gerhard Sedlacek
Director of ECCS-research

Frans Bijlaard
Chairman of CEN/TC 250/SC3

Michel Géradin, Artur Pinto and Silvia Dimova
European Laboratory for Structural Assessment, IPSC, JRC
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Section 1

1.2

1.21

General guidance through the commentary and summary
Section 1: Objective of the guidance

This commentary gives explanations and worked examples to the design rules
in Eurocode 3 that are influenced by toughness properties of the structural
steels used.

It is therefore a commentary and background document to EN 1993-1-10
“Material toughness and through thickness properties” and its extension in EN
1993-1-12 “Design rules for high-strength steels”, where toughness properties
are expressively addressed. It is however also a background to other parts of
EN 1993, e.g. to EN 1993-1-1 “Design of steel structures — Basic rules and
rules for buildings”, where the design rules are related only to strength
properties as the yield strength f, and the tensile strength f, without explicitly
mentioning the role of toughness that is hidden behind the resistance
formulae.

Finally it gives some comments to chapter 6 of EN 1998-1: “Design of
structures for earthquake resistance — Part 1: General rules, seismic actions
and rules for buildings”.

Section 2: Commentary and background of EN 1993-1-10, section 2:
Selection of materials for fracture toughness
Designation of steels and selection to performance requirements

The term ,steel” comprises a group of about 2500 materials with iron (ferrum)
being the main component which are tailor-made to meet the performance
requirements of various applications.

Structural steels are designated according to their application, mechanical
properties, physical properties, particular performances and the type of
coating according to fig. 1-1.



Group of Steel

S Structural Steelwork
[— | P Pressure vessel
L Pipes and ducts structures

S..
P..
L.

Mech. properties

minimum value of yield strength N/mm?
minimum value of yield strength N/mm?
minimum value of yield strength N/mm?

Mech. properties
Charpy-V-energy values  Test temp.
273 403  60J °C
JR KR LR +20
— J0 KO Lo +0
Jz K2 L2 -20
J3 K3 L3 -30
J4 K4 L4 -40
JS K85 LS -50
J6 K6 L6 -60

M
N

Q

Physical properties - Group 1
(only for steel group S)

thermomechanical forming
normalised steel
hardened and tempered steel (fine grain steel)

G2 killed steel 1)

— 1 |

Physical properties - Group 2

(only for steel group S)

—— C  special properties for cold forming
F forgeable

Special Specifications

(only for steel group S)

| C  coarse grain steel

F fine grain steel

Z15 minimum percentage of STRA 15%

Type of coating

(only for steel group S)

A hot aluminium dipped
CU  copper coating

JC  1norganic coating
— OC fit for forging

S hot tin dipped

Z ot zinc dipped

Treatment (selection)
(only for steel group S)

A annealed

C cold reinforced
CR  cold rolled

U  untreated

A

— |

S 235 JRG2 W + Z15 JC U

1) old designation; acc. to EN 10025:2004 unkilled steels will no longer be produced, so that the tokens G1
(unkilled) and G2 (killed) will cease to exist.

Fig. 1-

The selection of steels normally is related to the following performance

1: Distinction of structural steels

requirements:

Strength requirements, e.g. related to the characteristic values of the
yield strength f, and tensile strength f, (mostly in relation to the

maximum strain g, at fracture).

Applicability to fabrication, e.g. weldability (controlled by the chemical
analysis and heat-treatment), applicability for cold forming (also
depending in the contents of nitrogen) and applicability for zinc-coating
(for sufficient resistance to cracking in the zinc-bath and also for
sufficient quality of the coating depending on the silicon-content).

Applicability for different temperatures, e.g. with regard to strength- and

creeping behaviour (at elevated service temperatures), strength

2




behaviour in the case of fire and fracture behaviour at low temperatures
(brittle fracture).

4. Resistance to corrosion, e.g. steels with normal corrosion resistance
without or with corrosion protection by painting or coating, weathering
steels, stainless steels.

5. Special properties, as e.g. wearing resistance or magnetic properties.

EN 1993-1-10 section 2 addresses the steel selection of ferritic structural
steels with different strength that are exposed transiently or pertinently to low
temperatures to avoid brittle fracture.

The use of strength-values f, and f, from coupon tests and of toughness
values T2z, of the material in EN 1993

The design rules for ultimate limit states in the various parts of EN 1993 are
based on a “technical stress strain curve” as given in fig. 1-2, where fy is the
yield strength and f, is the tensile ultimate strength, determined from steel
coupons tests at room temperature.

4° L
f cSfracture
y
E
>
e
Fig. 1-2: “Technical stress-strain-curve” from steel coupon tests for room

temperature as used for design

The yield strength f, varies with the temperature T, see also section 2, fig. 2.1
and fig. 2.5, and with the strain rate ¢ that can be considered together with the
temperature T according to table 1.1.



()

Steel :
grade fy (g’T) m
S235
2.8
8275 108 m
f,pr +960-|1-1.0767-107* - T -In| —
S355 &
3.27
S460
S690 1010 m
f, r +960-[1-7.2993.10°° -T-In( , 3.74
S890 &

Table 1-1:  Yield strength f, depending on T and ¢ [1]

Such variations from the conditions of the steel coupon tests are normally
neglected for structures exposed to climatic actions in Europe.

The fracture strength Osacure results from the “notch situation” of the test piece
considered (e.g. effected by initial cracks) and from the toughness of the
material, that depends on the temperature as well, see also fig. 2.1, fig. 2.2

and fig. 2.5.

The resistance functions for “cold design” in all parts of EN 1993 are based on
experimental tests of prefabricated components also carried out at room
temperature and hence apply to the upper shelf region of the toughness-
temperature curve, see also fig. 2.2.

The behaviour at the ultimate limit state is therefore ductile, and the design
models used for the resistances are only related to the material strength f, and

f, as given in fig. 1-2, see fig. 1.3.




(7)

1.2.3

Ductile failure modes treated
by design codes based on material strength

Brittle fracture prevented
by choice of material

F

load- ,
deflection- —— =
curves of fracture

prefabricated
components 1)
Mode 0 Mode 1 Mode 2
Excessive Member failure | Fracture after
deformation by instability, yielding, e.g.
by yielding, e.g. buckling bolt
.g. tensi
9 b(;r;smn Brittle fracture avoided
failure modes by background safety
R (f) R (f I) R (f) assessment based on
R, = k\'y R, = _K\y R, = k\u material toughness
=
Vmo Vi1 Vm2
Yo =1.00 Yo =1.10 Ymo =1.25
Re =ru-Ry

Fig. 1.3: Load-deflection curves of prefabricated components in tests at
room temperature and associated resistance functions based on f, an f, only

The influence of toughness on the resistance functions in the upper shelf
region is taken into account only indirectly by factors applied to the tensile
strength f,, see section 5.

An explicit toughness-oriented verification has been carried out as a
background study to justify the quantitative elements of the rules for the choice
of materials in EN 1993-1-10 that are related to the lower part of the transition
area of the toughness-temperature curve. The principles of the fracture-
mechanics assessment method used are stated in section 2 of EN 1993-1-10;
details however and guidance how to use it for other cases are only given in
section 2 of this commentary.

Conclusions
The two-way safety assessments for steel-structures, i.e.:

- the strength related checks for ultimate limit states in the various parts
of EN 1993, which as far as tension resistance is concerned indirectly
take toughness properties in the upper shelf region into account, and

- the toughness related checks hidden behind the rules for the choice of
material to avoid brittle fracture

ensure appropriate safety of steel structures in the full temperature range of
application.

The safety assessment in the upper shelf region is based on ductile
behaviour, the consequences of which are




1.4.1

(1)

- nominal stresses can be used and stress concentrations and residual
stresses can be neglected,

- plastic design assumptions can be applied for members and
connections, e.g. secondary moments can be ignored,

- energy dissipation is possible by hysteretical behaviour that produces
beneficial behaviour-factors q for seismic design.

The toughness assessment behind section 2 of EN 1993-1-10 is based on an
accidental design situation with extremely low temperatures and consequently
low toughness values on one side and a crack-scenario to determine onerous
toughness requirements on the other side. It is performed in the elastic range
of material properties where no significant influence of plastification can be
expected. Such an explicit toughness assessment needs not be made any
more in design if the rules for the selection of material in EN 1993-1-10,
section 2 are used.

A prerequisite of the strength-oriented and toughness-oriented design rules in
EN 1993 is, that the fabrication of the structural component considered
complies with EN 1090-Part 2.

Section 3: Commentary and background of EN 1993-1-10, section 3:
Selection of materials for through-thickness properties

Section 3 of this commentary relates to section 3 of EN 1993-1-10: Selection
of materials for through-thickness properties according to Z-grades as
specified in EN 10164.

The commentary explains the phenomenon, gives different routes for the
choice of through-thickness-quality and presents a numerical procedure based
on a limit state for Z-values (percentage short transverse reduction of area
(STRA) in a tensile test:

Zeg < ZRg.

The Z-requirements are associated with various influences, mainly the weld
configuration and weld size and the restraint to welding shrinkage.

The efficiency and reliability of the procedure is proved by test results.

Section 4: Complementary rules for the design to avoid brittle fracture
on the basis of the background to EN 1993-1-10
Scope

Section 4 gives complementary non conflicting informations to section 2 of EN
1993-1-10 in that some additional application rules are given that comply with
the principles, basic assumptions and methods given in EN 1993-1-10.

These application rules apply to
- Assessment of residual safety and service life of old riveted structures

(section 4.1)
- Choice of material for welded connections in buildings (section 4.2).



1.4.2

(1)

(4)

143

(1)

Assessment of residual safety and service life of old riveted structures

The assessment of residual safety and service life of old riveted structures is
an example for how any such assessment could be performed for any existing
steel structure, that is subjected to fatigue loads.

The procedure given complements the general procedure given in the JRC-
Scientific Technical Report: “Assessment of Existing Steel Structures:
Recommendations for Estimation of Remaining Fatigue Life (EUR 23252-EN-
2008) by giving a fracture mechanics based method to prove “damage-
tolerance” of existing structures.

Whereas for the selection of material for new projects the “safe service
periods” between inspections are specified such that the fatigue load for that
“safe service periods” is equivalent to 1/4 of the full fatigue damage accepted
for the full nominal service life of the structures (e.g. a safe-service period of
30 years for a full nominal service life of 120 years). Subsequently the
associated steel grade and toughness properties are the unknowns; the
assessment of existing structures however works with known values of the
steel grade and toughness properties of the existing steel and asks for the
associated value of “safe service period”

The “safe service period” should be sufficiently large, so that the formation of
cracks can be detected in usual inspections by NDT-methods before they get
critical (sufficient prewarning).

If the “safe service periods” are too small, the inspection intervals or the
fatigue loading can be reduced or appropriate retrofitting measures can be
applied.

The assessment method presented is based on the conservative assumption
of through cracks and gives design aids to perform the assessment with tables
and graphs.

Choice of material for welded connections in buildings

As EN 1993-1-10, section 2 has been developed for structures subjected to
fatigue as bridges, crane runways or masts subjected to vortex induced
vibrations, its use for buildings where fatigue plays a minor role would be
extremely safe-sided.

Section 4.2 gives for the particular case of welded connections of tension
elements with slots in gusset plates (as e.g. for bracings or tension rods)
alternative rules based on assumptions more appropriate for buildings with
predominant static loading.

These assumptions are:

- a structural detailing not classified in EN 1993-1-9
- initial cracks as through cracks with a larger size than in EN 1993-1-10

7



1.5

(1)

()

1.6

1.6.1

- crack growth by fatigue with a smaller fatigue load than in EN 1993-1-
10: This fatigue load is equivalent to the damage D = Ac®-n =26 -10°
- certain limits for the dimensions following good practice.

As a result tables for the selection of materials are given that are similar to
table 2.1 given in EN 1993-1-10.

Section 5: Other toughness-related rules in EN 1993

Section 5 of this commentary refers to the influence of toughness on the
resistance rules in EN 1993 and EN 1998 which nominally relate to the
strength properties of material only. The influence of toughness, which is in
the upper shelf region of the toughness-temperature diagram, is normally
hidden in factors to the strength or in other descriptive rules.

The first part 5.1 of this section explains the relationship between experimental
results for fracture loads from large wide plate tests and various fracture
mechanics approaches in the upper shelf region.

Part 5.2 explains the background of a recommendation for the choice of
material for bridges given in table 3-1 of EN 1993-2 — Design of steel bridges —
that is based on a traditional empirical approach to secure a certain toughness
level at room temperature for plate thicknesses above 30 mm. It is not
performance oriented but may still be used as a requirement in addition to the
minimum requirement in EN 1993-1-10 by some bridge authorities.

Part 5.3 explains the background of the ultimate resistance formula for net
sections in Part 1-1 and Part 1-12 of EN 1993 also addressing the assumption
of geometrical imperfections in the form of crack-like flaws by which toughness
aspects enter into the formula.

Also the effects of strength on the maximum strains for ductile behaviour are
highlighted.

Part 5.4 finally deals with the conclusions from “capacity design” for the
material properties. The requirements for material toughness, structural
detailing and fabrication are the higher, the higher the material strengths are.

Section 6: Finite element methods for determining fracture resistances in
the upper shelf area of toughness
The use of porous metal plasticity models

Sections 2 to 5 of this commentary are related to the dual approach for safety
assessments to avoid failure:

1. the strength-controlled approach represented by the resistance
formulae in EN 1993
2. the toughness-controlled approach usually carried out by fracture

mechanics, where the method used depends on the temperature and

its impact on the toughness properties in the toughness-temperature-

diagram as follows:

a) in the lower shelf region: relevant material properties: Kc or J.
leading to the fracture stress Ofracture-

8



(2)

b) in the transition area between the lower shelf region and the
upper shelf region: relevant material properties:

A,-T-curve or J-T-curve

c) upper shelf region: relevant material properties: Jg-curve (J-Aa)
from large plate tests.

Section 6 tackles with an alternative to this dual approach that is based on
damage theory. With this theory it is possible to determine material properties
from the microstructure of the steel and to simulate numerically with FE-
methods

a) the performance of steel coupon tests,

b) the performance of fracture mechanics tests,

c) the performance of any structural member, the failure of which may
have been modelled using the results of steel coupon tests or fracture
mechanics tests.

Thus the damage theory has the potential to cover both the application fields
of the strength controlled and of the fracture mechanics controlled methods in
the future.

Table 1-2 gives a survey on consequences of damage theory on the
constitutive law to be applied to a single cell (of grain size) of a FE-mesh, to
simulate the behaviour of a structural member.

The parameters of the GTN-model are determined for the material in
consideration from tests (fitted parameters), so that effects of damages can be
calculated for members of different shape made of this material.



Ductile models without cracks

Constitutive law for a single cell without damage effect

o
NP0 True stress-strain curve
Derivation of tensile strength for steel grades f <)
from “true” stress-strain curve ,
va
Effect on tension coupon test: ol o =
Stablllty Strength fu l‘/ DN Conventional stress_-strain
€ de endent on f curve from tension
! P ! Stability criterion: gsw =g  coupontest
8:
Constitutive law with damage effect
o
Effect of voids in a single cell of 25 0] True stress-strain curve
material, e.g. by GTN-model: reduction of stiffness
by porosity
Decrease or increase of stiffness &
of true stress-strain curve
increase of stiffness
by porosity
Crack initiation with damage effect
Attainment of a final void volume R
fraction f, at microscopic failure at e~ cracknitiation

which the stress transfer through
a cell is interrupted

Effect on tension coupon test: o
Attainment of strain equivalent f,

to the attainment of J, crack initiation

=

0
X
3
g
)
<
s
3
&
o
o
o
=

Stable crack growth to failure load

Introduction of cohesive models
between finite elements to model f
stable crack growth Crack initiation

Failure by attainment of critical crack
(equivalent to J-Aa-curve)

4

Cohesive models calibrated to
J-Aa-curves

Table 1-2:  Features of GTN-model to simulate damage effects of a single
cell of material
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(5)

A typical example giving the the consequences of effects of different
constitutive laws (true stress-strain curves) is the plastic resistance of cold-
formed profiles, see fig. 1.4.

flat part
not cold formed Z u 4 cold formed
~
~

f M T~
G 7 u 7 ~
S /> @ [

N hot rolled

™ -~
7’

@ 1 too

Corner part, > >
cold formed

Fig. 1.4: Effects of increase of strength by cold forming on constitutive
laws for cold-formed and not cold-formed regions of sections.

Part 6.4 of section 6 also deals with the use of the damage theory for cyclic
straining as experienced in the response to seismic actions. It includes a
model for strain accumulation.

1.6.2 Damage curves

(1)

With using a constitutive law for ductile material behaviour the results of tests
or of calculations with the damage theory may be plotted in damage-curves,
that give local ultimate equivalent plastic strains limited by the formation of
micro cracks (equivalent to J;) in finite elements versus the relevant parameter

“stress triaxiality” h = m, see 6.3.5and 6.4.3

v

Whereas the “stability strength” allows to determine failure loads for load-
controlled design situations (e.g. tension rods), the use of the damage curve is
appropriate, where in deformation-controlled design situations the ultimate
strains, to avoid cracking, are looked for (e.g. for pressure vessels).

For cases of failure controlled by “stability strength” it is sufficient that the
ultimate strain of material causing cracking is greater that the maximum strain
€y associated with f,,.

Section 7: Liquid metal embrittlement in hot dip zinc coating

In the years 2000-2005 an increased number of cracks in galvanised steel
components have been observed that formed in the zinc bath during the
dipping process.

Research has been reactivated to find out the causes for these cracks and to
initiate measures to avoid them.

The research revealed that cracking occurred where a limit state defined by
the balance between the crack driving plastic equivalent strains g g and the
strain-capacity ¢, r of the steel influenced by dipping speed and by more or
less corrosive compositions of the liquid zinc-alloy was exceeded.

11



1.8

[1]

Both the actions €, e and the resistances ¢, r follow the concept of the
damage curves in section 5; they also are time-dependant, so that the rules
for strain-accumulation for cyclic loading in section 5 apply.

Section 7 gives the background of the limit state assessment for avoiding
cracking of steel components in the hot zinc bath as far as needed to
understand the process and the basis for more descriptive rules for design,
fabrication and zinc-coating that could be part of a future amendment of
Eurocode 3 and of EN 1090.

Bibliography
Kidhn, B., Beitrag zur Vereinheitlichung der europaischen Regelungen zur

Vermeidung von Sprodbruch, Dissertation am Lehrstuhl fur Stahlbau, RWTH
Aachen, Shaker-Verlag, ISBN 3-8322-3901-4.

12



Section 2

2

21
2141

(1)

3)
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(2)

(3)

Selection of materials to avoid brittle fracture (toughness requirements)

General
Basis of the selection method

The basis of the selection of materials for fracture toughness is an Ultimate
Limit State verification based on fracture mechanics for an accidental design
situation for structural members in tension or bending.

This verification includes the following influences:

- structural detailing of the steel member considered

- effects from external actions and residual stresses on the member
- assumption of crack-like flaws at spots with strain concentrations
- material toughness dependent on the temperature

For particular applications also the influences of cold forming and large strain-
rates are included.

As the material toughness for the steel-grade to be chosen is specified in the
product standards, e.g. EN 10025, as the test-temperature Tky [°C] of Charpy
impact energy tests, for which a certain minimum value KV of impact energy
shall be achieved, (e.g. for steel S355 J2: Ty7y = -20°C, or KVpin > 27 Joule for
the testing temperature To7; = - 20°C) the fracture mechanics verification has
to be carried out in such a way that it refers to this specification of product
property.

According to EN 10025-1 KV, is the lower limit to the mean value of 3 tests
carried out in a qualification procedure for steel as given in the Harmonised
European materials standards as EN 10025, where the minimum value
measured must exceed 70% of KVnin. There are also cases where another 3
tests are required to fulfil requirements for KVpmin.

Applicability of the selection method

The selection method for fracture toughness has been developed on the basis
of safety assumptions which include the presence of initial cracks (e.g. from
fabrication) that may have been undetected during inspections and may grow
in service from fatigue.

Therefore the verification has been performed for rather large design values of
crack sizes. It is applicable to unwelded and welded structures subjected to
fatigue loading, such as bridges or crane runways.

The method covers all structural details for which fatigue classes are given in
EN 1993-1-9.

The method may also be used for building structures, where fatigue is less

pronounced. In this case the use of the large design values of crack sizes may
be justified by the fact that, due to less refined welding controls, the initial

13
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cracks may be larger, so that they compensate the smaller crack growth from
fatigue.

The selection method in EN 1993-1-10 presumes that the selection of material
shall be made in the design stage to specify the steel grade for material
delivery. It is therefore related to the numerical values of Tky specified in the
product standards (e.g. in EN 10025) and takes into account that actual values
are probably much higher than those specified.

If the method is to be used to confirm or justify the suitability of existing
material by a “fitness for purpose” study (e.g. for existing structures or material
already available, from which measured data can be taken), the method may
not be used without a modification of the safety elements.

The core of the method is table 2.1 of EN 1993-1-10 which is based on the
following:

1. Standard curve of design value of crack size versus plate thickness t,
that envelopes all design values of crack size resulting from initial
cracks and crack growths for the fatigue classes in EN 1993-1-9

2. Safety elements covering the use of Tky-values specified in the
Harmonised European material standards for steel

3. Definition of yield strength as specified in the Harmonised European
material standards for steel

4. Nominal stresses from external loading for an accidental design
situation

5. Static loading without dynamic impact effect limited by a strain rate

oe

§=—<4-10"*/sec.
ot

6. Welding in conformity with EN 1090-Part 2

7 Residual stress, both local from welding and global from remote
restraints to shrinkage of welded components

8. No modification of material toughness by cold forming: ¢, <2%.

Table 2.1 of EN 1993-1-10 may also be used where the assumptions for ¢
and g, are not met by modifying the reference temperature Tegq by AT,

according to (2.2.6.4) or AT, according to (2.2.6.5).

For other cases, there is no full guidance in EN 1993-1-10, but the principles
are given in sections 2.2 and 2.3 and the door opener for more refined
methods is established is section 2.4.

The commentary and background document gives explanations to the
standard procedure in EN 1993-1-10 and also gives supplementary non
contradicting information on how the principles and the door opener for more
refined methods in EN 1993-1-10 may be used.

14
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(1)

(2)

Procedure
Fracture-behaviour of steel and temperature

For ferritic steels, the fracture behaviour of tensile loaded components, in
particular the extent, to which they exhibit a non-linear load-deformation curve
by yielding, depends strongly on the temperature.

Fig. 2-1 shows in a schematic way the fracture behaviour of tensile loaded
components wich bear a crack-like flaw. The figure contains different
informations which are related to the fracture behaviour. Characteristic
temperatures are also defined which enable the distinction of fracture
behaviour into brittle and ductile:

1.

The fracture mechanism (on a microscopic scale) being cleavage at low
temperatures and becoming shear or ductile above a temperature T,.

The fracture stress depending on temperature and increasing from low
temperatures to a temperature T4, where net section yielding is
observed before fracture and going further up to a temperature T,
where the full plastic behaviour in the gross section and the ultimate
load is reached.

The macroscopic description of the fracture behaviour is defined as
brittle if fracture occurs before net section yielding and where the global
behaviour is linear elastic or as ductile behind this point, where plasticity
can be observed in the cross section and the load displacement
deviates from linearity.

15
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Fig. 2-1: Fracture behaviour of components depending on
temperature (schematic view)

The temperature region above T, signifies the region with large plastic strains
which enable plastic redistribution of stress concentrations in the cross-section
and the formation of plastic hinges for plastic mechanisms. In the upper shelf
region above T, the ultimate tension strength results from the stability criterion

A-6do=0A-0 (2-1)
and is not controlled by toughness.
In the range T > T, (room temperature) all member tests have been carried

out, from which the resistance functions and design rules for steel structures in
Eurocode 3 have been derived, see fig. 2-2.
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2.2.2

AToughness

Elasto-plastic behaviour

of steel structures with

flaws and weld discontinuities
Validity of the design rules

Temperature transition

I RTITITRRTERRYRXXN

behaviour Upper s»helf behaviour
Temperature
Fig. 2-2: Temperature range for validity of design rules in Eurocode 3

Below T, is the temperature transition range that leads to the lower shelf
behaviour, where the material toughness decreases with temperature and the
failure modes change from ductile to brittle.

Below T, the macroscopic plastic deformations are smaller than those above
Tm. They suffice to reduce stress concentrations in the cross-sections so that
the nominal stress concept can be applied. They are, however, no longer
sufficient for plastic hinge rotations, so that global analysis should be made on
an elastic basis.

A limit that separates this macroscopic ductile failure mode from the brittle
failure mode is the temperature Ty, at which net section yielding is reached
before failure. The brittle fracture avoidance concept presented here is related
to this area.

Below Tgy the plastic deformations are restricted to local crack tip zones, which
can be quantified with fracture mechanics parameters like K, CTOD or J-
Integral.

Principals of Fracture-Mechanics used for the brittle fracture concept

The principals of fracture mechanics are based on the perception that the local
stress concentration in the vicinity of a crack in any component can be
quantified by a single parameter. This single parameter can be calculated
analytically or by use of Finite Element Simulation as crack driving force
depending on the outer stress and (if necessary) of secondary stresses.

The parameters which have been developed are:

- Stress Intensity Factor K (Unit: MPam®?), which is limited to linear
elastic behaviour and in most cases cannot be applied for structural
steels due to there good local and global yielding behaviour.

- J-Integral (Unit: N/mm), which is presenting a path independent line
Integral around the crack tip and provides the crack driving force as an
energy parameter which allows the optimal quantitative description of
effects of local plasticity.
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- CTOD (Crack Tip Opening Displacement, Unit: mm) which also suites

for elastic-plastic behaviour and represents the opening of the crack tip
as a measure of local plasticity ahead of the crack tip.

To allow for the calculation of the critical limit condition where fracture may
occur in a structure with possible defects it is necessary to obtain the
resistance of the material against crack initiation with the same fracture

mechanics parameters, see fig. 2-3.

Here: Limit state of Fracture

Fracture is defined as:
Initiation of Cracks

Loading S <(=)> Resistance R

mmn> o]

Crack driving Force <(=)> Crack Resistance

mm>»nzc|

K, J, CTOD (Component) <(=)> K, J, CTOD (Material)
Fig. 2.3: Limit state design for fracture problems

Special small scale laboratory test specimens have been developed from
which the most widely used are the CT- (Compact Tension) and the SENB-
(Single Edge Notch Bending) specimen (fig. 2-4).

C(T)-Probe SE (B)-Probe

A A F

<« $ L | 4
W, ' W
a II A/ ﬂO
. F< @' '@ >F ﬁ S $
< L F/2 F/2
Fig. 2-4: Fracture Mechanics specimen

The transitional behaviour of ferritic steels is also observed from the fracture
mechanics test as shown schematically in fig. 2-5.
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Fig. 2-5: Transitional fracture behaviour of fracture mechanics specimen

The fig. 2-5 is similar to that shown in fig. 2-1. The major difference is the
definition of the indices related to fracture mechanics tests. The indices can be
interpreted as follows:

C: the fracture mechanism at crack initiation is cleavage. Further crack
growth is spontaneous without energy consumption. The crack
behaviour is also named unstable crack growth.

i the mechanism at crack initiation is ductile. Further increase of load is
necessary to drive the crack further. Hence, the crack grows under
energy assumption. The crack behaviour is also named stable crack
growth.

u: in the transition region the fracture mode changes from ductile to
cleavage after initiation of stable crack growth (index i)

m: the load displacement curve reaches a maximum value.
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In view of this background it is important to know that only the fracture
mechanics values obtained for crack initiation (index i or c) are transferable
geometry independent material values.

The fracture mechanics analysis can now be performed in the following way:

1.

Derive a fracture mechanics model of the structure concerned with a
representative flaw assumption.

Derive the crack driving force with analytical solutions like stress
intensity factor solutions from handbooks corrected by plastic correction
factor as given by the failure assessment diagram FAD (fig. 2-6).

Derive material resistance as fracture toughness value from tests at
adequate temperature or from correlation. Correlations which have
specifically been developed for structural steels and weldments are
provided from the master curve concept, see fig. 2-7 and fig. 2-8.

Calculate in the limit condition for fracture from three parameters free to
choose (crack geometry, toughness, stress) one when the other two are
known. This means that you can calculate critical crack length for
fithess for purpose or critical toughness for material selection or critical
stress fracture for component dimension and strength, fig. 2-3.

Verify results from either experience or larges scale tests and select
appropriate safety factors to cover scatter from input parameters and
model uncertainty.

Another important feature is that material toughness values obtained with
elastic plastic fracture mechanics test procedure like J-Integral or CTOD can
be transferred into units of stress intensity factor K, thus not being the same
value as a valid K|; value, but a representative of the elastic plastic fracture
toughness and for use in conjunction with FAD analysis. The formula to be
used is:

K, = [J*E/(1-02))%° (2-2)
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Fig. 2-7: Fracture mechanics master curve for ferritic steels
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Fig. 2-9: Principal of fracture mechanics analysis as being used for brittle
fracture concept in EN1993-1-10

223 Design situation for fracture assessment
2.2.3.1 Requirements for ultimate limit state verification with ductile
behaviour

(1)  In general, ultimate limit state verifications are carried out by balancing design
values of action effects Eq4 and resistances Rg:

Eq < R4 (2'3)
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(2)  The design values of resistance R4 in Eurocode 3 have been determined from:

Ry = & (2-4)
Twm

where

Rk = characteristic values of resistance determined from the statistical
evaluation of large scale tests carried out in test laboratories at
room temperature (in general defined as 5% fractiles of a large
representative population).

ym = partial factor to obtain design values (also determined by test
evaluations for ar = 0.8 and B = 3.80. However, for practical
reason classified into ymo, Ym1 and ym2)

These resistance values reflect ductile failure modes as encountered in the
upper shelf region of the toughness-temperature curve.

(3)  Fig. 2-10 gives a schematic view on how member tests to determine R-values
for Eurocode 3 have been carried out:

1. Members made of semi-finished products according to EN-product
standards and fabricated according to execution standards as EN 1090-
2 are considered to be representative for the statistical distribution of
properties (e.g. geometries, mechanical properties, imperfections)
controlled by these standards).

2. Such members have been subjected to tests with boundary conditions,
load applications and load paths that mirror real loading conditions. The
results are experimental resistances Reyxp,i, for which an appropriate
calculative design model R¢aic is proposed.

3. From a comparison of the experimental values Reyp,i With the calculative
values Rcac; the model uncertainty is determined (mean value-
correction and error term), from which the statistical properties and
hence the characteristic values Ryx and the design values Ry are
determined and after classification of yy the Rg-value can be corrected.

4. The statistical characteristics, obtained from the test evaluation (e.g.
the mean values and standard deviations for geometrical and
mechanical properties) can then be used to check the results of the
quality control of the manufacturers.
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Fig. 2-10:

design standards

(4)  This procedure, providing consistency between the properties specified in
product standards and the design rules in Eurocode 3, is only valid for ductile
behaviour excluding any brittle fracture.

(5)  To secure ductile behaviour for all design situations covered by Eurocode 3,
two conditions must be met:

1. Sufficient ductility by specifying the material properties in the upper-
shelf region of the temperature-toughness diagram as in section 3 of
EN 1993-1-1.

2. Avoidance of brittle fracture by performing additional safety verification
in the temperature transition range of the temperature-toughness
diagram with toughness properties of the material, which leads to a
selection of material.

2.2.3.2 Requirements for ultimate limit state verifications to avoid brittle

behaviour

(1) Fig. 2-11 gives an overview on the design situations for the ultimate limit state

Consistency of product standards, execution standards and

verifications for ductile behaviour and the ultimate limit state verification to
avoid brittle behaviour together with the temperature-toughness diagram.
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Fig. 2-11: Design situations in the upper-shelf region B and the transition
region A of the toughness-temperature diagram.

The design point B; (for ductile behaviour) in the upper shelf region
corresponds to the load level B, of the load-temperature-diagram, which
results in the design values of action effects

Eq= E(Yg' Gk+vya Q+...) (2-5)

that are compared with the design values of resistances Ry at point B3 on the
elasto-plastic part of the load deformation curve R-¢ from the member tests.

Supplementary requirements for the material to achieve ductile behaviour in
the region B have been related to the following:

- requirements for the strain behaviour of the material at fracture, e.g. g,
> 15 g, or As 2 1,5% aiming at sufficient plastic deformation capacity (to
neglect stress concentrations and residual stresses) and at sufficient
rotation capacity for redistribution of stresses in cross-sections or of
moments by plastic mechanisms

- toughness requirements depending on the plate thickness, e.g. in view
of sufficient resistance to instable crack growth initiated by welding
defects, as given in section 3 of EN 1993-Part 2.

The design point Ay designates the verification to avoid brittle fracture in the
lower part of the temperature transition of the toughness temperature diagram.
This verification is necessary for structures that are not protected against low
temperatures, e.g. by facades. The verification therefore is carried out for the

25




224

lowest possible temperature of the member Tnq, for which the material
toughness takes the minimum value.

In general, for structures exposed to climate actions, the temperature and
other actions are correlated in such a way, that the load-level A, in the load
temperature diagram is relevant, which because of probability of occurrence is
below the load level B,. The design point A, is also below the design point B,
because the verification in the temperature transition area is carried out with
accidental assumptions for the location and size of crack-like defects, so that
an accidental design situation may be applied. For such an accidental design
situation the design value of action effect is

Eqs=E (Gk + @1 Qi1 +....) (2-6)
instead of equation (2-5).

For the load level A, according to (2-6) the relevant loading point on the load
deformation curve is As, which is on its linear elastic part. This means that
plastic deformations are very small (restricted to a limited local reduction of
stress concentrations in the cross-section), and the analysis is performed with
an elastic global behaviour without plastic redistribution of action effects.

This explains why, depending on the design case, the loading level for the
fracture mechanical verification (EN 1993-1-10 equation (2.1)) is below the
loading level for the other ultimate limit state verifications in other parts of EN
1993.

The accidental design situation applied for the fracture mechanical verification
takes the minimum temperature Tgq4 as the leading action A (Tgq) and the other
actions as accompanying actions, so that the combination rule (EN 1993-1-10,
Equation 2.1) reads according to EN 1990, section 6:

Ed = E {A (TEd) u+u ZGK “+“ LIJ‘] Qk1 “+n 2 L|J2i Qki} (2_7)

The use of this load-combination results in a stress ogq, taken as a nominal
stress, which is then expressed as a portion of f,(t), see EN 1993-1-10,
2.3.2(1) equation (2.6), between the limits

0.25 fy(t) < oeq < 0.75 fy(t) (2-8)
for which table 2.1 of EN 1993-1-10 applies.
Basis of the fracture mechanic assessment

Fracture assessments in the brittle area below the temperature T; below which
no stable crack growth may occur could be performed with fracture
mechanical parameters as J-integrals or CTOD-values that take both the
elastic and the plastic strains into account.

However for practical reasons, the stress intensity functions, initially valid for
the fully elastic range T < Tic only, can be used in a more practical way
because of their availability from handbooks where solutions can be found for
most relevant cases.
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The stress intensity factor K is taken for mode | actions, see fig. 2-12 and has
been derived from a stress field around the crack tip according to fig. 2-13. Its
validity is limited to elastic behaviour where plasticity even in the vicinity of the
crack tip is limited.

Mode I Mode I Mode I

Fig. 2-12:  Action modes for cracks

detail of a loaded component with crack
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Fig. 2-13:  Definition of the stress intensity factor K

(2) The error resulting from neglecting the local plasticity at the crack tip is
considered by a correction factor kgrs from the CEB6-R6-Failure Assessment
Diagram (FAD) [9] applied to the elastic value of the action effect Kappia, Which
results in

K, ooy, Y -M
Kappld,correct = k el =—= . . [MPa\/E] (2-9)

re — P Krs — P
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where

oz, Is the design value of the stress applied to the member from external

loads [MPa = N/mm?]

aq is the design size of the crack [m]

Y is the correction function for various crack positions and shapes (see
table 2-3) taken from Raju-Newman) [-]

Mk is the correction function for various attachments with semi-elliptical
crack shapes (see table2-4) [-]

kre is the plasticity correction factor from the R6-Failure Assessment
Diagram (FAD) (see table 2-5) [-]

P is a correction factor for local residual stresses (see table 2-6), that may
be taken p = 0 for non welded details [-].

The corresponding resistance is Kuaig depending on Tgq, which may be
determined from J-Integral, CTOD or valid Kic-values from CT-tests.

The basic verification format with these values reads:

Eq (K) < Ry (K) or

Kappia < Kwmatd (2-10)
Which, however, needs further processing to achieve two goals:
1. Correlation between the resistance K|; and the standard values Ty,
2. Transformation to a format for verifying with temperatures Tegg and Tky.
The first goal is reached in two steps:

1. by expressing Kuvatg as a function of Tgq by the standardized K-(Tk1o0 -
Teq)-Master curve from Wallin [3], which refers to the temperature Tk1oo,

for which Kyt takes the value 100 MPa\/H:

Tinin = Tk100 = Tk 25 0.25 1 0,25
Ky =20+ |77-e 52 +11 (—] -(En J (2-11)
beff 1_pf
where
Tk =13 (0.5 -py) (2-12)

represents the effect of the standard deviation in the correlation
between Kwuat and Tk1o0 for a required probability level py.

For the use of EN 1993-1-10 ps is taken 50% (mean value), as
corrections for sufficient reliability are not performed for the individual
elements of the procedure, but for the procedure as a whole, as
explained in fig. 2-10.

28



2. by correlating the temperature Tio for the fracture mechanical

parameter K = 100 MPa Jm with the temperature Ty7, for the Charpy-
impact energy K, = 27J (modified Sanz-correlation [43],[44]), which
reads in the mean:

Tk100 = T27g— 18 °C (2-13)

This correlation of the K-(Tki00 — Teq)-Master curve with the Charpy-
energy curve Ky-Tgq is supplemented by an additional safety element
ATgr, which controls the overall reliability of the total formula in a
modified way according to the procedure illustrated in fig. 2-10.

Ed S, Rd

*

Kappl,d S; KMat,d (TEd )

v

R6-FAD-Procedure
kR6 Z N
1
1 LR
K
* appl,d ( )
appl,d — k SI KMat,d TEd
re — P ! v

Wallin-chJugh ness-Curve

Ky in 4
MPavm

100

T, in°
 xw Tpin°C

i 1/4
K = Koppia 520+|:70{exp Tya _7;;;)0+ATR}+10:|.[2_5}
_ .

Sanz-Ty)-T,;;-Correlation

Kin 4 KyinJ 4
| | MPavm

100 27

Taw | Tin°C Ty, Tin°C

Txi00
in °C

T,,, in °C
K : 1 o 2 1/4
K., =it ézo+[70{exprd_T27-f+ 8 C+ATR}+1O}- 2
krs =P 52 b‘fff
Fig. 2-14:  Fracture mechanical assessment using stress intensity

functions K

(6) Fig. 2-14 gives the total process and the final expression for the verification in
terms of K-values.
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(7)

2.2.5

7

The expression [Z—SJ addresses the effect of the crack front on the failure
eff

probability and has been derived from a weakest link model with beg

representing the length of the critical crack front.

besf takes the values given in table 2-7 depending on the crack shape. E.g. for
through thickness cracks the total front length is bes = 2t.

ATr is the safety term that effects a temperature shift according to the
reliability required.

Transformation to the temperature format
The verification formula based on K-values as presented in fig. 2-14 may be

transferred to a formula based on temperature values T by applying
logarithms, see fig. 2-15, so that the final assessment scheme reads:

Tea 2 Try (2-14)
where
T, =T, +AT + AT, + AT, [+ AT, +AT,] [C] (2-15)
Trg = Tiioo + AT, =18 [°C] (2-16)
and

Tma = lowest air temperature (e.g. — 25°C)

AT, = radiation loss for member considered (e.g. - 5K) [45]

1
(Ka"""d —20J[beﬁj4 10
Kre — 25
rRe — P [K]

70

AT, =-52/n

(2-17)

= temperature shift according to stress situation limited to 120 [K].

AT; = term to consider the variation of material toughness in the thickness
direction of the product (inhomogeneity of material properties)

ATr= additive safety element, determined from large scale test evaluations
according to EN 1990 Annex D (e.g. ATr = +7 [K] for Ty7; values taken from
EN 10025)

1440 f )
AT, =1L E )k (2-18)
550 &
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= influence of the strain rate with ¢, = 0,0001 [s].

¢, =4 - 10" [s"] is the limit for static loading where

AT, is ignored

AT = - 3 DCF [K]

with DCF = degree of cold forming [%]

K* K

mat,d

appl,d <

—> Transformation —

Tgy > Try

Assessment scheme

(2-19)

Action side /

Tgg 2 Try

\ Resistance

T =T,y + AT + AT, + AT,[+AT + AT, |

Tra = Txi00 + AT,

» Lowest air temperature with a suitable return
period in combination with 6y, €.g..

T =-25C

md ,Germany —

» Radiation loss
AT =-5K

» Influence of stress, crack imperfection and
member shape and dimension

1/4
e
krs= P 25

70

AT, =-52.In

with AT, < +120 K
» Additive safety element
e.g. AT, = +7K (with 5=3,8)

for the case that T, -values are used from
standards EN 10025, ...

may be supplemented by
» Influence of the strain rate
1440~ £,(¢) [ &)
713 . [ In ¢ j [K]
550
with &, =0,0001 s

AT, = -

» Influence from cold forming

AT, .=-3.-DCF [K]
with DCF = Degree of Cold Forming [ %]

[K

—

» Influence of material toughness
Tioo= Ty, -18 [O C]

» Variation of material toughness in through
thickness direction

AT, =12,9-tanh(1,9-In(¢) - 7,6)+12,8 [K]

Fig. 2-15:

Transformation into a verification formula based on temperature

values and final assessment scheme
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2.2.6
2.2.6.1

(1)

Though the temperature shifts AT; affect the resistance side of the material,
they are listed on the action side for achieving an easy-to-use format for the
application of table 2.1.

In the following, the temperature shifts AT; in fig. 2-15, that may be
supplemented by further shifts from other effects, are explained in detail.

Explanation of temperature shifts AT;
Shift from stresses AT,

ATs in (2-15) represents the temperature shift due to the actual stresses in the

member and may be calculated from the fracture mechanical action effect in
(2-9) using the correction factor kgs from

Ky = for L =2 <1 (2-20)

J1+0,5L2 Ogy
krs =0,816 for L, =1 (2-21)
where

Op is the stress from external loads applied to the gross-section

Ogy is the stress applied to the gross-section
to obtain yielding in the net section

2.2.6.2 Shift from inhomogeneity of material AT;

(1)

The inhomogeneity of the material is characterized by a decrease in
toughness from the surface to the middle of thick plates, as identified by
NielRen [37], Haesler [38] and Brecht [39] for steels S 355, S 460, und S 690.
As sampling for Charpy energy tests is made close to the surface of plates

(£ 2 mm), the reduction of toughness in the middle of the plate is not taken
into account by using the Tj7,-values. The formula to take the difference
between the position of the samples and the middle of the plate into account in
the mean, is according to Kuhn [34]

AT, =129 tanh (21-In(t) - 7,6) + 12,8 (2-22)

see fig. 2-16,
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30
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—
/
/

N
o

-
(%))

AT, in K

-
o

AT, =129xtanh(2,1xIn(t)-7,6)+12,8

0

0 25 50 75 100 125 150 175 200 225 250
plate thickness tin mm

Fig. 2-16:  Temperature shift AT; for accounting for the inhomogeneity of
thick plates

(2)  The procedure for applying expression (2-22) is as follows:

1. Consider the core of the plate according to fig. 2-17

! surface area

; surface area

(2]
o
@
131, 3¢ /3t
t

Fig. 2-17:  Definition of surface area and core area of plate

2. If the design crack depth aq of the critical surface crack reaches the
core of the plate, formula (2-22) applies.

(3) In fig. 2-18 a comparison is given between temperature shifts as measured
and temperature shifts according to formula (2-22) for various plate
thicknesses.

30

25

ATy,
>

X 1 test
5 tests

7 tests

I

0 25 50 75 100 125 150 175 200 225 250

plate thickness t in mm

Fig. 2-18: Formula for Temperature shift AT; in comparison with test results
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22.6.3 Additional safety element ATg
2.2.6.3.1 General

(1)

The strength functions Trgy and AT; in the formulae (2-15) and (2-16) have
been chosen such that they give about the expected values for failure (~ 50
%-fractiles). The additional safety element ATr shall produce the reliability of
assessment required.

As required in EN 1990-Annex D, ATr shall be determined from large scale
tests that are performed in such a way that they are representative for actual
structures.

The application rules in EN 1990, however, apply to resistances R, for which
the relationship between Ry and Rk is expressed in a multiplicative way, see
(2-4), whereas the verification format for the assessment to avoid brittle
fracture combines the variables in an additive way. Therefore the principle
presented in Annex D had to be transferred from multiplicative safety elements
to additive safety elements as presented in fig. 2-19.

The design values are given by

R4 = mgr + or BOr (2-22)
with

or=0.8

B =3.8

where mg and or statistical parameters of the distribution of R
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Multiplicative Form Additive Form

L. Strength function go(x)=x,- %, %; ... 1. Strength function gp(x) =%, +x, +x; +..

B

T
2. Correction term b, = — 2. Correctionterm b, = r, - 1,
r‘ll
3 Meanvalue b - = Y b = 1.5
2. -vican vatue " i 3. Meanvalue b = = - Y b,
n i
T, b. _
4 Error term 6, = —— = 4 Emorterm 6, = b, -~ b
b, b )
Y. i _ =
58 ==38=0 S b l-zﬁi-—nﬂ
. n i
: 1w, 7o 1 - 2
6 S, (B - 8) 6 o, N @ -8
n-157 ° n-1757 °
If the test population 1s representative, 1t If the test population 1s representative, 1t
follows follows
Sp = S, Op = O
else else
> 4 v 2
.- , de(X, ) - ) dg(Xyp)
Sp (Sp)° + Z =W, Oy O (o) + Z X T Oy
[3). 48 ' Rl &
7. Design function 7. Design function

LT ot B Sy - 05 (8P -5, ()b oy pro
rg = gp (X - b-e d R M 3 D

=
gp (Xyp) 8. Partial safety element
. _ g N
& Partial safety element v,; = ———— .
) 4 "lTR_ gr (}L\" I,
where X,; are nominal values where Xj; are nominal values

Fig. 2-19:  Statistical evaluation of the safety element ATr by the procedure
in EN 1990, Annex D (additive form) [4, 41, 42]

2.2.6.3.2 Tests for calibration

(1)

Two test series with large scale fracture tests at low temperatures Tex, have
been used to determine the model uncertainty of the design model developed

and to determine the safety element ATg for achieving the required reliability of
resistance:

1. test series with Double Edge Cracked Tension (DECT) elements
according to fig. 2-20,
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2. test series with welded details according to fig. 2-21, that had semi-
elliptical surface cracks with the dimension (a4/2c4) at the hot spots for
fatigue.

Fig. 2-20:  DECT-test elements

_ , Ac Ac
Detail Index Large scale test specimen ace. EC3.2 | used in tests

Reference

plate 125 160
GK

Longitudinal

attachment 56 71
D1

Transverse

attachment

71 71

D2

Reinforcing

plate

56 56

D3

Reinforcing

plate according

to DS 804 56 56
D4

Horizontal

attachments
D5 71 71

Fig. 2-21:  Test elements with welded details
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DECT-Test Specimens

No Steel t 2a 2W | AW | e | Oacte Ty | Tew
Grade [mm] [ [mm] | [mm] [-] [N/mm?] | [N/mm?] | [K] | [K]

1 S355J2G3 | 30 60 300 0,2 418 350 248 | 238
2 S355]2G3 | 30 60 300 0,2 405 349 248 | 253
3 S355N 30 60 300 0,2 400 377 213 | 254
4 S690Q 30 60 300 0,2 780 503 186 | 232
5 S690Q 30 60 300 0,2 805 494 203 | 223
6 S690Q 30 60 300 0,2 800 477 203 | 233
7 S890Q 30 60 300 0,2 1023 784 203 | 243
8 S890Q 30 60 300 0,2 1011 824 203 | 258
9 S890Q 30 60 300 0,2 1008 822 203 | 263
10 S890Q 30 60 300 0,2 1010 760 205 | 251
11 S355J0 30 37,36 | 300 |0,125 398 3623 263 | 232

12 S355M 30 39 300 | 0,13 557.6 3329 173 | 163

13 S690Q 30 36,36 | 300 [0,121 769.,9 354.9 233 | 232

14 S6900Q 30 36 300 [ 0,12 754,1 521 233 | 248

15 S690Q 30 37,2 | 300 (0,124 [ 8754 395,2 203 | 204

16 S890Q 30 38 300 0,127 | 9845 703,2 233 | 273
17 S890Q 30 384 | 300 |[0,128 | 980,3 651.4 233 | 278
18 S890Q 30 40,9 | 300 | 0,136 | 9585 662.9 198 | 232

19 S890Q 30 39,9 | 300 (0,133 946,3 606,9 198 | 245
* Yield strengths at testing temperature

Table 2-1:  Properties of DECT-test specimens and test results [42]

The test results for the DECT-tests are given in table 2-1.

For the test specimens 1 to 10 in table 2-1, the yield strengths f, (t, T) had
been measured, whereas for specimens 11 to 19 the yield strengths had to be
calculated using the formula according to TWI and Wallin [3, 42].

55555

t
f,(t T)=1, 1000 +————189 025~ (2-24)

0
where

fyr=203k = Yyield strength [N/mm?] related to T = 293 K = 20°C

T= testing temperature [K]
t= plate thickness [mm]
to = reference plate thickness 1 mm
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(8)

A comparison between the results of equation (2-24) and the yield strength
values fy (t,T) as measured is given in fig. 2-22 [42].

Mild Steel (S275 and $355) High Strength Steel (S460 to $890)
Yield strength as a function of the testing temperature Yield strength as a function of the testing temperature
650 / 1200
600 _ 1150 | £
1100
550 P
, — 1050
— “ =
] =] A
& so0 = 1000 5
?_‘ A 4 fy,Measured ?.': 950 . T » fyyMeasured
o 450 A
g 900 m
400 = 850 -~
“ 800
350 | /
750 —~~
300 1 700
300 350 400 450 500 550 600 650 700 800 900 1000 1100 1200
£, [MPa] £, [MPa]

Fig. 2-22: Comparison between the results of equation (2-23) and yield
strength values as measured [42]

As the DECT-tests, according to fig. 2-20, see table 2-1, did not contain any
welded attachments and hence not any residual stresses from welds, a further
test series, see fig. 2-21 and table 2-2, has been used to include these effects
in the evaluation for ATg.

In total 48 large scale tension tests were carried out with specimens that had
various welded attachments according to the fatigue classes in EN 1993-1-9.

These test pieces had initial semi-elliptical surface cracks with a depth of ag ~
2.2 mm and a width of 2 ¢ ~ 11 mm, artificially cut in by electro-erosion at the
hot spots for fatigue at the weld toes, so that the ap/co-ratio was about 0.40.

These artificial initial cracks were subjected to a first high fatigue loading Ao
to initiate a realistic sharp crack front and then to a fatigue load with stress
ranges Ac, = Ao, according to fig. 2-21, with a mean stress of about 0.5 f,

1. to obtain sufficiently large crack sizes (ag/2Cq = @end/2Cend), the
subsequent fracture tests were carried out (anders loopt de zin niet,
denk ik) at low temperatures of about T = - 100°C to -120°C, so that
brittle fracture could be achieved.

2. to check, as a side effect, the predictability of crack growth from initial
crack sizes via the Paris equation by comparing ap/2co with aeng/2Ceng.
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specimen dimensions

statical tensiletest

test detail
4y 20, alc- o 20, | width | thicknes | A, At termp Ty, Orot.vocare | Cbr. ok et i [MP2]
[rmrr] [rmm] ] [mmj [rmrr] [rmm] s [mim] [mr [mrr?] [C] [riljﬁ:l'.gl MPa] [MPa]
S35GK reference 219 10,86 0.4 73 28135 1980 M9 16216 15934 -130 300 308 323 334
2 plate (Cera)
83301 longitudinal 2,08 10,85 0,38 46,13 1134 1980 81,4 16117 12113 120 331 467 314 419
stiffener
535012 | longitudinal 217 10,58 0,41 50,55 1250 1980 81,5 16137 11138 -106 321 463 308 443
stiffener
$33013 | longitudinal 2.2 10,78 0.4 48.8 1257 1983 .4 16130 11434 121 334 471 8 430
stiffener
833014 | longitudinal 2m 10,83 0,38 40,38 130,35 1985 81,41 168180 11013 -120 288 420 - -
stiffener
535021 transverse 218 10,8 0.4 14,93 64,9 1980 81,46 16129 154835 120 387 413 - -
stiffener
$33023 transverse 23 10,88 0.4 211 36,73 1983 81,42 16162 15288 -110 434 480 364 386
stiffener
S33024 | transverse 218 10,87 0,4 30,73 99,55 | 1980 8.3 16137 | 14032 120 327 378 - -
stiffener
533031 cover plate 2,20 10,83 0.4 17,06 152 1980 81,3 16097 14383 -1z0 247 272 - -
535032 cover plate 1.88 10,88 0,33 16,83 1437 1980 81,36 16149 14180 -1a 266 303 - -
$33033 cover plate 274 10,83 0.3 334 1454 1980 81,38 16113 12277 -118 21 277 - -
S33034 cover plate 213 10,88 0,39 2388 o7 1983 81,42 168182 14411 -18 287 322 - -
33304 cover plate 1,66 10,47 0,4 42,38 142 1985 81,43 16168 11468 120 285 4m - -
DS 804
533042 cover plate 217 10,86 0.4 20,31 a318 199 8.5 16219 14803 -110 258 279 - -
Ds 804
535043 cover plate 1,92 10,87 0,35 2515 9712 1980 81,38 16113 14471 121 250 278 - -
DS 804
333044 cover plate 2,2 10,93 0,4 25,42 103,35 1980 81,44 16125 14377 127 268 268 - -
DS 804
833031 lateral 213 10,7 0,4 38,61 1.4 1995 .4 168239 13307 -118 N3 378 - -
stiffeners
$33032 lateral 219 10,83 0.4 3774 .4 189 81,43 16203 13880 -112 332 393 324 384
stiffeners
535033 lateral 21 10,88 0,39 30,69 736 1993 81,43 16243 14544 -119 449 am not not detectable
stiffeners detectable
535054 lateral 1.8 10,68 0,34 38,6 81,6 189 81,6 16238 13804 -119 408 494 331 400
stiffeners
S48GK reference 1,97 10,63 0,37 63,4 1577 | 1980 81,48 16129 7848 -100 223 4359 213 437
1 plate
S4BGK reference 1.97 10,88 0,38 43.8 97 1 1983 .28 16134 12738 -120 3N 418 - -
2 plate
S4BGK reference 2m 10,84 0,37 48,22 1008 1980 1,43 168127 12448 -110 420 344 408 326
3 plate
S4BGK reference 2,22 109 0.4 47,538 10,08 1983 8.0 16079 12270 122 452 383 427 360
4 plate
546011 longitudinal 2,44 107 0,48 38,03 64,52 1980 81,46 16129 13013 120 353 437 - -
stiffener
846012 | longitudinal 21 10,89 0,38 4 9815 19835 81,35 16146 13298 -109 10 410 398 396
stiffener
S46013 | longitudinal 2.2 1073 0.4 39,835 98,33 1980 81,42 18121 13130 -1 438 338 428 326
stiffener

Table 2-2:

Properties of welded test specimens and test results
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crack specimen dimensions statical tensiletest
test detail
a 2 alc [ Bera 20y | owidth | thicknes | A, Fre temp i, L Tre, e [MP2]
[rmm] [mm] ] [mm] [mm] [mm] s [mm] [ [ [*C] [I"u'IS:F"J;] [MPa] [MPa]
546014 | longitudinal 2,22 10,81 0,41 37,78 94,1 1980 81,46 16129 13257 -118 284 347
stiffener
S46021 transverse 202 1079 037 443 124 1963 1,43 18001 12142 -120 263 347
stiffener
546022 transverse 2,2 10,83 0,41 24,4 il 1980 8.3 16137 147352 -1 283 3N
stiffener
$46D23 transverse 217 10,89 0.4 al 738 1980 .2 18036 14883 -109 373 4m
stiffener
S46D024 transverse 218 10,84 0.4 25,38 88,47 1982 81,6 16173 14813 121 341 373
stiffener
546031 cover plate 216 10,9 0.4 28,36 167.4 1980 81.42 16121 12369 -1z0 298 386
546032 cover plate 2,29 10,38 0,43 32,91 171 1935 1.4 16178 12100 -1089 el 302 8 426
S46033 cover plate 2,08 10,89 0,38 389 1828 1980 81,38 168109 10874 =111 267 383
S46034 cover plate 2,23 10,88 0,41 4 103,8 1982 81,48 161435 13793 -120 268 313
546041 cover plate 213 10,86 0,39 18,81 101,3 1983 81,5 16177 14783 120 240 262
DS 804
S46D42 cover plate 2,08 108 0,38 22,3 938 1980 .4 168117 1473 -100 294 I
DS 804
S46043 cover plate 1,97 107 0,37 31,87 119 1980 81,43 16123 13337 -103 34 314
DS 804
S46D44 cover plate 216 10,83 0.4 20,88 7247 1983 8.3 16178 15138 -119 201 3n
Ds 804
S46D31 lateral 2,24 10,43 0,43 3.8 1,48 198.0 81,48 16211 13968 -108 361 418
stiffeners
546052 lateral 2,05 10,87 0,38 37 46 81,44 2003 81,44 16329 13863 -118 228 226
stiffeners
S46033 lateral 218 10,94 0,4 3517 &l,22 1985 81,22 16203 13947 -112 358 418
stiffeners
S46D34 lateral 2n 10,89 0,38 37,32 81,435 1990 81,54 16227 14238 121 3 334
stiffeners
in test 833... steel grade S 3533 madein quality AL (acc. to EM 10713, Part 3175 used
in test S46... steel grade S 460 made in quality AL (ace. to EW 10713, Part 317s used

Table 2-2:

2.2.6.3.3

(1)

For obtaining ATgr, the experimental test results Tex, from section 2.2.6.3.2 had
to be compared with calculative results Tcqc, Which are determined for the
geometrical and mechanical data as measured for the test specimens, e.g. the

Properties of welded test specimens and test results (continued)

Calculation models

crack sizes aq and cq and the values To7, and fy.

For calculating AT, according to equation (2-17), the values Kappig, Kre, p and

bef Needed to be determined.

For the determination of Ksppd, See equation (2-9), table 2-3 gives the
correction functions Y for various crack positions and shapes and table 2-4
gives the correction functions M for various attachments with semi-elliptical

crack shapes.
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Case Function Y Source

Surface crack

1.65
Q=1+ 1.464(3)
¢ Raju - Newman

(=)
IN
-~ |
IA
—
o

1/2

1
a\ 4
fo = [(:) -cos? o+ sin? q):|

Double edge crack

Y =1122-0154- 0807 - (o)
/a< >/a (OL)+ ((x) Murakami

—1894- ()’ +2494- (o)’

t where o= Q
w

A

>
P

w

Through-thickness

central crack Murakami
Y =1-0025 (0)* +0.06- (o)’ - !
22 CO{M)
e 2
where o= Q
w
t I
" W

Single edge crack

Y =112-0231- (00)+1055- (o)’ Murakami

~ 2172-(0,)® ¥
2172 (o) +30.39 ()
‘ where o= 2
t W
) W

Table 2-3: Stress intensity correction factors Y for various crack configurations
[13], [21]
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Case Function Source

Hobbacher
i T L
t C= 0.9089—0.2357-—+0.0249~(—)
F t t
fillet weld L)2 B )
semielliptical —0.00038- (T) +0.0186- T —-01414. 5
o Ssurface crack
¥
a
T
k =-0.02285+0.0167 - —
range of validity t
0 o\
I T —0,3863-—04— 0.1230-( o]
05<°°<40 0155 <2 45 45
= B (e} 1e]
25<—<40 30°<£ O <60
i
v
7
v 2c N
'x = M =C- [—) and M, =10 Hobbacher
t
filetwed = [TTTTTTT T TS TS T T T T T T T T T
semielliptical
v l surface crack H H)? W
H C=08068-01554-—+0.0429-| — | +00794 - —
% t t t
k= —01993—01839»E+00495(E)2 +00815-E
> w K : ’ t ’ t ’ t

range of validity

02< [1{ <10 0125< 1 <40
t

W
02< ? <10 0175< éﬁ 0.72
15°<O0<60°

SCF
v My = ] 04348 and M, =10
2 " (2
B 01473 \ t
t weld Fischer and

filetweld @ Lo m ]
¥ / semielliptical Zettelmoyer

4 D\ surface crack
¢y

SCF =-3539- log(%) +1981- log(%) +5.798

range of validity

032< % <096 064< % <20

Table 2-4:  Stress intensity correction factors Mg for welded attachments and
semi-elliptical surface cracks at the weld toe [16], [17]

The input parameters of the failure assessment diagram (FAD), see fig. 2-14,
are given in table 2-5 and the correction factor p may be taken from table 2-6.
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3 1

k [ —
oo 1105

where
G

L = £
Gg‘/

Gy =Og +V, G, +100 N/ mm?

1.0
0.816

\

Case

Function Y

Source

Surface crack
/2 2c t/2
<« l———>ia—>

a
\ yielding zone
2W .

I
L3

n-25-a% )

Ggy(t)=1y (t{1 - m

Harrison

Double edge crack
a a
el e

2] |

A yielding zone
W

2a

Oy (t)="y (t(1 —%).(1 103 W)

Beltrami

Through-thickness central crack

‘Za,

t
yielding Zone N I

1< »

0 O-1,0[1- 2

Silcher

a‘Single edge crack

W

A yielding zone
W 3

Oy (1)= fy(t{1_%]

Silcher

£ (t) = f, —025
y to

where

to =10 mm

Table 2-5: Determination of kge [9], [22], [46]
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Definition of p

Lr 3058 P=P
08 <L, <105 p=4p,(1,05-L)
1,05 < L, p=0

Definition of p,

og L,
v = 5 <0 p1=0
P
]_|J _ O'S Lr L 59 P]ZO,I W0,714_03007W2+
Op 0,00003 v
o, L,
L > 3,2 p1 =025
Op

Table 2-6: Definition of p

(5)  The value beg is given in table 2-7.

Case D [Mmm]

Surface crack

A |

Double edge crack

ad ad
b o 2t

It

Through-thickness central crack

2a,
l—> 2t
It
Single edge crack
a4
el t

It

Table 2-7: Definition of bes
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(6)

Where T,7; has to be determined from other values Tky, fig. 2-23 gives a
suitable relationship.

KV J] T [°C]
101 T+ 40
81 T+ 30
61 T+20
41 T+10
27 T
18 T-10
— 120 1
)
el
1 /7
® Burdekin
— Approximation 80 1 //./

Temperature Tky [°C]

-40 -30 -20 -10 Tor 10 20 30 40

T,y = Ty + 41,33 - 8,16 - JKV- 1,373

for 16] < KV< 67]
I'CSp 'IOOC < TKV-T27J < 250C

27]

Fig. 2-23 Relationship between T,7, and Tky

2.2.6.3.4 Evaluation of fracture tests for DECT-elements

(1)

For the DECT-tests table 2-8 gives a comparison of the values Tcac and Texp
together with the values for the mean value corrections b; and the error terms

8 according to fig. 2-19.
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DECT-Test Specimens
N | £(T00p | 65(Tsep | L. ks Ko AT | ry=Te. rg= | bi=r. =
o | [MPa] | [MPa 1 | [Nmm*™] [ [K] | =T,-18+AT | T, r, b,-b
K] K] K] K]

1 418 3545 099 | 082 4610 38 268 238 | -30.46 21,45
2 405 3434 1,0 [ 0,816 | 4616 39 269 253 | -15.55 -6,54
3 400 339,2 1,0 | 0,816 | 4986 43 238 254 | 15,53 24,54
4 780 661,4 | 0,76 | 0,881 6167 57 225 232 | 7.36 16,38
5 805 682,6 | 072 | 0,89 5992 55 240 223 | -16,88 -7.87
6 800 678,4 | 0,70 | 0,895 5752 52 237 233 | -4,38 4,63

7 | 1023 8675 | 090 [ 0,843 | 10047 | 85 270 243 | -27.28 -18,27
8 | 1011 8573 | 09 | 0,827 | 10758 | 89 274 258 | -16,17 -7,15
9 [ 1008 8548 |09 | 0,827 | 10734 | 89 274 263 | -11,04 -2,03
10 | 1010 856,5 | 089 | 0,847 | 9689 83 270 251 | -19,20 -10,19
11| 398 361,0 1,0 [ 0816 | 3801 26 271 232 | -38.73 29,72
12 | 557.6 504,0 | 0,66 | 0,906 | 3198 14 169 163 | -5.69 3,32

13| 7699 701,2 | 0,51 | 0,942 | 3169 13 228 232 | 3,98 12,99
14 | 7541 687,5 | 0,76 | 0,881 4944 43 258 248 | 9,94 -0,93
15| 8754 7954 | 0,50 | 0,943 3562 21 206 204 | 2,28 6,73

16 | 984.5 892,5 079 | 0,874 | 6917 64 279 273 | -5.54 3,47
17 | 9803 8876 | 0,73 | 0,888 | 6339 58 273 278 | 4,70 13,71
18 | 9585 861,7 | 077 | 0,878 | 6727 62 242 232 | 9,87 -0,86
19 | 9463 8532 | 0,71 | 0,893 5981 55 244 245 | 10,23 19,24

Table 2-8: Comparison of calculative results T¢c and experimental test
results Texp [42]
(2) Infig. 2-24 the values Tex/Tcaic are plotted; they are arrayed about the mean

line (diagonal: Texp = Tcarc), Which needs the temperature shift ATr to obtain

design values related to measured input values.
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Teo [°C] 10
-10.

-30.

-50.

-70.

-90.

-110.

-130.
-130. -110. -90.

Fig. 2-24:

Design values T .4

7’
7
\5 g
“
#

7
’

for measured T, | » d

Mean values T,

7
7

-70.

-50.

-30.

-10.

10.
Tcalc [OC]

Comparison of experimental Tex-values and calculative Tcaic-

values for DECT-elements

In fig. 2-25, the differences b = Texp — Tcaic @re arrayed in descending order
and plotted on Gaussian paper. According to this plot, the formula (2-17) fits to
the test results in the mean, so that for predicting expected values the safety
element ATr = 0 K may be used.

This corresponds fully with the prior assumption that for the various functions
in the fracture mechanics assessment, see fig. 2-14, mean value functions
should be applied.
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/ m-3.03c

Use of measure val

m+c

nominal values T,,,

-T';z -7°C |

m+3.03c

I :‘ | 1 1 | 1 ‘ | I 1 | I
60 40 20 O -20 -40-60 -80-100-120 [°C]

=T, -T
Fig. 2-25:  Determination of the safety element ATr for DECT-elements

calc

In applying the definition of design values according to equation (2-23), the
safety element ATr for ULS-verifications related to the use of measured values

T27y and f, is obtained on the level

Rq=mgr + 3.03 or (2-25)
which, according to fig. 2-25, gives a safety element

ATR,measured =+38K (2-26)
When the mean value correction values b; are referred to nominal values Tz,
and f, instead of measured ones, the mean line of distribution is shifted in
parallel by

AAT; =—45K (2-27)

This value AATR represents the positive effect of the difference between actual
values of Ty7y and fy, as measured and the nominal values Tz7; and f, as
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(7)

specified in product standards; hence it mirrors the over-quality of the material
as delivered.

The safety element ATr related to the use of nominal values Ty7; and fy is
therefore

ATgrom =— 7K (2-28)
This value has been justified also by the evaluation of test results with welded
details, see chapter 2.2.6.3.5, and therefore has been adopted for any fracture
mechanical assessment related to nominal material properties including the
determination of the allowable plate thicknesses in table 2.1 of EN 1993-1-10.

2.2.6.3.5 Evaluation of tests with welded details

(1)

The evaluation of tests with welded details included two steps:

1. Evaluation on the basis of the actual geometry and material properties
as measured.
2. Evaluation of the fatigue tests to derive suitable standard assumptions

for design values of crack sizes.
For the evaluation of the first step, T.ac was determined by the hand formulae
for Y and Mk-functions given in table 2-3 and table 2-4 and by FEM
calculations.

The results Texp and Tcac are given in fig. 2-26 together with the results of the
evaluation of the DECT-tests.
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Tee €l | | 7 o
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P 4 oog 0Op o
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-70 L - characteristic value Tg,.
e
7
90 12 i
P surface crack specimen,
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o
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o
og 0o u]

-50 o
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-90
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calculated with FEM safe

110 {o—o—+ L

m

. o ° o ®e oom

-130
-130 -110 -90 -70 50 -30 -10 Tcae [°Cl

Fig. 2-26:  Evaluation of tests with welded details

The comparison shows that the Y- and Mk-functions from handbooks, see fig.
2-26a) are safe-sided with regard to FEM -calculations, see fig. 2-26 b), so that
only those values have been used for the further evaluations of safety factors.

The plot of the results b; = Tex, — Tcalc for the test group with non-welded details

and longitudinal attachments is given in fig. 2-27 and for the test group with
details with transverse welds in fig. 2-28.
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[ m-3.03F

m+F

/

l m+3.03F
¥ *
200 -300 -40.0 -50.0 -60.0 -70.0 -80.0
bI= exp-Tcalc
Fig. 2-27:  Determination of the safety

element ATr meas fOr the test group with
non-welded details and details with
longitudinal attachments

(6)

m+3.03F

m+F

I

/%

/ m-3.03F
* &
30.0 10.0 -10.0 -30.0 -50.0
bI = exp Tcalc
Fig. 2-28:  Determination of the safety

element ATRr, meas for the test group with
details with transversal attachments

The results show that the safety elements ATr meas fOr measured values Ty7y

and fy and the safety elements ATr nom for nominal values T,7y and fy are all
safe-sided with respect to the ATr-values derived from the DECT-tests.

(7)

The results also show that the effects of local residual stresses os from

welding of the attachments can be neglected in the calculation model for the
sake of ease of use. They have not been included in the determination of the
toughness requirement Kappiq (NO p-value considered) and therefore they are
covered by the mean value corrections b; and error terms §; and subsequently
by the model-uncertainty expressed by the ATr-values, can be neglected in
the calculation model for the sake of ease of use.

The evaluation of the second step, the evaluation of the fatigue tests to derive

suitable standard assumptions for the design values of crack sizes, was

carried out in the following way:

1. On one side the crack growth was calculated using the Paris equation
A8 _c.AK” (2-29)
AN
where
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AK = Ao, /ra Y -M, (2-30)

with a/c ratios varying from cycle step to cycle step and C and m taken
from measurements for each test specimen, see fig. 2-29,

103
81

6 -

4

=)
N N N

crack growth rate do/dN [mm/LC]
[N*]

I I | !
200 400 600 800 1000 1500
cyclic stress intensity factor K [N/mm®]

Fig. 2-29:  Crack growth curves calculated with values C and m in the Paris-

equation, determined from large scale tests

On the other hand the crack growth was calculated with a boundary
element programme (BEASY), also with C- and m-values from material
tests that fitted well to the Gurney-correlation, see fig. 2-30.

m[] 5+

Fig.

45 - Correlation acc. to Gurney (= M
¢ . / 895.4"
4 &~
4 0‘.‘~?ﬁ\
N~ ‘?‘
3.5 ‘&u} -
. -~
A '0-._‘.~
3 Results from small scale * 4)'&‘\\
tests T~

25 + *

2 4
1.5 +

1 4
05 +

0 - f \ \ \ \ \

1E-17 1E-16 1E-15 1E-14 1E-13 1E-12 1E-11

C [N'mm®?]

2-30:  Correlation of C-and m-values according to Gurney
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0

2. In fig. 2-31 and fig. 2-32 some comparisons are given for typical crack

growth histories from experiments and calculations are given, revealing:

- the good accuracy of BEM-calculations,

- the safe-sidedness of calculations with hand formulae, in

particular with constant a/c ratios.

crack depth

807 a[mm] g )
: — experimental test
70 —— BEASY calculation
m
60 - : - - - ‘handformulae, a/c variable
50 i - o -handformulae, a/c const.
2
40 A @JZIE‘M /t’
30 o] e
m —___I
2 o
N -"_%‘
Ch P

10 EE@E P

ol >

of

400000 800000 1200000 1600000 2000000 2400000 2800000 3200000
load cycles N [-]

Fig. 2-31:  Comparison of typical crack growth histories from experiments

and calculations

crack shape
00

alc []
‘_/"""""__"" I i L LI

0.80 -

0.60 -

0.40 1
—c1 test
— 2 test

0.20 - —— BEASY
- - -handformulae

0-00 L] T L L T 1

0.00 0.10 0.20 0.30 0.40 0.50 0.60

alt[]

Fig. 2-32:  Comparison of typical crack growth histories from experiments

and calculations
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3. The conclusions drawn are the following:
a) In principle, two types of crack growth can be distinguished:

- those for non welded details and details with longitudinal
attachments where the initial crack developed to the final
crack size and

- those for details with transverse welds where in parallel to
the growth of the artificial initial crack other initial cracks
developed along the welded toe that first grew
independently from each other and finally grew together to
a single crack only, see fig. 2-33.

==
=%

=Fr

Fig. 2-33:  Stages of crack growth for cracks at transverse weld toes

In order to compensate these effects, the following assumptions
should be made for initial ratios ag/co:

- for non welded details and longitudinal attachments
ao/Co =0.40
- for details with transverse welds (2-31)

80/00 =0.15

b) The C- and m-values should be taken for tests to obtain best
coincidence. If such values do not exist, they can be chosen as:

m=3andC=1.80-10"3

to fit the Gurney-correlation, see fig. 2-30.

2.2.6.3.6 Conclusions for the safety element ATr

(1)  For the test-evaluations to determine ATg in 2.2.6.3, the following conclusions
can be made:

1. - ATRr values have been determined from test evaluations for a

design fractile level arp = 3,03 corresponding with the reliability
requirement in EN 1990.

- For these evaluations only tests that exhibited brittle fracture and
not ductile failure have been considered and treated, as if only
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brittle fracture would always happen in the cases of the testing
conditions (100%).

In fact only a portion (~ 70 %) of the total number of test
specimen has shown brittle fracture and this portion depends on
the temperature, see fig. 2-34.

700 -

600 1 X x ductile failure
XX o brittle failure
. 500 4 X X
2 | OxO
Z 400 EED 2
£ i
£ 300 1 # z of
£ B -
2 o
© 200 -
100 -
0 L] L] L] L] L} L]
-140 -120 -100 -80 -60 -40 -20
test temperature in °C
Fig. 2-34:  Portion of the test specimens showing brittle

fracture (~ 70 %)

Therefore, for efficiency reasons, the expensive tests were
carried out at very low temperatures.

Hence agrp = 3,03 may be considered as an upper bound, and
the lower the real design fractile, the higher the temperature.

Of all test evaluations, the DECT-tests give the most onerous
conditions for the safety elements ATrg.

There may be doubts whether the large scale tests with welded
attachments actually cover all practical cases and also the crack
sizes ag/cq used for the fracture tests may have been too large to
give the extreme values of the relative toughness requirements,
see fig. 5-16. Therefore, the ATr-values from DECT-tests have
been further used for all other details, also including welded
ones.

The ATgr-values cover local residual stresses from weld
attachments on large scale specimens. Therefore such residual

stresses need not be further considered in determiningK_ ;-

However, global residual stresses resulting from remote
restraints that were not included in the tests, see fig. 2-35, shall

be additionally considered in K;ppl,d as an applied external stress
os in addition to the working stress o, from external loads.
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Fig. 2-35:

4.

Finally, global residual stresses have been assumed in the
preparation of table 2.1 of EN 1993-1-10 to be o5 = 100 N/mm?
as a lump value for all cases considered.

local residual stresses

global residual stress o,

Local and global residual stresses for a fracture mechanics
model with weld attachment

There are various ATr-values for different purposes:

For the case of mean value predictions on the basis of
measured input values (e.g. for expected values in tests)
ATgr = 0 K should be used.

For unique verifications of a project, where measured
input values exist for To7; and fy, the value ATr = -38 K is
required to cover model uncertainty of the verification
procedure.

In this case expert advice is recommended.

For normal design, where T,7; and fy-values are used
from standards (EN 10025), which represent a lower
bound value that is rarely reached, the safety element ATr
= + 7K may be used that takes account of the usual over-
quality of steels delivered.

This value ATr = + 7 K is close to the value ATr = 0 K for
mean value-prediction for measured input values, so that
the extreme accidental case, that the steel delivered only
attains the nominal standard value Ty7y, is sufficiently
covered.

The maximum allowable values of element thickness in table 2.1 of EN
19931-10 were calculated for the case, that T,7,-values are used from
appropriate EN-standards, which requires a safety element AT = + 7 K.
Hence the values in table 2.1 do include this safety element already and
ATgr = 0 K is recommended in using the tabulated values.
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2.2.6.4

To consider special national safety aspects or other reliability
requirements the safety element ATr and possibly a shift of cgg may be
given in the National Annex to EN 1993-1-10.

For any calculative approaches, the shape of the initial crack
imperfection should depend on the notch case when fatigue can control
crack growth. The ap/cp-ratio should be
- for non-welded details and longitudinal attachments

ao/Co =0.40
- for details with transverse welds

ao/Co =0.15.
Models for crack growth calculations based on BEM give reliable
results. Solutions with correction functions Y and Mgk from handbooks

are safe-sided when calculations with varying a/c-ratios are performed.

For calculations with constant ag/cg-ratios the results are even more
conservative.

Temperature shift from strain rate AT,

(1)  The term AT, according to equation (2-17)

1,5
1440— £ (¢ 2\
AT. =—fy()(1ni] with &, =10"s""

550 &

takes the strain-rate effect for 4-10™* < ¢ <5-10°/s into account. The upper limit

of 5-10°/s is given by the boundary for validity without “dynamic stress
concentration factors”.

(2)  This term originates form test-evaluations of [1] and [20], see fig. 2-36 and
shows that the lower the strain-rate effects, the higher the yield strength of the
material.
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Fig. 2-36:  Influence of strain-rate on the toughness-temperature shift,
¢, =0,0001/s

(3) For developing table 2.1 of EN 1993-1-10, the term AT, has been taken as

AT, =0, so that any strain rate exceeding the limit 4-10* should be taken into
account.

(4) Studies made on behalf on the stress fluctuations in bridges under moving
traffic show that for that type of loading the limit is not exceeded. The limit of
4 - 10™ is also the magnitude of strain rate used in tension coupon tests.

2.2.6.5 Temperature shift from cold forming AT

(1)  Cold forming produces a reduction of toughness mainly from the enhancement
of yield-strength by cold-straining, see fig. 2-37.

[

z

without
cold forming

upper shelf

toughness

/ with
/  cold forming

lower shelf s

[

temperature

transition temperature

Fig. 2-37:  Influence of cold forming on the toughness-temperature diagram
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(4)

Though fig. 2-37 refers to cold forming with straining in the direction of tension
stresses ogq, it may also be applied for cold-forming in the direction transverse
to the direction of tension stresses.

The term

AT =-3 DCF

where

DCEF is the degree of cold forming in [%]

applies only for

DCF>2 %

and is constant for

DCF >15 %

Here the degree of cold forming DCF, e.g. for bending is defined as given in
fig. 2-38.

DCF=c¢, —¢, =[%.1oo—2j [%]

r

N

Hm
Il

Fig. 2-38:  Geometrical definition of DCF for a yield point elongation of 2%

In EN 1993-1-8 conditions for welding in cold-formed zones and adjacent
material are given, that make it plausible that cold-forming has negative
influences on material properties. In using the situation for Tgq = -5°C (without
ATcr), Teg-values including ATcr according to fig. 2-39 are calculated that
according to table 2.1 of EN 1993-10 result in allowable plate thicknesses as

given in fig. 2-40.

Ratio between

. . . Maximum .
perdrigadie 1 | appledpistc | ATk | JEOT | e
thickness t in mm strain DCF in % i

=25 <2 0 -5 -5
10<r/t<25 <5 -8 -5 -13
3,0<r/t10 <14 -21 -5 -26

20=<r/t<3,0 <20 -30 -5 -35

Fig. 2-39:  Calculation of ATcs for cold forming for ogq = 0,75 fy
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2.2.7

2.2.71

Ratio between Maximum aoplied Maximum allowable plate
bending radius r in lasti 'pFI)DCF Te.in°C thickness tin mm
mm and material | PlaStic .stroaln Ed IN
thickness t in mm in % EN 1993-1-10 | EN 1993-1-8
225 <2 -5 30 all
10<r/it<25 <5 -13 23 16
3,0<rt10 <14 -26 17 12
2,0<r/t<3,0 <20 -35 15 10
Fig. 2-40:  Comparison of permissible plate thickness for cold forming

products according to EN 1993-1-10 and EN 1993-1-8

Application of the fracture mechanic method to develop table 2.1
of EN 1993-1-10
Assumptions for application

The assumptions for the application of table 2.1 of EN 1993-1-10 were the
following:

1.

The table should be developed for the most onerous case of structures
susceptible to fatigue, where the design crack ag/2cy should not only
cover the crack sizes overlooked in inspections after fabrication
(denoted as initial cracks ap/2cp), but also the crack growth that results
from fatigue from putting the structure into use until the moment the
cracks grown are detected.

As the crack growth does not only depend on the size of the initial
crack, but also on the fatigue class and the fatigue loading, the fatigue
resistance and the fatigue load applied for crack growth should cover all
relevant fatigue classes in EN 1993-1-9 and be defined such, that it
takes reference to the maximum possible load in fatigue assessments.

The basis of the table should be defined in a mathematical way, so that
it can be easily reproduced by computers.

In conclusion, the following assumptions had to be made:

1.

Description of size of initial cracks

Definition of fatigue loading for determining the crack growth to obtain
design cracks

Choice of a fracture mechanics model and of a simplified way of
calculation to determine the design values of crack size aq and

subsequently K;pp,yd as input to AT,
Justification of the safe-sidedness of the results by a refined analysis for
a large series of details

Presentation of the results in table 2.1 of EN 1993-1-10 versus suitably
scaled input-parameters
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227.2 Description of the size of initial cracks

(1)  For a structural detail, e.g. as given in fig. 2-41, the initial crack in the form of a
semi-elliptical crack is assumed to be located at the hot spot for fatigue.

T

1 /2c
T: B >

Fig. 2-41:  Example of a fatigue detail with the hot spot for fatigue

t

It has a crack depth of

a,=0.51In (Htij fort <15 mm (2-32)

0
where to =1 mm

and

a,=05Ina, =05In (l] fort >15 mm (2-33)
t

0

see fig. 2-42.

a,,2¢, [mm] 15 | i

| crack width 2¢,=5-4,

10F————-

Z24
t

crack depth g, = O.S-En(t) I
0

| |
| |
| |
| | ]
0 50 100 150 200
t [mm]

Fig. 2-42:  Size of the initial surface crack depending on the plate thickness

(2) The ao/co-ratio, that gives the width 2¢, of the initial crack, if the crack depth ag
is known, is chosen as
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3)

ao/co=0.4 (2-34)

taking into account rest-line evaluations from fatigue tests as given in fig. 2-43.

0.9
0.8

0.7 f
0.6
0.5
0.4

0.3
0.2
0.1

0 &
0
Fig. 2-43:
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T
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1 2 3 4 3 6 7 8
al/c-ratios from evaluations of rest-lines from fatigue tests

With the crack width, a comparison was made with the detectability of cracks
with non-destructive testing (NDT) methods, demonstrating that such initial
cracks are most probably detectable with Magnetic Testing (MP) and even
with Ultra-Sonic Testing (US), see fig. 2-44.

100 calc. values 2¢,
— initial crack 2c0 (with a0/c0=0,4)
—— plate with reinforcing plate
- = = plate with longitudinal attachement
£ —— plate with transfers attachment
£ — —visual and colour penetration inspection
£ — - -ultrasonic inspection
S — - 'magnetic particle inspection
[
£ 10
B | = e L ==
3 ~ | L R i
§ AlE SP = visual inspection
5 initial crack width 2c, (with FP = colour penetration test
a5/c=0,4 and a, acc. Fig. 2.37) usS = uItrasonllc |nspect|_on .
MP = magnetic particle inspection
e g p—
MP
1
25 50 75 100 125 150
Plate thickness t in mm
Fig. 2-44:  Minimum crack width 2cy detectable by inspection methods after

fabrication
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2273 Definition of fatigue loading for determining design cracks
22.7.31 General

(1)

Ac

The maximum fatigue load a structure can bear with a survival probability of
95% is defined for the fatigue detail class Ac. by the damage equation applied
for the full service life:

2(Ac -n;)

D, =1=
o Ac®-2-10°

(2-35)

This fatigue load represents the characteristic value of the fatigue strength
according to EN 1993-1-9, see fig. 2-45, and includes any damage equivalent
loading spectrum {Ao. n.} during the service life that fulfils the equation (2-35).

Ac

(3)

(4)

2-106 N 2:10¢ 5106 108 N

Fig. 2-45:  S-N-curves for fatigue and damage curves D =1 and D = 1/4

The fatigue load for the growth of the initial crack to its design value has been
chosen as

1
Dgo, =— 2-36
=7 (2-36)

In the case of Aok = Aoc this means that the fatigue load for crack growth
reads:

Ao - . -
2 500.000 (2-37)

The lapse of time in which this fatigue load makes undetected initial cracks
grow to their design values, is called hereafter “safe service period”.
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2.2.7.3.2 Consequences for damage tolerance

(1)  The fatigue assessment in EN 1993-1-9 includes partial factors to obtain the
target reliability and is expressed by

D, —Z n; Z(VFfAUEi)3'nEi _'_z(nyAo-Ef)ﬁ'nEj =k <1

N ‘ 3 5
Rdi [AO‘CJ 2106 [AO‘DJ 5106

v v
for for (2-38)
YerAoy; > A% A% > VeAoy > 2
Y mr Y mr Y mr
(2)  The stress ranges from the use of long life structures as bridges are mainly in
the range
A
il > Ve A > oL
Mf Y v

so that on the safe side for the service life of bridges

Z(YFfAGJ)S N
5
[A“Dj .5.10°
MG

can be applied.

D, =

—k <1 (2-39)

(3) From equation (2-39) and the load for crack growth the following conclusions *
may be drawn:

1. For yes = 1,0 and yur = 1,0 the fatigue load for crack growth leads to a
“safe service period” of only %4 of the total fatigue life (e.g. ¥4 of 120
years = 30 years for bridges).

2. If after this “safe service period” an inspection of the structure is carried
out similar to the one after fabrication, the starting position after this
inspection is the same as after fabrication:

- if no damages are detected, the presence of undetected initial
cracks may be assumed and a new “safe service period” may
start,

- if damages are detected, relevant measures for repair or
retrofitting can be taken before a new “safe service period” may
start, see fig. 2-46.
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____________——-—4///}: ______——’III}T
aO \1‘17 \iﬁ
| | | | I | reg';ular i'nspecl:tionsl
crack initiation crack propagation

nominal design fatigue life
acc. to EN 1993-1-9

Fig. 2-46:  Nominal design fatigue life of a structure and sequence of
“safe service periods” with regular inspections and main
inspections

So the “safe service period” takes the role of a period between main
inspections, the number n of which is during the total fatigue life:

no e _q_4_1_3 (2-40)

period

The target reliability of 5% for the resistance as applied for the case with
vre = 1.0 and ywr = 1.0, is sufficient for the determination of “safe service
periods”. Hence yr-factors and ywr = factors greater than 1.0 applied in
the normal fatigue design according to EN 1993-1-9 can be used to
extend the “safe service period” by

r=(ver - Ywr) (2-41)

This results in an expression for the necessary number of inspections,
which is

ne 4 4 (2-42)

(YFf v )5
This equation gives a link between the number of inspections and the

recommended partial factors in EN 1993-1-9, see table 2-9, and allows
to choose yg -y =1.0 without loosing safety, as this is ensured by
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(4)

inspections. The choice of vy -y,; =1.35 would mean that the “safe
service period” is identical with the nominal fatigue life and an
inspection would only be necessary when the end of the nominal fatigue
life is reached.

Partial factors Number n of inspections during
YFf © YMf design fatigue life
1,0 3
1,15 1
1,35 0

Table 2-9:  Number of inspections between “safe service periods”
during service life

This link between the reliability of the fatigue assessment and the choice of the
toughness of the material by the inherent concept of “safe service periods”
between inspections controlled by crack growth from a quarter of the full
fatigue load during the full design life makes structures “damage tolerant”.

The concept of “damage tolerance” is a feature of structural robustness as it
ensures that not failure can occur without pre-warning by very large and visible
cracks. It also justifies the efficiency of inspections in that it ensures that the
occurrence of such large and visible cracks is possible and that those cracks
are detectable before a failure will happen.

A side effect of “damage tolerance” of structures is that their use is not limited
to the nominal fatigue life, see fig. 2-47. Damage tolerance also makes
structures robust against unforeseen developments of fatigue loads and errors
in the choice of fatigue class.
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_ IASn,
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damage development
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g g QQ\ detection of
P fatigue cracks
actual fatigue life In inspection

Fig. 2-47:  Damage tolerance by “safe service periods” between inspections
makes fatigue life independent of calculative design fatigue life

Tension elements in old riveted bridges built up from many thin plates have
been “damage tolerant”, because the poor toughness of the material then
used has been compensated by the crack arresting effect of the joints
between the lamellas and the redundancies of their number. Equivalence to
such crack arresting effects and redundancies is obtained for thick plates
without any crack arresting joint by high toughness of the material, which
provides sufficiently long “safe service periods” between inspections similar to
the ones for riveted components.

The alternative to “damage tolerance” is the “safe life” concept that should only
be adopted in exceptional cases where inspections are not possible. This
concept works without any pre-warning mechanisms and requires that both the
design values for fatigue loading and the design values for fatigue resistances
are chosen such that they reliably cover the full nominal design life (e.g. for
bridges ~ 100 years) and that at the end of the nominal fatigue life the
structure still has a failure probability comparable with the one used for
ultimate limit states. It therefore works with very large partial factors and
possibly with monitoring the loads, see fig. 4-16. At the end of the nominal
fatigue life the structure is no longer useable and has to be replaced by a new
one.
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2.2.74 Choice of fracture mechanics model to determine K’

appl,d

22741 Pilot studies

(1)

To fulfil the requirements for a reference fracture mechanics model that gives
the numerical values for allowable plate thicknesses in table 2.1 of EN 1993-1-
10 in a reproducible way, the following pilot studies have been undertaken

1. Studies with alternatives to choose a reference detail and a model for
that detail that can be considered as representative for common design
practice.

2. Use of geometric parameters for that detail that cover actual design
situations.

3. Use of a calculation method for the crack growth that is simple and

conservative enough to give design values of crack sizes a4 and action
effects Kappia that do not only cover the detail considered, but also all
other details in EN 1993-1-9.

2.2.7.4.2 Choice of fracture mechanics model

(1)

(2)

3)

From studies of many design situations the structural situation in fig. 2-48 has
been chosen to be representative, which applies to the steel beam of a
composite bridge with transverse web stiffeners, for which the allowable plate
thickness of the bottom flange is questioned.

vl

b B=2e
Fig. 2-48:  Steel beam with fracture mechanics models ©, ©, ®
representing fatigue details

The notch situation for this bottom flange may be associated with the fatigue
classes of the following structural details:

@ the welded connection between the web plate and the flange
@ a longitudinal attachment to the flange
® a transverse attachment to the flange

The fracture mechanical model 2 with a longitudinal attachment and the
fatigue class Ac. = 56 N/mm? and a semi-elliptical surface crack at the weld
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2.2.743

(1)

(2)

toe has been finally chosen to determine the allowable plate thickness t of
flanges, see fig. 2-49.

t

T

2C

&
<

»
»

B

Fig. 2-49:  Fracture mechanical model chosen for determining the

allowable plate thickness

Choice of geometrical parameters

For concretizing the standard detail according to fig. 2-49, the following
geometrical parameters have been assumed:

a)

for the dimensions:

L/t =8.20
Tt =0.15
Bt =7.50
o =45°

for the initial cracks
ao according to fig. 2-42.

ap/co = constant = 0.40.

Fig. 2-50 shows that the assumptions for dimensions cover a range of

parameters, and fig. 2-51 makes it clear that with respect to the values M (ao)
practical design situations are covered in the mean.
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B/t=25.7 Reference point for calculating
Lit [] L/t=10.0 table 2.1 of EN 1993-1-10

N
N

10

/

2

“IB/t=10.0
Lit=57

8.5
2.5 5.0 7.5 10.0

B/t []
Fig. 2-50:  Example for boundary conditions for the geometrical parameters
fort=80 mm

B Mk(a0)-values for realistic longitudinal attachements

— Mk(a0) for longitudinal attachment with L/t=25, B/t=25, T/t=0,15 and Teta=45°

3,5 ] i‘ i
3 [ |
o I n
= [
S 25 ——
X —]
= L]
//
2 L ] ||
L
/ "
1,5 | =
1 |
] i
0 5 10 15 20 25 30 35 40 45 50

Plate thickness t in mm
Fig. 2-51:  Comparison of My (ag) for the dimensions chosen and for
practical cases

(3) These assumptions and the safe-sidedness of ap/cy = constant is taken into
account to obtain design values ag and hence Kappd-values that also cover
other structural details of EN 1993-1-9 and their variations in terms of

dimensions.

22.744 Performance of calculation of ag and Kppi,q

(1)  The calculation of the design values of aq and Kgppi g follows the flow given in

fig. 2-52.
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1. Influence of fabrication on initial cracks

Fatigue detail Initial crack-like flaw
ag,2¢, [mm] 15 T T

crack width 2, =5-a, L
’ ’ -
17 =
L] N
5 —o05.en

—T
L L
u0 50 100 150 ([2[23‘]
Input values
Dimensions: a,: f(plate thickness t)
LA; BA; Th; Co: @, /0,40  for longitudinal
H/it;, Wit © attachments
a, /0,15 for transversal
attachments
2. Growth of cracks by fatigue stress-ranges
Fatigue loading for crack growth Calculation of crack growth to critical crack size
10000 < .
i 20 | 2=, +3da . ——afor alc = variable
= . - - - cfor alc = variable
E E 8 =CxAK" xdN -~ ~l8 service life
2 E 150 0K =40, x4 x7x¥ My —afor alc = const
F > s basls + ofor alc=const
3 . T EC32
17 S N s S ° growth curves ——» realistic calculation
1.E+00 1.E+02 1E+04 1E+06 1.E+08 1.E+10 0 .::' —’-—5/&
Log N 0
Input values L
Applied load cycles: 500.000 LW Material parameters: C=1,8x10"% m=3,0
~ 1/4 of full service life Y =f(a, ¢, plate thickness t, plate widthB)
(for a full service life of 100 years: ~ 25 Jahre) acc. to Raju-Newman
Magnitude of stress range: Ac, My = function of stress concentration
(L, Bit, T/, HA, Wit, ®) dep. on detail

Fig. 2-52: Flow for the calculation of ag and Kappid

(2)  Fig. 2-53 shows the results ag versus the plate thickness t, which can be
expressed by a numerical function

100 1
] _ 6.3 4.2
i ad—2-10 xt?+6-107" xt“ +0,1341xt+0,6349
£ .
£
£
< 10 4
- .
a ]
@
3 .
g ] &
o X
© J w B fillet weld
Ac.. = 56N/mm? j semi-elliptical
i ¢ o surface crack
N =500.000 ¥
1 L L L} ) T
0 25 50 75 100 125 150

material thickness t in mm

Fig. 2-563:  Curve aq for the standard detail
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(3)  Fig. 2-54 shows that the design values a4 and cq4 (for a/c = 0,4) are actually
detectable by various methods.

—e—design value of the crack width 2xcd with a/c=0,15

1000 - design value of the crack width 2xcd with a/c=0,40
1| — —with SP & FP minimum detectable crack width

— = -with US minimum detectable crack width

— - -with MP minimum detectable crack width

£

£ 100 E

£ ] - - -

o SP = visual inspection

& FP = colour penetration test

s US = ultrasonic inspection

k=] _ . L .

s MP = magnetic particle inspection

B SP & FP

= 104 v

o ] e e e e e e e e e ]

___________ A— - — - — - — e — e — - —
us
MP
1 T T T T T
0 25 50 75 100 125 150

Plate thickness t in mm

Fig. 2-54:  Design values of crack width {2cq} and detectability by NDT-
methods

(4) Fig. 2-55 gives the Kappig-curve determined with a4 calculated for the stress
level 100 MPa and its mathematical presentation.

90
L 4
80 + More detailed calculation
acc. to prEN1993-1-10
70
— — Approximation
;A 60 ||
E /
S 50
o /'
£ 40
T
2 //
2 30
X
20 1 K g =8:107 57 00157 +0,7244 1 +6,6957 with t<50mm| |
10 |« K ,pa =0.2735%1+14,38 with t>50mm -
O T T T T
0 50 100 150 200 250

plate thickness t [mm]
Fig. 2-55:  Kappi,g-curve determined with a4 for a unique stress of 100 MPa
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2.2.74.5

(1)

(2)

analysis

Fig. 2-56 gives a series of results for Kapp,d from more refined calculations of
aq and cyg with Boundary Element Methods (BEM) for various details that
contain both initial cracks with ag/co = 0.4 and with ag/co = 0.15 and it

Justification of the simplified method chosen by more refined

demonstrates that the results obtained in fig. 2-55 are safe-sided.

——standard-Kappl,d-curve
80 - O T8.1 D1 Plate with edge crack
A T8.1 D3 Seamless hollow sections
& T8.2 D1 Continous longitudinal welds
70 1 x T8.2 D8 Intermittent longitudinal fillet welds
® T8.2 D9 Longitudinal butt weld, fillet weld or intermittent weld with cope holes
+ T8.3 D1 Transverse splice in plates
~ 60 1 < T8.3 D4 Transverse splice, plate tapered in width, edge crack
T~ ¢ T8.3 D4 Transverse splice, plate tapered in width, elliptic crack
g 50 | X T8.3 D4 Transverse splice, plate tapered in thickness
g <© T8.3 D8 Full cross-section butt welds of rolled sections with cope holes
s A T8.3 D17 Transverse butt weld, different thicknesses without transition, centrelines aligned
£ 40
3 L
= X
3 30 F
¢ o <>\ + &
20 crack at the upper side of the bottom —
E flange near a mousehole
* +
10 crack at the lower side of the bottom flange |
0 — 77—
0 25 50 75 100 125 150
Plate thickness t in mm
Fig. 2-56:  Comparison of the standard Ksppg-curve with more accurate

calculations for practical cases

The details calculated with more refined methods are given in table 2-10.
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Ac, Constructional Description Requirements Investigated
details according dimensions
to EN 1993-1-9
160 Rolled and extruded Sharp edges, surface | plate thickness
e products: and rolling flaws to t=30mm up to
Plates and flats. be improved by 130mm
grinding.
140 Machine gas cut material All visible signs of plate thickness
e with subsequent dressing. edge discontinuities | t =60mm
should be removed.
The cut areas are to
be machined or
ground and all burrs
are to be removed.
125 Material with machine gas Re-entrant corners to | plate thickness
™ cut edges having shallow be improved by t=60mm
and regular drag lines or grinding (slope <
manual gas cut material, 1:4) or evaluated
subsequently dressed to using the appropriate
remove all edge stress concentration
discontinuities. factors.

125 Continuous longitudinal No stop/start plate thickness of the
welds: position is permitted | flange
Automatic butt welds except when the t=60mm +
carried out from both sides. | repair is performed 80mm

by a specialist and

= inspection is carried
out to verify the
proper execution of
the repair.

112 Automatic fillet or butt weld plate thickness
carried out from both sides t=60mm
but containing stop/start
positions.

=
100 Manual fillet or butt weld. plate thickness
t=60mm
S
112 - oty e Transverse splices in plates, | All welds ground plate thickness
= TX 1 | flats and rolled sections. flush to plate surface | t=30mm up to
parallel to direction 130mm
of the arrow.
90 - A Transverse splices in plates, | The height of the plate thickness
. X flats and rolled sections. weld convexity not t=60mm
to be greater than
10% of the weld
width, with smooth
transition to the plate
surface. Welds made
in flat position.
80 -~ e & | Transverse splices in plates, | The height of the plate thickness
= b & flats and rolled sections. weld convexity not t=60mm
to be greater than
20% of the weld
width.

112 Transverse splices in plates All welds ground plate thickness
or flats tapered in width with | flush to plate surface | t=60mm +
aslope < 1:4. parallel to direction 80mm

of the arrow.
112 Transverse splices in plates All welds ground plate thickness
5 e 2= | or flats tapered in thickness flush to plate surface | t=60mm +
with a slope < 1:4. parallel to direction 80mm
of the arrow.

Table 2-10 Details from EN 1993-1-9 analysed with more refined calculation

methods
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Ao, Constructional Description Requir t Investigated
details according dimensions
to EN 1993-1-9
90 Gusset plate, welded to the r/w>1/3;r> plate thickness
edge of a plate or beam 150mm. t = 60mm +
N flange. Smooth transition 80mm
; = radius r formed by
" initially machining
or gas cutting the
gusset plate before
welding, then
grinding sub-
sequently the weld
area parallel to the
direction of the
arrow so that the
transverse weld roe
is fully removed.
71 ' Longitudinal attachments o> 45° plate thickness
~ t=60mm +
80mm
it a=50°+60°
80 L Transverse attachments: 1 < 50 mm plate thickness
Welds which terminate more t=30mm up to
than 10mm from the edge of 130mm
the plate.
71 50 < 1< 80 mm t=60mm
63 80 < 1 < 100 mm t=60mm
56 100 < 1< 120 mm t=60mm
80 The effect of welded shear plate thickness
connectors on base material. t=60mm
80 -t - Cruciform and Tee joints: 1<50mm and all t plate thickness
% F N F T Inspected and found | t=60mm
) 1) Toe failure in full free from dis-
o= penetration butt welds and continuities and
all partial penetration joints. | misalignments
outside the
tolerances of EN
1090.
45% Overlapped: AG to be calculated plate thickness
in the overlapping t=60mm
5) Fillet welded lap joint. plates and the weld
terminations more
than 10 mm from
plate edge.
80 1 Longitudinal attachment: 1 <50 mm plate thickness
% The detail category varies t=30mm up to
.| according to the length of 130mm
* | the attachment 1.
71 50 < 1< 80 mm t=60mm
63 80 < 1< 100 mm t=60mm
56 1>100 mm t=30mm + 60mm
and investigation of
extreme values of the
ratio I/t

Table 2-10 (continued)  Details from EN 1993-1-9 analysed with more
refined calculation methods

2.2.7.5

(1)

Determination of values in table 2.1

The calculation of the values for allowable plate thicknesses in table 2.1 of EN
1993-1-10 was carried out according to the flow given in fig. 2-57.
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(4)

()

3. Stress level for critical crack size 4. Calculation of design value of
stress intensity factor

o4 = stress from external laod and global K = Koappt
residual stresses P =P
64 =6, +6, =(Cg+y, G, )+100MPa Input values

Example for bridges: o, = (0,48+0,58)-f, Steel grade e.g. S355: f, = 355 N/mm?

3 stress levels o,

|:> 0,25 - f,(t) +100 MPa 0,5.[fy —0,25x [fﬂnoo
0,50 « f,(t) +100 MPa Koot = AK(ad)x—1
0,75 « f{t) +100 MPa Ao,
1
) t [mm] ke =
where -fy(f)=fy-0:25x[f] o ir05xL
Lo% o 2BOSK)
' Og f (t) 1_&
) 2:t-(5-a,+t)

5. Selection of steel quality
and service temperature

e.g. for steel grade S355 the
steel quality is S355J2

acc. to DIN EN 10025:
Ty =-20°C

Service temperature Tgy:

Teo = Ton + AT,

where T,;, = minimum air temperature
accompanied by oy
AT, = radiation losses

~-5°C

6. Permissable maximum plate thickness from the limit state equation

(K.,,.q—20)x (5a,/25)" 10

70

appl,d

Tey 2 [Ty, —18°C]+52xIn

+AT, where the safety element is AT, =-7°C

Fig. 2-57:  Flow of calculation of the allowable plate thicknesses in table 2.1
of EN 1993-1-10

Three levels of ogg from “frequent loads” have been chosen, the maximum
being oeq= 0.75 f, (t). This value corresponds to the maximum possible
“frequent stress”, where for the ultimate limit state verification yielding of the
extreme fibre of the elastic cross-section has been assumed:

= =075f (2-43)

A basic assumption for the external loading on the fracture mechanics model
is that it contains in addition to the “frequent” stress o, from actual external
loads also residual stresses os = 100 MPa from remote restraints.

The presentation of table 2.1 of EN 1993-1-10, however, is related only to the

stresses o, from actual external loads (the residual stress os is silently
included in the calculation).

The choice of os = 100 MPa is justified by the following:
1. stress measurements of residual stresses in components from remote

restrains
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9)

2. assuming that ceq = 0.75 fy, + 100 MPa gives the yield strength
3. assuming that ogq = fy, + 100 MPa would give the mean value of f,.

For the yield strength referred to by the stress levels o, that are expressed as
portions of the yield strength, and for determining the FAD-correction factor kre
the values specified in the product standards should be used that depend on
the plate thickness t in the form of a step function.

To facilitate the situation, the step function for f, (t) has been substituted by a
continuous approximation

f(t)=1 —0.25&} t,=1mm (2-44)

y y,nom
y

Fig. 2-58 shows the values AT, calculated for table 2.1 of EN 1993-1-10 with
o, =O.75fy(t) and various plate thicknesses for S355 and the results of

studies with BEM for practical design situations to demonstrate the safe-
sidedness.

—e— Standard Requirement Curve

100 X Long Stiff, sigma 56-80
X Long Stiff, sigma 56, extreme dimensions
80 x Long Stiff, angular attachment, sigma 71
= Trans Stiff, sigma 56-80
60 ¢

¢ Gusset Plate, sigma 90
40 AX‘/./ ¢ Non welded Plate, sigma 125-160
/ Non welded plate, c0, sigma 125-160
20 + Trans butt weld, sigma 80-112
/ (] Trans Splice, plate tapered in width, sigma 80
0 - ", plate tapered in thickness, sigma 112
/'/;5/ A Welded |-Section, sigma 100-125

A Welded joint, sigma 45
- s - _ _ _
X X X
60 4 ¥ R
X X X

-80 -~

X s + + + +
-100 A1 = & -+ +
-120 4 + + + & + ® @

> o3

AT in °C
By N
o o

o

1

O I

-140

0 20 40 60 80 100 120 140 160
Plate thickness t in mm

Fig. 2-58:  ATs-values for S355, o, = 0.75 f, compared with results from
BEM-calculations with practical details

Where Tky-values in the standards were not expressed in terms of T,z but in
terms of T4oy Or T3gy, the following correlations were used:

Taos = Tozy + 10 [°C]
T30s = To7y + 0 [°C] (2-45)

Table 2-11 includes the final results from table 2.1 of EN 1993-1-10.
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Charpy Reference temperature Tgy[°C]
Steel | Sub- eg?/rrg\;ly 10‘ 0 ‘-10‘-20‘-30‘-40‘-50 100 ‘-10‘-20‘-30‘-40‘-50 10‘ 0 ‘-10‘-20‘-30‘-40‘-50
grade| grade atT
pop | I Oes = 0,75 T41) Oes = 0,50 A1) Oea = 0,25 f41)

S235| JR | 20 | 27 | B0 | 50 | 40 | 35 | 30 | 25 | 20 | 90 | 75 | 65 | 55 | 45 | 40 | 35 |135]115|100] 85 | 75 | 65 | 60
J0 | 0 [ 27 [ 9075|6050 |40 |35 |30 |125|105] 90 | 75 | 65 | 55 | 45 |175|155|135]115]|100] &5 | 75
J2 | -20 | 27 [125/105] 80 | 75 | 60 | 50 | 40 |170|145]125]105] 90 | 75 | 65 | 200|200 [175]155]135]115]100
$275| JR | 20 | 27 | 55 | 45 | 35 | 30 | 25 | 20 |15 | 80 | 70 | 55 | 50 | 40 | 35 | 30 | 125|110 95 | 80 | 70 | 60 | 55
Jo | 0 [ 27 | 7565|5545 |35 | 30 | 25 |115| 95 | 80 | 70 | 55 | 50 | 40 |165[145[125[110] 95 | 80 | 70
J2 | -20 | 27 [110] 95 | 75 | 65 | 55 | 45 | 35 | 155|130 115] 95 | 80 | 70 | 55 | 200|190 |165|145]125]110] 95
M.N | -20 | 40 [135]110] 95 | 75 | 65 | 55 | 45 [180[155[130[115] 95 | 80 | 70 | 200200 190]165|145|125|110
ML.NL| -50 | 27 [185]160]135]110] 95 | 75 | 65 [200]200|180 155|130 115 | 95 | 230200 [200]200]190|165 | 145
S355| JR | 20 | 27 | 40 | 35 | 25 | 20 | 15 | 15 | 10 | 65 | 55 | 45 | 40 | 30 | 25 | 25 |110] 95 | 80 | 70 | 60 | 55 | 45
J0 | 0 |27 |60 50| 40|35 |25 |20 | 15| 95|80 | 65| 55 | 45 | 40 | 30 | 150|130 |110| 95 | 80 | 70 | 60
J2 | -20 | 27 [ 90 | 75 | 60 | 50 | 40 | 35 | 25 |135|110] 95 | 80 | 65 | 55 | 45 | 200|175 |150130]110] 95 | 80
K2,M,N| -20 | 40 [110] 90 | 75 | 60 | 50 | 40 | 35 | 155|135 |110| 95 | 80 | 65 | 55 | 200|200 |175|150|130|110| 95
ML.NL| -50 | 27 [155]130]110] 90 | 75 | 60 | 50 [200]180|155| 135|110 95 | 80 | 210200 200]200]175|150 | 130
S420| M,N | -20 | 40 | 95 | 80 | 65 | 55 | 45 | 35 | 30 |140120]100] 85 | 70 | 60 | 50 | 200185 | 160 140]120]100] 85
ML,NL| -50 | 27 [135]115] 95 | 80 | 65 | 55 | 45 [190] 165|140 120|100 85 | 70 | 200|200 |200| 185|160 | 140|120
S460] Q | -20] 30 [ 70 605040302520 [110]95] 756555 ] 45 | 35 [175]155|130]115] 95 ] 80 ] 70
M,N | -20 | 40 [ 90 | 70 | 60 | 50 | 40 | 30 | 25 [130]110| 95 | 75 | 65 | 55 | 45 | 200175 |155]130]115] 95 | &0
QL | -40 | 30 [105] 90 | 70 | 60 | 50 | 40 | 30 |155|130|110| 95 | 75 | 65 | 55 | 200|200 |175|155]130|115] 95
ML,NL| -50 | 27 [125]105] 90 | 70 | 60 | 50 | 40 [180]155|130|110] 95 | 75 | 65 | 200200 |200[175|155]130|115
QL1 | -60 | 30 [150[125]/105] 90 | 70 | 60 | 50 | 200|180 155]130[110| 85 | 75 | 215|200 | 200 | 200]175]155]130
S690] Q | 0 |40 [40[30[25[ 201510 [10 |65 55] 453530 20 |20 [120]100] 85|75 ] 60 ] 50 | 45
Q |20 30 [50 |40 |30 | 25|20 |15 |10 |80 | 65| 55 | 45 | 35 | 30 | 20 |140[120|100] 85 | 75 | 60 | 50
QL | -20] 40 |60 |50 | 40 |30 |25 |20 [ 15| 95 | 80 | 65 | 55 | 45 | 35 | 30 |165/140[120|100] 85 | 75 | 60
QL | 40| 30 [ 75 | 60 | 50 | 40 | 30 | 25 | 20 |115] 95 | 80 | 65 | 55 | 45 | 35 | 190|165 |140|120[100] 85 | 75
QL1 |40 40 |90 |75 | 60 | 50 | 40 | 30 | 25 135|115 95 | 80 | 65 | 55 | 45 | 200|190 [165|140[120[100] &5
QL1 | -60 | 30 [110] 90 | 75 | 60 | 50 | 40 | 30 |160/135]115] 95 | 80 | 65 | 55 | 200|200 [190 | 165]140]120]100

gs::zle gerZe char%lve'\rl'nergy Reference temperature T_ d["C]
10] 0 [-10[-20]-30[-40]-50] 10] 0 ]-10[-20]-30]-40]-50] 10] 0 [-10[-20]-30[-40]-50

atoc | dmn Geg = 0.75.£,(1) Geg = 0,50 £,(1) Gra = 0,25 £,(1)
EN 10025-6
S500 Q 0 40 55145|35|30(20[15|15]85|70 |60 |50 |40 |35|25]145[125[105/90 |80 |65 |55
Q -20 30 |65[55|45(/35[30]20](15 |105/85|70]60 504035 |170[145[125]105]/90 |80 |65
QL -20 40 806555453530 20 |125[105/85 |70 |60 |50 |40 |195[170[145]125[105] 90 [80
QL -40 30 |100(80 65|55 |45 |35 |30 |145/125/105|85 |70 |60 | 50 J200|195|170(145(|125|105| 90
QL1 -40 40 120[100] 8065 |55 | 4535 [170[145/125|105| 85 | 70 | 60 |200[200(195[170[145[125[105]
QL1 -60 30 |140[120/100| 80 |65 | 55 |45 J200|170[145(125]105| 85 | 70 J205|200/{200(195(170({145|125
S550(  Q 0 40 []50[40(|30(25[2015]10]80]65 55|45 |35]30]25 [140[120[100]85 [ 75 |60 |50
Q -20 30 [Je0[50[40(30[25][20]15|95]80]65][55]45]35]30|160[140[120[100]85 75 |60
QL -20 40 751605040 (30|25|20|115/95 |80 |65 |55 |45 |35]185[160{140|120{100{85 |75
QL -40 30 |90|75|60(50[40(30]25 |135/115/95 |80 |65 |55 |45 |200[185/160[140[120[100]85
QL1 -40 40 |110/90 75|60 |50 |40 |30 J160/135/[115/95 |80 | 65 | 55 J200|200|185|160{140|{120/100
QL1 -60 30 1130[110/90] 75|60 5040 f185/160[135]115]95 | 80 | 65 |200[200[200]185]160[140[120
S620  Q 0 40 [45][35[25/20[15[15]10]70]60[50]40 [30]25[20 |130[110]95 |80 |65 |55 [45
Q -20 30 |55[45|35[25[20(15[15|85]7060[50|40(30(25 [150[130[110]95 [80 |65 [55
QL -20 40 |65|55|45(35|25]20]15 |105/85|70]60 |50 (40|30 |175/150[130]110[95 |80 |65
QL -40 30 8065|5545 |35|25|20|125(105/85 |70 |60 |50 |40 J200[175[150|130{110/ 95 | 80
QL1 -40 40 J1o0[80 6555453525 |145/125/105| 85 | 70 | 60 | 50 |200[200175[150[130[110[95
QL1 -60 30 [120[100]80(65|55]45]35 |170[145/125/105|85 | 70 | 60 |200[200[200[175[150[130[110
S690 Q 0 40 40[30|25[20|15|10|10)65|55|45|35|30|20|20|120/100/85|75|60|50 |45
Q -20 30 |50[40(|30(25[20]15[10|80]65]55]45 35|30 20 |140[120[100]85 75|60 |50
QL -20 40 |60[50|40(30|25]|20[15|95]80 65|55 45|35 30 |165/140[120[100]85 |75 |60
QL -40 30 |75]60|50(40([30]25]20 115/ 95 80|65 |55]45]35 |190[165/140[120[100| 85 [75
QL1 -40 40 90|75|60(50[40]30][25 |135/115]95 |80 |65 |55 |45 |200[190[165[140[120[100[85
QL1 -60 30 |110/90|75|60 |50 |40 |30 |160/135/115/95 |80 |65 | 55 J200|200({190|165|140{120/100
EN 10149-2
S500 MC -20 40 8065|5545 |35|30 |20 |125(105/85 |70 |60 |50 |40 J195[170[{145|125[105/ 90 | 80
S550] MC -20 40 |75]60(|50(40([30(25]20|115/95|80]|65 |55 |45 |35 |185[160[140[120[100| 85 [ 75
S600[ MC -20 40 |70[55|45(35[30(20[15 |105/ 90|75 |60 |50 (4035 [180[155/130[110[95 |80 [70
S650] MC -20 40 |65[50[40(30[25][20]15 |100[85]|70]55|45]35]30 |170[145[125]105/90]75 [65
S700]  MC -20 40 J60]45|35[30[25[20]15]95]8065]50[45]35(30[165[140[120[100[85]70 [60
Table 2-11: Tabulated values from table 2.1 of EN 1993-1-10 and table 4 of

(10) Table 2-11 also includes values from table 4 in EN 1993-1-12 that covers the
choice of material for high strength steels not listed in EN 1993-1-10.

2.2.7.6

(1) Table 2-12 gives a summary of formulae used in the application of the fracture

Summary

mechanic method to develop table 2.1 of EN 1993-1-10
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Initial cracks (a,)

Position:  at hot spots for fatigue

Shape: semielliptical

Sizes: a, = 0,5°In(t/t,) with t; = 1mm
2-c,=5a, forlongitudinal stiffener and pure plate
3-¢, = 20-a, for transverse stiffener and reinforced plate

Loading of structural member

GEd=G +Gs

p
Gp = G{Gk ”+” W1Qk}
o, = 100 N/mm? from remote restraints of structural member, effects of residual

stresses at hot spots from local welding are included in ATy (test evaluation)

Fatigue load

L Ac™-n, ,
Applied in terms of damage D =AZ+2’IZ’6=% with constant stress ranges Ao, = Ao,
O'c . .

Fatigue crack growth to critical crack size (a,)

Use of C and m in Aa/AN = C-AK™ from material tests,

satisfying the Gurney-Correlation ¢ =1,315-10"* 8951 G

Determination of K

appl,d
For k., =28 Z‘ad:'M" MPaJm  (ogq in N/mm? and a, in m) where

R6
Y = Correction function for various crack position and shapes, |see table 2-3
M, = Correction function for various attachments, see table 2-4
Kge = plasticity correction factor from R6-FAD, see table 2-5
p = correction factor for local residual stresses, see table 2-6

Standardized K', ), ;-curve
©()=Ca .(8.10‘5 £ ~0,01-1 +0,7244~t+6,6957j

appl,d - k
r6 — P

K

for the case t < 50mm
0

Kopa(t)= Ok ‘(0’2735.”14’38J for the case t > 50mm
Oy kre = p
complying with
s, = 100 MPa
a, =2:10% -3+ 0,0006 -2+ 0,1341 -t + 0,6349 (with tin mm)
2:cy=5"-ay

Effective crack front b

FE

Table 2-12: Summary of assumptions and formulae to develop table 2.1 of
EN 1993-1-10
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This table 2-12 may be referred to where table 2.1 of EN 1993-1-10 shall be
bypassed by more refined methods, see section 2.4.

Maximum permitted thickness values - Examples
Use of table 2.1 of EN 1990-1-10

The use of table 2.1 of EN 1990-1-10 follows the flow chart given in fig. 2-59.
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Input

Conditions

£<4.10" (static load)

€ <2% (no significant cold-forming)

A 4

Reference temperature Tgq = Ty + AT,
= lowest temperature of member

Example: Tgg = - 25°C - 5°C =-30°C

0

Yield strength fy (t) from product standard
(Or , (t) = f,nomn — 0,25 tl [N/mm?))

Example: - f, = 355 N/mm?

Ggqg =0g + W, Ogyeeee

:va(t)

Tension stress from external load

Example: cgq = 0.5 fy (1)

Selection of steel grade

Selection of plate
thickness

Example: S355 J2

Example: t =65 mm

A

y

Table 2.1 of EN 1993-1-10

A 4

A 4

Permissible plate thickness

Permissible steel grade

Example: t = 65 mm

Example: S 355 J2

Fig. 2-59: Flow chart for using table 2.1 of EN 1993-1-10
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(2)  Where the conditions for ¢ and g for the use of table 2.1 of EN 1993-1-10 are
not met, the reference temperature Tgq should be adjusted by using the AT, -

and AT

g,cf

-values that shift the requirements towards lower temperatures.

(3)  For values Tgq and ceq, Which are between the tabulated values, interpolations
may be carried out.

(4)  For central Europe (Germany) the values Tgg may be used according to table

2-13.
No. | Member Reference
Temperature Tgq [°C]
1 Steel bridges and Composite bridges -30°C
2 Buildings
Members exposed to external climate -30°C
Members protected from external climate 0°C

3 Crane runways

Members exposed to external climate -30°C

Members protected from external climate 0°C

4 Hydraulic structures

Members fully or almost fully emerged from -30°C
water

Members with one sided contact with water -15°C
Members partially submerged in water -15°C
Members fully submerged in water -5°C

Table 2-13: Reference temperatures for various applications in central
Europe (Germany)

23.2 Examples for the use of table 2.1 of EN 1993-1-10
23.21 The use for steel bridges

(1)  The development of table 2.1 of EN 1993-1-10 has been primarily oriented to
the use for steel bridges with particular emphasis on fatigue.
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(2)  Particular choices of the material for bridges may be based on the following
assumptions:

1.

For road bridges the stresses from permanent and variable loads
may be estimated as

oG .
Q) 1.0

The ULS-verification reads with the following assumptions:

YG =1.35
YQ =1.35
Y1 =04
mo = ym1 = 1.10

f, ()

Gut=1.350 (Gy) + 1.35 6 (Qu) = -

1.10
The tension stress is
oed = 6 ((Gk) + y1 - (Qk))
f,(t)
= = ~0.50 f,(t)
1.35. 1.1
1+0.4

For railway bridges 1 may be taken as 1.0, so that ogq follows from
OEd=OC (GK) t+c (QK)

f, 1)

=—2~° ~066f,(t
1.35-1.1 y()

where yyo is taken as 1.0, it follows

oeqd = 0.75 1, (t)

(3) The allowable plate thicknesses for these stress levels are given in fig. 2-60
and fig. 2-61.
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TEd = -30°C
O EN 1993-1-10 0,5 fy(t)

140

120 W DIN Fachbericht, road bridges

100

80

60

40 4

20 1 —

allowable plate thickness t[mm]

0
N4 \2 N
S PSS S 60350 & S VS Qe\“\bg@v e
BV 1 & & S é"%gl&g«?o} ST e f
& ¥ &
e
steel grade

Fig. 2-60: Allowable plate thicknesses for road bridges

£q = -30°C
120

EEN 1993-1-10 0,75 fy(t)
100 4+

B DIN Fachbericht, railway bridges

80

60

40

allowable plate thickness t [mm]

20 ~

0+

SR IR v SR ¥
%(05@ R ,\oﬁ" RO o)e\@ N (OQQ" & & m\e\@ o
o_’{b qu/ é\/ 551/ é’/ (él/ ‘]:\ G."b %'5 %’b Qgsl_

steel grade
Fig. 2-61: Allowable plate thicknesses for railway bridges

2.3.2.2 Worked examples
23.2.21 Composite Bridge

(1)  For a composite road bridge with the cross-section in fig. 2-62 the choice of
material for the bottom flange of the steel girder is questioned.
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5.00

94

6.00
£.50_

25

Cross-section of composite bridge at mid-span (continuous over

Fig. 2-62:
2 spans; location Magdeburg-Germany)

(2)  The dimensions of the steel girder are given in fig. 2-63

40mm
‘ :#
S
12mm 5
S
(S
N~
<
(7]
S
(S
(=]
N
B 600mm ] :#

Fig. 2-63: Cross-section of the steel beam at mid-span; material S355

(3)  The action effects are summarized in table 2-14.
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No. | Load case Reduction factor | M [KNm] | N[KN] | ool bottom
for concrete flange
[kN/cm?]
1 Self weight steel 130 1,024
2 | Self weight prefabricated 384 3.024
concrete slabs
3 | Construction load 198 1,559
4 In situ concrete, tg No 780 4,333
5 | In situ concrete, NE g1 772 4,568
t; = 130 days
6 | In situ concrete, t., Ng g2 768 4,741
7 | Construction load No 213 1,183
8 | Permanent finish, NE g1 720 3,600
t, = 100 days
9 | Permanent finish, t, NF B2 717 3,696
10 | Creeping t; = 100 days NF,Bx1 -55,4 -0,274
11 | Creeping t;, = o NF Bx2 -81,1 - 0,410
12 | Traffic load, max No 2.230 10,773
13 | Traffic load, min No - 690 - 3,333
14 | Shrinkage t,= 100 days N s1 84,2 639 -0,180
15 | Shrinkage t. Nes2 500 2989 -1,025
16 | Settlement No 80,9 0.391
17 | Temperature ATyp+=10K No 257 1,242
18 | Temperature AT,,,.= 7K No -180 -0,869
19 | Wind, vertical No 80,1 0.387
20 | Braking load No 96,3 0,465

Table 2-14: Load cases and stresses in bottom flange
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(4)

®)

(6)

The reference temperature is determined in table 2-15

No

Effect

Value

1

Minimum air temperature Tnqg

Radiation loss of member, AT,

AT, (detail: transverse stiffener welded to

bottom flange covered by EN 1993-1-9)

ATr (National Annex)

¢ =0.005 s (from project specification): AT

DCF = 0 (no cold-forming): AT,¢

-25°C
-5°K

0 °K

0 °K

- 16 K¥

0°K

TEq

-46 °C

*)

fy(t) =

550

0.005 )"
n
0.0001

355 — 0,25 - 26/1 = 349 N/mm?
AT = — 1440 — 349 (g

153K ~16K

Table 2-15: Determination of reference temperature Tgq

The relevant stress Ogq is calculated with y; = 0.7 from the load combination:

1-0 {1 “+1, 2 “+” 5 “+” 8 “+” 16} + 0.7 {12 “+” 17 “+” 19 “+” 20}:

OEd

OEd

1.0{1.024 + 3.024 + 4.568 + 3.6 + 0.391} +
0.7 {10.773 + 1.242 + 0.387 + 0.465}

21.50 KN/cm? = 215 N/mm?

215

349 W1

—0.62f,(t)

The use of table 2.1 of EN 1993-1-10 gives the minimum toughness
requirement T,7y = - 20C, or S355J2, see fig. 2-64, where

t

permissable (

062-f,(t))=39mm > t

available

=26mm.

Charpy energy reference temperature Tgq4 [°C]

S:::; f:ge CVN 10 ] o | -10]-20]-30] 40]-50] 10| o |-10]-20]-30]-40] 50| 10] o |-10]-20]-30] 0] -50

¢ ¢ atT°C| Jun e4=0,75 x (1) 0£4=0,50 x (1) 64=0,25 X (1)
S235 R 20 27 | 60 [ 50 [ 40 [ 35 [ 30 | 25 [ 40 | 90 [ 75 [ 65 [ 65 | 45 | 40 | 35 | 135 [ 115 [ 100 | 85 | 75 | 66 | 60
J0 0 27 | 90 [ 75 [ 60 [ 50 | 40 | 36 126 | 105 | 90 | 75 [ 65 | 55 | 45 [ 175 | 155 | 135 [ 115 [ 100 | 85 | 75
2 20 | 27 | 125|105 90 | 75 | 60 | 50 | 40 | 170 | 145 | 125 | 105 | 90 | 75 | 45 | 200 | 200 | 175 | 155 | 135 | 115 | 100
$275_JR 20 27 | 55 | 45 | 35 | 30 | 25 | 20 | 45 | 80 | 70 | 65 | 50 | 40 | 35 | 0 | 125 [ 110 | 95 | 80 | 70 | 60 | 55
50 0 27 | 75 | 65 | 65 | 45 | 35 | 30 | 45 | 115 | 95 | 80 | 70 | 55 | 50 | 40 | 165 | 145 | 125 | 110 | 95 | 80 | 70
72 20 | 27 | 110 | 95 | 75 | 65 | 55 | 45 | 45 | 155 | 130 | 115 | 95 | 80 | 70 | 45 | 200 | 190 | 165 | 145 | 125 | 110 | 95
MN | 20 | 40 | 135110 | 95 | 75 | 65 | 556 | 45 | 180 | 155 | 130 | 115 | 95 | 80 | 40 | 200 | 200 | 190 | 165 | 145 | 125 | 110
MLNL| -50 | 27 | 185 160 | 135 | 110 | 95 | 75 | 45 | 200 | 200 | 180 | 155 | 130 | 115 | 45 | 230 | 200 | 200 | 200 | 190 | 165 | 145
$355 _JR 20 27 | 40 | 35 | 25 | 20 | 15 | 15 65 | 55 | 45 | 40 | 30 | 25 | 45 | 110 | 95 | 80 | 70 | 60 | 55 | 45
50 0 27 |60 | 50 | 40 | 35 | 25 | 20 [ 45 | 95 | 80 | 65 | 55 | 45 | 40 150 | 130 | 110 | 95 | 80 | 70 | 60
72 20 | 27 4—s0+—75t+ 66+ So—+—to—F—95—| 25 | 436|461 061 Bo+ 6656+ 45 | 200 | 175 | 150 | 130 | 110 | 95 | 80
K2MN| 20 | 40 [ 10| 90 | 76 | 60 | 50 | 40 [ 35 [ 156 [ 136 | 110 | 05 | 80 | 65 | 65 | 200 [ 200 | 175 | 150 | 130 | 110 | 95
MLNL| 50 | 27 | 155|130 | 110 | 90 | 75 | 60 | 50 | 200 | 180 | 155 | 135 | 110 | 95 | 80 | 210 | 200 | 200 | 200 | 175 | 150 | 130
S420| M,N | -20 | 40 | 95 | 80 | 65 | 65 | 45 | 35 | 30 | 140 | 120 | 100 | 85 | 70 | 60 | 50 | 200 | 185 | 160 | 140 | 120 | 100 | 85
MLNC| 50 | 27 | 135|115 | 95 | 80 | 65 | 55 | 45 | 190 | 165 | 140 | 120 | 100 | 85 | 70 | 200 | 200 | 200 | 185 | 160 | 140 | 120
S460]_Q 20 | 30 | 70 | 60 | 50 | 40 | 30 | 25 | 20 | 110 | 95 | 75 | 65 | 55 | 45 | 35 | 175 | 155 | 130 [ 115 | 95 | 80 | 70
MN | 20 | 40 [ 90 | 70 [ 60 | 50 | 40 | 30 | 25 | 130 [ 110 | 95 | 75 | 65 | 55 | 45 | 200 | 175 [ 155 [ 130 | 115 | 95 | 80
QL | 40 | 30 | 105] 90 | 70 | 60 | 50 | 40 | 30 | 155 | 130 | 110 | 95 | 75 | 65 | 55 | 200 | 200 | 175 | 155 | 130 | 115 | 95
MLNL| 50 | 27 | 125|105 | 90 | 70 | 60 | 50 | 40 | 180 | 155 | 130 | 110 | 95 | 75 | 65 | 200 | 200 | 200 | 175 | 155 | 130 | 115
QL | -60 | 30 | 150 | 125 | 105 | 90 | 70 | 60 | 50 | 200 | 180 | 155 | 130 | 110 | 95 | 75 | 215 | 200 | 200 | 200 | 175 | 155 | 130
S690__Q 0 40 |40 | 30 | 26 [ 20 [ 0 | 0 | 0 | 66| 56| 45 | 35 | 30 | 20 | 20 | 120 | 100 | 85 | 75 | 60 | 50 | 45
Q 20 | 30 | 50 [ 40 [ 30 [ 25 [ 20 | o | o |80 | 65| 65| 45 [ 35 [ 30 | 20 | 140 | 120 [ 100 | 85 [ 75 [ 60 | 50
QL | 20 [ 40 |60 [ 60 [ 40 [ 30 | 25 | 20 | o | 95 [ 80 [ 65 [ 55 | 45 | 36 | 30 | 165 | 140 [ 120 [ 100 | 85 | 75 | 60
QL | 40 | 30 | 75 | 60 | 50 | 40 | 30 | 25 | 20 | 115 | 95 | 80 | 65 | 55 | 45 | 35 | 190 | 165 | 140 [ 120 | 100 | 85 | 75
QLT | 40 | 40 |90 [ 75 eo 50 | 40 | 30 | 25 [ 135 [ 115 | 95 | 80 | 65 | 55 45 200 | 190 | 165 | 140 | 120 [ 100 | 85
Q1 | -60 | 30 | 110] 90 60 | 50 | 40 | 30 | 160 | 135 | 115 | 95 | 80 | 65 200 | 200 | 190 | 165 | 140 | 120 | 100

Fig.

2-64:
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2.3.2.2.2 Industrial building
(1)  For a steel frame of a steel production plant, see fig. 2-65, the choice of

material shall be made for the end plate of the beam at the bolted beam-
column connection.

Pos. 1

1 o R R F F
— i: i: iE i
1 | 15 i: iE bq 4
T B HI Y i: iE i:
i s i: i
44 L)
1
” !

-

Pos. 1
end plate

1

Fig. 2-65: End plate (pos. 1) of the bolted beam-column-connection of a
steel frame made of S235, t = 80 mm

(2)  The static analysis gives the following values for the ULS-verification:

a) Maximum stress in end plate:  OgquLs = 18.2 kKN/cm?
b) Permanent and variable loads with the same relevant load arrangement
for calculating 0gq uLs:

Gk = 8.6 KN/m?
Qx = 20 kN/m?

C) Ye=Ya=135
d  y;=0.70

3) The relevant stress ogq4 follows from

1.0 1.0

- +
% =335°% "Y1 135

Gq
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4)  With

G« _ 86

= =0.30
Gy +Q¢ 8.6+20

follows

0 = 0.30 Okq,uLs
Oq — 0.70 OEd,uLs

and
Oeq=0.74-0.3 Oed,uLs t 0.7-0.74 - 0.7 OEd,ULS
= 0.58 Okq,uLs
=0.58 - 182 = 105.6 N/mm?
(5)  With
80
f(t) =235 -0.25 - = 215 Nimm?
follows
105.6
=—f (1)=0.49f (t
GEd 215 y( ) y( )

(6)  The reference temperature Tgq is specified for the most severe action scenario
with full service loading according to table 2-16:

tpermissable (_ 1 SOC) = 82’5 mm = tavailable =80mm
No | Effect Value
1 Minimum air temperature Tnqg -10°C
(for the specific project)
2 - 5°K
Radiation loss of member (as specified)
3 0 °K
ATg
4 0 °K
ATgr
5 0 °K
ATE
6 0 °K
ATDCF
7 | Teq -15°C

Table 2-16: Determination of reference temperature Tgq
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(7)

2.4
241

(1)

3)

The use of table 2.1 of EN 1993-1-10 gives the minimum toughness

requirement T,7; = 0 °C or S235 JO, see fig. 2-66:

Charpy-V-values Reference temperature Tg4 [°C]
gsr‘:g'e gf:ge CVN 0] o] -10]-20]-30] 40| -50]10] o |-10]-20]-30]-40]-5]10] o]-10]-20]-30] -40] -50
atTC| Jun 0eq=0.75 X (1) 5=0.40 x f,(t) 04=0,25 X (1)

$235 IR 20 27 | 60 | 50 | 40 | 35 [ 30 | 25 | 20 | 90 [ 75 45 ] 40 | 35 [ 135 [ 115 100 | 85 | 75 | 65 | 60
10 0 27§00+ 761 661601401261 06| 43614661 90 | 75 | 65 | 556 | 45 | 175 | 155 | 135 | 115 | 100 | 85 | 75

72 20 | 27 | 125|105 90 | 75 | 60 | 50 | 40 | 170 | 145 | 125 | 105 | 90 | 75 | 65 | 200 | 200 | 175 | 155 | 135 | 115 | 100

$275 IR 20 7 | 55 | 45 | 35 | 30 | 25 [ 20 | 15 | 80 | 70 | 55 | 50 | 40 | 35 | 30 | 125 [ 110 | 95 | 80 | 70 | 60 | 55
50 0 7 | 75 | 65 | 55 | 45 | 35 | 30 | 25 | 115 | 95 | 80 | 70 | 55 | 50 | 40 | 165 | 145 | 125 | 110 | 95 | 80 | 70

72 -20 7 | 110 | 95 | 75 | 65 | 55 | 45 | 35 | 155 | 130 | 115 | 95 | 80 | 70 | 55 | 200 | 190 | 165 | 145 | 125 | 110 | 95

MN | 20 | 40 | 135 110 | 95 | 75 | 65 | 55 | 45 | 180 | 155 | 130 | 115 | 95 | 80 | 70 | 200 | 200 | 190 | 165 | 145 | 125 | 110

ML NL| 50 | 27 | 185 160 | 135 | 110 | 95 | 75 | 65 | 200 | 200 | 180 | 155 | 130 | 115 | 95 | 230 | 200 | 200 | 200 | 190 | 165 | 145

S355 _JR 20 27 | 40 | 35 | 25 | 20 | 15 | 15 | 0 | 65 | 55 | 45 | 40 | 30 | 26 | 256 | 110 ] 95 | 80 | 70 | 60 | 55 | 45
50 0 27 | 60 | 50 | 40 | 35 | 25 | 20 | 15 | 95 | 80 | 65 | 556 | 45 | 40 | 30 | 150 | 130 | 110 | 95 | 80 | 70 | 60

2 20 | 27 | 90 | 75 | 60 | 50 | 40 | 35 | 256 | 135 | 110 | 95 | 80 | 65 | 56 | 45 | 200 | 175 | 150 | 130 | 110 | 95 | 80

K2 M.N| 20 | 40 [ 110 | 90 | 75 | 60 | 50 | 40 | 35 | 155 | 135 | 110 | 95 | 80 | 65 | 55 | 200 | 200 | 175 | 150 | 130 | 110 | 95

ML NL| 50 | 27 | 155 | 130 | 110 | 90 | 75 | 60 | 50 | 200 | 180 | 155 | 135 | 110 | 95 | 80 | 210 | 200 | 200 | 200 | 175 | 150 | 130

S420 M.N | 20 | 40 | 95 | 80 | 65 | 55 | 45 | 35 | 30 | 140 | 120 | 100 | 85 | 70 | 60 | 50 | 200 | 185 | 160 | 140 | 720 | 100 | 85
ML NL| 50 | 27 | 135 115| 95 | 80 | 65 | 55 | 45 | 190 | 165 | 140 | 120 | 100 | 85 | 70 | 200 | 200 | 200 | 185 | 160 | 140 | 120
S460|_Q 20 | 30 | 70 | 60 | 50 | 40 | 30 | 25 | 20 | 110 | 95 | 75 | 65 | 55 | 45 | 35 | 175 | 155 | 130 | 1156 | 95 | 80 | 70
MN | 20 | 40 | 90 [ 70 | 60 | 50 | 40 | 30 | 25 | 130 | 110 | 95 | 75 | 65 | 55 | 45 | 200 | 175 | 155 | 130 | 115 | 95 | 80

QL | 40 [ 30 |105] 90 | 70 | 60 | 50 | 40 | 30 | 155 | 130 | 110 | 95 | 75 | 65 | 65 | 200 | 200 | 175 | 165 | 130 | 115 | 95

ML NL| 50 | 27 | 126 | 105] 90 | 70 | 60 | 50 | 40 | 180 | 155 | 130 | 110 | 95 | 75 | 66 | 200 | 200 | 200 | 175 | 155 | 130 | 115

QLT | 60 | 30 [ 150 | 125 | 105 | 90 | 70 | 60 | 50 | 200 | 180 | 155 | 130 | 110 | 95 | 75 | 215 | 200 | 200 | 200 | 175 | 155 | 130
S690__Q 0 40 | 40 | 30 [ 25 [ 20 [ 0 | 0 | 0 | 65 | 55 | 45 | 35 | 30 | 20 | 20 | 120 [ 100 | 85 | 75 | 60 | 50 | 45
Q 20 | 30 | 50 | 40 | 30 [ 25 | 20 | 0 | 0 | 80 | 65 | 55 | 45 | 35 | 30 | 20 | 140 | 120 | 100 | 85 | 75 | 60 | 50

QL | 20 | 40 | 60 | 50 | 40 | 30 | 25 | 20 | 0 | 95 | 80 | 65 | 55 | 45 | 35 | 30 | 165 | 140 | 120 | 100 | 85 | 75 | 60

QL | 40 | 30 | 75 | 60 | 50 | 40 | 30 | 25 | 20 [ 115 | 95 | 80 | 65 | 55 | 45 | 35 | 190 | 165 | 140 | 120 | 100 | 85 | 75

QLT | 40 | 40 | 90 | 75 | 60 | 50 | 40 | 30 | 25 | 135 | 115 | 95 | 80 | 65 | 55 | 45 | 200 | 190 | 165 | 140 | 120 | 100 | 85

QLT | 60 | 30 [ 110] 90 | 75 | 60 | 50 | 40 | 30 | 160 | 135 | 115 | 95 | 80 | 65 | 55 | 200 | 200 | 190 | 165 | 140 | 120 | 100

Fig.

2-66:

Interpolation of steel grade from table 2-1 of EN 1993-1-10

Specific cases for using fracture mechanics
General

Section 2.4 of EN 1993-1-10 opens the door for using fracture mechanics

methods for by-passing table 2-1 in section 2.3 by more refined assessments.

Such more refined methods should be consistent with the way how table 2.1
of EN 1993-1-10 has been derived and hence be based on assumptions not

contradictory to EN 1993-1-10.

Fig. 2-67 summarizes the procedure for the determination of numerical values
in table 2.1 of EN 1993-1-10 (left side of the chart).
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(4)

»'
»,

Determination of requirement K, ; with assumptions for

» shape and loading of structural member

* position and size of initial crack imperfections (a,)

« fatigue crack growth from fatigue load and inspection
intervals or service life to critical crack size (a,)

[ |
v v |

Use of Sanz-Correlation
Tioo = T57,-18°C

> . ; :
P LED CEEIEECTRE N () CIND Use of K’ -value for a specific case i
= appl,d I
] N o 0,2735-1+14,38 ;
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: v :
Use of Wallin-Master curve ;
: * ‘ case 2a case 2b case 3 |
| AT =52.1n (Kupp/.d —20)(% /25)Z -10 l
E ’ 70 E
y case 1 ~ § ,r
T _| Use of Ty~values Use of T, ~values Use of K (T)-values Large |:
; 2 from standards from material tests from material tests scale
i o for the specific case for the specific case tests |
) v '
Py Use of Burdekin-Correlation ||

P g Figure 2-18

Lo 1

=3

P o

Safety element Safety element Safety element |

0
:
T
|

» AT; =+7°C AT, =-38°C AT =-40°C

i % A ¥ :
< | Application of T-method Application of K-method ;
- Ty =T :
; Ed Rd le— K <K [T |
P3| Tgg= T tAT FATHAT +AT, appld = " matdt T Ed i
i .8.. Tra= Tioo + ATy - Teg= TrintATHAT g + DT I
K : : s
i Calculation of plate-thickness t N Safety verification for the i
| l see table 2-1 specific case i
Fig. 2-67:  Fracture mechanics procedure

The possibilities for by-passing are expressed by the following cases (right
side of the chart in fig. 2.67):

case 1: The conservative standardized K;pp,,d-curve is used, however,
Tkv  values are not taken from the standards, but from material
tests for the specific case.

case2a) The conservative standardized K;ppl,d -curve is substituted by a

more refined value K,

situation very close to the one used for developing table 2.1 of
EN 1993-1-10, so that it can be assumed to be covered by the
large scale tests described in section 2.2.6.3.2.

for the specific case of a design

The assumptions for ag/cy are as in table 2-1, however, crack
growth is calculated with varying a/c-values.
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case 2 b)

case 3:

Either Tky-values from standards or from material tests can be
used.

When a K-verification is used to eliminate uncertainties of the
Wallin-Master-Curve  and  Sanz-correlation, the fracture
mechanical resistance should be based on K.(T) values from
small scale material tests for the specific case. The safety
element ATgr = - 40 °C is based on the scatter of the K-T-
transition curve experienced in general for steel material.

Where the design situation to be considered differs from the one
assumed in the development of table 2.1 of EN 1993-1-10 and is
not covered by the tests described in section 2.2.6.3.2, a
combined calculative-experimental procedure should be used
where calculations follow the procedure mentioned in case 2 and
in addition large scale fracture tests are performed to be used to
check the predictability of crack growth and fracture resistance
by calculative means, see fig. 2-68.

In this case, the large scale test should follow a load temperature
path that includes the safety elements to be adopted in the
calculative design, see fig. 2-69.

Performance of tests assisting
safety verifications

v v

Accompanying small scale tests Large scale tests with structural
from samples of the structural |, members representing all relevant
member features of the final structure plus
artificial cracks
|
v v
Material Values C, m Comparison Fatigue test to obtain
strengths for fatigue of crack growth and
£, fu growth crack-growth sharp crack tips and
K.(T)-values prediction critical crack sizes a,
| | H
v
Calculative prediction of Comparison Fracture test with load-
expected values of of prediction temperature path to
results of large scale with tests design values T, and o
tests (AT, = 0)

Fig. 2-68:

Calculative safety verification
considering scattering input
data and model uncertainty

Fracture mechanical safety evaluation assisted by large scale
testing
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load

Fracture point
................... A
Step 4
partial factor
v>1,00
| Step 3 » Step 2 A @quent stress oy,
O¢ o o
Step 1
AT, =-40K
)
Fatigue loading to
achieve design crack a,
T, (test) T, (calc) Troom Temperature T
(e.g.-70 °C) (e.g.-30 °C)
Fig. 2-69:  Load temperature path for large scale fracture tests.
24.2 Example for the calculative determination of material quality

24.21 Design situation

(1)  For aroad bridge according to fig. 2-70 with a cross-section as given in fig. 2-
71, a central arch has been provided with hangers made of solid steel bars
connecting the bridge deck with the arch.

. b il . ;

[T

:

766.027 m Nord
725455 m Sid
Gesamiiinge zwischen den Endouflogern = 308.00 m
. Scht Welle zwischen den Widerlogern = 305.40 m
. 132,00 ¥ 59.00 -

I

1 |
| I
1 03 X I
| |
} I
]

|

J

Fig. 2-70:  Main bridge span with central arch
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Fig. 2-71:  Cross-section of the bridge with central arch

(2) The geometry of the hangers with a diameter of 220 mm and made of steel
S420, is given in fig. 2-72. Because of the lengths of some hangers that
exceeded the production length, welded splices were necessary, see fig. 2-73

\
PR v i

!

|

Ll
s

®h

Verdickung im iibergengsbereict

~~"Rund euf rechteckig

Schwei fineht vorbereitung
B “ech ngaben des 46

Fig. 2-72:  Configuration of the hangers with position of welded splices and
detailing of forged ends

by

/i
(

gio

L,

Y+

Fig. 2-73:  Detail of welded splice

(3) The ends of the hangers were forged; details of the connections of the hanger
ends to the arch and to the cross-beams of the deck may be taken from fig. 2-

74 and fig. 2-75.
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Fig. 2-74:  Connection of hangers Fig. 2-75:  Connection of hangers
to the cross-beams of deck to the arch

(4) The purpose of the calculative assessment using section 2.4 of EN 1993-1-10
was to verify the choice of the material S420 for the hangers, which are not
included in table 2.1 of EN 1993-1-10.

2422 Critical cross-sections and choice of fracture mechanical models

(1)  The critical cross-sections to be checked are:

1. at the welded splice in the middle of the hanger length
2. at the transition of the round section to the forged flat ends of the
hangers

3. at the welded ends of the forged parts of hanger.
(2)  The fracture mechanical models for the critical cross-section are the following:

a) at the welded splice, see fig. 2-76 a) with the assumption of a surface

crack
b) at the welded splice, see fig. 2-76 b) with the assumption of a central
crack

C) at the transition of the round section to the forged flat ends, see fig. 2-76
a) with the assumption of a surface crack

d) for the welded end connections, see fig. 2-76 ¢) with the assumption of
a semi-elliptical surface crack
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@ 220 mm

Fig. 2-76: Fracture mechanical models used for the choice of material

24.2.3 Determination of the fracture mechanical requirement K*,pp,4 and
AT, and safety verification

(1)  The fracture mechanical requirements for the critical sections a), b), c) and d)
are given in Table 2-17

a) surface crack at b) central crack at c) surface crack at . d) surface crack at welded connection of
hanger splice hanger splice transition of round to hanger ends
forged section

Plate thickness tmax 220 mm 220 mm : 220 mm 65 mm
yield strength f,o 420 N/mm® -| 420 N/mm? 420 N/mm? 420 N/mm?
frequent stress o, 0,55 fy (t) 0,55 fy (t) 0,925 f, (t) 0,731, (1)
residual stress o, 100 Mpa 100 Mpa .| 100 Mpa 100 Mpa
initial crack depth ag 6,00 mm 6,00 mm 6,00 mm 6,00 mm
inhomogeneity ATz7) 0K 50 K (from tests) 0K 0K
G, <15 Nimm? <15 N/mm® <15 Nfmm* <15 Nimm?
AK < AKip 2,8 Mpa+J/m <5 2,5 Mpa+/m <5 3,1 MpaJm <5 4,2 Mpam <5
Crack growth Aa 0 mm 0mm 0 mm 0mm
Design crack depth ay 6 mm 6 mm 6 mm 6 mm
alw 0,027 0,055 (2a/w) 0,027
Y for crack (Murakami) 1,121 1,0015 1,12111 { Koy (6 =100Mpa) = 22.3Mpam
M for plate 1,0 1,00 1,00
f, () 320 N/mm? 320 Nimm? 320 N/mm? 320 N/mm? X
op 176 Nimm? 176 N/mm? 296 N/mm? 233,6 Nimm’
Ggq = Gy + O 276 Nimm® 276 N/mm? 396 N/mm? 344,0 Nimm
Kagpid (21 Os) 42 Mpam 37,96 Mpa~/m 61 Mpa<m 74,5 Mpam
W 220 mm 220 mm 220 mm 526 mm
agy 311,3 N/mm? 302,5 N/mm® 311,3 Nimm* 312,7 Nimm*
L, = Gedlag, 0,89 0,91 1,27 1,07

Re 0,85 0,84 0,74 0,80
Residual stresses y 0,32 0,33 032 - 0,32
p1 0,0437 0,0446 0,0437 0,0436
p 0,0286 0,0246 0,000 0,000
Kippa 51,89 Mpam 46,52 Mpa/m 81,99 Mpa+m 93,35 Mpa/m’
De - 220 mm 440 mm 220 mm 30
AT, +23,1K - | +238K X -|-168K +2,5K

Table 2-17:  Determination of K ; and AT,

(2)  The verification is performed using the limit state equation:
Teq = Tra
where

Tey =T, +AT + AT, + AT, +[AT, + AT, ]
Tae = (T27J -1 8) +AT,

(83)  The input values are:

Tmin  =-25°C To75 =-50°C (S420 NL)
AT, =-5°K ATy  see Table 2-17
AT,; see Table 2-17

AT =+7K
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(4)  The verification is given in Table 2-18:

Critical section a) b) c) d)

Tmin -25 -25 -25 -25

AT, -5 -5 -5 -5

AT, +23 +24 -17 +2

ATR +7 +7 +7 +7
Ted 0°C +1°C -40 °C -21°C
Ton -50 °C -50 °C -50 °C -50 °C

ATo7y 0K +50 K 0K 0K
Sanz-Correlation -18 K -18 K -18 K -18 K
Trd -68 °C -18 °C -68 °C -68 °C

Table 2-18: Safety verification

(5)  According to Table 2-18 the section relevant for the choice of material is
section b) and the choice of S420 NL can be confirmed.

243 Example for the use of fracture mechanics calculations assisted
by testing
2431 Design situation for a unique verification

(1)  For a building that had to be suspended to a bridge on top of two towers, see
fig. 2-77, the choice of material for that bridge was subject to discussion.
Details of the bridge structure are given in fig. 2-78.

Detail"S', \ N\ /| 4
i NP2AN VA
Qe N\l \ | N

Detail "O" ' '''''''

22m | tem | t2m | 12m | t2m
60m

Querschmitt H

% 1 m .
o D 5 28
LM

Fig. 2-77:  Steel bridge on top of towers to bear suspended storeys of a building
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(2)
3)

(4)

®)

(6)

Obergurtknoten S

Untergurtknoten O

Fig. 2-78: Details of the bridge structure
Materials were S460 and S690 with plate thicknesses up to 100 mm.

The choice of material had to be justified by a unique verification that included
the following tests:

1. Material tests for getting input values for the numerical assessment

2. Single large scale tests to confirm the results of the numerical
assessment for two details.

Whereas the number of material test was such that the scatter could be
determined, the single large scale tests were only meant to serve for
comparison with a numerical simulation of the behaviour of the test specimens
in the context of prior knowledge. The amount of prior knowledge may be
gauged by the extent to which the simulation is based, on direct previous
experience, authoritative reference and reported results from comparable tests
if available.

It is not reasonable to rely on the results of a single test if there is very little
applicable prior knowledge. In such cases, at least two results should be
established so that it is easier to detect an anomalous result. In this example it
was achieved by the safe-sided procedure of testing a symmetrical specimen
and using the test results from one of the two possible failure positions that
actually fails.

If prediction from a simulation differs significantly from a single test result, even
safe-sidedly, then the following steps should be taken:

1. Error bounds should be established for experimental accuracy and
statistical reliability of the numerical simulation to assess whether the
result is truly anomalous.

2. A search of additional prior knowledge should be undertaken to improve
the simulation or reduce its unreliability.

3. If these steps do not resolve the difference, at least one further test
should be performed.
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(7)

Below items of the example that are of general concern are addressed:

1. Design and fabrication of large scale specimens
2. Introduction of artificial flaws

3. Execution of tests

4. Safety evaluation

24.3.2 Design and fabrication of large scale test specimens

(1)  Test specimens should include all features of the member as built that are
relevant for the brittle fracture at low temperature.

(2)  Fig. 2-79 gives above the actual details with the “critical spots” for the initiation
of brittle fracture (upper line) and the design of the test specimens which are
symmetrical and reduced in scale such that fracture may be achieved in the
testing machine at lower level (lower line).

Detail “O” 100 420 100 Detail “S”
S69
gusset plates ,
600 "
critical spo S460 ~ critical spot
6 100 S460
4 100 S460
10 S460 —
10
4 I
600 Test specimen
Test specimen | | Detail “S
Detail “O” 69
S460 3%00 critical spot
critical spot 10 S460
S69 10 S460
40
100% S460
Fig. 2-79:  Examples for structural details as built (above) and design of test
specimens (below)

(83) The test specimens should be produced in the same way as the structural
parts built in using the same material and fabrication and welding techniques
as well as NDT-techniques for quality control.

(4) The equivalence of the stress-situation for the test specimen and the structural

member built in should be proved by a comparison of SCF-factors or K-factors
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at the critical locations where cracks have the most severe effects. Fig. 2-80
gives a comparison of numerical values.

Gusset plate

| N ]
_ (. _ grackdeptha .
axis of symmetry
evaluation gf the SCF-function (/] diagonal
- T \_ast of symmetry gusset plate icritical spot

250 T _
diagonal 7000

2.00 + gusset plateI critical spot

5000
5150 + * axis of symmetry s /
E g 4000 Lo
 1.00 Z 3000
g x: —+— member
050 + o 2000 = test specimen
1000
0.00 } I } | | 0
000 010 020 030 040 050 o 5 1 1 »  »

position in y-direction in m ain mm

Fig. 2-80:  Comparison of SCF-functions and K-values to check the stress-
equivalence of the structural detail as built and the test specimen
(below)

2433 Introduction of flaws

(1)

(2)

(3)

(4)

Flaws should be introduced either during fabrication (e.g. by including ceramic
blades (e.g. 5 mm x 0.3 mm) in the welds) or after fabrication (e.g. by saw or
electric erosion). The introduced flaw shall be subjected to sufficient cyclic
loading to generate initial growth of the crack. This should be carried out at
room temperature.

If the member is subject to fatigue, the test specimen should be subjected to
suitable fatigue loading, also at room temperature. If the member is subject to
predominantly static loads an additional fatigue loading is not necessary.

Flaws should achieve at least the size of the design values (see fig. 2-53 and
fig. 2-54). They may be larger to reduce the fracture load for the testing
machine.

Samples should be taken from the test specimens that permit the
determination of all material data necessary for the numerical simulations.

2434 Execution of tests

(1)

Each test specimen should be loaded with the actions from fig. 2-69 in the
following order:

1. The nominal load from permanent load (Gx) should be applied at a
temperature representative for the erection phase (e.g. room
temperature). This loading may effect a possible favourable
redistribution of residual stresses before the action of low temperature is
applied.

2. The temperature is reduced to Tgg and then the additional nominal
stresses from variable loads (y,-Q, ) are applied to reach the design

situation the structure must (be able to) sustain.
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3. After this, the temperature is further reduced by T to investigate the
influence of the scatter of the toughness properties in the temperature
transition range. A scatter of 40°C may be assumed.

4. In the last phase, the loading is increased until fracture is reached.

2435 Numerical simulations

(1)

In parallel to the large scale test numerical calculations should be performed to
check the yielding resistance and the brittle fracture resistance of the test
specimen using the material data determined from the large scale test
specimens.

The calculations aim at mean values and may be performed with the K-method
or the T-method. In order to obtain expected values, the safety element ATr in
the T-method should be taken as ATgr = 0°C.

By comparing the test results with the numerical model, the simulation model
should be checked and subsequently improved if necessary. The following
should be checked:

(i) whether yielding occurs before brittle fracture, because if not, residual
stress effects may require reconsideration.

(i) that brittle fracture starts where expected.

(i)  that the resistance as tested corresponds to the resistance as
calculated, subject to an estimated allowance for experimental and
statistical errors.

24.3.6 Safety evaluation

(1)

(2)

If the simulation is close to that experienced in the test, the numerical model
may be used for the safety evaluation.

If the K-method is used, the Kyat4(Teq) Value may be determined by using prior
knowledge from former material tests from comparable material together with
the specific material tests from the test specimen at a temperature (Tgq - AT).

If the T-method is used, the T,7,-value may be determined for the temperature

Teq and the safety requirement be met by using the safety element ATg =
- 38°C for measured Ty7,-values.
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2.4.4 Some other typical examples

(1)  Some other typical examples for the use of section 2.4 of EN 1993-1-10 are
given in the following:

1. Plate thickness of the top flange and bottom flange of a composite

bridge, see fig. 2-81 and fig. 2-82.

| 654,24 .
6960, 1656 PR ) 125.28 50,48 7656 PR 5568
Berlin K K ! 1 ' 1 Niirnberg
Im 6m 1
) Bridge system and construction
Querschnitt

[ 18,50 ][ 660 | 21,00 [

Construction at supports

L
1950
00 * ¥

-l” 1

;
: Obergurtbleche
o i Py
‘ l
1 4150 ] 50
t

n oo (e
— 12000 4 Ei
1

+ 1
l\Pressenansahpunkl’e
8200

Blechzulagen
am Untergurt

Fig. 2-81:  Composite road bridge-cross-sections.

Support Span Support
Upper chord

75 |75 115| 185 [11585 85 60 60|60 115 140 |145 145|140 115 60[60 60 8585115135(|115 75 75|

Bottom plates
m 95 4 50 |70 70 50 y—m
40 }—140 40}—1 40
| |
125,28

Fig. 2-82:  Composite road bridge distribution of plate thickness for the
upper chords and the bottom plates
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2. Plate thickness of 100 mm of the horizontal girder of the V-pylon of a
road bridge over the river Rhine, see fig. 2-83. The horizontal girder is a
tension element that links the stayed cables supporting the bridge deck.

Rheinbriicke llverich
_,+81,00

H%DA\ %ﬂ N

!/ 63,00 !/ 63,00 /\V 287,50 !/ 63,00 !/ 63,00 /!/

% 8100

A
/i
i
|

A\
AVA
(™

~ 2430

plates in S460 TM

Fig. 2-83:  Horizontal tension element of a V-pylon

3. Castor container for transporting nuclear waste. The relevant load case
results from an accidental situation during transport, for which the
material toughness of the thick shell had to be determined, see fig. 2-
84.

2436 mm ]

5862 mm

__©1480x5025mm

CASTOR V/19

Fig. 2-84:  Castor container
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4. Wind tunnel for aerodynamic design. The wind tunnel is a container that
is operated with low testing temperatures and air pressure, see fig. 2-
85.

¢« Dimensions 65 x 30 m

 Volumen 5750 m3

* Air pressure
-110 kN/m2, + 95 kN/m?

* Test temperature -40°C

* Max. plate thickness 50 mm

¢ Choice of material P275NL2

Fig. 2-85:  Wind tunnel with technical specifications.

5. Composite bridge with a triangle cross-section and single bottom
chords made of steel tubes welded to cast steel nodes, see fig. 2-86,
fig. 2-87 and fig. 2-88.

Ansicht

‘ Talbriicke St. Kilian

448,95
55,35 61,50 61,50 61,50 61,50 61,50 49,20 39,90

Regelquerschnitt

S
\/ \/ = BA8 AT
28.50 Systemskizze Talbriicke St, Kilian

JEGES Baumsriz Ny 5212113

Fig. 2-86:  View of the composite bridge with a cross-section made of two
separate triangle girders.
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Fig. 2-87:  Details of the welded connection between steel tubes and cast
steel node.
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Fig. 2-88:  Cast steel?ode in factory
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Section 3

3

31

(1)

(2)

3)

(4)

Fig. 3.2: Damage case a plate (30 mm) Fig. 3-3: Damage case of a plate (28 mm)

Selection of materials for through-thickness properties
General

Section 3 of EN 1993-1-10 gives rules for the choice of Z-qualities of steels
subject to requirements for deformation properties perpendicular to the surface
of the steel product.

Such requirements arise from welding, when shrinkage of welds is restrained
locally or globally in through thickness direction, and needs compensation by
local plastic through thickness strains.

Damages from such excessive strains are known as lamellar tearing, see fig.
3-1.

— iah
gl — |
P ‘
X |
L
| o0
Fig. 3-1: Lamellar tearing

They occur almost exclusively during fabrication, where the microstructure of
steels with a certain sulphur content is segregated by tension stresses normal
to the plane of the laminations, see fig. 3-2, 3-3 and 3-4 and delaminations are
linked via shear steps.

i

Made of St 52-3 of a cruciform joint made of R St37-2
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Fig. 3.4: Micrograph showing lamellar tearing

Lamellar tearing is therefore a weld induced flaw in the material which
generally becomes evident during ultrasonic inspection. The main risk of
tearing is with cruciform, T- and corner joints and with full penetration welds.

The suitability of material for through-thickness requirements should be based
on the through-thickness ductility quality criterion in EN 10164, which is
expressed in terms of quality classes identified by Z-values representing the
percentage of short transverse reduction of area (STRA) in a tensile test.

The choice of material depends on requirements affected by the design of
welded connections and the execution.

For the choice of quality class, EN 1993-1-10 provides two classes depending
on the consequences of lamellar tearing, see fig. 3-5.
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Application of the method for the choice

of through thickness quality

v

Class 1

Class 2

and end use

General application to all
prefabricated components in-
dependently on the material

Application restricted to cases of high risks
associated with lamellar tearing

A

4

v

Determination of risk

e Criticality of the location in terms of applied
tensile stress and degree of redundancy

¢ the strain in the through-thickness direction in
the element to which the connection is made.
This strain arises from the shrinkage of the
weld metal as it cools. It is greatly increased
where free movement is restrained by other
portions of the structure.

e The nature of the joint detail, in particular
welded cruciform , tee and corner joints. For
example, at point shown in fig. 3-1, the
horizontal plate might have poor ductility in
the through-thickness direction. Lamellar
tearing is most likely to arise if the strain in
the joint acts through the thickness of the
material, which occurs if the fusion face is
roughly parallel to the surface of the material
and the induced shrinkage strain is
perpendicular to the direction of rolling of the
material. The heavier the weld, the greater is
the susceptibility.

e Chemical properties of transversely stressed
material. High sulphur levels in particular,
even if significantly below normal steel
product standard limits, can increase the
lamellar tearing

I
v L 4

Risk significant Risk insignificant

v v

10164

Specification of through-thickness properties from EN Post fabrication

inspection to

identify whether
lamellar tearing has
occurred and repair
where necessary

Fig. 3-5: Routes for the choice of through-thickness-quality
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Guidance on the avoidance of lamellar tearing during welding is given in EN
1011-2.

Procedure

The limit state of lamellar tearing is expressed by the following formula

Zeg < Zrg (3-1)
where:

Zegg  is the design value of the Z-requirement resulting from the magnitude of
strains from restrained metal shrinkage under the weld beads.

Zrq is the design value of the material capacity to avoid lamellar tearing
expressed by the Z-classes for material according to EN 10164 e.g.
Z15, Z25 or Z35.

3.2.2 Allocation of influence to the requirement Zgq4

3.2.2.1 Influences

(1)

The local straining which may exhaust the ductility of the material depends on
the following influences:

effective weld depth as between through plate and incoming plate
shape and position of weld, weld bead sequence

effect of material thickness s of the through plate

remote restraint of shrinkage from welding due to stiffness of other
portions of the structure

e influence of preheating.

O O T

3.2.2.2 Representation of influences in the limit state equation

(1)

(2)

(3)

The requirement Zg4 has been allocated to the influences a to e in the form
Zeq=2a+Zp+ 2o+ 2y + Zs (3-2)
using partial requirements Z; for each influences i.

The allocation is given in table 3-1 on the basis of damages reported, see
table 3-2.

Table 3-2 contains data from failures due to lamellar tearing which are
arranged according to minimum values of STRA (short transverse reduction of
area) in through-thickness direction determined from tests. In most failure
cases, the mean values of STRA are below 15%, only for three cases they are
between 15% and 25%. No failure case above 25% is reported. Two damage
cases have been excluded in the evaluation due to the special failure case
during the preheating due to internal rolling stress (case 20) and the specific
test configuration (designed to provoke lamellar tearing) and additionally
overstress during test (case 22). This complies with conclusions from the UK
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[2] and Japan [9]. According to French data [10] lamellar tearing would not
more be expected for STRA greater than 35%.

a) | Weld depth Effective weld depth a4 (see Figure 3.2) £ throat thickness a of fillet 7
relevant for welds i
straining from e < Tmm a= Smm Z,=0
metal shrinkage 7 < 8 < 10mm a= 7Tmm Z.= 3

10 < aer < 20mm a=14 mm Z.,= 6
20 < a4 < 30mm a=21mm Z,.= 9
30 < agr < 40mm a=28 mm Z,=12
40 < 8 < 50mm a=35mm Z,=15
50 < agr a>35 mm Z,=15

b) | Shape and o
position of - -
welds in T- and . i rw | Z=-28
cruciform- and —
corner- 58
connections corner joints Z,=-10

single run fillet welds Z, = 0 or fillet
welds with Z, > 1 with buttering i l ] l L Zy=-5
with low strength weld material =
multi run fillet welds l_LLl IJ—:LI Z,=0
Is
with appropriate weldng sequence to reduce shrinkage effects .
partial and full T5s
penetration welds /® Z=3
partial and full 7 =5
penetration welds T b
. 1
corner joints 7,=8
¢) |Effect of 5 < 10mm Z.=2
material 10 < 5 < 20mm Z.= 4
thickness s on 20 < 5 < 30mm Z.= 6
restraint to 30 < < 40mm Z= 8§
shrinkage 40 <5 < 50mm Z.=10'
50 <5 £ 60mm Z.=12"
60 < < 70mm Z.=15"
70 <s Z.=15

d) |Remote . Free shrinkage possible _
restraint of Low restraint: (e.g. T-joints) Za
shrinkage after . . . Free shrinkage restricted
welding by Medium restraint: (e.g. diaphragms in box girders) Z4=3
other portions . - Free shrinkage not possible _
of the structure | 11180 restraint (e.g. stringers in orthotropic deck plates) Za=5

¢) |Influence of Without preheating Z.=0
preheating Preheating > 100°C Z.=-8

* May be reduced by 50% for material stressed, in the through-thickness direction, by predominantly static
loads and compression only (such as baseplates)

Table 3-1

Allocation of Z;-values to the influences i
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Case 1 2 3 4 5 6 7 8 9 10 11

Gu/E” 0.60 0,67 - 0.33 0,70 - - - 0,89 0.90 0.81 0.84

5 ¥ [mm) 325 10 20 8 30 41 41 41 14 255 25 245

oy T+
Appl L
load ? Ty ? L% O [ %% LoX} LN O m{?};ﬁi» [ [+ change of
S temp.
o ~
il : [l
i I - I BTH | ke
Detail st TTL — i1
LJ 1 - i |
A &l foo T —¢
oxth 3 ! L
T 99 | oo |
Type of - e +
Tl A VNN K %4 A | A ? N Py PN K

2,7 [mm] 10 10 20 17 12 30 ? ? 5 25 20 25
Steel StE 300 ? WSIE4TN A42 5t52-3 1SMNS BS 1501 - 161 5137-2 ~ StE26 51523 WSLE 47

No. tests 1 ? 2 4 10 ? 15 15 2 50 2 5

mean

g | value 0 0 2 3 3 3 3 3 4 5 5 5

2| gD

T | %]

R

A nun.

o | value 0 ? 3 1 0 1.5 ? 7 4 0 3 5
Lit [ 12 12 12 [3,13] 21 [ [3.13] 161 [3.13] 7
Case 12 13 14 15 16 17 18 19 20 21 22

oy/o” - 0,91 0.80 - 0.88 0.82 0,96 092 - 0.91 0,98
5 ¥ [mm] 51 32 51 50 112 70 245 50 120 70 30
Appl. T resulting
load ? T T O Ten T G T Ten from intemal
pressure
—— =i |1
e
T ) M— |
Detail J |
= ] - -
w h‘ I _____ 0‘7 ]
Type of L+
seam 9 V > >~ s l/ B K < K &s
2.7 [mm] 30 25 28 17 40 35 25 20 - 35 12
- & StET0 & St52-3 - - R -
A 2 ) el 37- Y 2 2 37-
Steel & 5152-3 (NICrMoB) | with Cu, v RS137-2 A283C St37-2 15Mo3 SIS142106 St52-3 5t37-2 5137
No. tests ? 22 ? ? 2 1 2 6 ? 3 15
mean
g | value 8 Q 9 12 12 14 19 17 17 23 28
o1 b
T |
R .
5 | min.
o | value 4 25 8 ? 11 145 16 10 ? 17 22
Ok
Lit. 2] [8] [8] [13] [12] [3.13] 7 [12] [12] [3.13] [13]

lower diameter were converted acc. to [10; 11] as follows:
& short transverse reduction of area

values of STRA are valid for test specimen with diameter 10 mm. The values of tests specimen
STRArus =15 = STRAp, = STRAR,s - 1: STRApR,s =15 = STRAp,;; = STRAp, ;- 2 with STRA
Y g, = stress due to shrinkage; M, = stress due to bending moment

) stress ratio of the ultimate stress in through-thickness direction (G,;) versus the ultimate stress in longitudinal direction (G,
plate thickness of the through plate

weld thickness in thickness direction, see also fig. 2

Type according to EN 22553

Table 3-2:  Description of damage cases [15]

The evaluation of damage cases according to EN 1993-10 is given in table 3-3
and table 3-4
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Z /S Occurence of Zieoni
Case Description of test sd LR . requir.
P Table 1 in test lamellar tearing | Table 4
A a4 < Jmm Z,=0
fillet welded T-connection 7y =-5
s ~ 40mm Z,=8(4)
low restraint Z,=0
no preheating Z,=0
for dyn. loads & tension 7e=3 no
3 no
for stat. loads & compression Zgy—~0 no
B Tmm < a4 < 10mm .=
fillet welded T-connection Z, =0
s ~ 40mm Z.=8(4)
low restraint Zy=0
no preheating Z,=0
for dyn. loads & tension =11 715
3 yes
for stat. loads & compression Zoa=7T no
C 10mm < a4 < 20mm Z,=6
fillet welded T-connection Z,=0
s ~ 40mm Z,=8(4)
low restraint Z,=0
no preheating Z,=
for dyn. loads & tension L= 14 Z15
3 yes
for stat. loads & compression Zgy =10 no
D a, < Jmm Z,=
fillet welded cruciform-conn. Z,=-5
s ~40mm Z.=8(4)
high restraint Zy=
no preheating Z,=
for dyn. loads & tension Zey=8 no
3 no
for stat. loads & compression Loy =4 no
E Tmm < a; < 10mm Z,=3
fillet welded cruciform-conn. 7, =0
s ~40mm Z.=8(4)
high restraint Zy=
no preheating Z,=
for dyn. loads & tension 2y =16 Z15
3 yes
for stat. loads & compression Zgy=12 715
F 10mm < a.; < 20mm Z,=6
fillet welded cruciform-conn. Z, =0
s ~ 40mm Z.=8(4)
high restraint Z4=5
no preheating Z,=
for dyn. loads & tension 7= 19 715
3 yes
for stat. loads & compression 7 =15 215
Table 3-3  Evaluation of test results
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Ziconi measured prEN
Case zZ, 7z, Z, Zy Z, 7, Tarl?l“(;r.fl value 7. 1993-
1.10

1 3 0 8 3 - 14 715 0 safe
2 3 5 2 0 - 10 - 0 safe*
3 6 5 4 3 - 18 715 2 safe
4 6 5 2 5 - 18 Z15 3 safe
5 6 5 6 0 - 17 715 3 safe
6 9 0 10 0 - 19 Z15 3 safc
7 see table 3

8 0 0 4 0 - 4 - 4 safe*
9 9 5 6 3 - 23 725 5 safe
10 6 0 6 5 - 17 715 5 safe
11 9 5 6 5 -8 17 Z15 5 safe
12 9 5 12 3 - 20 725 8 safe
13 9 3 8 5 - 27 725 9 safc
14 9 5 12 5 -8 23 725 9 safe
15 6 5 10 0 - 21 725 12 safc
16 12 5 15 5 - 37 735 12 safe
17 12 8 15 3 - 38 735 14 safe
18 9 5 6 5 - 25 725 19 safc
19 6 3 10 0 - 19 715 17 safe
20 special case
21 12 8 15 3 -8 30 725 23 safe
22 special configuration (designed to provoke lamellar tearing) + overstress

*though 7, ;s according to prEN 1993-1.10 is equal or smaller than the measured values 7, ., of the

'mean

damage cases the procedure is safe because for structural steels not classified as Z-grade according to
EN 10164 a minimum Z-quality equivalent to Z=10 is assumed.

Table 3.4:  Evaluation of damage cases given in table 3-2

(5)  According to this evaluation, the procedure in EN 1993-1-10 gives safe results
if structural steels not classified as Z-grades according to EN 10164 provide a
Z-quality equivalent Z = 10.

(6) Fig. 3-6 gives a lower bound relationship between Z-values and the sulphur
content of steels S355 [14].
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Fig. 3-6: Comparison between the percentage reduction of area in

transverse direction to the reduction of area in thickness direction of steel

S355 in relation to the sulphur content [14].

3.2.2.3 Influence of the effective weld depth acs (a)

(1)

In Fig. 3-7, the relationship between the effective weld depth as for straining,
defined in fig. 3-8, and the percentage short transverse reduction of area
(STRA) = Zgamage Of the material, for which lamellar tearing was reported (see
table 3-2), is plotted. For fillet welds the effective weld depth corresponds to
the leg length of weld.

N\
< .
04
5 20 ,/'
x ® -7
VCD ) .
2 .
510 5. @ = double
o values
N )
0 O . O =tests [11]
T — . —_—
10 20 30 40 mm 60
Aeff

Fig. 3-7: Zgamage [0 STRA] versus weld depth ae

/ Beff et

| il :

Fig. 3-8: Definition of effective weld depth acs for shrinkage

In the mean, a linear relationship between effective weld depth a.¢ and
damage (% STRA) can be identified for asr < 50 mm. For acs > 50 mm the
damage effect is taken as constant (Z, = 15) because of the effect of welding
sequence to shrinkage.
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(4)

In using the mean lines (instead of an enveloping line), also the other
influences need to be considered to be conservative in the choice.

Table 3-1 shows for influence (a) the linear relationship between Z, and acs
from fig. 3-7.

3.2.2.4 Influence of the shape and position of weld and weld bead sequence (b)

(1)

(2)

(3)

The reference case for the shape and position of weld is the case of fillet
welds for T-, cruciform- and corner-joints for which Z, = 0 was used.

The cases above this reference case in table 3-1 are more favourable and
allow to compensate unfavourable effects of other influences; the cases below
the reference case are less favourable.

Weld bead sequences close to buttering, balanced welding and weld bead
sizes with as < 7 mm for multipass welds reduce the risk of lamellar bearing.

3.2.2.5 Thickness s of plate with through thickness strains (c)

(1)

(2)

(4)

The plot of plate thickness s versus Zgamage in % STRA for the material, for
which lamellar bearing was reported (see table 3-2), is given in fig. 3-9.

N
301

204 -

B— — — — —— —

10 . "

Zpamage (% STRA)

° o’ i,tests [11]

AN
20 40 50 70 80 00 mm 120 7

plate thickness s

Fig. 3-9: Zgamage [Y0 STRA] versus plate thickness s

In the mean, a linear relationship between Zjamage and plate thickness s has
been derived for s < 80 mm with a maximum value Zgamage = 15 for s > 70 mm
plates.

The limitation Z. = 15 mm may be understood as effect from the limited St-
Venant-zone affected by the straining requirement from metal shrinkage.

In order to consider various consequences of potential delaminations, the Z-

requirements, established for plate thickness, are reduced by 50% when
external loads are predominantly static and lead to compression only.
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3.2.2.6 Influence of remote restraint to shrinkage due to stiffness of other
portions of the structure (d)

(1)  The damage evaluation does not give a clear correlation with the global
restraint effects from stiffness of the surrounding members; therefore relatively
small Zg-values have been allocated to the cases, see table 3-5:

- low restraint (e.g. built-up members with longitudinal welds, without
restraints to shrinkage)

- medium restraint (e.g. for cruciform joints of members which are
restrained at their ends)

- high restraint (e.g. for tubes through cut outs in plates and shells).

Z; required
Case no structural detail S - Ly qZ
Rd

Flange-web-connection of a
beam 15 3 0 4 0 0 7

: 20 | 3 0 4 0 0 7

low

restraint 30 3 0 6 0 0 9

50 | 3 0O [10] 0O 0 13 715

cruciform joint 15| 3 0 | 4 3 0 10

2 203043010 ]
o
medium
restraint 30 3 0 6 3 0 12 Z15
Sq

50 | 3 0 [10] 3 0 16 715

tube welded in a tube without preheating

3

. ¢
high )]
restraint B
l a e ff.—ZO

Table 3-5: Examples for determining Zg4 and allocation to the Zgrg-classes in
EN 10164

6 5 6 5 0 | 22 725

with preheating

6 5 6 51-8 114 715

3.2.2.7 Influence of preheating (e)

(1)  For preheating (> 100°C), a bonus Z, = - 8 has been adopted. This is an
advantage in particular for thick plates.

(2) It should, however, be noted that where the shrinkage of the preheated
material after completion of welding can provide additional strain to that arising
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3.24

from cooling of the weld itself, the bonus from preheating should not be
applied.

Minimum requirement Zgg4

For defining minimum requirements tests in [11] with fillet-welded T- and
cruciform joints were evaluated, see table 3-3.

The results of this evaluation correspond with the conclusions in [11], that for
fillet-welded T- and cruciform joints with a.s < 7 mm no guaranteed Z-values
are necessary for s <40 mm.

This requirement applies, if hydrogen in welds is limited to 0.5 ml/100 g.

The conclusions in table 3-1 also comply with the various damage cases as
referred to in fig. 3-7, fig. 3-9 and table 3-2. From 7 damage cases with Zg <
5%, 4 cases could be allocated to low restraint and from these 4 cases 2
cases had plate-thicknesses s < 14 mm, so that for s = 10 mm, aes < 10 mm,
Zy =0 and Z, = 0 the minimum requirement Zgq = Z, (=3) + Z; (=2) = 5 could
be estimated.

Allocation of Zg4 to Z-classes in EN 10164

The value Zg4 according to expression (3-2) should be allocated to the through
thickness ductility quality classes according to EN 10164 by table 3-6.

) Z-quality according
Required value of Z to EN 10164
< 10 —
11to 20 Z15
21 to 30 723
> 3() 735
Table 3-6:  Choice of quality class according to EN 10164

According to this table, it is possible that Z-values of the Z-classes according
to EN 10164, which are related to the mean from 3 measurements from
material tests, are smaller than Zgg.

In fact the Z-classes in EN 10164 represent lower bound values which are
rarely met. Therefore, the classification according to table 3-6 is sufficiently
reliable and satisfies the condition of equation (3-1) with regard to design
values.

The allocation in table 3-6 may be modified when reliability differentiation to
various design situations is applied.
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3.3
3.31

(1)

Examples of application
Connection of the hangers of a tied-arch-bridge to the arch

Fig. 3-10 gives a typical detail of the connection of a hanger of an arch-bridge
to the arch. Fig. 3-10 a) shows the box-type cross-section of the arch with a
diaphragm to which the hanger is welded; fig. 3-10 b) gives a section in the
plane of the arch indicating the spot, where the quality of the plate of the
diaphragm shall be determined.
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Fig. 3-10:  Welded connection of hanger to the arch of an arch bridge:
a) cross-section of the arch and connection of hanger
b) section in plane of the arch

The diaphragm has a plate thickness of t = 30 mm and is made of S235 J2.

The Z-qualities are determined in table 3-7. For Z, preheating of 100°C has
been provided.

Z
/ Zo | Zo | Ze | Zs | Ze | Zes | Zra
’Q/ -8
20 6 5 6 5 | e | 14 | z15
a eati
’30 ng)

Table 3-7:  Determination of Z-quality
The choice made is Z15.
Welded connection of the arch of a tied arch bridge to the main girder

Fig. 3-11 shows the connection of the end of the box-type arch to the open
section main girder with stiffeners for the bearings.

Fig. 3-11 a) gives a section in the plane of the arch with the bottom flange of
the main girder. Fig. 3-11 b) gives a section at the end of the arch, also with
the bottom flange of the main girder and the stiffeners for the bearings.

122



(2)

3)

3.3.3

(1)

(2)
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Fig. 3-11:  Welded connection of the arch to the main girder

a) section in plane of the arch;
b) cross-section at the end of the arch

The bottom flange has a plate thickness of t = 40 mm and is made of S355

NM; the plate-thickness of the stiffeners is t = 25 mm.

The determination of Z-quality may be taken from table 3-8.

Z;

Za Zb ZC Zd

Ze

ZEg

ZRrg

40

T

25 8 | 5 | 8 | 3

-t

16

215

Table 3-8: Determination of Z-quality

(4) The choice made is Z15.

Connection of troughs to cross-beams in an orthotropic steel deck of a

road bridge

Fig. 3-12 gives the view and the cross-section of the

road bridge

“Kronprinzenbrucke” with an orthotropic deck plate designed by Calatrava.

Due to the small construction depth of the cross-beams and cut-outs in their
webs for pipes, the deck had to be designed such that the troughs are not
continuously going through the webs of the cross-beams, but are inserted in

between and welded to the webs.

123




3)

(4)
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Fig. 3-12:  General view and cross-section in the axis of the pier

Fig. 3-13 gives details of the welded joints of the trapezoidal ribs at the cross-

beams. The Z-quality of the webs of the cross-beams was questioned.

LJ,‘.Z

4
6 2 2
18-30

Fig. 3-13:  Welded joint of troughs to webs of cross-beams

The thickness of the web-plate varies between t = 18 mm and t = 30 mm. The

steel is S355 NM.

Table 3-9 gives the fig.s for the determination of Z-quality. The quality finally

chosen was Z35
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2] L2 Zi
*6— 5 5 Z, Zy Z; Zy Ze Zeg | Zrd
| [18-30 3 5 6 5 0 | z19 | z35
Table 3-9:  Determination of Z-quality

3.3.4 More general examples

(1)  More general examples for details in bridges are given in table 3-5.
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Section 4

4. Complementary rules for the design to avoid brittle facture on the basis
of the background to EN 1993-1-10

41 Assessment of the residual safety and service life of old riveted
structures

411 General

(1)  Section 2 of this report gives the background of the safety assessment of
structural members based on toughness that has been used to develop table
2.1 of EN 1993-1-10 for the choice of material to avoid brittle fracture.

(2)  This safety assessment included

- an initial flaw overlooked in inspection after fabrication and acting like
an initial crack

- crack growth from fatigue taking place during a certain “safe service
period” that leads to a design size of crack at the end of the “safe
service period”

- fracture mechanical assessment at the end of the “safe service period”
verifying that at that time the structure is still safe, even if the design
size of the crack and an extremely low temperature reducing the
material toughness are combined.

(3)  For old riveted steel bridges, this assessment procedure may be used to verify
their residual safety and residual service life by proceeding as follows:

1. It is assumed, that after an appropriate service time, fatigue has
progressed in the riveted connections of the structural members to such
an extent that through cracks at the heads of the rivets or cracks in
inner plates exceeding cover plates have reached a certain size on the
surface so that they are detectable, see fig. 4-1.

a) b)
— M — M)
L  som
,: Q,’ ST¢ E O E N )
— == N

Fig. 4-1: Assumption for the initial through-crack size ay for a)

angles, b) plates covered by angles
2. The time when these cracks may occur may not be accurately predicted

by conventional fatigue calculations due to the large scatter of the
fatigue strength and also due to uncertainty of the time dependent
development of fatigue load. However, where the scatter can be limited
(e.g. for railway bridges, where the loading is documented) the start of
the period that fatigue cracks may occur may be assumed with 80% of
the nominal fatigue life with a certain probability.
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3. It is assumed that the initial through crack with the size ap has been
overlooked during a main inspection of the bridge so that it propagates
during the following “safe service period” due to fatigue until it reaches a
critical size acit for which the ultimate limit state verification for the
accidental design situation with extremely low temperatures is just
fulfilled, see fig. 4-2.

4. In case the inspection after the “safe service period” shows such large
crack sizes, the assumption holds and the fatigue life is going to end. In
case no cracks are detected, a new “safe service period” with the same
starting conditions as the old “safe service period” can start.

A a-q.it

s R A
T

2a,
—t

»
»

1T o, o 2 dN o

21,5 N (inspection interval)

Fig. 4-2: Crack growth from through crack size ap to crack size agi
during a “safe service period” due to the fatigue load (Ac® - N)

(4) In conclusion, the following safety assessments are necessary for old riveted
bridges:

1 Conventional ultimate limit state verifications for persistent and
transient design situations (assuming ductile behaviour) using the
relevant load combination, however, with partial factors modified.

R
(YG 'G)"'(VQ 'QK1)+(YQ Va2 'QKZ)S_K

Tm

2. Conventional serviceability limit state verification with criteria from
traffic and maintenance.

3. Conventional fatigue verifications on the basis of EN 1993-1-9, using
information on fatigue loads that occurred in the past and fatigue loads
expected in the future.

The partial factors yrs - yur in these fatigue verifications depend on the
outcome of an additional toughness check to avoid brittle fracture,
which is specified in 4.
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If the toughness check according to 4. results in a sufficiently long “safe
service period”, the concept of “damage tolerance” can be applied and

the vy - v, -values for the fatigue verification may be taken as 1.0.

The conventional fatigue verification results in the following conclusions
for the residual life:

a)

Details for which the fatigue loading is below the fatigue
threshold values for crack growth as given below, do not need
further crack growth checks according to 4, because they are
supposed to have an infinite fatigue life.

The magnitude of the residual fatigue life determined with the
conventional fatigue check indicates how urgent main
inspections with “safe service periods” are. If the residual fatigue
life is short, uncertain or even negative, the future use of the
bridge fully relies on sufficiently long “safe service periods” in
combination with inspections.

Determination of the “safe service period” on the basis of a fracture
mechanical toughness check.

This determination includes a number of action steps which are given in
the flow chart in fig. 4-3.

The method presented is based on the J-integral as fracture mechanics
value for the material toughness, which in the elastic range is equal to

J="" (4-1)

where K is the stress intensity factor.

130



1. Hazards from stress-situation and failure path

= Nominal stress ¢ and stress ranges Ac at critical sections from
permanent and variable loads

= Relevant combination of nominal stresses and stress ranges

= |dentification of failure-critical components

= Threshold checks for stress-ranges to exclude failure of critical
elements that do not have crack propagation

= Partial failure checks of built-up cross-sections to exclude failure
of critical components with sufficient redundancies

N

. Evaluation of material checks

=  Type of material
= Strength and toughness properties

3. Assessment of ,damage tolerance*

with estimated
material properties

[

with measured
material properties

I

v

Criterion for yielding

v

Jmat < ng

;

use of actual stress
including stress-
concentrations, residual
stress and restraints from
deformations of structure

use of nominal stresses

v

Determination of ,safe service period* Tp

[

v
T,>15T,

insp.

v
T,>15T,

insp.
'

Reduction of inspection
intervals or
strengthening of member

A 4

4. Conclusions

Preparation of plans for inspection and refurbishment
Fig. 4-3:

Flow chart for the determination of “safe service periods”
of existing riveted bridges with fracture mechanical values

(5) In the following, the various steps in the flow chart given in fig. 4-3 are
explained.
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4.1.2 Hazards from stress situation and stress ranges
41.21 Determination of nominal stresses and stress ranges

(1)  Nominal stresses and nominal stress ranges are calculated from external
normal forces and bending moments, neglecting stress concentration factors,
e.g. due to holes or other notches.

(2)  Nominal stresses in the net section are used for the conventional ultimate limit
state assessments.

(3) Nominal stresses in gross sections are used for fracture mechanics
assessments, where the applied stresses are gross section stresses and net
section effects (effects of holes and cracks) are included in the fracture
mechanical model, see fig. 4-2.

(4) Nominal stresses may, however, only be used where net-section yielding
occurs before net section fracture; otherwise residual stresses and restraints
that would vanish by net-section yielding have to be taken into account by
increasing the external normal forces and bending moments.

(5) Nominal stress ranges result from external variable loads only; they are
applied in the way indicated in EN 1993-1-9, normally to the gross sections.

4.1.2.2 Combination of permanent and variable actions
(1)  For the conventional ultimate limit state verification of old riveted bridges,
advantage can be taken from prior knowledge of permanent and variable

loads, so that the partial factors yg and yq can be reduced in relation to the
factors applied to the design of new bridges.

(2) The recommended values for conventional ultimate limit state assessments
are

ve = 1.15 instead of 1.35
va = 1.20 instead of 1.35 (4-2)

(3) For the fracture mechanics assessment in view of “damage tolerance”, the
accidental load combination applies where the lowest temperature of the
member is the leading action, whereas permanent and variable traffic loads
are the accompanying actions.

Hence ys =1.00 is applied to permanent loads and frequent values y1 Q1 are
used for variable loads.

(4)  Fatigue checks are made with traffic effects only.
41.2.3 Identification of failure-critical components

(1)  The fracture mechanics assessment is only necessary for those components
in tension of a bridge:
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- which are failure critical,
- for which the stress ranges exceed the fatigue threshold values
- which have no cross-sectional redundancies.

(2)  Failure critical components for the fracture mechanics assessment are those
tension elements, the failure of which would cause a collapse of the structure.

(3) Fig. 4-4 gives the flow chart for the determination of the failure-critical
elements by a check of the failure path.

l Identification of vital clcmcn;]

Pjonvemional statical analysis of the bridgq

f Identification of members in tensionj Fdentiﬂcation of members in compression

y
If the check of stability is 0.k
then no risk

sy D

1‘ r No further check |

J

l Does local cross-section failure induce total bridge collapse ? |

Yes l No
v
Vital element
Is the cross-section sufficiently redundant ?
No Yes \_, "
No risk

Fracture mechanics based

toughness assessment No further check

Fig. 4-4: Identification of failure-critical components

(4)  Failure critical components identified by the procedure given in fig. 4.4 should
be further checked in view of

a) a threshold check for stress ranges
b) redundancies

41.2.4 Threshold check
According to EN 1993-1-9, the S-N-curve for riveted connections is given as

shown2 in fig. 4-5, indicating a constant amplitude endurance limit Aop = 52
N/mm?~.
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Fig. 4-5: S-N-curve for the fatigue assessment of old riveted steel bridges

related to Ac for net sections

(2) A comparison with test results, see fig. 4-6, which include the loss of clamping
forces in the rivets, demonstrates, however, that an endurance limit at 5 - 10°

cycles is vague, so that threshold values Acp should preferably be determined
from fracture mechanical modelling.

Ac,e [MPa] Full scale fatigue tests (beam elements)
1000 1

o Graf 1937

o Rabemanantsoa & Hirt 1984

© Cheesewright 1982 (Wrt. Irn.)

o Qut, Fisher & Yen 1984

4 Fisher et al. 1987

o Brihwiler & Hirt 1987 (Wrt. Irn.)
+ ATLSS - Zhou 1994

=~ = x ATLSS - Zhou 1994 RMC

a Adamson & Kulak 1995

4 Liechti - ICOM 1996

100 1+ ' BAM
] Aoes7iMPa TSR
. Aop=S2MPa L
ORE [101]
EKS Ac. =71 MPa
10 S VO— — —
1,E+05 1,E+06 1,E+07 1,E+08
N [cycles]
Fig. 4-6: Comparison of S-N-curve for riveted connections with test

results [21]

(3) Fig. 4-7 shows in what way the threshold values Acp and AKy, are linked and

how Acp can be calculated for a member with holes and cracks using AKi-
values from tests.
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(4)

Fracture mechanic interpretation of the fatigue limit
4log Ac 4log AK @
const=Ac™N
lo:g N
dN
I AK =Ac~/n-a YJ
Determination of threshold values AK,,
10"; T Y % ‘ 4]
- - =1,26-10".8K%, 113/ -
% ol |5 2
E
g
-
Determination of Ac,,
AK 3
AG.. = _ﬁﬁ;
b [m-a-Y AK(Ac=konst.)
damage relevant area
AK > AK,
AK,,
-
non damage relevant area
AK s AK,
> a

Fig. 4-7: Relationship between Acp and AKj.

In determining the AKy,-values, the advantageous effects of the R-ratio may be
considered, see fig. 4-8.
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Fig. 4-8: AKi-values dependent on of the R-ratio.

(5)  Fig. 4-9 gives a survey on various recommendations together with test results
related to old mild steel and also to puddle iron.

Overview
14 T T T T T T T T T T T T y T T T T T
IEHK
= old mild steel
127 . o olfe e puddle iron
AK,=6 ;R<0,15
AK, =7+(1-0,85)eR ; R> 0,15 -
scatterband from testresults

Gumey
AK, =7,58 -5,47R

old mild steel
AK, =4,0

L[ AK, = 6,0 - 4,56+R ; AK, 22,0 \%smn;mam\“
05071 0z 03 04 05 06 07 08 05 1
R-ratio '
Fig. 4-9: AKin-values according to various recommendations
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(6) To demonstrate some consequences of the use of these AKy,-values, fig. 4-10
gives Aop-values calculated with the initial crack sizes

2a=D+2-5mm (4-3)

where D is the diameter of the head of the rivet and AKy, = 4Mpa\/ﬁ is

assumed. Fig. 4-11 gives the Acop-values for single angles, calculated
according to the recommendation of BS PD-6493 for AK, - R.

Consequences of initial crack sizes and plate widths on Ac,,

Ac, [N/mm’]
24
| L [ I I
22 cct —o— 2W =100 mm
21,5 (- &~ =
8 e —o— 2W =200
200 ;;x D Tw |22 DAUD  —— 2W =300 mm
18 i N B
e
16— Nt rivet hole diameter d, =23 mm
15 Lo Lo 32 ' i =
145 14__:':__ _____ =% L, rivet head diameter D =36 mm
13--F--7--1 --te| g, AK, = 4 MPa/
12 E : =
oL 5
20 |30 40 15 80 70 80
d, D+2-5 mm 2a, [mm]

Fig. 4-10:  Aop-values in dependence of the crack-size ap and the plate
width w for AKy = 4 Mpa\/a

"Fatigue limit" of angles

mL c :L

11
—F
B

2 2
A‘:g IN/mm') 5 Y sow00 AGZOIN/ mm | e T 100x150

2a,=d + 0.5 mm

30

d =0 mm
20
~—~ d =06 mm
10 = 30 A A A A ;
1 v v
D =/40 / [
23,=D +10 mm [a, =D+ 10 mm
0 ' I 0 ! T T
0.0 0.4 0.8 0.0 0.4 0.8
R-ratio R-ratio

Fig. 4-11: Acp-values for angles using the AK,-R-function from BS PD-6493
41.2.5 Partial failure checks for redundancies
(1)  Partial failure checks of built up cross-sections to identify redundancies should

be performed for the ultimate limit state in the following way:
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1. a single plate element of the cross-section is assumed to be cracked,
so that all the other elements shall resist the force from that element

2. the stresses in all the other elements should not exceed the permissible
stress
f f
o =——=— (4-4)
Ywo 1.10

In case the threshold check and the safety check according to (1) is not
fulfilled for failure critical components, a fracture mechanical safety check is
necessary.

Fig. 4-12 indicates in what way the multiple plate composition of the built up
cross-section may control the hazard of brittle failure.

Partial failure checks

risk level

-«

1T I

oVoVoVoVoeVe\a

| NS
® @] |® o] |o| |6+
S ALE’A’&’A

failure simulation of single plated elements

—— e
g ————

critical: o >fy/1.1=235/1.1 non critical:
=213.6 N/ mm? 6 <213.6 N/ mm?
Fig. 4-12: Hazards of built up multiple plate members
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41.3 Material check and evaluation
4.1.3.1 Type of material

(1)  Sampling should be made from the failure-critical components by drilling with a
pod, see fig. 4-13. The circular specimens (RCT-specimen) have a diameter of
60 to 76 mm and may be used to determine as a minimum

- the true stress-strain curve and f, and f
- the J-values at the lowest temperature to be considered.

1. Boring Sample =
from critical
Bridge Members .
245 mm or 2 60 mm a Pieces f"’ .
@ - chemical Analysis
,‘ / - Structure Examination
2 ~ - Hardness Test
2. Specimen for
Material Testing
Charpy Impact Test . .
‘_ . mod. 1/2 CT-Specimen Specimen Tensile ggsils g ccimen
3. Determination (only for z 60 mm)
of Material . X X
Characteristics B & g | o Curve.
2 2 £ %
= 5 & o -¢-Curve
ﬁl 30°C E -30°C
3 o Thoa
Terpergture Temperature Stratn
Characteristics: Characteristics: Characteristics:
Jc' Jl‘ J - AQ Av m: Tzn R.u Rﬁl le Asl Z

Fig. 4-13: Circular specimen for material evaluations

(2)  The relevant type of old steel according to the production method may be
taken from fig. 4-14.
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41.3.2

(1)

(2)

Structural Steel produced from 1850 to 1930

and/or

large Slag Inclusions

Mn<0,1%
0>0,5%

Puddle Iron
Sulphor print Heyn - etching:

1 Siag

T T i
inhomogeneous grain distribution:

: 1. oxid inclusions

Old Mild Steel
Sulphor print Heyn - etching:
ons

inclusions

increasing grain size from surface to core:

yes

air refining

Iron - Nitrid - needles
L PN

I heart refining E

Siemens-Martin Steel

yes L SiZ008 | o

Bessemer Steel

4 > Thomas Steel

Fig. 4-14: Identification scheme for old steels

Strength and toughness properties may be determined for the individual case
or from statistics gained from the evaluation of many material tests from

Strength and toughness properties

riveted steel bridges built with S235 in about the year 1900.

Fig. 4-15 gives some values from such statistics.

R, R, R, R, A Y/ N . Tt
T[°C]| -30 -30 0 0 0 0 -30 0
Typ Log. Log. » Log. Log. ND ND Weib.| Weib.
X0 257 385 248 374 26 57 17 30
Xoso 310 466 293 423 34 66 62 91

Log. = Log-normal distributed; ND = normal distributed
Weib. = Weibull distributed (3 parametric); R, = yield strength; R, = tensile strength;
A = fracture elongation; Z = reduction of area, J,,,, = fracture toughness

Fig. 4-15: Statistical material data for old steel bridges
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(3) The 5% fractiles for Re and Juat given in fig. 4-15 may be used for fracture
mechanics assessment, if no other information is available.

414 Assessment of the “safe service period”
41.4.1 General

(1)  The assessment of the “safe service period” for components of old riveted
steel bridges is performed with the following steps:

1. Definition of the initial crack size ag at the failure critical section that is
detectible.
2. Determination of the critical crack size a, for which the member has

reached the required minimum safety for the relevant combination of
actions for the lowest ambient temperature.

3. Determination of the maximum “safe service period” T, for crack growth
Aa = agit — ag and comparison with the regular inspection intervals Tinsp.

(2)  The relevance of “damage tolerance” for the partial factors yrs - yur Used in
conventional fatigue checks may be taken from fig. 4-16, where n is the
nominal number of stress cycles during the full fatigue life Tsenice Of the bridge
and design values nq depend on the following cases:

1. “‘Damage tolerance” applicable
2. “‘Damage tolerance” not applicable, however

2a: Loading Ac; and cycles n; are controlled
2b: only the time of fatigue life Tsenice is controlled.

typ of construction n,/n n,
.
damage tolerant 1,5 5,9-10
monitored ;
load 2,25 8,8 «10
non
damage tolerant
non .
monitored .
load 6,7-15 |2,63-5,90-10

Fig. 4-16: Relevance of “damage tolerance” for the partial factors for
conventional fatigue checks (right column: n = 3.927x107).

4.1.4.2 The J-integral assessment

(1)  The J-integral safety assessment follows the procedure given in fig. 4-17 and
is performed in various steps
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(2)

Initial Crack size assumption and
structural member assessment

|

5 mm 5 mm
e Y &R L9
l Finite Element calculation
I ST pa und J, S.ng

b = = = - [ e

\

»

%=0%a Oy g . [N/mm’]

Fig. 4-17: Procedure to determine ac;it

The steps for the assessment are the following:

1.

According to fig. 4-17, a fracture mechanical model (e.g. CCT) with the
initial crack size ap (composed of a hole with two lateral cracks) is
assumed.

For this crack size, the Japp-Integral curve versus the applied nominal
stresses o4y IS calculated.

The crack size is then increased to a = ap + Aa yielding to another Japp -
Gappi-CUrve, and this procedure is varied until @ Japp - OCapp-CUrve is
found, for which the Japp-value meets the material value Jmat at the
design value of the nominal stress Gapp = Ckq.

The value a pertaining to this curve is the critical crack size agit.

For the applied stress oy, that effects net section yielding the associated
value Japp = Jgy is determined and compared with the material
toughness Juat, see fig. 4-18.
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If JmaT = Jgy (4-5)
then the use of nominal stresses oy is justified.
If Juat < ng (4'6)

then ogg should be increased to include residual stresses (e.g. 100
Mpa) and stresses due to restraints and deformations.

Yielding pattern Failure Mode Design values
brittle applied stress distribution
in the net section
1 fracture before + residual stresses

net-section yielding + restraints

ductile

——-] applied nominal stress
fracture with or after distribution in the
net-section yielding net section

Fig. 4-18: Definition of failure mode and of applied stresses ogq
depending on ductility.

5. From agit and ap the maximum value of crack growth Aa due to fatigue
should be determined. Using the fatigue load for the structure the “safe
service period” T, possible to effect the crack growth Aa can be
calculated. T, corresponds with a certain number n, of stress cycles.

6. The “safe service period” T, should be more than 1.5 times the time
interval Tinsp between regular inspections, see fig. 4-2.

(3) This procedure may be applied by using assessment aids given in the
following section.

4143 Assessment aids for the fracture mechanics assessment
41.4.31 General

(1)  The following assessment aids refer to the stepwise assessment procedure
givenin 4.1.4.2.

(2) The assessment aids are based on the following:

1. All structural details are represented by the following basic fracture
mechanics models:

- Central Crack Tension element (CCT)

- Double Edge Crack Tension element (DECT)
- Single Edge Crack Tension element (SECT),
see example in fig. 4-19.
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Structural Part: Angle

| IZa -

CCT

Geometrical Data

j: D Initial Crack Size: a,= (D+10)/2
max. allowable Crack Size: a,, = C/2
Plate Width: W=1,1 C/2

AL

Structural Part: U-Profile

11ka
N * W

-
U 1fa w
X DECT
U .
N Geometrical Data
F—F

Initial Crack Size: a, = (D+10)/2
max. allowable Crack Size: a_, =U/2
S Plate Width: W = (U + 0.5 S)/2

Fig. 4-19: Examples for structural details represented by basic fracture
mechanics models

The fatigue crack growth Aa may be calculated with the same fracture
mechanics model as for a.it, see example in fig. 4-20.
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Ao’ -N — values

W [mm]
40 60 80 100

a [mm] l
5 8.647943 | 19.266760 | 30.257930 | 41.474740
10 9.762876 | 20.416210 | 31.419230 | 42.641480
15 10.203230 | 20.901860 | 31.920640 | 43.150090
a, 20 10.419290 | 21.170010 | 32.207600 | 43.445730
—25 25  --4-10.528390 J -21.333840 J» 32.392510 | 43.640520
30 10.579330 | 21.437810 | 32.519000 | 43.777840
35 10.598210 | 21.503890 | 32.608150 | 43.878570
Aa | 49 21.544750 | 32.671770 | 43.954210
45 21.568480 | 32.717080 | 44.011720
50 21.580730 | 32.748910 | 44.055650
—p 55 medececoood - 21585660 —{» 32.770680 | 44.089170
B 6o 32784930 | 44.114520
65 32.793600 | 44.133410
70 32.798270 | 44.147180
75 32.800220 | 44.156890
80 44.163430
85 44.167510
90 44.169760
95 44.170720

Fig. 4-20:  Calculation of crack growth Aa

For each basic fracture mechanics model, the attainment of Jyy is
assumed to be the ultimate limit state of the cracked element. Fig. 4-21
shows the Jappi-Gappl CUrves for various a/w-ratios that do not have a

significant strength increase for capp > Ggy.
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2W =300 mm

Ty [N/mm] - a/W f, =240 N/mm’
50 - . H ) ! ] | ! i !
(90 080 0,70 0,60 0,50 0,0 030 0,20 0,10 0,05
1 I | )
4 ® ,I P o, und J,
// ? 1y
‘ [ 1
/ / i
/ /l } 1
II I
Jl 7 A
160 200 240
Cp [N/mmz]
standardisiation +
i j
2 d
081 Tn 1_{6_54] J!
34 124
0,6 4
) \/
0,2 / i standard. | |
FE-curves
0.0 £‘n__/ !
0,0 0,2 0,4 0,6 0,8 1,0
C5/Cy,
Fig. 4-21:  Japp-cappi-curves and standardised curves for different a/w-
ratios

The limit values cgy and Jgy may be easily described by formulae for the
basic fracture mechanics models, see fig. 4-22.
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Definition of G,

EE]

. CCT SECT |

*a
,LW . —%&4 < Oy
v @,
L DECT |

v
oo~ £, (1 - /W)(1 +0.25 2/W)

Definition of J,

Wk e W @W)S Tk,
& E-(a/W+k,)

Fig. 4-22:  Definition of the limit values cgy and Jgy

5. The function Jappi-cappl below the limit values ogy and Jgy can be
described by standard functions, see fig. 4-21, so that complete sets of
calculation formulae to determine critical crack sizes acit can be derived.

41.4.3.2 Reliability of the assessment aids

(1)  Fig. 4-23 gives a comparison between the results of the formulae and more
accurate FEM-calculations.
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20 1

J
2W =300 mm
Jes [N/mm] a/W f, =240 N/mm’
30 0,9 080 070 0,60 050 040 030 020 0,10 0.05
T R R
40 7 1 ! s' |I I i : Oy Oy
] 1
[ P
W .
30 1 ’ ' ’ N A
i ! formula ,l ; W 12
]
I

10 -

a,, [mm]
150
125 N e =20
100 A\ — 90 OO
T =20 s
75 \QQ - S [w=10 [NFD
50 == > 6
s P =10 NS 53
0 I [ calc. ey 40
0,0 0,4 0,8 0,0 0,4 0,8
d=c./f, d=c,/f

Fig. 4-23:  Comparison of results of formulae and FEM-calculations

In Fig. 4-24 a comparison is given between the failure loads from experiments
with large scale cracked test pieces Fex, and the failure loads predicted by the

formulae

F._

7000

6000 -
5000 - x
4000 -
3000 - %
2000 4

1000

0 T l T | ] ]
0 2000 4000 6000

Fcalc

Fig. 4-24:  Model uncertainty of the formulae for failure loads
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(3)

41.5

Fig. 4-25 gives the distribution function for the ratios Fexy/Fcac and the
justification for the partial factor yy = 1.0, that may be applied.

Determination of the safety factors y,,

frequency [%]

99.95

99.90
/

99.80 7
99.70 —

99.00

98.00

97.00
96.00

95.00
90.00 ]
|

f
B =00 DENT- specimen
15874 = number of tests: n=32
10 I mean value: b=0,980
i ] standard deviation:  S;=0,030
200 } : —>safety factor: Y= 1.0
1.00 /
5 =
ax = b =0980
oo A T T
§ % 0§ 8 8 8§88 8§ 8§ 88§88 %8
Fexp/Fca]c

Fig. 4-25:  Determination of partial factor yv for the application of the
assessment formulae

Design tables

A complete set of built up members and their allocation to fracture mechanics
models is given in tables A.1-A.9.

Tabulated values and graphs for determining acit for given values Juat and fy
and the geometrical values for the basic fracture mechanics models are
presented in tables B.1-B.5 (plate with centre crack), in tables C.1-C.5 (plate
with double edge crack) and tables D.1-D.5 (plate with single edge crack).

Values to determine n, for the “safe service period” for a given damage
equivalent stress range Ac. are given in tables B6-B7 (plate with centre crack),
in tables C.6-C.7 (plate with double edge crack) and tables D.6 — D.7 (plate
with single edge crack).
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Tables A

Relevant models for the determination of the critical

crack sizes a

crit

and maximum allowable load cycles N(a_,;,)

for cross sections of old riveted steel bridges

In the following tables the variables are:

a, = minimum detectable crack size (initial crack size) [mm] which
may have been overlooked at an inspection

Ay = maximum crack size [mm] for which the member will fail
Boandary condition: a_, < a__,

n = number of available tension chord plates

m = number of available web plates

D = rivet head diameter

Cross section

Relevant Model
and Dimensions

crit. Crack
size acc. to:

max. allow.
Load cycles acc.
to:

Structural part: Angles

valid for: mz1
nz1 W
[ IZa
W
Geometrical data:
Initial crack size: a,=(D+10)/2
c max. allow. Crack size: a,, = C/2
Plate width: W = C/2
L
valid for: m2>1
w
| IZa
W
Geometrical data:
Initial crack size: a,=(D+10)/2
max. allow. Crack size: a,,. = C/2
c Plate width: W =1,1 -C/2
| . C '
valid for: mz:1
nz1 Tka W
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Geometrical data:
Initial crack size: a,=(D+10)/2

max. allow. Crack size: a,, = C/2
Plate width: W = (C + B)/2




Cross section

Relevant Model
and Dimensions

crit. Crack
size acc. to:

max. allow.
Load cycles acc.

Cross section

Relevant Model
and Dimensions

crit. Crack
size acc. to:

max. allow.
Load cycles acc.
to:

to:
I

|| Structural part: Angles Structural part: Angles
valid for: m:21 valid for: m:1
W nx1 W
] IZa [ IZa
W ] re w
table table table table
B.2- ‘Be . 2 - .6 - B!
Geometrical data: B.S B.6—B.7 . Geometrical data: B.2-B.S B.6-B.7
Initial crack size: a,=(D+10)/2 Gi - Initial crack size: a,=(D+10)/2
max. allow. Crack size: a_,, = C/2 i max. allow. Crack size: a_, = C/2
Plate width: W=1,2 - C/2 Plate width: W= C/2
valid for: m21 valid for: m:1
1 "
W n: 1a W
l IZa W
W =t
table table o dE fa table table
B.2-B.S B.6-B.7 C2-Cs5 C6-CT
. Geometrical data:
c Geometrical data: 2 Taitial cracl cione o o
I = Initial crack size: a,=(D+10)/2 et zlazﬂaﬁztkéitkasoi_z(:) :0)/2 Cr2
— max. allow. Crack size: a, = C/2 , } : e ? Bmex =
Plate width: W = 1,1-C/2 ' |Plate width: W = (C + B)/2
w
| IZa | IZa
w table table
B.2-B.S B.6-B.7

Geometrical data:

Initial crack size: a;=(D+10)/2
max. allow. Crack size: a,, = C/2
Plate width: W=1,2-C/2
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Geometrical data:

Initial crack size: a,=(D+10)/2
max. allow. Crack size: a,,,, = C/2
Plate width: W=1,1-C/2




Cross section

Relevant Model
and Dimensions

crit. Crack
size acc. to:

max. allow.
Load cycles acc.

Cross section

Relevant Model
and Dimensions

crit. Crack
size acc. to:

max. allow.
Load cycles acc.
to:

Structural part: Angles

Structural part: U-Profile

| T2a

Geometrical data:

Initial crack size: a,=(D+10)/2
max. allow. Crack size: a,,,, = C/2
Plate width: W = C/2

l IZa

Geometrical data:

Initial crack size: a,=(D+10)/2
max. allow. Crack size: a,,, = C/2
Plate width: W=1,2-C/2

valid for: mz0
) W
u w
1fa
u table table
2-C. .6-C.
s Geometrical data: c2-C5 C6-C7
— Initial crack size: a,=(D+10)/2
max. allow. Crack size: a,,, = U/2
Plate width: W=(U + 0,5-S)/2
valid for: m:0
w
] IZa
v w
u table table
B.2-B.S5 B.6-B.7
4

Geometrical data:

Initial crack size: a,=(D+10)/2
max. allow. Crack size: a_, =U
Plate width: W=U + S

1%a

Geometrical data:

Initial crack size: a,=(D+10)/2
max. allow. Crack size: a,,,, = C/2
Plate width: W = (C + B)/2
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Geometrical data:

Initial crack size: a,;=(D+10)/2
max. allow. Crack size: a,,, =S
Plate width: W= (U +S)




Cross section

Relevant Model
and Dimensions

crit. Crack
size acc. to:

max. allow. Cross section
Load cycles acc.

to:

‘Relevant Model
and Dimensions

crit. Crack
size acc. to:

max. allow.
Load cycles acc.
to:

[

Structural part: U-Profile

Structural part: Tension chord

valid for:

mz0

[ IZa

Geometrical data:
Initial crack size: a,=(A+10)/2

max. allow. Crack size: a,, = U
Plate width: W=U + S

B.2-B.5

Structural part: Tension chord

Geometrical data:

Initial crack size: a;=e+D/2+5
max. allow. Crack size: a,,, = A
Plate width: W=n-A

n =1 out of the Gussets

| IZa W

Geometrical data:

Initial crack size: a,=(D+10)/2
max. allow. Crack size: a_,, = A/2
Plate width: W=n+A/2

n = 1 out of the Gussets

table
B.2-BS

m21
n21

valid for:

table
B.6-B.7

Geometrical data:

Initial-crack size: ag=e+D/2+5
max. allow. Crack size: a,, = A
Plate width: W=n-A

n = 1 out of the Gussets

valid for: mz1

valid for: m20
nx1
PEE—————
A A
valid for: m20
nzx1

[ IZa W

Geometrical data:
Initial crack size: a,=(D+10)/2
max. allow. Crack size: a,,,, = A/2
Plate width: W=n -+ A/2

n = 1 out of the Gussets

table
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Geometrical data:

[ IZa

Initial crack size: a;=(D+10)/2
max. allow. Crack size: a,, = A/2
Plate width: W=n-A/2

n =1 out of the Gussets




Cross section

Relevant Model
and Dimensions

crit. Crack
size acc. to:

' max. allow.

Load cycles acc.

to:

Cross section

Relevant Model
and Dimensions

crit. Crack
size acc. to:

max. allow.
Load cycles acc.
to:

Structural part: Tension chord

Structural part: Web

valld for: m:1 I
nx1
l w valid for: mx1
o o I2a
———— w
SHIE w E
ay i l IZa
) w
. R table table A q
Geometrical data: B2-BS B.6-B.7 4 table table
Initial crack size: a,=(D+10)/2 . B.2-B.S B.6-B.7
¢ . max. allow. Crack size: a,,, = A/2 A w
- | | S-S Plate width: W= n - A/2 c Initial crack size: an‘=(D+10)/2
n =1 out of the Gussets max. allow. Crack size: a, = A/2
A S S R Plate width: W=m - A/2
- m = 1 out of the Gussets
Structural part: Web
valid for m>1
valid for: m:0 W
nz1 > , w
1T IZa
I Ta w A w
- table table A table table
D.2-D.5 D.6-D.7 A B.2-B.S B.6-B.7
Geometrical data: Geometrical data:
vqs . N s
Initial crack size: ag=D+5 Initial crack size: a;=(D+10)
max. al!ow. Crack size: a, = A A max. allow. Crack size: a_, = A/2
4 Plate width: W=m ' A J Plate width: W=m - A/2

m = 1 out of the Gussets

valid for:

Geometrical data:

Initial crack size: a;=C+5
max. allow. Crack size: a,, =
Plate width: W=m- A

m = 1 out of the Gussets

m = 1 out of the Gussets
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‘ IZa W

Geometrical data:
Initial crack size: a,=(e+10)/2
max. allow. Crack size: a,,. = A
Plate width: W=m - A
m = 1 out of the Gussets




Tables B Critical crack sizes a_; [mm]

The critical crack sizes given in the following table and diagram are calculated for a
fracture toughness value Jy;,, = 30 N/mm and a yield strength value f, = 240 N/mm’.

Critical crack sizes a_; and load cycles N(a)
The cases where net section yielding will occur before fracture are underlined.

for the plate with Center Crack (CCT)

W [mm] | 40 60 80 100 120 140 | 160 180 | 200

df]
0.05 38 37 16 5 114 133 152 171 190
W 0.07 37 35 74 23 111 130 148 167 186
c 0.09 36 34 12 k2 109 127 145 16 182
£ IZa e 011 3 | 3 | 2| 3 | 10e |12 |12 |10 | 1B
W 0.13 34 32 £9 87 104 121 139 15 174
0.15 34 Sl 68 85 102 119 13 153 170
0.17 33 49 66 23 29 11 132 149 166
0.19 32 48 64 81 97 113 129 145 162
0.21 31 47 63 il 94 110 126 142 157
0.23 30 4 61 11 2 107 123 138 153
0.25 30 a5 60 75 90 105 | 120 134 148
0.27 29 e 58 7 37 102 | 16 130 143
Use of the tables 0.29 28 ) 56 a1 285 99 113 126 138
- 0.31 27 a1 55 6 82 96 109 122 133
) ] 033 26 40 53 67 80 9 106 117 128
1. Calculation of the stress relation d = o, /f, 0.35 26 39 52 65 a8 90 102 113 122
PP 0.37 25 37 50 63 75 88 98 108 117
) . ) 0.39 24 36 48 61 73 85 95 104 112
2. Evaluation of the critical crack size for d and the half plate width W (the 0.41 23 33 47 39 10 82 91 99 107
. . . 0.43 2 34 a5 57 68 79 87 95 102
evaluation of the relevant plate. width W for the considered structural part 0.45 2 33 44 55 66 75 84 91 97
i ; 0.47 21 31 42 53 63 72 80 86 92
is made according tables A) 049 5 5 Y % = P 6 & pea
0.51 19 29 39 49 58 66 73 78 82
; ; 0.53 T8 28 37 a7 56 63 69 74 78
3. Calculation of the equivalent stress range Ao, 035 Bt Vil 3% Y 53 prd co 0 74
0.57 17 25 34 43 51 58 62 66 69
. AR 1l 0.59 16 24 32 a1 49 55 59 63 65
4, Evaluation qf the tabulated values N(a) - Aa,’ - 10" for a, and a_, for the 061 15 pri 37 38 6 5 36 P pt
half plate width W 0.63 14 2 29 37 44 49 53 55 57
0.65 a4 21 28 35 2 46 50 52 54
) ) 0.67 13 19 26 33 39 44 47 49 50
5. Evaluation of the number of possible load cycles from a, to a,: 0.69 12 18 24 30 37 41 44 46 47
0.71 a1 17 X 29 34 39 41 43 43
0.73 10 16 21 26 K7 36 38 40 40
A 31011 A31n-11 0.75 1 15 20 25 30 34 36 37 37
N(a;)-Ac,' 10" - N(ay)»Ao, 10 0.77 9 B3| 18| 23| 2 31 33 34 35
AN = 0.79 2| 2| 16| 20 33| 2 | 3 32 32
Ag> 101 0.81 7 1| 15 19 22 26 28 29 30
e 0.83 6 10 13 17 20 23 26 27 27
0.85 6 9 12 15 18 21 23 24 25
0.87 s = 10 12 15 18 20 22 23
. . 0.89 2| s | 2|l |3 || )] ]| 2
Interim values for a or W may be interpolated. 0.91 3 s i 3 10 12 14 16 17
0.93 2 4 s = 8 9 o 12 14
0.95 2 3 _4 ] _6 7 8 9 10

The tables for the evaluation of the number of load cycles N are based on the
Paris crack growth relation (material constants: C = 4-10" and m = 3).
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The critical crack sizes given in the following table and diagram are calculated for a

3 [mm] fracture toughness value =17 N/mm and a yield strength value f, = 250 N ?
R, =240 N/mn?® ; J,, =30 N/mm gh Juau m g y V.
200
The cases where net section yielding will occur before fracture are underlined.
W =200 —»— W =200.0 mm
—0— W=180.0 mm W mm] | 40 60 80 100 | 120 | 140 | 160 | 180 | 200
180 —o— W=160.0 mm d[-
—%— W=140.0 mm
,A —v— W=120.0 mm 0.05 38 | 57| 26 | o5 | 1ma | 33| 12| | 19
= : —_—— 0.07 37 35 i 23 pEbA 130 148 167 186
V=180 W oo 000 | 3% | X% | 2| % |Ww | & |E|e | s
180\ We aogmm 011 35 | 33 | 71 | 89 | 1os | 122 | 12 | 160 | 177
- - 0.13 34 | 532 | 6 | 87 | 104 | 121 | 139 | 155 | 171
PN —o— W= 40.0mm 0.15 34 | 31| 88 35 | 12 | 118 | 134 | 150 | 165
0.17 33 | 49 | 66 | 33 99 15 | 130 | 144 | 158
0.19 32 | 48 | & | 81 96 11 | 125 | 139 | 151
140 e ‘ 0.21 3 | @7 | & | 19 93 107 | 120 | 133 | 144
1 net section yielding 0.23 30 | 36 | 61 76 90 | 103 | 115 | 126 | 137
before fracture 0.25 30 | 35 | &0 74 87 99 | 110 | 120 | 130
g 027 2 | 13 | =8 72 84 95 105 | 114 | 122
0.29 28 | 22 | 36 69 80 91 100 | 108 | 115
031 27 | & 55 67 77 86 94 102 | 108
120 0.33 2 0 53 64 74 82 89 96 | 102
0.35 26 | 39 51 62 70 78 84 90 95
0.37 25 | 37 9 59 67 74 80 85 89
0.39 24 | 36 48 56 64 70 75 79 83
0.41 23 | 35 46 54 61 66 70 74 77
100 0.43 22 | 34 44 51 57 62 66 69 71
0.45 2 | 33 42 49 54 58 62 64 66
0.47 21 | 3 40 47 51 55 58 59 61
0.49 20 | 20 38 44 48 51 54 55 56
0.51 19 | 29 37 42 46 48 50 51 51
80 0.53 18 | 28 35 40 43 45 46 47 47
. 0.55 18 | 27 33 37 40 42 3 43 43
0.57 a7 | 25 32 35 38 39 40 40 40
0.59 16 | 24 30 33 35 36 37 37 36
0.61 13| 23 28 31 33 34 34 34 33
0.63 | 22 27 29 31 31 31 31 31
60 0.65 a4 | 2l 25 27 29 29 29 28 28
0.67 3| 19 24 26 26 27 26 26 26
0.69 12 | 18 22 24 25 25 24 24 24
0.71 1| 1z 21 22 23 23 22 22 22
0.73 10 | 16 19 21 21 21 21 20 20
40 0.75 10 | 15 18 19 19 19 19 19 18
0.77 9 a3 17 18 18 18 17 17 17
0.79 3 12 16 16 17 16 16 16 15
0.81 ) 11 4 15 15 15 15 14 14
0.83 6 10 13 14 14 14 14 13 13
0 0.85 6 9 12 13 13 13 12 12 12
20 0.87 i ] 10 11 12 12 11 11 11
0.89 4 s 8 10 11 11 10 10 10
0.91 3 = I 9 9 9 9 9 9
0.93 2 2 s 7 8 8 8 8 8
0.95 2 3 4 5 6 7 7 7 7
0 T ' T ] ¥ | ¥ T v I T I T | 1 | T |
005 015 025 035 045 055 0685 075 085  0.95

d=o,/f
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3 [mm]

200

180

160

140 o

120

80

60

40 -}

20

£ =250 N'mm’ ; J,, =17 N/mm

o

—%— W =200.0 mm
—0— W=180.0 mm
~0— W =160.0 mm
—x— W=140.0 mm
—v— W=120.0 mm
—+— W =100.0 mm
—o— W= 80.0mm
—4— W= 60.0 mm
—o— W= 40.0 mm

net section yielding
before fracture:

0
0.05

T
0.15

T
0.25

T T
0.35

1
0.45

0.55

0.65

T

T T T
0.75 0.85

d=o_/f1

0.95

Load cycles N(a)

tabulated values = N - Ag.® - 10™
W [mm] 40 60 80 100 120
a [mm]

5 8.647943 19.266760 30.257930 41474740 52.846570
10 9.762876 20.416210 31.419230 42.641480 54.016250
15 10203230 20.901860 31.920640 43.150090 54528720
20 10.419290 21.170010 32207600 43445730 54.829010
25 10.528390 21.333840 32.392510 43.640520 55.029160
30 10.579330 21.437810 32.519000 43777840 55.172430
3s 10.598210 21.503890 32.608150 43.878570 55279590
40 21.544750 32.671770 43.954210 55362050
45 21568480 32717080 44011720 55426660
50 21.580730 32748910 44.055650 55.477890
55 21.585660 32.770680 44.089170 55518760
60 32.784930 44.114520 55.551410
65 32793600 44133410 55.577460
70 32798270 44.147180 55.598130
75 32.800220 44.156890 55.614390
80 44.163430 55.627010
85 44.167510 55.636630
90 44.169760 55.643800
95 44.170720 55.648940
100 55.652470
105 55.654690
110 55.655960

115 55.656530
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tabulated values =N - Ag,? - 10"

W [mm] 140 160 180 200
a [mm)]

5 64.333240 75.909210 87.557370 99.264920
10 65.504640 77.081760 88.730680 100.438700
15 66.019440 77.598080 89.247940 100.956800
20 66.322530 77.902980 89.554100 101.263700
25 66.525880 78.108400 89.760910 101.471500
30 66.672690 78.257580 89.911630 101.623300
35 66.783770 78371160 90.026900 101.739900
40 66.870390 78.460510 90.118100 101.832400
45 66.939420 78.532420 90.192000 101.907700
50 66.995240 78.591250 90.252920 101.970100
55 67.040810 78.639980 90.303870 102.022600
60 67.078270 78.680690 90.346830 102.067200
65 67.109150 78.714890 90.383360 102.105500
70 67.134630 78.743740 90.414620 102.138400
75 67.155640 78.768110 90.441420 102.167100
80 67.172880 78.788710 90.464480 102.191900
85 67.186950 78.806120 90.484350 102.213600
90 67.198350 78.820770 90.501410 102.232600
95 67.207460 78.833040 90.516120 102.249200

100 67.214620 78.843270 90.528750 102.263700
105 67.220180 78.851740 90.539630 102.276300
110 67.224360 78.858650 90.548770 102.287400
115 67.227400 78.864280 90.556580 102.297000
120 67.229510 78.868750 90.563170 102.305300
125 67.230840 78.872210 90.568650 102.312500
130 67.231610 78.874870 90.573140 102.318700
135 78.876790 90.576830 102.324000
140 78.878140 90.579970 102.328300
145 78.879040 90.582080 102.332100
150 78.879570 90.584090 102.335300
155 90.585140 102.337800
160 90.586190 102.339900
165 90.587000 102.341600
170 90.587000 102.342600
175 102.343700
180 102.344700
185 102.344800
190 102.344800

application range:
0<0,, <0,
JMat
ng
J appl =
JJMat > 1
gy
At
where 0,
Ogy
fy
JMal
JB}'
a/'W

Formulae for the calculation of critical crack sizes a_,;,

Plate with Center Crack

50 mm < 2W < 600 mm
0.05 < /W < 0.90

< 1: (iterative determination of a ;)

=W - (1-0,,/f)

= max. stresses in the gross section
=f, - (1-a/W)

=yield strength

= fracture mechanic toughness

2W - £ 0.640 - /W - (1 a/W?)
- 210000 - @W 0.125)

= crack width/plate width -ratio

@

ey

Calculation formulae for the calculation of critical crack sizes a; of the plate with

Center Crack
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Critical crack sizes a_,;, [mm]
Tables C

The critical crack sizes given in the following table and diagram are calculated for a
R . fracture toughness valueJ,,,.= 30 N/mm and a yield strength value f, = 240 N/mm>
Critical crack sizes a,; and load cycles N(a) o '

for the plate with Double Edge Crack (DECT) The cases where net section yielding will occur before fracture are underlined.
Wmm] | 40 60 80 100 | 120 | 140 | 160 | 180 | 200
d[]

" 0.05 38 31 76 95 s 134 153 172 191
w [ la 0.07 37 36 s 24 13 132 150 169 188
o 0.09 31 35 4 2 §ovs 129 148 16 185
o+ sl 0.11 36 54 2 21 109 12 145 163 182
w 0.13 k] 33 a1 89 107 125 142 16 178
| Ta 0.15 3 |2 || % |1 |2 ||y |
7 0.17 34 31 8 86 103 120 137 154 172
0.19 33 30 £7 84 101 118 134 151 168

021 33 49 66 82 29 115 132 148 1
0.23 32 48 64 80 27 1 12 145 161
0.25 3 47 63 a3 24 110 126 142 158
0.27 30 46 61 I 92 108 123 139 154
Use of the tables 0.29 30 a5 60 e 90 105 120 136 149
- 031 29 | 4 | 9 | 13| 38 | 10 18 | 132 | 144
i . 0.33 28 | 43 | 51 | 12 | 86 | 100 | 15 | 127 | 138
1. Calculation of the stress relation d = o,,,/f, 0.35 28 42 356 70 84 98 111 123 133
037 27 | 4 | 32 | &8 | 32 | 55 | 108 | 118 | 127
( 0.39 26 | 39 | 3 | & | 19 93 | 104 | 113 | 120
2. Evaluation of the critical crack size for d and the half plate width W (the o4l S o I T BT 20| %0 | 108} 114
evaluation of the relevant plate width W for the considered structural part 045 2 | 36 | = s | B 83 o1 97 101
i i 0.47 23 | 35 | 71 | 39 | 720 80 86 91 96
is made according tables A) 947 2 3| & 2 2 5 5 a 5
0.51 22 | 33 | a4 | 35 65 72 78 82 86
i i 0.53 20| 31 | 2| 3 63 69 74 78 81
3. Calculation of the equivalent stress range Aa, 022 2 % % il b o Ehs L 8
0.57 19 | 29 | 3 | 49 57 63 66 69 71
: -Ag?- 101 0.59 18 | 28 | 3| 31 55 60 63 65 67
4. Evaluation (?f the tabulated values N(a) - Aa,’ - 10" for a, and a_, for the 061 = | 3 3% 5 pd 57 59 & b
half plate width W 0.63 17 | 25 | 34 | a3 50 54 56 57 58
0.65 6 | 24 | 32 | 4 47 51 53 54 54
. . 0.67 15 | 23 | 31| 38 45 48 49 50 50
5. Evaluation of the number of possible load cycles from a, to a,: 0.69 14 | 2 | 28 36 42 45 46 47 46
0.71 13| 20 | 21 | 24 40 42 43 43 43
0.73 12| | 25| 22 38 40 40 40 39
Agd10-11 Ag10-11 0.75 2| 18 | 22 | 20 35 37 37 37 36
N(a,;)A0,- 107" - N(ay)Ac, 10 0.77 | 18| 2 | 2 33 35 35 34 33
AN = 3 0.79 10 s 20 25 30 32 32 31 31
Ao>-10711 0.81 9 14 18 23 28 30 30 29 28
¢ 0.83 8 12 16 21 25 27 27 26 26
0.85 I | 15 | 18 2 | 25 25 24 23
0.87 5 9 13 | 16 19 | 22 23 22 21
) . 0.89 > 3 1| 1a 16 | 19 20 20 19
Interim values for a or W may be interpolated. 0.91 ! s 9 1 13 | 16 18 18 17
0.93 3 > I 9 10 | 12 14 16 16
0.95 2 3 > 6 7 9 10 11 13

The tables for the evaluation of the number of load cycles N are based on the
Paris crack growth relation (material constants: C = 4-10™* and m = 3).
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The critical crack sizes given in the following table and diagram are calculated for a
fracture toughness value Jy,, = 17 N/mm and a yield strength value f; = 250 N/mm’.

2
2 [mm] f; =240 N/mm" ; Jy, =30 N/mm The cases where net section yielding will occur before fracture are underlined
200 W[mm] [ 40 60 80 100 120 140 160 180 | 200
d[-]
W =200 —x— W =200.0 mm
—o— W=180.0 mm 0.05 38 31 16 95 15 | 134 .} 153 } 172 [ 191
180 —o— W=160.0 mm 0.07 37 36 s 94 113 32 150 169 1
—x— W =140.0 mm 0.09 37 S5 74 2 111 129 148 166 185
W =180 —g— W =120.0 mm 0.11 36 24 2 31 109 127 14 163 182
- —— W =100.0 mm 0.13 35 33 1 89 107 125 142 160 178
—o— W= 80.0mm 0.15 35 52 70 87 105 122 | 140 157 173
160 - —s— W= 60.0 mm 0.17 34 51 68 86 103 120 137 153 168
) —o— W= 40.0 mm 0.19 33 50 67 84 101 117 133 148 161
W =160 ) 0.21 33 49 66 82 99 114 129 142 154
\ 0.23 32 4 64 80 96 11 124 136 147
\ e 0.25 31 47 63 79 94 107 118 129 139
140 + ¢ pet section yielding 027 30 | 3 | & | = 9 | 102 | 113 | 122 | 130
W =140 \ / before fracture 0.29 30 45 60 75 87 98 107 115 122
v S : 0.31 29 44 59 72 83 93 101 107 113
\ 0.33 28 43 57 70 80 88 94 100 104
120 4 \ 0.35 28 42 56 67 76 83 88 92 96
0.37 2 41 54 64 72 77 82 85 89
W=120 \ 0.39 26 39 52 61 68 72 76 80 82
) 0.41 25 38 50 58 63 67 7 74 76
\ 0.43 25 37 48 55 59 63 66 68 70
100 \ 0.45 24 36 46 52 56 59 62 63 64
W =100 \ 0.47 23 35 44 49 53 55 57 58 58
\ 0.49 22 34 42 46 50 52 53 53 53
) 0.51 2 33 39 44 47 48 49 49 48
\ 0.53 21 31 37 41 44 45 45 44 43
VYW= 280 . 0.55 20 | 30 36 39 41 41 41 40 39
! 0.57 19 29 34 37 38 38 37 36 35
0.59 18 28 32 34 35 35 34 33 32
0.61 18 26 30 32 33 32 31 30 28
60 "\, 0.63 11 25 29 30 30 29 28 27 26
W= 60 . 0.65 16 24 27 28 28 27 26 24 23
3 0.67 15 23 25 26 25 24 23 22 21
0.69 14 21 24 24 23 22 21 20 19
0.71 13 20 22 22 21 20 19 18 17
404 [W= 40 0.73 12 19 21 21 20 18 17 16 15
- 0.75 12 18 19 19 18 17 16 15 14
N 0.77 1 16 18 17 16 15 14 13 13
0.79 10 15 17 16 15 14 13 12 12
0.81 9 14 15 15 14 13 12 11 11
20 0.83 8 12 14 13 12 11 11 10 10
> 0.85 7 u 13 12 11 10 10 9 9
0.87 6 9 12 11 10 9 9 8 8
0.89 s 8 10 10 9 9 8 8 7
o Ry 0.91 4 6 9 9 8 8 7 7 7
LA L R S RS A I AL I L ML 0.93 3 s 7 8 8 7 7 6 6
005 015 025 035 045 055 065 075 08 095 0.95 2 3 5 6 7 6 6 6 6
d=o,/f
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8y [mm]
200

w
180 -

160

140

120

100J

80 -

60

40 4

20 4

£ =250 N'mm’ ; J,, =17 N/mm

o

—— W =200.0 mm
~0— W=180.0 mm
—~o0— W= 160.0 mm
—%— W=140.0 mm
—g— W=120.0 mm
—+— W=100.0 mm
—o— W= 80.0 mm
—4— W= 60.0 mm
—o— W= 40.0 mm

net section yielding
before fracture

0
0.05

T
0.1

!
0.25

T

T
0.35

T
0.45

T
0.55

0.65

075 085
d=o,/f

0.95

Load cyclesiN(a)

tabulated values = N - Ag,” - 10!

W [mm] 40 60 80 100 120
a [mm]

5 6.139167 13.851900 21.797010 29.881360 38.060850
10 6.959291 14.679570 22.627030 30.712390 38.892440
15 7.308389 15.041020 22.992090 31.078950 39.259780
20 7.500139 15.250860 23.206960 31.295840 39.477700
25 7.612514 15.387980 23.350710 31.442230 39.625360
30 7.675346 15482610 23.453810 31.548580 39.733270
35 7.703868 15.549100 23.530740 31.629470 39.816050
40 15.595210 23.589380 31.692860 39.881650
45 15.625660 23.634430 31.743460 39.934830
50 15.643710 23.668850 31.784290 39.978610
55 15.652110 23.694650 31.817360 40.015030
60 23.713290 31.844070 40.045520
65 23.725890 31.865440 40.071110
70 23.733450 31.882250 40.092540
75 23.736990 31.895100 40.110410
80 31.904500 40.125150
85 31.910910 40.137140
90 31.914780 40.146680
95 31.916590 40.154040
100 40.159450
105 40.163150

110 40.165390

115 40.166430

161




tabulated values = N - Ag,.’ - 10!

W [mm] 140 160 180 200
a [mm]
5 46310710 54.615220 62.963910 71.349210
10 47.142580 55.447330 63.796120 72.181530
15 47510360 55.815390 64.164400 72.549900
20 47.728860 56.034240 64.383510 72769170
25 47.877220 56.183060 64.532630 72.918470
30 47.985980 56.292370 64.642290 73.028390
35 48.069800 56.376790 64.727130 73.113480
s 48.136600 56.444310 64.795090 73.181770
45 48.191160 56.499680 64.850980 73238010
48236520 56.545960 64.897840 73.285290
50 48274730 56.585210 64.937740 73.325640
55 48.307220 56.618860 64.972120 73.360490
60 48335020 56.647960 65.002010 73.390920
65 48358910 56.673260 65.028210 73.417690
70 48.379460 56.695380 65.051280 73.441410
75 48.397120 56.714740 65.071710 73.462510
80 48.412260 56.731720 65.089830 73.481380
85 48.425160 56746600 - 65.105930 73.498310
90 48.436040 56.759590 65.120260 73.513510
95 48.445130 56.770920 65.133000 73.527170
100 48.452560 56.780750 65.144330 73.539470
105 48.458500 56.789170 65.154340 73.550540
110 48.463130 56.796360 65.163190 73.560490
115 48.466530 56.802360 65.170940 73.569430
120 48.468870 56.807310 65.177700 73.577450
48.470240 56.811260 65.183550 73.584550
125 56.814320 65.188530 73.590880
130 56.816620 65.192720 73.596430
135 56.818160 65.196160 73.601330
140 56.819100 65.198950 73.605570
145 65.201130 73.609150
150 65.202740 73.612180
155 65.203810 73.614700
160 65.204440 73.616740
165 73.618320
170 73.619430
175 73.620230
180 73.620760
185
190

Formulae for the calculation of critical crack sizes a_,,

Plate with Double Edge Crack

application range: 50 mm < 2W < 600 mm

0<0,,,20,
JMa!
ng
J appl =
J
Mat > 1:
JNQF
At
mit Oy
OKY
fy
J Mat
JSY
a/'W

0.05 < /W < 0.90

< 1: (iterative determination of a_,)

2} 075

()
B R I G .. =]
gy Mat
Og}’

(o)
=W-| [225 +4|1-22] _15
fy

= max. stresses in the gross section
=£, (1-/W) - (1 +0.25 - /W)

= yield strength

= fracture mechanic toughness

2W- £ 0.64- /W- (1- a/W?)

- In(e-|a/W-0.5])
210000- (a/W+ 0.07)

= crack width/plate width -ratio

(1)

(1)

Calculation formulae for the calculation of critical crack sizes a_; of the plate with

Double Edge Crack

162




Critical crack sizes a,,, [mm]

Tables D
The critical crack sizes given in the following table and diagram are calculated for a

fracture toughness value Jy,, = 30 N/mm and a yield strength value f, = 240 N/mm’.

Critical crack sizes a_;, and load cycles N(a)
The cases where net section yielding will occur before fracture are underlined.

for the plate with Single Edge Crack (SECT)
Wmm] | 50 100 150 200 250 300 350 400
da[]
0.05 47 95 142 190 237 285 332 380
0.07 16 9 139 186 232 27 325 372
0.09 45 91 136 182 227 273 318 363
W O pt 0.11 24 3 | 33 | I8 | 22 | 266 | 310 | 351
0.13 43 27 130 174 217 259 299 337
{ Ta 0.15 42 85 127 170 211 250 286 320
i 0.17 a1 8 14 165 204 239 272 302
0.19 40 381 121 161 196 228 256 282
021 39 79 118 155 187 215 240 261
0.23 38 il 115 149 177 202 223 240
0.25 37 s 1 142 168 188 205 219
027 36 7 108 135 157 174 188 198
0.29 35 i 103 128 147 161 171 182
Use of the tables 031 34 ] 99 121 136 148 158 167
0.33 33 67 o4 113 126 137 146 153
; : _ 0.35 32 5 90 106 118 127 134 140
1. Calculation of the stress relation d = 0,,/f, 03 3 Yo = 95 116 118 33 127
0.39 30 60 93 102 109 113 116
2. Evaluation of the critical crack size for d and the half plate width W (the 8:3; —§—§ % ;f SZ gg 183 18; ‘3;”
evaluation of the relevant plate width W for the considered structural part 8-2; '%% %(35 gi ;Z % gg gg g?
is made according tables A) 049 25 = 60 67 7 73 74 74
0.51 24 46 57 63 66 67 68 68
. . 0.53 23 44 54 58 61 62 62 62
3. Calculation of the equivalent stress range Ao, 0.55 ) i 50 55 56 57 57 57
0.57 21 40 47 51 52 53 53 52
. . 0.59 20 38 45 47 49 49 49 48
4. Evaluation of the tabulated values N(a) - Aa,? - 10! for a, and a_, for the 061 o 36 42 44 45 45 45 44
i 0.63 18 34 39 41 42 42 41 41
half plate width W 0.65 Y, 7 37 3g 39 39 38 38
0.67 16 30 34 36 36 36 36 35
; ; . 0.69 s 28 2 33 33 33 33 33
5. Evaluation of the number of possible load cycles from a, to a,;: oo §r} yil 30 31 3 3 3 30
0.73 13 25 28 29 29 29 28 28
3 1 ne1l 3.1 0.75 12 px) 26 27 27 27 26 26
N(a,)Ac,: 107" - N(ay)Ac,10 0.77 a1 = 25 25 25 25 25 24
AN = 0.79 10 20 23 23 23 23 23 23
Ag>10711 0.81 9 19 21 2 22 22 21 21
O, 0.83 3 17 20 20 20 20 20 20
0.85 I 15 18 19 19 19 19 18
0.87 6 12 17 17 17 17 17 17
0.89 s 1 15 16 16 16 16 ig
; i 0.91 4 8 13 15 15 15 15
Interim values for a or W may be interpolated. 0.63 = i a0 3 1 1 12 1
0.95 2 > 7 10 12 12 12 12

The tables for the evaluation of the number of load cycles N are based on the
Paris crack growth relation (material constants: C = 4-10"* and m = 3).
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The critical crack sizes given in the following table and diagram are calculated for a
fracture toughness value J,,,, = 17 N/mm and a yield strength value f, = 250 N/mm’.

3 [mm] f =240 N/mm® ; J,,, = 30 N/mm o
400 The cases where net section yielding will occur before fracture are underlined.
W (mm] 50 100 150 200 250 300 350 400
d[-
—%— W =400.0 mm o
—%— W =350.0mm 0.05 47 95 142 190 237 285 332 379
—— W=300.0mm 0.07 16 9 139 186 232 277 321 365
350 —— W=250.0mm 0.09 35 91 136 181 225 267 307 346
—o— W =200.0 mm 0.11 24 89 133 176 216 254 289 323
—A— W =150.0 mm 0.13 n 87 130 169 205 238 269 297
o W =100.0 mm 0.15 12 83 125 161 193 221 246 268
W= 50.0 mm 0.17 3 8 120 152 180 203 222 238
= - 0.19 a0 g0 115 143 165 184 198 209
0.21 39 78 109 133 151 164 174 185
300 0.23 38 75 102 122 136 146 156 164
0.25 37 72 96 112 122 132 140 145
% 8% 36 68 89 101 112 119 125 128
N . 35 65 82 93 101 107 111 114
/ net section yielding 031 31 61 75 85 9 9 99 100
before fracture 033 33 57 70 78 84 86 88 89
250 7 035 2 54 63 72 76 78 79 79
0.37 31 50 60 66 68 70 70 70
0.39 30 47 56 60 62 63 63 62
0.41 29 44 52 55 56 56 56 56
0.43 28 42 48 50 51 51 51 50
0.45 27 39 44 46 46 46 46 45
047 25 37 41 42 42 42 41 41
200 - 0.49 24 34 38 38 38 38 37 37
0.51 23 32 35 35 35 34 34 33
0.53 2 30 32 32 32 31 31 31
0.55 21 28 30 30 29 29 28 28
0.57 20 26 27 27 27 26 26 26
0.59 19 24 25 25 25 24 24 24
150 ] 0.61 18 23 23 23 23 22 22 22
0.63 17 21 22 21 21 21 20 20
0.65 16 20 20 20 19 19 19 18
0.67 15 18 19 18 18 18 17 17
0.69 14 17 17 17 17 16 16 16
0.71 13 16 16 16 15 15 15 15
0.73 13 15 15 15 14 14 14 14
100 4 0.75 12 14 14 13 13 13 13 13
0.77 11 13 13 13 12 12 12 12
0.79 10 12 12 12 11 11 11 11
0.81 9 11 11 11 11 11 10 10
0.83 3 10 10 10 10 10 10 10
0.85 3 10 10 9 9 9 9 9
50 0.87 6 9 9 9 9 9 8 8
0.89 5 8 8 8 8 8 8 8
0.91 4 7 8 7 7 7 7 7
0.93 3 6 7 7 7 7 7 7
0.95 2 5 6 6 6 6 6 6
Ot 7T T 7T 1
005 015 025 035 045 055 065 075 08 095

d=o,/f
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2 [mm]
400

350 -

300 -

250 —

200 +

150

100

50

f,=250 N/mm® ; J,,, =17 N/mm

—— W =400.0 mm
—x— W =350.0mm
—g— W =300.0 mm
—t— W =250.0 mm
-—o— W =200.0 mm
—&— W =150.0 mm
—o— W =100.0 mm
~0— W= 50.0mm

/ net section yielding
/ before fracture
7

° T T T
0.05 0.15

l
0.25

0.35

T
0.45

T
0.55

T T T LN
0.65 0.75 0.85

d=c,/1

0.95

Load cycles N(a)

tabulated values =N - Ag? - 10!

W [mm] 50 100 150 200
a [mm]

10 1.865795 21.260500 41.104380 61.206200
20 2.073999 21.667710 41.582980 61.717920
30 2.094211 21.779480 41.748340 61.911460
40 2.095473 21.815000 41.819930 62.005940
50 21.826130 41.853080 62.056660
60 21.829300 41.868620 62.084980
70 21.830070 41.875780 62.101030
80 21.830200 41.878960 62.110120
90 21.830210 41.880290 62.115190
100 41.880800 62.117970
110 41.880970 62.119460
120 41.881030 62.120230
130 41.881030 62.120600
140 41.881030 62.120760
150 62.120840
160 62.120840
170 62.120840
180 62.120840
190 62.120840
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tabulated values =N - Ag.? - 10™

W [mm] 250 300 350 400
a [mm)]
10 81.475360 101.863400 122.341000 142.889600
20 82.005540 102.405100 122.890700 143.444900
30 82.215410 102.625400 123.118000 143.677300
40 82.324220 102.743600 123.242800 143.806800
50 82.387090 102.814900 123.320100 143.888500
60 82.425410 102.860500 123.371100 143.943700
70 82.449370 102.890700 123.406200 143.982500
80 82.464550 102.911100 123.430800 144.010500
90 82.474170 102.925000 123.448400 144.031100
100 82.480280 102.934600 123.461000 144.046300
110 82.484100 102.941100 123.470200 144.057800
120 82.486480 102.945500 123.476800 144.066400
130 82.487950 102.948600 123.481500 144.072800
140 82.488820 102.950600 123.485000 144.077700
150 82.489320 102.952000 123.487400 144.081400
160 82.489600 102.952900 123.489200 144.084100
170 82.489750 102.953400 123.490400 144.086200
180 82.489850 102.953800 123.491300 144.087700
190 82.489850 102.954000 123.491900 144.088900
200 82.489850 102.954200 123.492300 144.089700
210 82.489850 102.954200 123.492600 144.090300
220 82.489850 102.954200 123.492800 144.090800
230 82.489850 102.954200 123.492900 144.091100
240 102.954200 123.492900 144.091300
250 102.954200 123.492900 144.091500
260 102.954200 123.492900 144.091600
270 102.954200 123.492900 144.091600
280 102.954200 123.492900 144.091600
290 123.492900 144.091600°
300 123.492900 144,091600
310 123.492900 144.091600
320 123.492900 144.091600
330 123.492900 144.091600
340 144.091600
350 144.091600
360 144.091600
370 144.091600
380 144.091600

Formulae for the calculation of critical crack sizes a,,

Plate with Single Edge Crack

application range:
0.05 < a/W < 0.90

0< OpplS O,

J
M2 < 1: (iterative determination of a ;)

Tey
5 ) 0.65
= . - appl =
T = Iy 1 - |1 - |22 Tyt
34
J
Mat > 1
Tey
Acrit =W (l_capp}/fy)
where 0,,, =max. stresses in the gross section
Oy =1, (1-/W)
f, = yield strength
Juae = fracture mechanic toughness

2W- £)- 2.48- A/W- (1-2/W?)
& 77210000 - (@/W+ 0.18 )

a/W = crack width/plate width -ratio

50mm < W < 600 mm

- In(e-|a/W-0.5)

(n

(1)

Calculation formulae for the calculation of critical crack sizes a,, of the plate with
Single Edge Crack
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4.1.6 Example for the fracture mechanics based safety assessment

(1)  For a tension member of a truss system, as given in_fig. 4-26, the following
data are given:

1. Material values (lower bound values for -30°C)
f, = 250 N/mm?
IMat = 17 N/mm
2. Nominal stresses and stress cycles
permanent oc = 45 N/mm?
variable o = Ac = 60 N/mm?
stress cycles nsqg = 1,5 n=270000 LC
residual os = 25 N/mm?
2 2 2
ctress ratio 4 (45N/mm? + 60N/mm +25N/mm )_ 052
250N/mm
Il
L 140113 AN rivet hole: d,=20 mm
\ ( ) rivet head: D =30 mm
J .
L D

Fig. 4-26:  Cross-section of tension member

(2)  The equivalent fracture mechanics model is according to table A.2 (middle
line):

CCT:w=1,10-¢c/2=77 mm

(3)  Theinitial crack size is ap = 20 mm, see fig. 4-27.

ﬁ = 112, }g

Fig. 4-27: Fracture mechanics model and initial crack size.

(4)  Using table B.4 the critical size agit is
agit = 34 mm

(5)  Using table B.6 the load cycles for Aa =34 — 21 =13 mm are
Nr = 132244 LC < Ningp

(6) In conclusion, the cross-section should either be reinforced or the inspection
interval tinsp reduced to

Tre = 132244/270000 = 0.5 tinsp, tinsp = Normal inspection interval

Insp
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4.2
421

(1)

(2)

3)

(4)

®)

Choice of material for welded connections in buildings
Objective

EN 1993-1-10 gives in its table 2.1 permissible plate thicknesses depending
on the steel-grade, the lowest temperature of the member and the stress
applied from external actions covering fracture mechanical assessments for all
details specified with fatigue categories in EN 1993-1-9.

The background of EN 1993-1-10 as laid down in section 2 of this commentary
reveals that a basic assumption for the fracture mechanics assessment is that
cracks with the initial size ap may have propagated by fatigue during a “safe
service period” equivalent to 7 of the full service life to their design size aq.
Hence it is applicable to all structures loaded in fatigue.

Table 2-1 of EN 1992-1-10 may also be used on the safe-side for details that
are specified in EN 1993-1-9, but are not subjected to fatigue, as is the case
for buildings, assuming that the design size of crack aq may originate from
larger initial cracks ag, that may have been overlooked in inspections, and
smaller contributions from crack propagation.

However, often in buildings welded connections are used that are not
classified for fatigue in EN 1993-1-9, and that have such a poor fatigue
behaviour that special consideration are necessary.

Fig. 4-28 gives examples of such connections, that are frequently used
because of the possibility to accept large tolerances of length from fabrication
and erection in a residual slot, and for which in the following specific rules for
the choice of material to avoid brittle fracture are given.

HEB 200,

air gap at the weld seam transition

longitudinal weld all around - slotted bar
weld\ ” i
‘ jointed bar weld all

g9ap J around ™

Fig. 4-28: Welded connections with thick plates and slots in buildings
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4.2.2 Basis of fracture mechanical assessment

(1)  The fracture mechanical assessment is performed for a design situation as
given in fig. 4-29.

Joint: J

T g L e e
i L

Geometrical parameters:

e

gusset plate Section A-A

1
8, ﬁ,_H
TT 7 -
L

Fig. 4-29: Definition of geometric parameters and relevant cross-section A-A

(2) In Fig. 4-29 also the relevant geometrical parameters influencing the stress
state at the critical section A-A are indicated:

o thickness of gusset plate t

o net width of gusset plate at section A-A 2w

o slot width at section A-A H/2w*
o length of welded connection L/w

(3)  Cracks are supposed to be at the ends of the slot.

(4) To limit the parameter variation particular ranges of parameters that are
frequently used (common plate dimensions) and that represent limits of
favourable or unfavourable toughness requirements, are given in table 4-1.

parameter unfavourable common favourable
edge distance w*  [mm] 300 130 80
length of weld L/w* [-] 0,8 1,3 1,6
width of slot H/2w* [] 1,2 0,55 0,4

Table 4-1: Geometric parameter combinations
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The procedure to develop tables for the choice of material is similar to the one
used to prepare table 2-1 of EN 1993-1-10, however, with the following
differences:

1.

The initial crack is quarter-elliptic with the same dimensions as in EN
1993-1-10

a0=0,5In (t)
a0
=20 _125|n (t
co= o5 (t

see fig. 4-30.

weld seam transition at the gap

Iocatin of notch

I

Assumption:
elliptical crack

N A=
discontinuities at the
weld seam transition

Fig. 4-30: Notches from fabrication and assumption for initial crack
A crack propagation is assumed under the fatigue load usually used to

distinguish between structures with predominantly static load and
structures susceptible to fatigue, i.e.

Yer A <26 N/mm? /vy, .

As fatigue assessments are also only relevant if the number of load
cycles is

n>20.000
the fatigue loading assumed reads

D = 26°. 20,000
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During the fatigue life, crack propagation takes place in two steps, see
fig. 4-31.

1. First the quarter-elliptic cracks grow into the thickness direction
to form a through-thickness crack.
2. Then the through-thickness crack grows into the width direction.

Instead of considering the two steps, only a single step is taken into
account by assuming that the initial crack is a through-thickness crack
and has the initial crack-size

a; =125In(1+1) fort < 15 mm
a; =125In (t) for > 15 mm.

For the crack growth from this initial crack, a reduced fatigue load for
determining the design crack

a,=a, +Aa’
is assumed, which reads

D" =26°-10.000

[ !
%&'

H
B

et

N

Fig. 4-31: Growth of the elliptical corner crack until a through thickness
crack has formed (left) and assumption for edge-crack (right).

The calculation of the toughness requirement Ky, for the accidental
design situation with

o the extremely low temperature Tgq
o the “frequent” stress ogq
o the design size of crack ag and sharp corners of the slot

and the geometric conditions in table 4-1 lead to functions Kapp (t) as
given in fig. 4-32. In this fig., also the standard function Kappi(t) as used
for preparing table 2-1 of EN 1993-1-10 is indicated.
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. e o o o -0—b—0-0—0—0—0-0

unfavourable combination
L/w* = 0.8, H2w* = 1.2, w* = 300mm

HENER 0T R

& | l
€ 2000 + - - -|average combination e
£ Liw* = 1.2, H2w* = 0.7, w* = 100mm !
—
4 L - 8 peioatl
S 1500 T - ameer=r I
X . !
| |
1000 o= -se~uos o T e RN e

1
favourable combination
B0 Tzt on i L/w* = 1.6, H2w* = 0.5, w* = 40mm

— standard detail category in EN 1993-1-10 o= 100MPa

0 40 80 120 160
plate thickness t [mm]

Fig. 4-32: Kapp depending on the gusset plate thickness for various
dimensions.

Fig. 4-32 shows that for the welded connection with slots according to
fig. 4-28 the function Kapp is almost independent of the plate-thickness t,
but differs with the parameter w'. Therefore, the tables for the choice of
material have to be referred to the gusset-plate-width w and not to their
thickness t.

Fig. 4-33 and fig. 4-34 give the full picture on the toughness
requirement depending on the gusset plate width w and the weld-length
L.

4000 T T :
: : : unfavour-
| | | }able
3000 4 - ---------- - m - —i ——————————————
mg | :} frequent
S 2000 f---m oo R - e A T e e - favour-
; W able
—L/w* = 0.8, H2w* = 1.2, t = 120mm
1000 4 - ——L/w*=0.8, H2w* =1.2. t= 20mm
| —a—L/w* = 1.3, H/2w* = 0.55, t = 120mm
| ——L/w*=1.3, H/2w* =0.55, t = 20mm
— — —L/w* = 1.6, H/2w* = 0.4, t = 120mm
) o =100MPa || jw* = 1.6, H/2w* = 0.4, t = 20mm
0 160 260 300 400

width of gusset plate w* [mm]
Fig. 4-33: Kappl depending on the gusset-plate width w
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4000

weld length L [mm]

Fig. 4-34: Kapp depending on the weld length L

4.2.3 Tables for the choice of material to avoid brittle fracture

(1)

3000 - - APV I oW S S R
E ' o
g 2000 - - - - T . e e e e - | } :S,fzvour'
Z I N : : : | 1
2[Ry w* = 300mm, H/2w* = 1.2, t = 120mm
! *=300mm, H2w* = 1.2, t = 20mm
1000 4 ---- R - * = 130mm, H/2w* = 0.55, t = 120mm
. . *=130mm, H/2w* = 0.55,t= 20mm
— l *= 80mm, H/2w* = 0.4, t = 120mm
| o =100MPa | "= 80mm, Hi2w* = 0.4, = 20mm
0 ! ! } ! T T f —]
0 50 100 150 200 250 300 350 400 450 500

Tables 4-2 to 4-5 give the allowable gusset plate widths w* for the different
limits of parameters according to table 4-1.

Liw* 2 1.3 t<s 120mm - safety verification not fulfilled, special examination required
H/2w* < 0.55 all: all widths of gusset plates permitted
Charpy energy reference temperature Tgq in °C
steel | sub CVN 10| 0 |-10|-20| 30| -40|-50] 10| 0 |-10]-20]-30|-40|-50] 10| 0 |-10]-20]-30]-40]-50
grade | grade | 57 | £4=0,75"(t) £4=0,50"(t) £4=0,25"(t)
[°C] | min. Maximum allowable gusset plate widths w* in mm
JR 20 | 27 | - [ -1 -1-1T-T1T-T1T-0T20] -] -1 -1 -T-1-]60[50[30[30][20] - -
$235 [ Jo 0 27 | - | - [ - -1 -1-1-150]30]20] -1 -1-1-1140[90]60][50]30]30]20
J2 | 20 | 27 4030 -] -1 -T1-1-1120]70]50[30]20] -1 - 1340[220[140] 90] 60 50 30
JR 20 | 27 | - -1 -1-1-1-1-1-1-1-1-1-1-1-150[40[30[20] - -~
Jo 0 27 | - - -1 -1-1T-1-T1T%7]20[ -[-1-1-1-1120[80]50[40]30]20] -
s275| J2 | 20 | 27 [30] 20 - [ - [ - | - | -l90[50[40] 20| - [ - | - |280]180]120] 80 [ 50 | 40| 30
MN | 20 | 40 |50]30] 20| - | - | - | - |[140[ 90[50[40] 20 - | - |440[280]180]120] 80 | 50 | 40
MLNL]| -50 | 27 140l 8050 30| 20] - | - |380]230[140] 90| 501 40 { 20| ail | an [440]280] 180] 120] 80
JR 20 | 27 | - [ - -1 -1 -1-1-1-1-1-1-1-1-1-14(30[20[-1-1-1-
Jo o [ 27 [ -1 -1T-1T-1T-1T-T-"Teo[ -T-1T-1T-T-1-1s80]50]40[30]20] -7 -
8355 J2 | 20 | 27 | - | - -1 -1 -1-1-150]30]20] - - - [190[120[ 80 [ 50 [ 40 [ 30] 20
K2MN[ 20 | 40 [30] - [ - [ - -] -1 -180]50[30[20] - [ - | - |310][190]120] 80| 50 [ 40 [ 30
MLNL] -50 | 27 |8o]40]30] -1 -1 -1 -T7230[140]80]50]30]20] -] an]480[310[190[120] 801 50
sazo I MN [ 20 40 - T T T T T-T-Ts0]40]20] - [~ - - T240[150] 90 [ 60 | 40| 30| 20
MLNL] 550 | 27 Ts0f30] -1 -1 -1T-1T-1160l90]50]40]20 - | an|380]240[150] 90 ] 60 40
Q 20 | 30 | - | - - -1 -1-1-130]20] -] -1 -1-1-1130[80]|50[40|30]20] -
MN | 20 | 40 | - | - | - -1 -1-]-150]30]20] - - - |200]130[ 80 [ 50 | 40 | 30 | 20
s460| QL | 40 [ 30 [20] - [ - [ -1 -1 -1 -180]50][30]20] - - |330]200[130] 80| 50 | 40 | 30
MLNL] -50 | 27 40|20 - [ - - -] -1I130[80]50]30]20] - | - |520|330[200[130] 80| 50 | 40
QL1 | -60 | 30 J70l40f20] - [ - [ -1 - J220]130] 80] 50 30[20] - | an|520{330[{200]130] 80 50
Q | o [ 40 | - -[-1-1-1-1T-1-1-1T-1T-1T-1T-1T-14730[ -[-1-1-1-
Q [ 2030 [ - -[-1T-1T-1T-1T-1T-1-1T-1-1T-1T-1-160]4030] - -1-
sepol—t [ 2040 - [-T-T-T-F-F-F-F-T-T-1-1-1]-TooJeo[do|s0] - |-
QL | 40 [ 30 | -[ -1 -1-1-1T-1T-18[-[-1-1-1-1-1150]90]60]40][30] -
Qi [ 40 | 40 | - -1 -1 -1T-1T-1T-150]30] -1 -1-1-1-1250[150{90[60]40]30] -
QL1 [ -60 | 30 [ 20] - 80 [ 50] 30 - 420[250[150] 90 | 60 | 40 [ 30
Table 4-2: Maximum aIIowabIe gusset plate W|dth w* for common plate

dimensions according to Table 4-1 for t <120 mm
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Liw* 2 1.3 t< 40mm - safety verification not fulfilled, special examination required
H/2w* < 0.55 all: all widths of gusset plates permitted
Charpy energy reference temperature Tgq in °C
steel | sub CVN 10| o |-10]-20|-30|-40]-50| 10| 0 |-10]|-20|-30|-40]-50| 10| 0 |-10|-20]-30]-40]-50
grade | grade | a7 | 0£4=0,75",(t) 0£4=0,50"(t) 6£4=0,25",(t)
[°C] | min Maximum allowable gusset plate widths w* in mm
JR | 20 | 27 [20] -] -1 -1 -] -] -1]60]40]30]20] -] - | - [190]120] 80 ] 60] 40] 30] 30
$235 [ JO 0 27 | 503020 - [ - | - | - [150/ 90 60 [ 40 [ 30| 20| - [440[280][190[120] 80 | 60 | 40
J2 | 20 | 27 [150[ 9050 30] 20] - | - [380[240[150] 90 60 40| 30] all | all [440]280]190]120] 80
JR | 20 | 27 | - -1 -1 -1 -1 -1-140]30[20] - [ -] -] - [150[100] 70|50 30 30 20
JO 0 27 4020 - [ - [ - [ - [ - [110[70[40[30[20[ - [ - |360[230[150[100] 70 [ 50 | 30
s275 [ J2 | 20 | 27 |110[60[40[20] - | - | - |290[180[110] 70| 40| 30 | 20 | all | all |360[230]150]100] 70
MN | -20 | 40 |180]110[ 60| 40| 20| - | - |460[290[180][110] 70| 40| 30 | all | all | all | 360|230 150[ 100
MLNL| -50 | 27 | ai [300]180]110] 60 | 40 [ 20 | ai | al [460]290]180[110] 70| al [ all [ ail [ail | ail [360]230
R | 20 | 27 | - -1 -1 -1 -[-1-130]20] - [ -] -1 -1-]110[70[50[30[30]20] -
J0 0 27 |20 - [ - | - -1 -1 -170]40]30[20] - | - | - [260]160][110] 70 [ 50 | 30| 30
S355 | J2 | 20 | 27 |60[30[20] - | - | - | - |180[110] 70| 4030 [ 20| - | all |400]260]160][110] 70 | 50
K2,M,N| 20 | 40 |100[60] 3020 - | - | - |290[180[110] 70| 40 [ 30 [ 20 | all | all |400]260]160]110] 70
MLNL| -50 | 27 |290[170]100] 6030 20| - | al [480]290]180]110] 70 [ 40| al | all | ail [ all [400]260] 160
5420 I M:N_| 20 |40 604020 - | T T - J>10]120] 7040 30 {20 - T"al | all [370[200]130] 80 | 50
MLNL| -50 | 27 |190[110] 60 40 20| - | - [an|340]210[120] 70 [ 40| 30| al | al | all ["al'|310[200] 130
Q 20 | 30 |30[20] - | - [ - [ - - [100[60]40[20] - | - | - [440[270[170[110] 70| 50| 30
MN | 20 | 40 | 50[30[20] - | - [ - | - [170[100[ 60 [40[20] - | - | all [440[270[170[110] 70 [ 50
S460 | QL | 40 | 30 |90[50[30[20] - | - | - |280[170[7100] 60| 40 [ 20| - | all | all [440[270[170[110] 70
MLNL| -50 | 27 |150] 90| 50| 30 [ 20 | - | - |460]280[170[100] 60 | 40 | 20 | all | all | all [440]270]170] 110
QL1 | 60 | 30 |270[150{ 90 [ 50 [ 30| 20| - | ali [460]280[170]100] 60 | 40| ail [ al [ ai | al [440]270[170
Q 0 | 40 | - - [ -1 -1-1-1-0120[-1-1-1-1-1-1130]80]50[30][20] -] -
Q 20 | 30 | - [ -1 -1 -1 -1-1-147]20] - -1 -1-1-]270[130[80]50]|30]20] -
se00 |t | 20 40 Jool - |- - 1- - T-Teo[40]20] - |- |- |- [340[210]130] 80| 50| 30 20
QL | 40 | 30 [30]20] - [ - [ - [ - -[110[60[40[20] - [ - | - | ail [340[210[130] 80 | 50 | 30
QL1 | 40 | 40 |50[30[20] - | - | - | - [190[110[ 60 [40[20] - | - | ail [ all [340[210[130] 80 [ 50
QL1 | 60 | 30 | 905030 20 - | -] - |320[190[110] 60 40] 20| - [ all [ all [ all [340]210][130] 80
Table 4-3: Maximum allowable gusset plate width w* for common plate
dimensions according to Table 4-1 for t <40 mm
Liw* 2 1.6 t< 40mm - safety verification not fulfilled, special examination required
H/2w* < 0.4 all: all widths of gusset plates permitted
Charpy energy reference temperature Tgq in °C
steel | sub CWN  [10] 0 |-10]-20]|-30|-40|-50] 10| 0 |-10]-20|-30|-40]-50] 10| 0 |-10]-20|-30|-40]-50
grade | grade | 41 | 0£4=0,75"(t) 0£4=0,50%(t) £4=0,25",(t)
[°C] | min Maximum allowable gusset plate widths w* in mm
JR | 20 | 27 [40]30]20] - [ - [ -] - [120] 70] 5030 [30] 20 - ][380]250]170][110] 80 | 60 | 40
$235 [ JO 0 27 |110[ 604030 [ 20 - | - [300[190[120] 70 [ 50 [ 30 [ 30 | all | all [380[250[170[110] 80
J2 | -20 | 27 |310[180[110] 60] 40] 30| 20 all [ al [300]190]120] 70 [ 50| ai | an | an | al {380]250] 170
JR | 20 | 27 [30]20] - [ - [ - [ -] - |90]50[40[30[20] - | - [310[200[140] 90| 60 | 50 | 40
JO 0 27 | 70[40[30[ 20 - [ - | - [220[140] 90 [ 50 [ 40 [ 30 [ 20 | ail | all [310[200[740] 90 | 60
S275 [ J2_ | 20 | 27 |220[130] 70 [ 40| 30| 20 | - | all [370]220] 140] 90 | 50 | 40 | all | all | all | all [310]200] 140
MN | -20 | 40 |370]220[130] 70 | 40 | 30 | 20 | all | all [370]220]140] 90 | 50 | all | all | all | all | all [310[200
MLNL| -50 | 27 | all | all [370]220]130] 70 [ 40 | ai | al | al [ ai [370]220] 140] all [ all [ ail [ail | ai | ali | all
JR | 20 | 27 | - | -1 -1 -1 -1 -1-150]30[20] - [ -] -1 - [210[140[ 90| 60 40 30 30
Jo 0 27 J4of20] - | -1 -1 -1-T130/80] 5030 20 - | - an|340[210[140][ 90| 60] 40
$355 [ J2 | 20 | 27 [110[70[40[20] - | - [ - [370][220[130] 80 [ 50 [ 30 [ 20 | all | all | all [340[210[140] 90
K2,M,;N| 20 | 40 |200[110[ 70 [ 40|20 - | - | all [370]220[130] 80 50 [ 30 | all [ all | all | all [340[210[140
MLNL| -50 | 27 | an[350]200]110] 70 [ 40 [ 20 [ an| an | an {370]220]130] 80 | all [ al | all [‘all | a | al [340
5420 |_M.N_| 20 |40 |130[ 704030 - |- |- |420[250|150] 90 | 50 | 30 | 20 | al | ail | ail |400|250] 160|100
MLNL| -50 | 27 |400[230]130] 70 [ 40| 30| - |ai| ali [420]250]150] 90 | 50 | ali | all | ail [ all | ail [400]250
Q 20 | 30 |60[30]20] - | - | - | - |[200]120] 70 [ 40 [ 30| 20| - [ all | all [350]220]140] 90 | 60
MN | -20 | 40 |100] 6030 20| - | - | - |350[200[120] 70 [ 40| 30| 20 | all | all | all |350]|220]140] 90
$460 [ QL | 40 | 30 [180[100] 60|30 20 - | - | all [350]200[120] 70 [ 40 [ 30 | all | all | all [ all [350]220[140
MLNL| -50 | 27 |320[180[100] 60 | 30 [ 20 | - | all | all [350][200]120] 70 | 40 | all [ all [ all | all | all | 350|220
QL1 | 60 | 30 | all [320[180[100] 60 | 30| 20 | all | all [ all [350]200] 120] 70| all [ all [ il | al | al | al [350
Q 0 20 | - | - [ -1 -1 -1-1-140[30] -1-1-1-1-1260]160[700] 6040 30] 20
Q 20 | 30 |20 - | -1 -1 -1 -1-170]40]30] - [ - | - | - [440[260[160[100] 60 | 40| 30
se00 |t | 20 [ 40 J3oTeo - [- -1 J130[70[40]30] - | - |- [air{440]260]160]100] 60 | 40
QL | 40 | 30 |50 3020 - [ - [ - | - [220[130] 70 [40[ 30| - | - | ail | all [440[260]760]100] 60
QL1 | 40 | 40 [100[ 503020 - | - | - [390[220]130] 70 | 40| 30| - | all | all | all |440[260[160]100
QL1 | 60 | 30 |190[100[ 50 3020 - | - | all [390]220[130] 70| 40 30| all [ all [ all | all [440]260]160
Table 4-4:  Maximum allowable gusset plate width w* for favourable plate

dimensions according to Table 4-1 for t <40 mm
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3)

Liw* 2 1.6 t< 20mm - safety verification not fulfilled, special examination required
H/i2w* < 0.4 all: all widths of gusset plates permitted
Charpy energy reference temperature Tgq in °C
steel | sub CWN  [10] 0 |-10]-20]|-30|-40|-50] 10| 0 |-10]-20|-30|-40|-50] 10| 0 |-10]-20|-30|-40]-50
grade | grade | 47 | 6£4=0,75"(t) 6£4=0,50"(t) 6£4=0,25",(t)
[°C] | min. Maximum allowable gusset plate widths w* in mm
JR 20 27 ]140|/ 90| 50)30f20] - - | all [250]160[{100] 70| 40| 30 ] all | all | all |330{220]150{110
S235 JO 0 27 all [240[{140] 90| 50| 30| 20| all | all { all {250]160]100]| 70| all | all | all | all | all | 330]220
J2 -20 27 all | all | all |240]140] 90| 50| all | all { all | all | all |250]160] all | all | all { all | all | all | all
JR 20 27 1100) 60f30] 20 - - - |300[{180|120f{ 70| 50 [ 30| 20 ] all | all | all |270{180] 120{ 90
JO 0 27 1280[170{100] 60| 30]20] - | all | all {300{180]120] 70| 50] all | all | all | all | all {270][180
S275 J2 -20 27 all | all [280]170]100] 60| 30 | all | all { all | all |300]180]|120] all | all | all { all [ all | all | all
M,N -20 40 all | all [ all |280{170]100] 60 | all | all | all | all | all {300]180] all | all [ all | all | all | all | all
ML,NL | -50 27 all [ all [ all]all]all|280]170) all | all { all{all]all]all]aljaljall]allfalfal]al]al
JR 20 27 | 50[30f20] - - - - 1180{110] 7014030 20| - | all | all {290]190]120] 80 | 60
Jo 0 27 1150/ 90 50]30f20] - - | all [290]180[{110] 70| 40| 30 ] all | all | all | all {290] 190{120
S355 J2 -20 27 all [270[150] 90| 50| 30| 20 | all | all { all {290]180]110] 70| all | all | all | all | all | all [290
K2,M,N| -20 40 all | all [270]150] 90| 50| 30 J all | all { all | all |290]180| 110} all | all | all { all [ all | all | all
ML,NL | -50 27 all | all [ all | all {270]150]{ 90 ] all | all | all [ all | all | all |290] all | all | all | all | all | all | all
S420 M,N -20 40 all [310{170]100] 60 | 30 | 20 | all | all { all {340]200]120]| 70| all | all | all [ all | all | all | 340
ML,NL | -50 27 all | all | all |310]170]100] 60 | all | all { all | all | all |340]200] all | all | all { all | all | all | all
Q -20 30 ]240)140) 80| 40| 30f20f - | all| all |270]160/100] 60 [ 30| all [ all | all | all | all |290]190
M,N -20 40 all |240{140| 80 [ 40| 30| 20| all | all | all [270]160{100| 60 ] all | all | all | all | all | all {290
S460 QL -40 30 all | all [240]140] 80| 40| 30| all | all { all | all |270]160]|100] all | all | all [ all [ all | all | all
ML,NL | -50 27 all | all | all |240]140] 80| 40| all | all { all | all | all |270]160] all | all | all { all | all | all | all
QL1 -60 30 all | all | all | all {240]140[{ 80 ] all [ all | all [ all | all | all |270] all | all | all | all | all | all | all
Q 0 40 |40 [ 20 - - - - - ]170{100]160]30] 20| - - | all | all [350]210]130] 80 | 50
Q -20 30 ]80)40] 20| - - - - 1300{170]100] 60| 30| 20| - | all | all | all |350/210]130] 80
$690 QL -20 40 ]140|/80f40] 20 - - - | all [300]170{100] 60 | 30| 20 ] all | all | all | all {350]210{130
QL -40 30 ]250)140) 80| 40| 20 - - | all | all |300]170|100) 60 | 30| all { all | all | all | all |350]210
QL1 -40 40 all [250{140]80]40] 20| - Jall| all { all {300]{170]100] 60 ] all | all | all | all | all | all 350
QL1 -60 30 all | all {250|140{ 80| 40| 20| all | all | all | all |300{170]100] all | all | all | all | all | all | all
Table 4-5: Maximum allowable gusset plate width w* for favourable plate

If the slot has no sharp corners by rounding the ends, this would enhance the

dimensions according to Table 4-1 for t <20 mm

fatigue resistance and therefore also reduce the toughness requirement, see
fig. 4-35.

reference detail

Fig. 4-35:

Alternative gusset plate connection

air gap and cut out

Table 4-6 gives the allowable plate width w* for a cut out with a radius of 30

mm.

177




424

Liw* 2 1.3 t< 40mm - safety verification not fulfilled, special examination required
H/2w* < 0.55 radius R =30 mm all: all widths of gusset plates permitted
Charpy energy reference temperature Tgq in °C
steel | sub CVN 10| o |-10]-20|-30|-40]-50| 10| 0 |-10]-20|-30|-40]-50| 10| 0 |-10|-20]-30]-40]-50
grade | grade | a7 | £4=0,75",(t) £4=0,50"(t) £4=0,25"(t)
[°C] | min. Maximum allowable gusset plate widths w* in mm
JR | 20 | 27 [50]30]20] - [ -] - [ - [100] 70 50] 40 30 [ 20 [ 20 [240[180[130]100] 80 [ 60 | 50
$235 [ Jo 0 27 |100] 70 [ 50 [ 30 [ 20| - | - |210[140[100] 70 | 50 | 40 | 30| all | 340]240]180]130]100] 80
J2 | -20 | 27 210[140[100] 70| 50 [ 30 | 20| an|300{210]140]100] 70 | 50| all { all | an |340] 240[180] 130
JR | 20 | 27 [30]20] - [ - [ -] -] - [80]60[40]|30] 2020 - |210]150]120] 90 [ 70 | 50 | 40
JO 0 27 | 70503020 - | - | - [170[120] 80| 60 | 40 | 30 | 20| all |290]210]150]120] 90 | 70
s275| J2 | 20 | 27 |160[110[ 70 [ 50 30| 20| - |350]240[170]120] 80 | 60 | 40| all | all | all [290]210][150] 120
M,N_| -20 | 40 |240]160]110] 70 [ 50 | 30 | 20 | all [350]240[170]120] 80 [ 60| all | all | all [ all [290[210[ 150
MLNL| -50 | 27 | an|360][240][160[110[ 70 [ 50 all | an | an|350{240[170]120] an | ai [ ai { an| an| an290
JR | 20 | 27 [20] - | - [ - [ -1 -1 -150[40[30]20] - [ - | - |160]120] 90| 70 [ 50 | 40| 30
Jo 0 27 | 503020 - | - | - | - [110] 80 504030 [ 20| - [310[220][160[120] 90 | 70| 50
s355| J2 | -20 | 27 [100[ 70503020 - | - |240[160][110] 80 | 50 [ 40 [ 30| all | all [310][220[160]120] 90
K2,M,N| 20 | 40 |150[100] 70 | 50 [ 30 [ 20 | - |350|240]160[110] 80| 50 | 40 | all | all | all | 310]220]160] 120
MLNL| -50 | 27 |350[230[150[100] 70 [ 50 | 30 ] all | an |350]240[160[110] 80| ai | all [ ai { an | an|310[220
s420 I M.N_| 20 |40 T110[70] 5030 20| - |- J270]180]120] 80 | 60 | 40 [ 30| all | all [370[260]180]130] 100
MLNL | -50 | 27 250[170]110] 70 50 [ 30 [ 20] al | an |270]180{120[ 80| 60| all | all [ ail [ a1 [370]260] 180
Q 20 | 30 | 60403020 - | - | - [150]110] 70 [ 50 | 30 | 20| 20 | all | 330]230]160]120] 80 | 60
M,N | 20 | 40 | 90|60 40[30]20] - | - |230[150[110] 70| 50| 30 [ 20 | all | all | 330]230]160]120] 80
S460 | QL | -40 | 30 [140]/ 90| 60[40[30]20] - [340][230][150]110] 70 [ 50 [ 30] all | all | all [330][230]160] 120
MLNL| -50 | 27 [210[140] 90 [ 60| 40| 30 | 20 | all [340]230]150[110] 70 | 50 | all | all [ all [ all [330]230]160
QL1 | -60 | 30 ]330]210[140] 90 60 40| 30| aN| all [340[230]150]110] 70| all { all | an| an| ai [330]230
Q 0 40 | - | - [ -1 -1 -1-1-150[30]20] - | - | -] - |190]130] 90 [ 60 [ 50| 30| 20
Q 20 | 30 |20 - | - -] -1 -1-170]50[30[20] -1 -] - |270][190[130] 90| 60 | 50 [ 30
se90 Qb | 20 T 40 T4of20] - - T 1T Jwiof 7o]s0] 3020 - [ Tal[270[190[130] 90 | 60 | 50
QL | 40 | 30 |60[40[20] - | - | - | - |160]110] 70 [ 50 [ 30 20| - | all [ all [270[190]130] 90 | 60
QL1 | 40 | 40 | 9060|4020 - | - | - |250]160]110] 70| 50| 30 | 20 | all | all | all |270]190]130] 90
QL1 | 60 | 30 [140[ 9060|4020 - | - |380]250]160[110] 70] 50 [ 30| all [ all | an | al [270[190]130
Table 4-6: Maximum allowable gusset-plate width w for a cut out with a radius
of 30 mm.
Example

For a design situation as given in fig. 4-36, the following geometric data apply:

Gusset plate thickness
Weld length
Slot width

Net width w* of gusset plate

giving the following parameters for Table 4-4

L/w*=16

H/2w* =04

t<40mm

Fig. 4-36:

Example for a gusset plate connection
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From static design:

t=30 mm
L =240 mm
H=120 mm

w* =150 mm

Force of diagonal
bar Dd

1310 kN

Steel grade S355




In case the cut out of the gusset plate would not be symmetrical (w) = w}, ) the

verification should be performed independently for both sides of the
connection using

L/w,,L/w,
H/2w,,H/w,

The loading situation for the ultimate limit state verification is

Deq = 1310 kN

which yields

Ous = Deas = D = 1310 =144N/mm?
A 2w*t  2-150-30

net

The reference stress ogq for the choice of material should be determined for
the “frequent” loading situation, for which (on the safe side) the characteristic
value of stress is taken:

GuLs =%:#:107N/mm2

F )
which gives for Table 4-4:

Cry 107
=—5=—f (t)=0,31f (t

The design temperature Tgq is defined by
Teg = Togy +AT, +AT

for which Teq =-30°C
is specified (strain-rate effects and cold forming are not considered).

Using Table 4-4, the allowable gusset-plate width can be interpolated as
follows for steel grade S355 J2:

allow. w’ for ogg = 0,25 f, (t) = 210 mm
allow. w for geg = 0,50 f, (t) = 50 mm
allow. w' for ogg = 0,32 f, (t) = 171 mm

which is larger than the choice made (150 mm).
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Section 5

5.

5.1
511

(1)

Other toughness-related rules in EN 1993

The role of upper-shelf toughness
Resistance rules in Eurocode 3 and upper-shelf toughness

The strength-related design rules in the various parts of EN 1993 have been
presented in such a way that ductile behaviour of the material is assumed and
the material toughness seems to have no significant effect on the attainment of
the ultimate limit state, see fig. 1-2.

Material toughness is only explicitly addressed in EN 1993-1-10 for the choice
of material to avoid brittle fracture, but not any more in other parts of Eurocode
3.

As, however, the rules in EN 1993-1-10 exclude only brittle fracture in the
temperature-transition range of the material toughness, see fig. 2-11, a basic
prerequisite of the strength related design rules in view of toughness is, that
the toughness properties in the upper-shelf region of the toughness
temperature diagram are sufficient to attain these strengths.

EN 1993-1-10 does not address the toughness properties in the upper-shelf
region. Therefore toughness limits in the upper-shelf region have been
implicitly taken into account in the strength rules of the various parts of
Eurocode 3, so that they reflect the requirements from both strength and
toughness.

Fig. 5-1 explains the principle underlying the involvement of the upper-shelf
toughness in the strength rules in Eurocode 3.

Structural component Material properties dependent
with actions on temperature J, or J.-Aa -curve
(T, and o) Geometry and Limit state definition
and material crack configuration
properties
(true c,-g,-curve) E, R, Crack initiation ‘
Toughness requirement = Toughness capacity ‘{ Stable crack growth ‘
| \
| \
Fig. 5-1: Principle underlying the involvement of upper-shelf toughness in

the strength rules in Eurocode 3.

A basic safety criterion for all strength rules in Eurocode 3 is, that for any
resistance in tension, the accidental presence of crack-like flaws is assumed
independently of the execution requirement in EN 1090-2, which does not
permit any detectable cracks in inspections after execution.

This assumption makes it possible to link the resistance rules in Eurocode 3
with toughness requirements and to make this link accessible to numerical
checks where appropriate numerical models for the toughness verification in
the upper-shelf region are available.
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(8)

The safety criteria for the toughness verification in the various parts of
Eurocode 3 are the following:

1. For any of the rules, the ductility requirement is that net section yielding
shall be reached before fracture in the net section.
2. For some of the rules (where capacity design applies) the ductility

requirement is that gross section yielding must occur before fracture in
the net section.

5.1.2 Appropriate models for calculation of upper shelf toughness

5.1.2.1

(1)

requirements
General

There are two mechanical approaches for determining the ultimate resistance
of steel components in tension in the upper-shelf region of the toughness
temperature diagram:

1. fracture mechanics
2. damage mechanics

Fracture mechanics procedures are well established. International guidelines
such as BS7910 or FITNET procedure have been published. Therefore, the
application is recommended in such areas where crack like defects may be
assumed in constructions.

Damage mechanics allows to determine the fracture behaviour of structural
components in tension also without the assumption of crack-like imperfections,
because structural response to load is modelled on the microscopic level
where void nucleation, void growth and void coalescence leads to crack
initiation and to further stable crack growth. Such models employ material
parameters which can be determined from tests. More details of this approach,
which is in the state of development for practical applications, are given in
section 6.

5.1.2.2 Fracture mechanics approach for upper-shelf behaviour

(1)

In case of upper shelf behaviour the development of a fracture is governed by
local and global plasticity of the material. Fig. 2-1 shows that temperatures
higher than the transition temperature for instable crack growth initiate cracks
in a stable manner and crack growth consumes further energy, different to the
instable behaviour in the brittle area. On a global scale the net section reaches
yielding and plasticity starts to spread over the gross section and may reach
gross section yielding before a crack initiates, when toughness is high and
initial damage is small.

In many design rules for steels structures the relation between the tensile
strength R, and the yield strength R. is assumed to represent ductility and
resistance against fracture. This assumption can be interpreted as follows.

The tensile strength f, = Ry, of the material is considered to be the limit where
fracture in the net section occurs and the yield strength, f, = Re is used to
determine the stress ogy for net section yielding.
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The fracture stress cracture @nd the yield stress ogy applied to the gross section
could be determined for a plate with a center crack as given in fig. 5-2, if
infinite material toughness is presumed.

-«— —

G fracture / Rm <+ | 123 IW —>

<+ —

1.0

Ggy / Rm C'racture — Rm (1 - 2a/W)
o, = R, (1-2alw)
>
1.0 2alw

Fig. 5-2: Limits for Gracture and ogy dependent on Anet/Agross

In practice many tests have been performed on wide plates with defined
cracks of different geometry and position made from structural steels with yield
strength between 235 and 890 MPa and representing different toughness
levels (steel quality). Typical Wide Plate test components are shown in Fig. 5-
3. Such cracks have normally been introduced by sawing or sawing plus
fatigue.

DENT CNT SENT SSNT
Fig. 5-3: Typical Wide Plate test components with different position and
geometry of defined cracks. The short name is explained following:

DENT (Double Edge Notched Tension)
CNT (Centre Notched Tension)

SENT (Single Notched Tension)

DSNT (Double Surface Notched Tension)
SSNT (Single Surface Notched Tension)

From such tests the influence of the material toughness in the upper-shelf
region and the strength R, and R. together with the geometry of the test
specimens and the crack geometry on the fracture stress has been studied.
Fig. 5-4 gives some typical test results for a steels grade S355 J2 and for
different specimen types. .
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-2

gross section stress at ultimate load, MNm

(7)  The result shows, that only for crack-free structures the theoretical fracture
stress f, = Ry (1-2a/W) may be reached. In case of cracks the real fracture
stress is lower. How low the real fracture stress is depends on the material
toughness and the geometry of the defect.

5.1.2.3 Basis for the calculation of the upper shelf fracture resistance

(1) For the fracture mechanics based failure analysis in the upper-shelf region

ideally the elastic plastic J-Integral is used. However the Failue Assessment
Diagram can also be used beyond net section yielding.
(2)

steel St 52-3 type of specimen steel St 52-3

thickness  t: 30mm ) ]

temperature T: 793 K DENT - CNT width W: 300mm

width W [mml : 300 600 300 thickness  t: 30mm |2/15
. a ] temperature T: 293K | o

type of specimen

DSNT
2a/t
112

2/312/15

Iy

SSNT
a/t
112

213

600 600

w
[e=}
R=1

~
o
f==}

w

[=1

[=}
T

gross section stress at ultimate load, MNm™

N

Q

(=]
T

100

100

0w 8 8 o

0 40

ratio 2a/W
H Anet
Fig. 5-4: Actual fracture stresses dependent on —™—

The toughness requirement for a structural member with cracks expressed in
terms of the J-Integral may be obtained from FEM (e.g. with ABAQUS)

calculations using the following input parameters:

e the true stress-strain curve valid for the temperature considered, including

the Lueders strain where necessary.

e the von Mises yield criterion and isotropic material considered

¢ elasto-plastic-calculations with deformation control

A result from such a calculation for different stress strain curves is shown in fig.

5-3.
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(4)

)

300

Joppl. (FE-calculation, ptane stress) parameter: 200K

DENT: W=300mm, a/W=05 0-¢ -curvelT &)
250 g’

250K

= Jic(1-250K)
00— (T=240K)

150
FeJ, (1-230K)

100 f—ajy (T-220K)

J-integral [kIm?]

50— (1=200K)

0

0 05 1.0 15 2.0 25
load [MN]

Fig. 5-5: Example for Japp-curves as a function of applied load and
different temperatures

For resistances Juat the Ji-values, which represent the start of stable crack
growth, may be used. They may be based on standard CT-tests, see fig. 2-4.

Fig. 5-6 gives an example for the results of such a calculation.

FE-calculation Test with wide plate specimen
Width W: 300 mm Thickness t: 30 mm
Crack width 2a: 24 mm | Type of flaw: DNT

Temperature: 253 K Deform. rate: 2mm/min

800 I Jopp-Curve

600 - . .
Maximum stress in test

400 |- >

Stress at the c =R, (1-2a/W)

start of stable
200 crack growth

gross section stress o, in MPa

J i, Material

(steel B72, 253K)

100 200 300 400 01 02 03 04 05 06 07 08 09
J-Integral in N/mm Ratio 2a/W

Fig. 5-6: Fracture mechanical assessment in the upper-shelf region

On the left hand side of fig. 5-6, the Japp-curve is given versus the stresses
applied to the gross section of a test specimen (made of steel S355 N) tested at
T =-20°C, for which a Ji-value of 170 KN/m had been determined.

On the right hand side of fig. 5-6, the fracture strength as calculated with J; is
indicated; it is below the theoretical resistance curve

Sut = Ro (1—2—5‘} (5-1)
w

but above the stress for net section yielding

185



(7)

(8)

(9)

(10)

Ggy = Rel (1-%} (5-2)

The experimental value of resistance is also indicated; it requires a higher
toughness value Jgr that results from a certain amount Aa of stable crack
growth.

Above the temperature T;, where failure occurs after a certain amount of stable
crack growth, the failure analysis on the basis of J; is conservative. But it may
be based on the tearing instability concept.

Herein the J-integral Japp @s a function of crack length and load F is compared
with the Jgr - Aa crack resistance curve, for which fig. 5-7 gives examples

Specimen: DECT W =300 mm
2a/W=0.2 t=30 mm
Vex = 2 mm/min
1000 T=299K
£
< o0l e J-values (ACPD) D5
c
= ES
©
5 600}
]
=
T 400f
B1
200}
05 1.0 15 2.0
crack growth Aa in mm
Fig. 5-7: Jr - Aa curves and Ji-values

The tearing instability concept uses the point of instability defined by

and
0 Jappl S 0 Jr . (5-4)
da  oa

This means that the limit state is reached, where the Ja,, (a, F)-curve has a
common tangent point with the Jr (Aa)-curve, see fig. 5-8.
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(11)

J-Integral

A ? J..-Aa-curve

[ JprAafors <o,

appl

tangent

point Js-Aa-curve

/
ol e ”| stable crack growth
—PIAa
>
a, Aa crack length a
initial flaw

Fig. 5-8: Determination of fracture resistance with stable crack growth

The Jr - Aa-curve is a material property independent on the stress-state (as the
Ji-value is), if the curve is determined from a test specimen with a stress
situation which is equal to and more severe than the stress state of the
structural component considered; this applies to CT-test specimens.

(12) This concept can also be used in conjunction with the FAD concept.

5.1.3 Transfer of upper shelf toughness models into practice

(1)

In the following, results of toughness checks that are either experimental or
calculative, are presented to explain in what way toughness criteria have
influenced the design rules for resistances in the various parts of Eurocode 3.

Section 5.2 explains the background of the recommendation for sufficient
upper-shelf toughness in table 3-1 of EN 1993-2 — Design of steel bridges.

Section 5.3 gives explanations of net section resistances in EN 1993-1-1, 6.23
(2) b) and 6.2.5 (4).

Section 5.4 addresses the choice of material for “capacity design” as used for
plastic hinges or for seismic resistant structures.

Empirical rules for minimum upper-shelf toughness
General

Whereas the mechanical modelling for the fracture-mechanical assessment in
the temperature transition range of the toughness temperature diagram can be
based on geometrically independent material values determined from small-
scale tests (applicable to T < T; with the limit state of crack initiation), the
verification in the upper-shelf region of the temperature needs the stable crack
growth to be considered by the Jg-Aa-curves, that for accuracy reasons need
tests on large scale members with geometries similar to the one for the
member in question.

Before such methods for the quantitative toughness assessment in the upper-
shelf region were developed, particular qualitative assessment methods were
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used which were based on test pieces with initial cracks that were subjected to
large plastic strains.

(3) An example for such a test was the AUBI-test according to the German
specification SEP 1390 (1996), which was required for plate thicknesses larger
than 30 mm for welded structures subjected to tensile stresses for steel grades
S235, S275 and S355, see fig. 5-9.

Fig. 5-9: AUBI-test according to SEP 1390 (1996)
(4)  The principles of the AUBI-test are:

1. On the tension side of the test piece, a weld bead is applied that is
brittle enough to act as crack starter when the test piece is bent.

The test piece is bent “quasi-statically” to an angle of 60°.

The material is accepted if the crack growth initiated from the brittle
weld bead and driven by the tensile strains from plastic bending is
stopped in the heat affected zone or in the base material without
exceeding a certain crack length at the angle of 60°.

2.
3.

(5) The test has the disadvantage that it cannot be correlated quantitatively with
any member loading nor with a realistic member resistance, so that no relation
can be established with the realistic member performance in the ultimate limit
state. Insofar, the test gave only empirical data, which, however, have lead to
an enhancement of the product quality of structural steels now represented by
fine grain steels according to EN 10025-3/4. Because of their production
technology, these fine grain steels have better toughness properties than
classical steels.

(6) In order to maintain this quality standard in the upper-shelf region without
applying the AUBI-test, it was necessary to correlate the results of the AUBI-
test with the methods used in Eurocode 3.

5.2.2 AUBI-quality and correlations
5.2.21 Correlation to Charpy-V-impact energies

(1)  To identify an equivalence between the acceptance of material by the AUBI-
test and associated values Ay of Charpy-V-impact tests at T = -20°C, particular
tests were carried out with a selection of 13 steel plates that were considered
to be critical in view of AUBI acceptance.

(2)  Fig. 5-10 shows the results of the AUBI-tests with failure before an angle of
60° was reached and without failure at an angle of 60°, as well as some
results (non fracture) at an angle of 90°. The fig. also indicates the plate
thicknesses tested.
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Fig. 5-10:  Comparison of AUBI-tests and Charpy-V energy results in Joule

Fig. 5-10 gives a trend relationship between K, at Tk, = -20°C and the
attainable bending angle a in the AUBI-test. But the small number of tests and
the large scatter do not allow the development of an acceptable correlation.
The K,-values allocated to AUBI-tests with different plate thicknesses that
were accepted at an angle of 60°, do not give any correlation either.

Hence it is not possible to apply any reliability evaluation to the tests; the only
conclusion is the engineering judgement that the borderline between AUBI-
tests accepted and non-accepted may be estimated at T;oy < - 20°C. A
dependence on thickness of the material cannot be found.

The conclusion was, that it would be preferable to correlate the acceptance
and non-acceptance by the AUBI-test directly with the toughness qualities of
modern steels according to EN 10025 Parts 3 and 4 instead of developing
equivalence criteria for Charpy-energy testing that shall lead to such qualities.

In the following, such a correlation is developed.

5.2.2.2 Correlation to steel qualities

(1)

(2)

For the correlation between the acceptance and non-acceptance of the AUBI-
test and the steel quality according to EN 10025, the quality control data for 4
different steel producers for the production period after 1996 for steels S355
J2 G3, were evaluated. In total 1133 AUBI-tests were carried out, from which
18 tests (1,59%) failed in the production control.

The analysis of those AUBI-tests that did not fail revealed that those steels
complied both in their chemical analysis and their mechanical properties with
fine-grain-steels according to EN 10025-2/4. This means that the AUBI-test
indirectly requires higher qualities of S355 according to EN 10025.
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Fig. 5-11 shows the trend analysis for average values and for the lowest single
values of Charpy-energies for AUBI-tests, that passed and that failed
independent of the plate-thickness: It becomes clear that the correlation
between the Ky-values and the AUBI-test results suffers from a large scatter.
A certain tendency is related to the thickness influence.

For further evaluation in a first step, a safe-sided equivalence criterion was
developed in assuming that the portion of AUBI-tests that failed (1.8 %) is
weighed in the same way as those that passed (98.4 %). Table 5-1 shows the
results in the column “equal weighing”.

Equivalence criterium

Failed Weighting acc. to

Range of
thickness
in mm

Passed AUBI-tests
Lower distribution free
tolerance limit Ty

AUBI-
tests
Extreme
values Tg

Equal weighting

Smallest
single
value

Average
value

failure probability

Smallest
single
value

Average
value

Kymin in J at
T=-20°C

Proportion of
population
in %

Kyin J at
T=-20°C

Kymin in J at
T=-20°C

Kyin J at
T=-20°C

Kymin in J at
T=-20°C

Ky in J at
T=-20°C

(=30)
30<t<50
50<t<80

280

21
29
26

98,68
97,36
96,76

(=29)
49
85
100

35
57
63

50
81
90

21
30
31

30
43
45

Table 5-1:  Equivalence criteria from steel quality control data; the results of

Charpy-energy tests refer to the test temperature of -20°C

If the weighing of the portion that failed is assumed to be according to the
failure probability as indicated in fig. 5-12, the equivalence values are reduced
accordingly. These results are more realistic and therefore are used for the
following conclusion.
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5.2.2.3

(1)

98 tests

283 tests

752 tests

T

>30 bis <50 >50 bis <80
range of plate thickness [mm]
Fig. 5-12: Failure probability of AUBI-tests in steel production control

Conclusions

>80

The results in Table 5-1 show that for plate-thicknesses t < 30 mm no AUBI-
tests are necessary, as the T,7,-values according to EN 10025 are sufficient to
reach the acceptance of AUBI-tests.

For plate thicknesses 30 mm <t < 80 mm, the requirements from the column
“Weighing according to the failure-probability” of table 5-1 are close to those
specified for T = -20°C for fine-grain steels in EN 10025.

In conclusion, a sufficient steel quality to stop crack growth from initial cracks
due to large straining as carried out in the AUBI-tests, can be achieved by
applying the choice of material given in table 3.1 of EN 1993 — Part 2, see

table 5-2.

Example

Nominal plate thickness

Additional requirement

t<30 mm

To7; =-20 °C acc. to EN 10025

30<t<80 mm

Fine grained steel acc. to EN
10025, e.g. S355N/M

t>80 mm

Fine grained steel acc. to EN
10025, e.g. S355NL/ML

Table 5-2: Choice of material given in table 3.1 of EN 1993-2

The consequence of such a choice is given in fig. 5-13
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Fig. 5-13: Comparison of permissible plate thicknesses for road-bridges with
oeq = 0,5 fy (t) according to EN 1993-1-10 and the AUBI-equivalence criteria

(5)  The conclusions from Table 5.2 are given in detail in Table 5-3.

Steel Product thickness [mm]
rade
g t<30 30 <t<80 t>80
- Fine grained steel type N | Fine grained steel type
355 No additional or M acc. to EN 10025- |  NL or ML acc. to EN
g 3/-4 10025-3/-4
- Fine grained steel type N | Fine grained steel type
275 No additional or Macc. to EN 10025- |  NL or ML acc. to EN
g 3/-4 10025-3/-4
S235 No additional type +N or +M acc. to type +N or +M acc. to
requirements EN 10025-2 EN 10025-2

Table 5-3: Additional requirements to EN 1993-10 to fulfil the AUBI-
requirement

(6) In general, the AUBI-test is a traditional test not related to any quantified

structural performance and subsequent numerical verification. Therefore it should be
fully abandoned to give room for performance oriented test & verification methods.
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5.3
5.3.1

3)

5.3.1

5.3.2.1

(1)

Explanations of net-section resistances in EN 1993-1-1
General

EN 1993 specifies in Part 1-1, 6.2.3 (2) b) and 6.2.5 (4) and in Part 1-12,
6.2.3, the ultimate resistance of net sections to tension:

09 A -f

NRd 7 "net 'y (5_4)

Vm2

where yv2 is recommended to be

YM2 = 1.25. (5-5)

The reasons for the factor 0.9 in the resistance formula are the following:

1. test evaluation of tension tests with bolted connections, see
commentary to EN 1993-1-1,

2. consistency with resistance formula for bolts in tension from test
evaluations of bolt tests, see commentary to EN 1993-1-8,

3. fracture mechanics safety assessments.

In this section, the reasoning from fracture mechanics safety assessments is
given.

Influence of upper-shelf toughness on net-section resistance to tension
Tensile strength from the stability criterion

The tensile strength f, = Ry, is defined as the maximum stress related to the

initial gross section area A, of the tension test specimen, as specified for the
determination of the conventional stress-strain curve, see fig. 5-14 b)
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Fig. 5-14:  Stress-strain curve:
a) true stress-strain curve
b) conventional stress-strain curve

The true stress-strain curve relates to the actual stress oy, related to the actual
gross-section A and the actual strain g, see fig. 5-14 a) and is a real material
constant independent of the test specimen.

The maximum f, = Ry, is reached where the differential dF of the applied force
with increasing deformation attains the value

0F=dc, -A+dA-c, =0 (5-7)

which leads to the stability criterion for the ultimate stress f;:

06
wo_ 5-8
5~ Ow (5-8)

Fig. 5-14 a) demonstrates that the “stability strength” f, resulting from this

criterion leads to ultimate strains g, which automatically are the smaller, the
higher the yield strength of the material is.

f
A consequence of this behaviour is that the yield-strength ratio f—y

automatically depends on the magnitude of the yield strength, see fig. 5-15.
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(6) EN 1993-1-1 limits the yield strength ratio to f—y < 1 110 = 0.90; EN 1993-1-12
f
recommends a limit 2~ < 1 :)5 = 0.95 to get the nominal values of higher

u

strength steels included.

(7) Such limitations have no direct mechanical impact on the reliability of
structures resulting from design rules in EN 1993; they only have an indirect
impact by permissible tolerances for defects from production and fabrication as
indicated in 5.3.2.2.

5.3.2.2 Impact of material toughness
(1)  In the upper-shelf region for temperatures above Ty, it can be assumed that in

any case net section yielding ogy will be reached before fracture occurs in the
net section.
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ratio 2a/w

Comparison of fracture stresses from large scale mechanical
tests with oracure from “stability strength” and net section yield

strength

Fig. 5-16 gives the results of large scale fracture tests for CNT-test specimens
for S355 J2 with two different toughness values A, = 85 J and A, = 200 J from
Charpy-V-impact tests that reveal that

1. the fracture stress oracure iS @above the net section yield curve for any
value 2a/w.
High values 2a/w are not unrealistic, because for structural components
the value 2a does not signify the actual length of a crack, but the
effective length of crack, which may be far higher than the actual length
of crack through structural detailing, see fig. 5-17.
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5-17:

0

Effect of structural detailing to net section area

This means that the criterion applies realistically to the whole 2a/w-
range with particular importance of 2a/w ~ 1/3 for the net section of
bolted connections, where the decrease of “stability strength” by
toughness attains about the maximum.

2. The linear “stability strength” f, cannot be fully reached due to the
decrease of fracture strength by toughness, so that the definition
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3)

Nrk = 0.9 - f, - Anet

is based on the assumption that either, see fig 5-18

case a): the material toughness is sufficient to cover
Gfracture = 0.90 - fy

for any value 2a/w or

or
case b): the interaction of material toughness with the magnitude
of effective cracks 2a/w is such that a certain permissible
value 2a/w is not exceeded.
csfracture / Rm
1.0
0.9 0
o,/ Ry bl J -~ _case b) fracture strength
—> g
Permissable effective value 2a/W for case b
Flg. 5'18 COI’]ClUSIOﬂS frOm Ofracture = 09 fu
3. The decrease of the toughness controlled fracture stress at 2a/w ~ 0 is

the steeper, the lower the toughness values are, see fig. 5-16. The
slope of the tangents at 2a/w = 0 are indicators for permissible 2a/w
values from the inter-section points of these tangents with the fracture
line 0.9 f, - Anet.

Fig. 5-19 shows the role of the steel grade for the theoretical values oy
according to equation (5-1) and g4y according to equation (5-2) for S690 and
S235. It also shows the osacture-curves, which were calculated with the
hypothesis that S690 would have the same toughness value as S235.
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From fig. 5-19 it is evident that for reaching the criteria

- net section yielding before net-section fracture and
- Gfracture = 0.9 fy

the toughness-requirements for high strength steels are significantly higher
than for mild steels.

Fig. 5-20 gives fracture stresses ofacture in relation to the net section yield
stresses, which are based on the assumption that the toughness of high
strength steels is increased in relation to the toughness of mild steels by a
factor equal to the square of the yield strengths.

a) b) c
1000 f I | l l ! maximum resistance of net section
. R SIE690 t
800[— W — 4 o (SIE 690)
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Fig. 5-20:  ofacure-curves for material toughness adjusted to the yield
strength of material
f
The choice of the yield-strength ratio in EN 1993-1-1: f—y < 0.9 is related to the

fracture strength criterion

Ofracture 2 0.9 fu
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5.4
5.4.1

(2)

5.4.2

see fig. 5-18, by which it shall be secured for steel grades S235 to S460 that
for the upper-shelf toughness of material adjusted to the yield strength, the
criterion

- net section yielding before net-section fracture
can be achieved for all 2a/w-values.

The structural detailing for high strength steels as S690, see fig. 5-20, should
be such that the effective crack sizes 2a/w are small if (2) 2. case b) applies,
so that the net section criterion can also be reached where, due to lower
toughness or a higher yield strength ratio, the oacwre-curve may have
intersections with the ogy-line.

y

f
For steels according to EN 1993-12 and yield strength ratios ra ~ 0.95, see

fig. 5-15, the requirement to keep small values 2a/w by appropriate detailing is
even more important, see fig. 5-18. Otherwise the criterion net section yielding
before net section fracture cannot be maintained with the consequence that
residual stresses and deformation controlled secondary stresses have to be
taken into account in the design.

Choice of material for capacity design
General requirement

“Capacity design” is needed where yielding of the gross-section of a structural
element is required before the ultimate limit state is reached, e.g. for the
formation of plastic hinges for moment redistribution or for limiting action
effects by energy dissipation as in seismic design or in accidental situations.
“Capacity design” requires that gross section yielding proceeds to net section
fracture, so that plastic zones can form in the gross sections before a
structural component can fail due to insufficient resistance capacity in the net
section.

Conclusions for ,,capacity design“

In the diagram for stability strength and yield strength, see fig 5-3, “capacity
design” requires that the intersection of the fracture curve

O fracture = Rm (1 - 2_aj
w

with the gross section yield line
Rel = const.

is of importance, see fig 5-21.
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Fig 5-21 Permissible values 2a/w for gross section yielding for different
steel grades

Fig 5-21 makes clear that independently of toughness considerations, the
possibilities for structural detailing (e. g. for choice of net sections by bolted
connections) are the greater, the smaller the yield strength and the higher the
yield strength ratio is.

That is the reason why low grade steels should be preferably used for seismic
resistant structural components according to chapter 6 of EN 1998-1, where
energy dissipation by hysteretic yielding is required.

When looking at the toughness effects, the conclusions are even more
pronounced, because the possibilities for structural detailing are even more
reduced, see intersection points of fracture curves with Re/Rm in fig 5-16, so
that the conclusion is, that the permissible values 2a/w are a function of yield
strength ratio and toughness of material.

The conclusions for design are therefore:

1. There should be no geometric notches in the plastic zones that would
enhance the size of effective initial cracks (e.g. by holes or
attachments).

The rules for good design for energy dissipation are equivalent to good
design for fatigue.

2. The size of permissible cracks is the smaller, the higher the yield
strength ratio is; higher yield strength ratios as for S235 and S355
should be preferred.

Behaviour of components subject to capacity design in the temperature-
transition area

Where the formation of plastic zones (e.g. for earthquakes) is combined with
the occurrence of low temperatures, EN 1993-1-10 may be applied to protect
the structural component from brittle failure during the time period, where it is
still in the elastic range and before the yield strength fy(t) is reached.
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(2)

3)

(4)

This also affects the structural detailing of energy dissipation components. The
design, production and erection should be such that

- steel-grade should be up to S355,

- fabrication and erection should be such that residual stresses may be
neglected,

- the upper value of yield strength should be specified according to
chapter 6 of EN 1998-1 for delivery,

- notch effects should be reduced.

In this case, table 2.1 of EN 1993-1-10 may be used for the choice of material
in conjunction with ogq = 0.75 f, as the permissible plate thicknesses for ogq =
0.75 fy are actually related to the attainment the yield strength:

Ogg = 0.75 f, + 100 Mp = f,

Under certain conditions (adiabatic or large strain rates) the temperature of a
dissipative component may increase with yielding once during the hysteretic
deformations the yield strength is exceeded. Fig. 5-22 gives an example for a
possible temperature development that may cause a temperature shift in the
toughness temperature diagram so that the behaviour is more favourable.

1200 T T T T T T T T
100 |~ - B1C — I [ S N =

| | | | DECT
1000 - - - — - [ Al el TN T T [ [ 2a/W=02 [~~~

| | e | |

00 F-—-—-—ff-—--~— [ [ TN [t [l [

| I ! I I \ |
S 80 -- -~ [ [ [ T T~ T T mT T
L

© -50°C I I I I I I

@ 600 ---f-r -~~~ [ T T [ T T T T o45C T T T T T T T

2 ! I I [ \ I I I
E S iy Sl e [ o0 [ [ [ [
Bl
T L
oo
s e e

o | | 1 | | L 4 |
0,0 04 08 1,2 16 2,0 24 28 32 36

strain €, %
Fig 5-22: Typical net stress-temperature yielding curve for steel
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Section 6

6.

6.1

(4)

Damage Mechanics — Calculation of limit state condition of fracture in
the upper shelf with local models
Introduction

Finite element methods combined with the use of the true stress-strain curve
for steel, see fig. 5-14, and the von Mises-yield criterion, expressed by the
yield potential

where Oy is the von-Mises-equivalent stress
oy is the yield stress

allow to determine the ultimate resistance of tension elements in terms of
“stability” resistance, see equation (5-7) for monotonic loading. In this case
only the limit condition of plastic yielding but not that of the final fracture
developing from local damage can be obtained.

These tools are based on fully ductile behaviour without damage and therefore
do not give any indication when cracks will occur and induce rupture,

In order to be able to predict the failure of a tension element by rupture, the
damage mechanics approaches have been developed which are capable of
simulating the following behaviour more realistically:

1. Description of the local microcstructural behaviour leading to rupture
which is expressed as development of voids in the material with the
onset of yielding, growth of voids and coalescence that leads to a
critical limit from where cracks are initiated (continuum models
suplemented by the GNT-model).

These approaches are both appropriate for determining component
behaviour or fracture mechanical resistance values like J; for crack
initiation (see chapter 5) and the growth of a stable crack associated
with the Jr resistance curve .

Whereas fracture mechanics models use a single, one-dimensional parameter
(e.g. by the fracture mechanics parameter K or J or CTOD) and are based on
the assumption of crack-like imperfections for the safety assessment, damage
mechanics approaches are based on a set of parameters representing the
microstructure of steel. Such approaches can be applied to all type of
structural elements with initial cracks or without initial cracks and therefore
represent the most realistic attempt to predict the rupture which works without
the safe-sided assumption of the presence of initial cracks (see chapter 5).

In the following some basics and first applications of damage mechanics are

demonstrated. However, it must be noted that this method requires the use of
Finite Elements together with model parameters derived from experiments.
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6.2

(1)

The aspects of reliability in relation to requirements, model uncertainties,
imperfections and scatter of input data as well as the relation of measured
data to data specified in product standards, which all are necessary for the use
of damage mechanics in practical safety assessments, is not addressed in this
section.

Model for determining crack initiation
Fig. 6-1 illustrates the role of the microstructural development of microvoids at

the crack tip of a fracture mechanics model under tension in the upper-shelf
region.

a) ) b) ) c) -
crack tip with ]
formation of 3 void nucleation void growth
plastic zone l l
e)

void coalescence

= crack initiation crack growth

Fig. 6-1: Schematic presentation of ductile damage development at a crack tip

The phases of the development of voids develop from void nucleation to void
growth and to void coalescence, which is identical with crack initiation, see fig.

T 00 e

Growing together of voids Ligament necking Secondary void nucleation

Fig. 6-2: Different types of void coalescence

The conclusion of the use of the porous metal plasticity model, see section
6.3, is that the stress and the strain for crack initiation can be determined, see

fig. 6-3.
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Fig. 6-3: Determination of the limit state of crack initiation

(4) The simulation of further development from crack initiation to failure requires
the use of an effective behaviour law for damaged elements, that regulates the
stress transfer through damaged elements, see section 6-5.

6.3 The GTN - Damage model
6.3.1 General

(1)  The GTN — Damage model of Gurson, Tvergaard and Needleman modifies the
von Mises yield model in such a way that the effects of micro voids (micro-
structural damage) are included.

(2)  The modified yield potential reads

2
®=[2¢| +2q,f cosh qua—“
o, 2 "o,
~(1-g, f2)=0

with the additional parameters

on = hydrostatic stress components

g,=1.5
q,=1.0 model parameters
q, =2.25

f* = modified void volume fraction

(3) In each element of the FE-calculation, a void is considered which is supposed
to grow due to local stresses and strains resulting in a void volume fraction f.
This gives

. f; forf <A,
f (f):{fc +x(f-1,); forf>fc}

where

fc = critical void volume fraction, at the load drop point of a tension test
depending on the stress triaxiality of the spot considered,
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k = acceleration factor (often determined directly in the range of 4 to 8) or
determined from

0.667 1.
f;‘_fc

K=

with

fr=  final void volume fraction at microscopic failure at which the stress
transfer through an element is interrupted.

The value f results from growth of existing voids and strain controlled
nucleation of new voids:

f= fgrowth + frucleation =
= (1-1,)& + fy exp M e 2 Gl
o kk SN\/% 2 SN
where fo = initial void volume fraction
fs= volume fraction of newly nucleating voids at the

characteristic equivalent plastic strain ey (measured by
change of electric resistance)

en = characteristic equivalent plastic strain for new nucleation
of voids

¢l = rate of plastic strain due to hydrostatic stresses
€” = equivalent plastic strain
rate of equivalent plastic strain

Sn = 0.1 standard deviation of strain-controlled nucleation of
secondary voids

The input parameters that need to be determined for the particular case and
cannot be put constant on the basis of sensitivity studies are then

fo = initial volume fraction of primary void initiated by constituents as non-
metallic inclusions or hard micro structure constituents of sufficient size.
The quantification is performed by scanning electron microscopy (SEM)
and x-ray spectroscopy (EDX) of polished surfaces.

fy= volume fraction of secondary voids nucleating during primary void
coalescence at smaller micro structure constituents to be quantified in a
similar way as f,, (more difficult due to their small size).

en = characteristic strain of secondary void nucleation, quantified by the
direct current potential drop (DCPD) technique, i.e. by measuring the
electric resistance of the cross-section which drops when cavities form.

fc = critical void volume fraction, determined e.g. by numerical cell model
simulations or from tensile tests at the load drop point. As f; depends
on on the stress triaxiality, the test should comply with the triaxiality
state expected in the structure considered.

fr=  final void volume fraction which is in the range of 10% to 20%. Because
of accuracy problems in measuring f;  the k-value is often given directly.

206



6.3.2 Examples for the determination of micro structures parameters

(1)

(2)

3)

For the determination of the micro structure parameters, a structural steel
S355J2G3 and a pressure vessel steel P460Q are selected [7].

Table 6-1 gives the chemical composition of the steels, fig. 6-4 gives the
micrographs of the micro structure and fig. 6-5 gives the SEM-fracture
surfaces [7].

Steel C Si Mn P S Cr Mo
S355J2 0.15 0.36 1.35 0.020 0.009 0.073 <0.005
P460Q 0.13 0.32 1.38 0.007 <0.001 0.164 0.054

Steel Ni Al Cu Nb Ti \Y Zn
S355J2 0.04 0.037 0.086 <0.001 0.001 0.006 0.002
P460Q 0.38 0.032 0.190 <0.001 0.004 0.032 0.002

Table 6-1: Chemical composition of the steels S355J2G3 and P460Q, mass
contents in %

Fig. 6-4: Mlcrographs left: ferrltlc perlltlcmlcro structure ofsteel S355J2G3;
right: bainitic-ferritic micro structure of steel P460Q, both after HNO3-etching

Fig 6-5: SEM-fracture surfaces left ductlle fracture surface of steel S355J2G3;
right: ductile fracture surface of steel P460Q. Both fracture surfaces, with
different sizes of dimples, result from fracture mechanics tests with CT-
specimens carried out at room temperature

Obviously the void size distribution differs a lot between the two materials:
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- In steel S355J2G3 primary void nucleation at non-metallic inclusions is
the major mechanism of ductile failure behaviour. Accordingly, f, = 0.20
was chosen and the nucleation of secondary voids was neglected (fy =
EN = SN = 0).

- In steel P460Q mainly secondary voids have nucleated and primary
void growth was not considered (f, = 0)

The parameters for secondary void nucleation were

en = 0.21 from DCPD-technique

f. = 0.04 from cell model simulations
fn =0.3% was selected,

K=6 was selected.

(4) Table 6-2 gives the chemical composition of another pressure vessel steel
P690Q, which gave the same GTN-model parameters as the steel P460Q
except for ey = 0.12.

Steel C Si Mn P S Cr Mo
0.14 0.31 0.83 0.011 <0.001 0.61 0.42

P630Q Ni Al Cu Nb Ti \Y Zn
1.01 0.041 0.27 0.001 0.002 0.051 0.003

Table 6-2: Chemical composition of steel P690Q, mass contention [7].
6.3.3 Mesh sizes for FEM calculations

(1)  In each finite element containing a void, the mesh sizes very much depend on
the average spacing between non metallic inclusions.

(2)  For steels with similar parameters
1. void size distribution
2. ductility
3. purity degree
the adequate mesh size is also similar.
(3) Fig. 6-6 gives element sizes in meshes determined from calibrations of test

results, related to the 90% quantile value of void diameter; they are in the
magnitude of grain sizes
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6.3.4

(1)

(2)

40,0

5)
= 35,0
o i B 000 $355J2G3
S5 300 /
o5 =
S= 250
5 20,0
[ORTS g
5 % /8890Q
E, g 15,0 [ e
§2 100
o9 @ — P460Q
© 5,0
S

0,0

0,00 0,05 0,10 0,15 0,20 0,25

element length at crack tip, mm

Fig. 6.6 Relations between FE-element size at a crack tip and size
distributions of voids on ductile fracture surfaces for several pressure vessels
and structural steels [7]

Calculation of J-integral values J;
Fig. 6-7 shows load-CTOD-curves from fracture mechanics tests with CT-
specimens as well as the results of simulations with the GTN-damage model,

resulting in Ji-values for crack initiation obtained from the ends of the curves.

Obviously the experimental and numerical values coincide.

50 50
$355 J2G3 P460Q
40 40
Z 30 =30
w =
g [T
320 820
10 — experiment 10 — experiment
—simulation —simulation
0 0
0,0 0,5 1,0 1.5 0,0 0,5 1,0 1,5

crack opening displacement COD, mm  crack opening displacement COD, mm
Fig. 6-7: Load crack tip opening displacement curves from experiment and
simulation for steels S355J2G3 (left side) and P460Q (right side) [7]
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6.3.5 Conclusions for practical FEM-calculations

(1)

3)

From tensile tests with cylindrical tension specimens with different notches or
from calculations with the GTN damage model, the two parameters

- stress triaxiality h, which is calculated from

h_ 01102 +0;

Gy
where o1, o2, o3 are the principle stresses
oy is the equivalent stress

- the equivalent plastic strain "

have been identified as the leading parameters to characterize ductile crack
initiation from the growth of voids and void coalescence.

Hence a failure criterion for crack initiation could be developed as a function of
these two parameters, see fig. 6-8.

-

h

equivalent plastic strain "

v

stress triaxiality h
Fig. 6-8: Damage curve as ductile crack initiation criterion from void
coalescence

In general, such damage curves are determined by tests with variations of
notch geometry accompanied by FEM-calculations to identify the stress

triaxility and the equivalent plastic strain at the relevant spot. From a least
square fit a mean curve satisfying the formula

g =c, e +&
can be derived, where

c1, C2 are fit parameters
g is the equivalent plastic strain necessary to provoke ductile failure at
hydrostatic stress state
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(4) Fig. 6-9 shows test specimens with different notch situations, which may lead
to equivalent plastic strains as given in fig. 6-10.

Smooth bar-specimen

\||\|\H||||||

Circumferencially notched tensile-specimens

(T

I ¥ l ‘
[[19 742 47 19 ]

(Details of notci'l tip) 66
RO.1 R0.2 R1 R2
2 2
R=0.1 R=0.2

Fig. 6-9: Geometry and size of tensile specimens used to determine the
damage curve

—
n

: Virgin steel
L Crack length Smooth | (SM490YB)
L 0.05mm ®

L -0 !
| RO.2 RO.1 ' [Criterion for ductile
| from specimen ‘h_‘ crack initiation

surface “ from specimen

&

-
o

% center

L 8 H2\‘e_.,_
| = 100 [[60p =i e,
R1

o
n

| Monotonic tensile specimen
FI R R R T R T PR . .

03 06 09 1.2 15 1.8
Stress triaxiality, 6,/

Fig. 6-10: Limits of equivalent plastic strain for different stress triaxialities

Equivalent plastic strain

o

(5) Fig. 6-10 shows the exponential decrease of equivalent plastic strain for the
smooth specimen and the notched specimens Ry and R, on one hand and
different plastic strain limits for the notch specimens Ry and Rp2 which are
more or less independent of the stress triaxiality h on the other hand.
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(6)

(7)

6.3.6

(1)

at gave. = (AO = A)/AU =78 %

Minimum
-~ Cross
section

Center of specimen

: 0.8mm
* =" Circumferential
O'er;nI notch root

Obée_rved
region

—_

Center of specimen 0.1mm
Fig. 6-11 Ductile crack initiation behaviour from specimen centre and notch
root surface under single tension
a) Re-specimen, b) Ry 1 specimen

As fig. 6-11 demonstrates, the different results for R4+ and Ry 2 are caused by
the fact that for those cases the relevant spot is not the centre of the cross-
section with growth of voids controlled by triaxiality (equiaxed tensile mode of
failure) but the surface, where the failure mode is controlled by the growths
and coalescence of voids along a local shear band oriented at an angle of 45°
to the tensile axes.

In conclusion, the damage curve following the growth and coalescence of
voids according to the triaxial stress state has a lower limit for h controlled by
the shear type of failure at the surface, which is not covered by the GTN-
model.

Example of practical application

For a pressure vessel as given in fig. 6-12 made of steel P460Q, a FEM-
calculation was carried out using the true stress-strain curve of the material
from unaxial tensile tests and extrapolated according to the Hollomon
approach to cover strains beyond the uniform elongation from tensile tests
[8,9].
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(2)

3)

(4)

500 800
Dl

Alle Angaben in [mm] 200 f |

3410

¢ M. »ig »
1€ i rié

980 11400 980
Fig. 6-12: Geometry of the pressure vessel

The inner pressure was increased until it reached the critical level where for
the first time an element in the model reached the damage curve for ductile
crack initiation.

The steel P460Q-damage curve has been identified by experimental and
numerical investigations with cylindrical notched tensile samples as

e’ =096 e +0,14

Fig. 6-13 shows the position of ductile crack initiation from the distributions of
plastic equivalent strain and stress triaxiality that are plotted.

PEEQ
(Avg? T9%) PEEQ
0:59 4 (Avg: 75%)
0.540
0.486
0.432
0.378
0.324
0.270
0.216
0.162
0.108
0.054
0.000
TRIAX

Fig. 6-13: Damage curve reached at a point near the nozzle
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6.4

6.4.1

(1)

6.4.2

(1)

The nozzle has been identified as the critical spot where a ductile crack could
be initiated when the critical inner pressure is 16 MPa (expected value without
safety elements).

The use of damage curves for crack initiation for cyclic straining

General

According to Ohata and Toyoda [6] the damage curves according to fig. 6-10

determined for monotonic loading can also be used to determine the crack

initiation with FEM for cyclic loading as relevant for seismic design.

The assumptions made to obtain accurate results are the following:

1. For cyclic loading the Bauschinger effect is taken into account by a
stress/strain field determined by a combined non-linear isotropic

kinematic hardening model.

2. Strain accumulation only considers effective equivalent plastic strains
(€, Jer, controlled by the loops of back stresses in the kinematic

hardening component of the combined hardening model.
In the following, the assumptions made and some results are described.
The combined isotropic-kinematic hardening model
In the combined isotropic-kinematic hardening model, equivalent plastic strains

and equivalent stresses of the true stress-strain curve are composed of two
components:

1. the isotropic hardening component 6
2. the kinematic hardening component
see fig. 6-14.

__ S1000

S =

a < Isotropic model

< 13 800 (Experiment)

[} g;‘ [ R

;7 O

# £ 600F .~

Q (%]

- X + —=. .

2 3 400 o :f:rtc;%[r’:i%g Combined model

5 o component (Isotropic/

Tt [ @ : Kinematic hardening kinematic)

% % 200  component

T 2 i

w 3 7

g o0

0 20 40 60 80 100
Equivalent plastic strain, €p (%)

Fig. 6-14: Non-linear isotropic and kinematic hardening components used for
the FE-analysis of cyclic loading

The conclusions are hysteretic curves of true stress and true strain that are
close to experiments as they consider the Bauschinger effect, see fig. 6-15.

214



3)
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Fig. 6-15: Approximation of hysteretical true stress-strain curves by the
combined hardening model

The model also allows to follow the loops of the components of stresses o
and backstresses a in all phases of the cycles, see fig. 6-16.

)
=
2 29 2
SO T2 )
. © & T 2 © =
A equivalent stress o2 o g o2
s @ 2 2 Q@
A=, & o=
/l equivalent o
c
[— equivalent o
04
> >
equivalent strain time
a) b)

Fig. 6-16: Cyclic development of loops: a) Cyclic development of components
6 and a; b) Time history of cycles 6 and a

6.4.3 Accumulation of effective equivalent strains ¢

(1)

(2)

The basic assumption of the effective damage model [6] is that once the cyclic
loops of equivalent stresses and strains are stabilized, there is no contribution
from equivalent strains to damage.

Hence contributions from equivalent plastic strains to damage are controlled
by the cyclic development of back stresses such that only those portions of the
equivalent plastic strains are damage-effective which belong to backstresses
a larger than the maximum « -values of the preceding loop, see fig. 6-17.
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3)

6.5

(1)

(2)

Tensile  Compressive Tensile
straining straining straining
(1stloading) (2nd loading) (3rd loading)
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N / /
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Equivalent back stress, &
(atlocal area)

Equivalent stress, 6
Equivalent back stress, o

A

E N Equivalent
(ex)in P )% plastic
—5' £ strain, g,

Fig. 6-17: Evolution of equivalent backstresses a and determination of
effective equivalent strains (& esr.

Fig. 6-18 shows on the left hand side the accumulation of the full equivalent
plastic strains that would give very conservative results and on the right hand
side the accumulation of effective equivalent plastic strains that gives accurate
values.

c "
All accumulation - | Effective damage conceptl
mn. —
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= g3 ace ©
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£ (52 Een=&' BN 3
- f (3]
|
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5 =
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w

Stress triaxiality, Gm/G Stress triaxiality, 0,/C

Fig. 6-18: Comparison of accumulation of a) all equivalent plastic strains; b)
effective equivalent plastic strains

Numerical simulation of crack growth

The GTN-model could be supplemented by a law for the stress transfer
through damaged elements.

One possibility is the use of cohesive elements in addition to the other
continuum elements, which are positioned where crack initiation and growth is
expected, see fig. 6-19.

regular elements
layer of cohesive

elements

Fig. 6-19: FE-model of a Charpy specimen with a layer of cohesive elements
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The cohesive model

is a traction separation

law,

that describes the

transmittable stress T as a function of separation 5, see fig. 6-20, in which the
maximum transmittable stress T, and the critical separation &y leading to final

failure are the input parameters.

ductile failure

traction, MPa

separation, mm

traction, MPa

brittle failure

separation, mm

Fig. 6-20: Typical traction-separation laws for ductile and brittle behaviour in
the cohesive zone model

Also damage curves can be combined with a damage evolution law to
consider the behaviour of damaged elements. Other than for cohesive zones
the crack path needs not to be defined prior to the simulation start. The easiest
way is the assumption of linear loss of strength which is final at a characteristic

deformation of the element.
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Section 7

7.
7.1

(1)

(2)

3)

Liquid metal embrittlement in hot dip zinc-coating
Introduction

Liquid metal embrittlement (LME) or liquid metal assisted cracking (LMAC) are
phenomena associated with the stress-corrosion attack of certain liquid metals
on the surface of solid base metals.

Examples of such phenomena are the attack of Gallium (melting temperature
+ 26°C) on aluminium alloys or of certain liquid zinc alloys (melting
temperature ~ +419°C) on steel components in the zinc bath, see fig. 7-1.

| 1 ] 1 L :%: ll_l L 1

Fig. 7-1: Example of cracks from zinc coating by hot dip galvanizing

The corrosion mechanism is such that the liquid metal attacks the grain
boundaries of the solid metal and causes a reduction of surface tension so
that the grains loose their coherence, in particular under tensile stresses. They
separate in forming surface cracks in the zinc bath into which the liquid metal
(the alloy or eutectica with lower melting temperatures) penetrate and allow
initial cracks to grow, see fig. 7-2.
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(4)

)

Crack tip

Main crack

Filling of the micro

cracks at the surface:
Fe: 32,9 %
Sn: 67,1 %

Filling of the crack tip:
Zn: 1,1%

Pb: 10,2 %
Fe: 35,3 %
Sn: 53,4 %

Fig. 7-2: Cracks filled with liquid metal in the zinc bath

The main crack controlling parameters for the formation of such cracks in the
zinc bath are

Surface conditions and microstructure of steel as well as
aggressiveness of the zinc alloy, both measured in tests, that give the
characteristic values of strain resistance versus the exposure time of
the steel in the zinc bath and other parameters, like strain rate etc.

Time of exposure in the zinc bath reducing the strain resistance

Magnitude of residual strains in the steel component dependent on
time, where a distinction is made between

a) Residual strains arisen during fabrication of the steel component
before dipping (stationary)

b) Additional residual strains due to the dipping process until the
steel component has attained a uniform temperature equal to the
bath temperature (instationary)

c) Residual stresses that remain in the steel component after it has
attained the bath temperature in the zinc bath (stationary).

Other _influences as a consequence of the treatment of the steel
components before dipping, such as cleaning, application of flux agents,
preheating etc.

In the following paragraphs, an engineering model is presented that describes
the limit state of crack initiation on the basis of equivalent plastic strains g in
the steel material:
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(10)

7.2
7.21

1. Equivalent strain requirements g,,e are derived from the steel
fabrication and dipping process and exposure time

2. Equivalent strain resistances g, r are determined from a standardized
testing procedure, taking material properties and surface conditions of
the steel and characteristics of the zinc alloy as well as the exposure
time into account (modified LNT-test).

The limit state equation reads:

Eoe < Epir (7-1)

In this limit state equation, the role of strain resistance is dominant with regard
to the sensitivity of all basic variables. It needs determination by refined
methods, see section 7.2.

The strain requirements are characterized by a mean level of residual stresses
and strains expected in any structural component from fabrication, depending
on the type of cross-section (see classification of column buckling curves in
EN 1993-1-1 according to cross-section) and by variations from this mean
value caused by the dipping process, depending in particular on the structural
detailing (e.g. on the structural form and the thickness ratio of the welded
plates connected). In general strain requirements can be categorized into
groups on the basis of more refined numerical analysis with typical details, see
section 7.3.2.4.

For the time being, the limit state conditions presented in this report are
assumed to give safe-sided solutions. So far, there is no possibility to define
their reliability, because there are no sufficient statistics available yet.

Therefore, in addition to the numerical verification of the limit state, inspections
of the structural members after zinc coating are necessary. Inspection
methods are specified that take account of the fact that a visual control of zinc
coated surfaces is not sufficient, as cracks may be filled and covered by zinc,
see section 7.4.

Equivalent plastic strain resistances of steels in the zinc bath
General

During the dipping process in the liquid zinc bath, the zinc alloy causes a
reduction of surface energy between the grains, which leads to a reduction of
intercrystalline cohesion and hence to “liquid metal embrittlement®. A
consequence of this embrittlement is a reduction of the equivalent strain
resistance in the zinc bath, which is recovered after the zinc coating process.
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(2)  In order to obtain characteristic values of the equivalent plastic strain
resistance that depends on the various process parameters, such as

- composition of zinc alloy and bath temperature

- steel-quality

- microstructure and surface condition of steel product or of machined
surfaces

- strain rate

a standardized test with sufficiently small test specimens is needed. The
results of this test are independent of the scale and the particular loading
condition of this test specimen and can be transferred to any large scale
structural component.

(3)  Such a test has been developed from the fracture mechanics CT test
specimen: the LNT-test specimen.

7.2.2 LNT-test specimen and test set up

(1)  Fig. 7-3 gives details of the LNT-test-specimen with its dimensions that can be
dipped into the liquid zinc bath and loaded horizontally by tensile forces, see
fig. 7-4. The sharp crack tip of the CT test specimen (in general obtained by
applying fatigue load cycles) is substituted by a drilled hole, the bottom of
which is locally strained by the tension forces applied at the top of the
specimen in such a way that after sufficient exposure time cracking can be

expected.
32 56 32
20
ﬁ 10 2
H Lo | H =
20|
- |
Sk ;\ 7
3
2
120 10,2

Fig. 7-3: LNT-test specimen
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(2)

3)

7.2.3

(1)

(2)

3)

000000000000
allalalialialalalalalalel

Fig. 7-4: Zinc bath, LNT-test specimen before dipping and application of
tensile forces

The local equivalent plastic strain at the bottom of the hole affected by the
tensile forces can be determined by FEM-calculations:

2.
& =| ggj, at (7-2)

Fig. 7-5 gives an example of such calculations with the applied finite element
mesh in fig. 7-5a) and the plot of equivalent plastic strains in fig. 7-5 b).

T

AN
G 17 2006

Fig. 7-5: FE-mesh and plot of equivalent plastic strains
Test results

As indicated in fig. 7-6, the load displacement characteristic can be measured
in a test. It exhibits a sudden drop when cracking starts.

From FEM, the associated local equivalent strain at the bottom of the hole can
be calculated.

While the load-displacement curve in fig. 7-6 applies for a test specimen
heated to 450°C without the corrosion effect of a liquid zinc bath (test
specimen exposed to the air), giving a cracking strain of 27%, fig. 7-7 gives the
values for a zinc alloy with a tin content Sn of 1.2%.
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Fig. 7-6: Load displacement and equivalent plastic strain displacement curve
for steel exposed to the air with a temperature of 450 °C

N
N
w
w

20 | load FEM 1 %
X
18 | /4/‘ 127 °.
£
16 | 124 ©
—_—
£ © (2]
14 1 y load a0_04 1218 =
2. | Ve 1 .27 @
{12 7 18 %Tg
S | 11585

)

(] > o
= 8 F 112®@ @
Plastic \ o
6 equivalent ,% o
strain FEM o
4 16 &

2 t 13

0 — 0

0 2,5 5 7,5 10 12,5 15 17,5 20 22,5

load line displacement, mm

Fig. 7-7: Load displacement and equivalent plastic strain displacement curve
in liquid zinc alloy with Sn 1.2%

(4) FEig. 7-8 gives a comparison of test results for zinc alloy a0, zinc alloy a1 and
with exposure to the air at 450 °C, all related to steel S460N, see table 7-1.
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alloy | Pb, M.-% Sn, M.-% Bi, M.-% Al, M.-% Ni, M.-% Fe, M.-%

a0 --- 1,20 0,11 0,0057 0,047 0,028

al 0,70 - - 0,005 - 0,03

Table 7-1: Chemical composition of zinc alloys

620

600 |

4 air

m
(&) (&)} n "
N N (o)) ]
o o o o
T T T
‘,
i \
\
\ \
\
\\ [ ]
\\ ‘
LN
\
\
\
\
\ \
N I,
v
>

ises stress, N/m
[6)]
o
o

average local

M
SN
(o]
o

von
N
(o2}
o

440 |

420

0 5 10 15 20 25 30 35
average local plastic equivalent strain, %

Fig. 7-8: Comparison of equivalent plastic strain resistances for different zinc
alloys and for exposure to the air

A systematic investigation of the influence of the components tin (Sn), lead
(Pb) and bismuth (Bi) in the zinc alloy for steel S355J2 has lead to the
equivalent plastic strains ¢ c [%] as given in fig. 7-9. It demonstrates that:

1. Sn is the relevant constituent that gives the steepest gradient
2. classes of equal resistance can be established, e.g. for
class 1 Sn<0.1%

class 2 0.1 % < Sn<0.3%
class 3 0.3% < Sn

with increasing aggressiveness.

3. the contents of Pb and Bi should be limited by Pb < 0.9%, Bi < 0.08%
and Pb + 10 Bi < 1.2%.

The dependency of exposure time is indicated in fig. 7-9.
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Material |
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Fig. 7-9: Influence of interaction of Sn, Pb and Bi on equivalent plastic strain
resistance
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|
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Fig. 7-10: Equivalent plastic strain resistance of different zinc alloys depending
on exposure time

(7) A side effect of the testing procedure is that the coefficient o, for the heat
transfer from the zinc bath to the steel specimen required to calculate the
heating time from the temperature of the steel component before dipping to
the temperature of the zinc bath can also be experimentally determined.

(8) Fig. 7-11 gives a comparison of the temperature-time curve as measured
during dipping and as calculated with a numerical model using a.
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Fig. 7-11: Comparison of the time histories of temperature of a specimen as

measured and as calculated

Equivalent plastic strain requirements from the steel components

General

Equivalent plastic strain requirements result from an accumulation of strains

due to

—

Time history of fabrication

2. Time history of heating process during dipping, if the heating process is
relevant for cracking
3. Time history of the exposure in the zinc bath, if the time effect is
relevant for cracking.

Fig. 7-12 shows the dipping procedure versus time and fig. 7-13 gives an
example of the temperature distributions over a selected cross-section
resulting in residual strain distributions that are laid over the residual strain
distribution of the component from fabrication.

considered
element

/
Dipping time T,
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Holding time T,

Emersiori time T,
Fig. 7-12: Time history of dipping for a mass particle of the structural
component

time t



timet

h
Fig. 7-13: Time history of temperature for a cross-section of a structural

component

(83)  The residual strains that arise from the temperature distribution are shown in
fig. 7-14.

Neutral axis

Residual strain state
e*(T)

Fig. 7-14: Residual strain increments from temperature distributions

Fig. 7-15 demonstrates an example of the time history of equivalent plastic
strain from fabrication (t = 0), superimposed with strains from the heating with
time variant temperature distributions until full heating is achieved (without any
temperature gradient). The full equivalent plastic strain accumulation process
including stress relief by the exposure to the zinc bath heat is relevant for the
strain requirement at a certain time.
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Fig. 7-15: Example of a time history of equivalent plastic strain requirements

(4) Fig. 7-16 gives an example for how various zinc alloys give different equivalent
strain-time histories. This is due to the fact that the heat transition coefficient
varies with the composition of the alloy. With increasing heat transition
coefficient the maximum values of the occurring strain increases also.

2,0E-02 500
strain at = 3000W/m?K
------ strain ot = 6000W/m?K —— 450
— | 0
1,5E-02 4 — - — - strain at = 15000W/m2K — 419°C
4 400
—=— temperature ot = 3000W/m?K o=
— ——temperature at = 6000W/m2K A ‘ N + 350 G
 1,0E-02 4 7 PASEE e s By o
—_ —e—temperature ot = 15000W/m?K B B BRI R
- J R 1300 ©
2 K - s 5
+ 5,0E-03 Vi A — 1250 g
3 (s o
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I [ £
> 0,0E+00 — T
W T I, (]
STTET— 10 15 20 /25 30 35 40 45 5150 =
N 7.
< . 5 + 100
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Fig. 7-16: Effect of different zinc-alloys with different heat-transition coefficients
at on temperature- and equivalent strain-histories
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(5)

(6)

strain ¢

Crack initiation
Limit state dipping

4

Crack initiation
Limit state holding

Complete heating

€ (Zinc class 3)

€ (zinc class 1)

time In?

Fig. 7-17: Cases a) and b) for the limit state assessment

Fig. 7-17 demonstrates the principle of the limit state assessment for two zinc
alloys of different aggressiveness:

case a.

case b:

For a highly aggressive zinc alloy (e.g. zinc class 3), the peak
value of the time history of strain requirement reached during the
dipping process is relevant for cracking. Cracks may occur during
the submerging of the structural component into the zinc bath
and appropriate measures to reduce the risk are related to
reducing the peak value by preheating or reducing the required
time for full submergence.

For moderate or low aggressive zinc alloys (e.g. zinc class 1),
the exposure time in the zinc bath leading to a reduction of strain
resistance is relevant for cracking, and appropriate measures to
reduce the risk are related to reducing the exposure time by
reducing the thickness of plates and the differences in
thicknesses of plates.

In the following paragraphs, the basic characteristic for modelling the limit
state case a) and the limit state case b) are explained.

7.3.2 Assessment for the limit state case a)

7.3.21

(1)

Reference model for the dipping process

In order to obtain a simple reference model for the dipping process, a
rectangular plate with the plate thickness s and the depth h is assumed to be
dipped with the velocity v into the liquid zinc bath. The plate is supposed to be
without residual stresses or strains, fig. 7-18.

230



l" Heat flux in
an element

Fig. 7-18: Reference model for the dipping process

(2)  The reference model is used for the following purposes:

1.

7.3.2.2

to calculate the time t,; of a particular plate element, see fig. 7-18, to
heat up from the preheating temperature T, to the melting temperature
of pure zinc T, = 419 °C.

In this calculation, the heat conductivity in the plate is neglected. The
heat transfer coefficient o, is taken as the actual effective value for the
zinc alloy in question, which may be determined according to 7.2.3 (7),

see fig. 7-11.

to determine the time-history of instationary residual stresses and
strains caused by strains ¢* from temperature differences from dipping
with different velocities v to identify the time t; when the maximum of
residual stresses and strains occurs.

to use the pseudo-limit state criterion based on the assumption that in
the beginning of the heating up phase the zinc freezes at the “cold”
surface of the steel component and hence reduces the corrosion effect
of the zinc alloy until the steel component has adopted the temperature
of the zinc bath (cracking of the frozen zinc layer is not considered).

Based on this assumption, the limit state is defined by the requirement
that the time interval t, for attaining the maximum of the time history of
residual stresses should be longer than the heating up time ty:

tg - tcxt =20 (7'3)
t
at

o2 (7-4)

to link the simplified limit state equation (7-4) to the actual limit state as
indicated as case a) in fig. 7-17 by adaption factors k. that are used, as
explained in section 7.3.2.3.

Determination of the reference time t

(1)  The calculation of the reference time ty in fig. 7-18 is based on the following
assumptions:
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The heat-transfer between the zinc-bath and the steel plate is constant
with time:

CpV ‘;—I =, AT, -T) (7-5)

where

is the specific heat capacity of the plate

is the specific mass

is the volume of the plate

is the temperature of the plate

is the time

is the effective heat transfer coefficient for the zinc alloy
is the surface of the plate

Ta is the melting temperature of pure zinc (419 °C)

Teath is the melting temperature of the zinc alloy.

Q" H4<0 O

The first zinc coat freezes on the plate surface and prohibits further
access of aggressive constituents of the zinc alloy to the steel surface,
thus protecting the steel from cracking. Any cracking of the first zinc
coat is not considered.
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(2)

3)

(4)

Equation (7-5) leads to

dt—CVp- dT
Ao, T,-T
which gives
Ta . . —_
¢ :C-s-pf dT —CSpgn T, — Taun

“ 20, LT,-T 2a, 419 -T,,,

For the example of a plate with

S = 0.01

TBath = 450 °C

Ty = 50 °C

(o = 6000 W/m? K
c = 600 J/kg K

p = 7,800 kg/m?

the temperature-time curve is given in fig. 7-19.

A temperature ° C

450° C

419° C

50°C

timei
Fig. 7-19: Examples for a temperature-time curve

(7-6)

(7-7)

Indicative values for effective coefficients of heat transfer are given in table 7-2

for zinc alloy classes as defined in 7.2.3(5).

Weight proportion of zinc alloy Effective
Zinc alloy Sum of other tr:r?:fter
class Sn Pb + 10 Bi Ni Al elements -
: coefficient
(without Zn)
Ot eff
1 Sn<0,1% 1,5% <0,1% | <0,1% <0,1% VS?n?QK
2 0,1% <Sn<0,3% 1,5 % <0,1% | <0,1% <0,1% 6009
b - ’ b b b k) W/m K
15000
0, o 0, 0, 0,
3 Sn>0,3% 1,3 % <0,1% | <0,1% <0,1% W/m2K

Table 7-2: Effective coefficients of heat transfer
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7.3.2.3 Pseudo-limit state equation for the reference model

(1)  The pseudo-limit state equation for the reference model in fig. 7-18 reads:

D_C'S'pgn Tv _TBath <0 (7-8)
v 20, 419°C-T,,

or

Cspvgn Tv _TBath <1 (7_9)

20, h  419°C-T,,,

(2) For the example of a plate with h = 0.50 m, s = 0.01 m without residual
stresses and strains, the time histories of stresses during the submerging

process are given in fig. 7-20 for various dipping velocities.

Stre.ss / A Limit state Maxima of tensile stresses
strain | \ .
Iq toct - -
v =15 m/min I ,//

v =10 m/min

v =8 m/min

Fig. 7-20: Time histories of residual stresses for various dipping velocities

(3) Infig. 7-20 the pseudo-limit state is reached for a velocity v = 3.5 m/min.

(4) The conditions for the attainment of the pseudo-limit state are presented in fig.
7-21.
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v=1smmin____ | !
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stress T °C 5 = strain &
[ strain by
engineering model verification model
t, __h2q 1 <1 k'ti_ _h2q 1 <1
ty C-s-pv In T, =Toatn ‘ty °Cspv |n7TV_Tba”’ -
419°-T, 419°-T,

Fig. 7-21: Conditions for the attainment of the pseudo-limit state

7.3.2.4 Adaption factor k.

(1)

(2)

3)

To adapt the limit state equation (7-9) derived for the reference model to
realistic limit state conditions, the definition of t.; is modified, see fig. 7-21:

t t
o 7-10
> (7-10)

C

real __
tat -

where k. is the adaption factor.
The factor k. is composed of

kc= kdetalil ’ kweld ' ksurface ’ kcoldform ’ kpreheat

where

Kdetail represents the structural detailing

Kweld represents the weld thickness

Ksurface represents the surface roughness

Kcoldform represents the effects of prestraining by cold forming

Kpreheat represents the effects of T, in addition to its effect in the limit

state formula.

The factor kqetail has the most important effect. Fig. 7-22 demonstrates how the

time interval for reaching the realistic limit state case a) in fig. 7-17 is
correlated to the pseudo-limit state in fig. 7-21.
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(4)

®)

time t

I\
\\
\\\.

l SR,LME SR,RT
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, Reduction in
liquid zinc alloy

t. (419°C)

SZ.

) stationary o instationary h
portion of = portion of =

strain ¢
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450 C|——— —— —
419°C------"-==

T

3

Fig. 7-22: Determination of t** and t, to determine k.

at

According to fig. 7-22, the determination of k; needs to calculate the equivalent
plastic strain requirements e of structural components with different details
and process conditions.

In fig. 7-23, examples for equivalent plastic strain requirements ¢. are given
for

% = 0.25 m/min
(of} = 15,000 W/m?
Ty = 50 °C

TBath = 450 °C
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Fig. 7-23: Examples of equivalent plastic strain requirements for various
details.

(6) The associated equivalent plastic strain resistances for the various zinc alloy
classes are given in table 7-3.
Weight proportion of zinc alloy Plastic
Zinc alloy Sum of other strain
class Sn Pb + 10 Bi Ni Al elements resistance
(without Zn) €R ref
1 Sn<0,1% 1,5 % <0,1% | <0,1% <0,1% 12%
2 0,1% < Sn<0,3% 1,5 % <0,1% | <0,1% <0,1% 6%
3 Sn>0,3% 1,3% <0,1% | <0,1% <0,1% 2%
*) Pre-condition: salt content of flux > 450 g/l and iron content in flux < 10g/I
Table 7-3: Equivalent plastic strain resistances
(7) A comparison of fig. 7-23 with table 7-3 shows that for zinc alloy class 3, many
details frequently used in practice should not be used for zinc coating.
7.3.24 Conclusions for limit state assessment for case a)
(1)  The limit state verification for case a) is based on the formula

kK

h-2a,

1

C

where

.C-S-p-v

/n
419° - Tgn

Tv - TBath

<1

kc = kdetail ' kWeld ' ksur‘face ' kcoldform ’ kpreheat-
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This formula is applicable to the following parameters:

1. o, -values according to the zinc alloy classes in table 7-2
2. kqetai-Classes according to table 7-4

class of structural

detail € Detail

kkonst

Profiles without attachment parts, constant
section, no constructive notches

All rolled sections: |, IPE, HEA, HEB. HEM
Welded sections taking into account the
thickness ratio
tmax / tmin < 2;0
Profiles with attachment parts, constant section,
constructive notches in terms of attachments
taking into account the thickness ratio
tmax / tmin < 2;0

I <2%

1,0

Profiles with attachment parts, constant section,
constructive notches in terms of attachments
taking into account the thickness ratio
Il <6% tmax / tmin > 2,0
drillings
nodes of lattice girders
hollow sections with connection plates

2,0

Il <129 Profiles with constructive notches
=en at the free end of a beam

5,0

Table 7-4: Classification of structural details and kgetsi-values

3. Other ki-values may be taken form table 7-5.
Adjustment coefficient k
a<s5mm 1,00
Weld thickness 5mm<a<12mm 1,25
12mm<a 1,50
Surface roughness .
according to EN I1ISO Q%:T}L'tﬁi\é?lﬁs 1(2)8
9013, table 5 y !
epl < 1% ,00
Cold forming 1% < gp < 5% 1,10
5% < g5 < 20% 1,25
Preheating effects on Ty <50 °C 1,00
yield strenght 50 °C < <200 °C 1,10 -T, /400

Table 7-5: Classification of weld, surface, cold forming- & preheating effects.
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7.3.3 Assessment for the limit state case b)
7.3.31 General

(1) Case b) of limit states according to fig. 7-17 leads to the critical time ts, when
the degradation of strain resistance in the zinc bath has attained the residual
strain requirement, see fig. 7-24.

t, Icf\
=~ 1 __

8R,LNE 8R,RT
—

Reduction in
liquid zinc alloy

time t

—
P

A
450 C0—————  — — — — —— —_

toct (41 9°C)
SN2
1
1
& |
s ee(T)
2 1
5 L. (0
1
>
Q. I3) .
H————— i .
g ) - stationary \ ) strain s
. h portion of &, |nstz_>1t|onary
¥ portion of s

Fig. 7-24: Determination of ts for the limit state case b)
(2)  The verification is carried out in terms of equivalent plastic strains

€gs < ERs (7-12)
7.3.3.2 Equivalent plastic strain requirements ¢

(1)  The main cause of equivalent plastic strain requirements ¢ is fabrication, e.g.
by rolling, cold forming and welding and the liquid zinc bath.

(2)  The values of these equivalent plastic strains are correlated with the thickness
s of steel products and give a function for g, depending on plate thickness s

and the process time of the steel material in the liquid zinc bath as indicated in
fig. 7-25.
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>
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Fig. 7-25: Relationship between ¢, and s and dipping time ts.
7.3.3.3 Equivalent plastic strain resistance ¢,

(1)  For the decrease of equivalent plastic strain resistance with the time, the
function given in fig. 7-26 can be used.

AS*RS strain resistance

*
e R,ref

.

time t,
>

Fig. 7-26: Decrease of strain resistance of steel in the zinc bath

(2)  The parameters have been determined from deformation-controlled LNT-tests,
where the strain ¢ is proportional to the load-line displacement 9, see fig. 7-27

using different strain rates & =Z—f.

240



3)

(4)

Fooig F

‘—ﬂf—’ Generally: ¢ ~ 6

Deformation control: t~<c ~ 3

Fig. 7-27: Relation of time, load-line deformation and strain at notch tip for
deformation controlled LNT-tests

Fig. 7-28 shows a matrix with variation of the composition of the zinc-alloy on
the vertical axis and the applied strain rate ¢ on the horizontal axis.
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Fig. 7-28: Dependence of the LNT-test results on the zinc alloy and the strain
rate

From test results it can be seen that, while holding the composition of the zinc
alloy constant, a decrease of the strain rate from test to test leads to lower
strain resistances. For constant strain rates the strain resistance decreases
with increasing content of low melting alloying elements (e.qg. tin).

Some results of the variation of the composition of the zinc-melt for ¢ = const

and of the variation of the strain rate ¢ in case of constant composition of the
zinc-melt are given in fig. 7-29.
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Fig. 7-29: Decrease of strain resistance of steel in the zinc bath

(5)  The function in fig. 7-26 is based on the following assumptions:

1.

The reference value e, ¢is the value, determined with the LNT-test
according to section 7.2 with the typical strain rate

¢=5-10"" F} (7-13)
S

To transfer the results of the LNT-test to the case ézo[l} a
S

relationship between the integral

o [Jge—(t) dt} (7-14)
gRs,ref
where &g ¢ iS

gf*?s,ref =60- ER ref (7'1 5)

and the strain rate ¢ according to fig. 7-30, which has been determined
from evaluations of tests, see fig. 7-6 and fig. 7-7, is used
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strain rate £ [1/s]

>

Fig. 7-30: Correlation related to ¢

From fig. 7-30 the pairs of values

/n

/n

_J & (1) "
L gRs,ref
and_ i
jenst) g

L ‘9Rs,ref

=25and é§=5-10"*

=50and £=0

can be determined.

From (7-16) follows

And from fig. 7-27 with assumption of a linear function follows

R(ts)

0

gR,ref

elt) g <05 %)

*

s
gR,ref

so that in conclusion the dipping time t; reads:

& 5.¢
t, =2-148. R |s|= =R |min
eR<ts)H eR(ts)[ ]
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7.3.3.4 Limit state assessment for case b)

(1)

In the ultimate limit state of cracking the requirement &g according to fig. 7-25
and the resistance er(ts) according to equation (7-19) are equal, and the
critical dipping time ts for various zinc alloy classes and equivalent plastic
strains can be determined, as given in fig. 7-31.

Zi I
Strain inc class
requirement 1 2 3
€ES
erref = 12 % ERyref = 6 % ERyref = 2 %

0,5% 120 min. 60 min. 20 min.
1,0 % 60 min. 30 min. 10 min.
1,5 % 40 min. 20 min. 6,7 min.
2,0 % 30 min. 15 min. 5 min.

Fig. 7-31: Critical dipping time ts for various zinc alloy classes and strain
requirements (erer = £*/60)

It is evident from fig. 7-31 that for zinc alloy class 1 all time values for dipping
are within safe limits, whereas zinc alloy classes 2 and 3 require restrictions of
dipping time and hence of plate thicknesses.

Conclusions for standardisation

The limit state procedure to avoid cracking from liquid metal embrittlement
requires cooperation between the designer and the zinc coating expert, as
both structural detailing and the zinc coating-process influence the limit state.

The flow chart giving the influence of structural detailing and of the zinc
coating process is given in fig. 7-32.
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3)

7.4

(1)

(2)

Structural assessment to avoid cracking during galvanizing

Structural detail

Maximum plate thickness

Zinc class 1

Requirement class k,

Standard cases Zinc class 2

Requirement class k,

Zinc class 3

Weld thickness kg

Preheating temperature T,

Parameters different

Surface roughness kg,

from the standard cases Process parameters Dipping speed v

‘ Requirement class kj,

[ i e E R F— I

Cold forming k,,

Holding time t;

Verification

Dipping process Holding time
t h-2¢ 1 .
ky-==k,- . <1 t.(min)- ¢
¢ t“, ° C-s-p-v n Tv_Tbath %51,0
419° =T, Rref

LNT- Test
at(T!t)! 8R,ref(t)

Fig. 7-32: Flow chart for the structural assessment to avoid cracking from
liquid metal embrittlement

As the assessment procedure so far cannot be controlled in view of its actual
reliability, structural members after zinc coating should be checked anyway in
view of cracks.

Testing of structural elements that are zinc coated for cracks

Non Destructive Testing should be performed with the MT-procedure, taking
into account:

1. The reduced sensitivity for coating thicknesses t, = 50 um (see EN
1290, Annex 1)

2. The reduced accessibility at the corners of web, flange and plates.
Therefore, the procedure should be modified with regard to the magnetic

specific flow and magnetic field potential, the testing system and the powder
suspension.
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