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Summary

This report aims to present a guideline for; fatigue analysis of welded structures using nominal
and structural hot spot stress methods according to International Institute of Welding (11W)
recommendations. The guideline also gives recommendations on fatigue assessment of cut
edges for strip steel, structural steels according new recommendations for assessment presented
by SSAB (Swedish Steel Ltd). Moreover, the guideline covers a section about static and ductile
design of welded joints using different applicable standards, Eurocode 3 and BSKO7. The
different sections are described with detailed background and theory and later exemplified with
different calculation examples.
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1. INTRODUCTION

1.1. Fatigue of welded structures

It is a well-known fact that material that is subjected to a fluctuating load may fail even though
the magnitude of the load is such that the stresses produced are well below the yield strength.
The fatigue life of a structure can be divided into three phases: initiation, propagation and final
failure. The fatigue strength of welded structures is mainly reduced due to; local and global
stress concentrations, welding residual stresses and weld defects and flaws. The local stress
concentration in combination with defects will result in early crack initiation and the weld
fatigue will be dominated by crack growth. The material strength in this case will only affect
the crack initiation. The existence of welding residual stresses will influence the fatigue life, in
many cases reducing it. Figure 1a illustrate the reduction of the fatigue strength for welded
structures in comparison with base material due to; i) weld shape and joint geometry ii) stress
concentration due to weld imperfections iii) high tensile residual stresses.
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Figure 1a. Fatigue strength for base material, perforated base material and welded structure.

Figure 1b shows the different phases of the fatigue life and relevant factors that are assessed to
estimate the fatigue life at the different phases. The fatigue phenomenon and the progressive
damage due to the cyclic loading are governed by local quantities (defects, flaws, stress
concentrations, etc...) and to develop proper design methods will estimate the fatigue life they
also need to be based on local approaches.
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Figure 1b. Different phases in the fatigue life process.

Today there are mainly four methods to predict fatigue on welded components and they are
defined in 1IW Fatigue Design Recommendations, see Hobbacher [1]:
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e Nominal stress approach

e Structural/Geometrical “hot-spot” stress approach

e Effective notch stress approach

e Linear elastic fracture mechanical crack growth approach

Fatigue resistance of complex welded components based on stress analysis performed with FEA
can be assessed in many ways with varying degrees of time consumption and accuracy. A large
model will increase both the model preparation and the computational time. Large and complex
FEA models may include several critical locations and complex boundary conditions, see
example in Figure 2a where the stress value is continually changing. Nominal stress values are
in this case difficult or impossible to define. Even if a nominal stress can be defined, one must
select from a catalogue of details, the geometry most closely resembling the actual welded
detail. In many cases the actual weld has little similarity to one of the geometries shown in the
standard. A schematic overview over complexity and work effort for different design methods
are presented in Figure 2b.
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Figure 2a. Stresses in a construction machinery Figure 2b. Schematic overview pf accuracy, complexity
frame, near the attachment of the axle housing, red and work effort associated with the different fatigue
color corresponds to high and blue to low stresses. assessment methods for welded structures.



1.2. Fatigue of cut edges

In fatigue loaded applications it is important that the introduction of high strength steels goes
hand in hand with the improvement of production quality. Since defects are commonly induced
from the manufacturing processes such as welding and cutting, these will eventually delimit the
service life of the structure if steels with increased strength are used. Post weld treatment
methods or improved welding processes can be utilized to improve the weld quality end thereby
enable design benefits when using high strength steels. However, when using high strength steel
to reduce the plate thickness and thereby enable lightweight design, the overall stress levels in
the structure increases. Thus, other locations such as the cut edges may become critical for
fatigue failure unless they are not designed and manufactured with the same quality as the
welded joint. The main governing factors of the fatigue strength in cut edges are the surface
quality (surface roughness, hardness etc.), yield and ultimate strength of the material and
residual stresses induced during the manufacturing, which must be taken into consideration in
the fatigue design phase [2, 3].

From a design point of view, it is very convenient to utilize the quality level system on the
drawing to communicate the necessary quality of a component feature, not only for the weld
quality but also the cut edge quality. This is essential if to enable lightweight design of fatigue
loaded welded structures, were the specified quality on the drawing reflects the fatigue strength.
The international standard 1ISO 9013:2002 [4] provide quality acceptance limits of the surface
roughness produced using thermal cutting, and classify the geometrical tolerances into four
different ranges, where range 1 is the highest (smoothest surface) quality and range 4 is the
lowest quality. Each quality range is defined as the maximum allowed surface roughness R; as
a function of the plate thickness.

Stenberg et al [2] conducted a study of whether the quality acceptance limits for surface
roughness within 1SO 9013:2002 [4] correlates to the fatigue strength of cut edges in plate
thickness >12mm. Fatigue testing was conducted on material with different strength which were
cut using various cutting processes. Surface roughness and residual stress measurements were
also conducted. The fatigue strength was estimated by correlating the measured surface
roughness with the quality acceptance limits within 1SO9013:2002 along with the fatigue
strength model developed by Sperle [3], see figure 3a. The testing proved a 15-70% increase of
the fatigue strength compared to the estimation, see figure 3b. This proves a weak link to
between the quality levels within ISO 9013:2002 and the resulting fatigue strength of cut edges.
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Figure 3a. Surface roughness measurement on cut edges.
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Figure 3b. atigue strength and limit lines using fatigue strength model
developed by Sperle [3] and surface roughness acceptance limits in 1ISO
9013:2002.

2. STATIC JOINT DESIGN

2.1. Basic design

The design methods taken from EN 1993 assume that the standard of construction is as specified
in the execution standards set designer and that the construction materials and products used
are those specified in EN 1993 or in the relevant material and product specifications.

All joints shall have a design resistance such that the structure can satisfy all the basic design
requirements provided by the designer according to specific codes, including in EN 1993 parts
1-1, 1-8 [5].

Local yielding can be accepted in areas with stress concentrations when designing against static
loads, where two requirements must be assessed:



1) Based on the total cross-sectional area (Agr) (with no deductions for holes), the capacity
is appraised with the design strength value

fyk
fyd B Ymo

2) Based on the net area (Anet) (with deduction for holes in the cross-sectional area), the
load capacity is appraised with the design strength value:

0.9 * fuk
Ym2

fua =

The lower of these two values should be used when determining the capacity of the cross-
section.

fyx = characteristic yield limit

fuk = characteristic ultimate strength
fyq = design yield limit

fus = design ultimate strength

ymo and ym2 are partial coefficients and according to Eurocode 3, the partial coefficients can be
chosen as follows:

ymo = 1.0 (for cross sections where the load carrying capacity is limited by the yield strength of
the material)

ym1 = 1.0 (for cross sections where the load carrying capacity is limited by the instability of the
structure)

ym2 = 1.25 (for cross sections in pure tension or when assessing joints)

When analyzing welded (and bolted joints it is sufficient to calculate the capacity of the joint
based on fug. Fully formed plastic hinges can be accepted for joints under static load, but in this
case the deformations of the structure should also be checked so that these do not become
unacceptably large.

In case of joints subjected to fatigue which are assessed against maximum (static) loads, the
analyses should follow the theory of elasticity, even if the load capacity is based on the ultimate
strength of the material. If several stresses act simultaneously, von Mises criterion should be
used for the assessment.

2.2. General

EN 1993 parts 1-1, 1-8 is valid for weldable structural steels according to EN 1993-1-1 with a
yield strength is between 235 — 460 MPa. For materials with higher yield strength, S500 — S700
MPa EN 1993-1-12 gives recommendations on compensation of the strength with correlation
factor Pw. The rules are valid for material with thickness >4 mm and for butt welds, fillet welds



and plug welds. The filler material should at least have the same strength properties (yield) as
the base material according to EN 1993-1-8, but undermatching filler material is allowed for
S500-S700 MPa.

2.3. Butt welds

For full penetration butt welds, where welding has been carried out with filler material which
gives a welded joint with at least the same strength as for the base material, then the weld
resistance equal the resistance for the weakest part of the joined connection. That is, a butt weld
with complete penetration can be assumed to be of equal strength to the lowest steel grade in
the welded joint if the weld was produced using overmatching filler material. Figure 4 gives

some examples of full penetrated butt welds.
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Figure 4. Full penetrated butt welds.

Partially penetrated butt welds are designed and analyzed as fillet welds. Even if the weld is
centric in the plate, the weld is eccentric loaded. The welds designing cross section is affected
by normal force and moment, see figure 5. If the plates are controlled or brought into force by
a rigid structure the weld can be considered centrically loaded.
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Figure 5. Partial penetrated butt welds.

The design resistance of a T-butt joint, consisting of a pair of partial penetration butt welds
reinforced by superimposed fillet welds, may be determined as for a full penetration butt weld
if the total nominal throat thickness, exclusive of the un-welded gap, is not less than the
thickness t of the part forming the stem of the tee joint, provided that the un-welded gap is not
more than (t / 5) or 3 mm, whichever is less, see figure 6.
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Figure 6. Effective penetration for T-butt welds.

The design resistance of a T-butt joint which does not meet the requirements should be
determined using the method for a fillet weld or a deep penetration fillet weld, depending on
the amount of penetration. The throat thickness should be determined in conformity with the
provisions for both fillet welds and partial penetration butt welds.

2.4. Fillet welds

The rules for fillet welds are valid if the angle between the welded plates is 60° < a < 120°. If
the angle is < 60° then the fillet weld should be designed as partial penetrated butt weld. If the
angle is > 120°, then the fillet weld should also be designed as partial penetrated butt weld, see
figure 7.

Figure 7. Angles for fillet welds.

The throat thickness should be > 3 mm. The effective length of the weld, lefr, is the effective
length where the weld has full and even dimension. If the welding procedure assure full
dimension also at start and stop; less then equals the full weld length. Otherwise less = full weld
length — 2*throat thickness. Figure 8 illustrate how the throat thickness is defined for fillet
welds and deep penetration.
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Figure 8. Throat thickness for fillet welds.

One has to determine the smallest effective weld length for load carrying fillet welds which is
sufficient. The effective weld length lef should be at least 30 mm and at least 6 times the throat

thickness;

e For throat thickness < 5 mm: lefr at least 30 mm
e For throat thickness > 5 mm: les at least 6*throat thickness

2.5. Design resistance

The design resistance of a fillet weld should be determined using:
e Directional method
e Simplified method

Directional method

In directional method, the forces transmitted by a unit length of weld are resolved into
components parallel and transverse to the longitudinal axis of the weld and normal and
transverse to the plane of its throat.

The design throat area Aw should be taken as Aw =X a*lest.

The location of the design throat area should be assumed to be concentrated in the root. A
uniform distribution of stress is assumed on the throat section of the weld, leading to the normal
stresses and shear stresses (figure 9), as follows:

ol - IS the normal stress perpendicular to the throat

oy - is the normal stress parallel to the axis of the weld

1 - is the shear stress (in the plane of the throat) perpendicular to the axis of the weld

) - is the shear stress (in the plane of the throat) parallel to the axis of the weld
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Figure 9. Stress components in a fillet weld.

The components o1, T+ and tj are due to external forces the weld will transfer and should
considered in the design. Residual stresses are not considered. The component o} do not transfer
any load and should not be considered. The stress components due to the force transmitted
through the weld is calculated and assembled into a effective comparison stress. The effective
stress should not exceed the design value of the welded joints strength.

S 2 4 .2
gj = J% +3(z% +7f)
Two design criteria’s must be fulfilled in the calculation cross section:

1. The effective stress should maximum be the design value for the welded joints strength

\/af +3(t2+13) < ﬁwﬁ;m

Where the right-hand side is the weld joint strength. The filler material strength is at
least the base material strength.

2. The normal stress perpendicular to the design cross section should maximum be the
design value for the base material strength

0.9
o, < fu
Ym2

fu is the nominal ultimate tensile strength of the weaker part joined. Bw is the appropriate
correlation factor taken from table 1.

Welds between parts with different material strength grades should be designed using the
properies of the material with the lower strength grade. For undermatching filler material for
S500-S700, the filler materia strength is used.
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Table 1. Correlation factor Bw for fillet welds.

Standard and steel grade Correlation
EN 10025 EN 10210 EN 10218 factor B
5235
S235H S235H 08
S235W
5275 S275H
S275H
5275 NINL S 275 NH/NLH 085
S 275 NH/NLH
S 275 MIML S 275 MH/MLH
S 355
$355H
5355 NINL 5355 H
S 355 NH/NLH 09
S 355 MIML S 355 NH/NLH
S 355 MH/MLH
S 355 W
5 420 NINL
S 420 MH/MLH 1.0
5420 MIML
5 460 NINL
S 460 NH/NLH
S 420 MIML S 460 NH/NLH 10
S 460 MH/MLH
S 420 Q/QUQL1

The stresses 6. and 71 can be determined according to figure 10.

Effective weld length =l
.],'-‘

D~ F

Oy ==
W 2algsr

Figure 10. definition of stresses o1 and ..

If the fillet weld is symmetrical, then

— F -
o, = 2al,,; sina
F
T, = 2aleff cosa
If the welds are also isosceles, a = 45°, and thus
F

o, =7, = —m—mm8m88—
+ + Zﬁ*a*leff
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Simplified method

In the simplified method, the design resistance of a fillet weld may be assumed to be adequate
if, at every point along its length, the resultant of all the forces per unit length transmitted by
the weld satisfy the following criterion;

FW,Ed < FW,Rd
Where:
Fw.ed IS the design value of the weld force per unit length;
Fw,rd is the design weld resistance per unit length.

Independent of the orientation of the weld throat plane to the applied force, the design resistance
per unit length Fw,ra should be determined from:

Fwrd = fuw.d*a

where:
fuw.d is the design shear strength of the weld. The design shear strength fuw.q of the weld should
be determined from:

fu fu
— = 0.6 —
V3 By * Vi Bw * Yumz2

The weld joint strength is lowest in pure shear stress. To be on the safe side this strength value
could be used independent of the load direction in the design cross section

Fillet welds — some special cases

The design value for the welded joint strength is described earlier as

fu
BwYm2

However, when the load is only in the welds longitudinal direction (only t), then the welded
joints load capacity becomes

fu
s BwYm2

If the loads are only perpendicular to the welds length direction and in 45° angle to the design
cross section, then the welded joints load capacity becomes

_fu
err BwYm2

0.6 xa =l

0.7xa =1

13



2.6. Examples — static joint design

Example 1

A plate 10x120 mm is attached to a HEA column. The centric tensile load is N = 260 kN. The
plate is welded with a fillet weld around with throat thickness of 4 mm. The material in the
column and the plate is S275, f, = 430 MPa. The correlation factor for the welded join strength
Bw =0.85 (EN 1993-1-8). Can the welded connection sustain this load?

N Vv
A A

e —— 60° /N

Steel plate

| weld around A—-A

Solution:

The weld at both sides of the weld is included and the plate is welded all around. The effective
weld length, lefr, becomes

l 2 b 2 120 2% 138.5 =277 S
=24 ——=2x =2 % 5=
eff sin(60) sin(60) mm

b
The loads vertical component, Ny, results in shear stress 1| _b _
sin(60)
N, = N * cos(60) = 260 * cos(60) = 130 kN
Nn
N, 130 * 103 N
T”:a*leffz 4277 =117 MPa v N

The loads horizontal component N results in the stress components oL and T+

N, = N *sin(60) = 260 = sin(60) = 225 kN

FOF
Ny, 225 * 103 ,\_; FUF

oL = To= = = 144 MPa 1
V2xaxlyr V2x4x277

14



. S 0.9%

Design criteria 0j < S ond o, < Ju
Bw*Ym2 Ym2

: . fu 430

Design values for the weld joint strength = = 422 MPa
Bw*YMm2 0.85%1.2

. . 0.9 0.9¥430

Design value for the base material strength » Ju — ;2 = 322 MPa
M2 .

g = \/0”2 +3(tf +1f) = 1442 + 3+ (1442 + 1172) = 352 MPa =

0; = 352 MPa < 422 MPa OK!
0. =144 MPa < 322 MPa OK!
Both criteria’s are fulfilled. The weld strength is sufficient!

The load 260 kN gives the stress 352 MPa, the weld joint strength is 422 MPa

% * 260 = 312 kN = the weld strength calculated with the directional method

If we calculate the strength with the simplified method

Ju 430
V3 V3
l =4 %277 —————=270kN
A tefr g o T A 085 % 1.2
% = 1.15 Inthis case the directional method gives a strength 15 % higher than the simplified
method
Example 2

Overlap joint, plate with centric tensile load N. Fillet welds with throat thickness 4 mm along
three edges. Material S275 (fu = 430 MPa, Bw = 0.85), effective weld length less = 100 mm, besr

=120 mm.

If the joint has enough deformation capability the resistance can be set equal to the sum of the

individual weld resistance. Condition: 0.5<1/b <2

Determine the joints total load resistance.
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Solution:

The weld joint strength resistance: fu 230 =422 MPa
Bw*Ymz  0.85%1.2

Strength for the different welds:
Longitudinal welds 0.6 xaxlyrr*422 = 0.6 %4100+ 422 = 101 kN
Transversal weld 0.7*a*bgpr* 422 = 0.7 % 4 x 120 * 422 = 142 kN

The joint total resistance 2 * 101 + 142 = 344 kN

Example 3

Two flat steel bars 10x50 mm are welded onto a thicker sheet. They are subjected to static load
with a tensile force F = 250 kN. Determine the required minimum length L and the throat a.
Material S355J0 (fux = 490 MPa), overmatching electrodes are used. The following partial
coefficients are assumed:

Material properties ymo=10  ym2=1.25
Load factor vr=11
Consequence of failure =12
L
F ° F
— PL 20 2xPL10 A _—

F [ ¥ ] —> F/2

a
ﬁ%\
|

| | ——> F2

Solution:
The maximum throat thickness for the fillet weld is amax=10/Y2 = 7 mm

The joint has a total of 4 welds, the design throatareais Ay, = Y axlorp =4 * axlypyf

F||k*¥YF*Yn

and the shear stress parallel to the weld is therefore 7, = -

16



The strength requirement is /3 x 7,4 < Loruk
Bw*YM2

Where Bw = 0.9 and fwuk = fux for overmatching electrodes. With the values inserted;

V3 TI*YE*Vn o fwu
AW .Bw *VMZ
furx * Ay _ 490 % 28 * lopp
B * Varz V3 % Vp %y 0.9%1.25%v/3 % 1.1 % 1.2

Fip < = 5334 * Lff

Fy. 250000
o fe _
¢/l = 5334 5334

l =47 mm

The length is to close to the requirement lest > 6*a = 42 mm. Instead select a = 5 mm which
gives an effective length of lesr = 47*7/5 = 66 mm. The weld length L should be at least 80 mm

(66 mm + start and stop (2*5 mm) + rounding to the nearest higher even 5 mm. The weld throat
need to be 5 mm with weld class C, EN-ISO 5817.
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Example 4

What force can the welded joint transfer if it is a weld class C joint produced with overmatching
electrodes? Material S460QL (fuk = 550 MPa, fyx = 460 MPa). The following partial coefficients
are assumed:

Material properties ymo=10  ym2=1.25
Load factor vr=11
Consequence of failure =12
70
F o F
— PL 20 2xPL10 A —_—
F N—7 | ——> F/2
— L
1 ] ——> F/2
Solution

Interacting longitudinal and transverse welds can be calculated in accordance with plasticity
theory if they are subjected only to static loads and if the requirements below are fulfilled. The
condition for failure analysis

A1_7 Ay )

3 < a < 15 mm

10 < 1/a < 100

. 22

2
" - P/2
-» P/2

The stresses can be considered even distributed over the calculation cross section if; | > 10*a, |
< 100*a (in static loading), | < 60*a (in fatigue loading), a >3 mm and a < 15 mm.

The load carrying capacity of the longitudinal welds

There is totally four longitudinal welds. Their effective length is lett = 70 — 5= 65 mm (reduction
for the start, free ends, but not stop where the longitudinal and transverse welds meet)

18



The following equation should apply

\/af +3(t2+13) < ﬁ]j;”;z:z

Withor=1t1=0, 1=F*yrF*yn/a*ler and fwuk = fuk (overmatching electrodes)

F
V3 s ||k*VF*VnS fuk
a*leff .BW*VMZ

- _ 5%65%550 _
Bw= 1.0 for S460 and Fix = Biiiizionzs = 62.5 kN

The force capacity in one longitudinal weld is Fj;, = 62.5 kN

The load carrying capacity of the transverse welds

There are two transverse welds. Their effective length is lesrf = 50 mm, so no start/stop is
considered.

\/af + 3(Tf + T||2) < '8]::/;;2

. 1 F.
Witht=0and 0. = 7. = — x —XYEM then
\/E a*leff

\/E* Ir#k"‘VF*VnS fuk
a*leff Bw * Ym2

or |f fwuk = fuk and BW =1.0

P 5% 50 % 550 — 589 kN
KT V2%11%12%1.0%1.25

The force capacity in one transverse weld is F1x = 58.9 kN
As there are 4 longitudinal and 2 transverse welds, the total load carrying capacity is:
Fiotk = 4*F)x + 2* Fux = 4*62.5 + 2*58.9 =368 kN

Assessment of the two sheets PL10x50,

Designing strength fya = ]’:L" = % = 460 MPa
Mo .
foq = 2wk 09550 _ 395 MPa  which is lower thatn fyg
YM2 1.25

19



The force capacity of the sheets is

fua *Apr 396 %2 %50 % 10

= 300kN
YF * Vn 1.1+1.2

The welds are able to withstand a force of 368 kN, but the two sheets PL50x10 can only
transfer the force 300 kN

20



3. FATIGUE ASSESSMENT OF WELDED STRUCTURES

Fatigue assessment and the utilization of reliable and accurate design methods is challenging
for the design analysist in two ways. The fatigue damage mechanisms itself is a local
phenomenon, which require a very dense finite element mesh. However, welded structures are
in general large geometrically complex components with varying loading and complex
boundary conditions, which may be difficult to define accurately. Such demands are satisfied
using large and complex finite element models, which in turn makes the fatigue assessment
process very time consuming.

The 1IW recommendations for fatigue assessment of welded structures [1] provides a
comprehensive description of the common fatigue assessment methods for welded structures:

e Nominal stress approach

e Structural “hot spot” stress approach

o Effective notch stress approach

e Linear elastic fracture mechanics approach (LEFM)

The fatigue assessment of both simple and complex welded structures using finite element
analysis can be assessed using the above-mentioned methods. These methods vary in accuracy
and time consumption depending on the required accuracy, which is illustrated in figure 12. A
large and complex model will increase the total assessment time in terms of preparation, solving
and post processing.

Accuracy

Complexity . e

Figure 12. Schematic overview of the accuracy, complexity and work effort associated with the
different fatigue assessment methods, reproduction of [6].
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3.1. Nominal stress method
3.1.1. Definition of stress components

The stress distribution over the plate thickness is non-linear in the vicinity of notches. The stress
components of the notch stress are (Figure 12):

omem Mmembrane stress,

oben Shell bending stress,

onlp Non-linear stress peak

Notch stress =0, . +Open+0p1

Figure 12. the stress distribution over the plate thickness

, O

If a refined stress analysis method is used, which gives a non-linear stress distribution, the
stress components can be separated by the following method:

e the membrane stress omem IS equal to the average stress calculated through the thickness
of the plate, and it is constant through the thickness,

o the shell bending stress chen IS linearly distributed through the thickness of the plate, and
it is found by drawing a straight line through the point “0” where the membrane stress
intersects the mid-plane of the plate. The gradient of the shell bending stress is chosen
such that the remaining non-linearly distributed component is in equilibrium.

e the non-linear stress peak onip iS the remaining component of the stress.

e The stress components can be separated analytically for a given stress distribution o(x)

for x=0 at surface to x=t at through thickness.

3.1.2. Nominal stress

Nominal stress is the stress calculated in the sectional area under consideration, disregarding
the local stress raising effects of the welded joint, but including the stress raising effects of the
macro-geometric shape of the component near the joint, such as e.g. large cutouts. Overall
elastic behavior is assumed. The nominal stress may vary over the section under consideration.
For example, at a beam-like component, the modified (also local) nominal stress and the
variation over the section can be calculated using simple beam theory. Here, the effect of a
welded on attachment is ignored (Figure 13).

Weld

F }7-‘_ - O’nom
E‘ = ;

Figure 13. Nominal stress in a beam-llke structure.
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The effects of macro-geometric features of the component and stress fields in the vicinity of
concentrated loads must be included in the nominal stress. Both may cause significant
redistribution of the membrane stresses across the section. Significant shell bending stress may
also be generated, as in curling of a flange, or distortion of a box section (Figures. 14, 15a, b).

The secondary bending stress caused by axial or angular misalignment (e.g. as considered to be
acceptable in the fabrication specification) needs to be considered if the misalignment exceeds
the amount which is already covered by the fatigue resistance S-N curve for the structural detail.

Figure 14. Examples of macrogeometric effects. Stress concentrations at a) cut-outs, b) curved
beams, c) wide plates, d) curved flanges, €) concentrated loads, f) eccentricities.

(a) F

&

NN S SN
o

Tl
/

I

Figure 15. a) Modified (local) nominal stress near concentrated loads. b) Modified (local)
nominal stress at hard spots

3.1.3. Calculation of nominal stress

In simple components the nominal stress can be determined using elementary theories of
structural mechanics based on linear-elastic behavior. Nominal stress is the average stress in
the weld throat or in the plate at the weld toe as indicated in the tables of structural details. A
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possible misalignment shall be considered either in analysis or in resistance data (Figure 16a).
The weld throat is determined at (Figure 16b).

Butt welds: Wall thickness of the plates, at dissimilar wall thicknesses, the smaller wall
thickness has to be taken

Fillet welds: The smallest distance from the root or deepest point of penetration to the surface
of the fillet weld bead

The stress ow or tw in Weld throat a for a weld of length | and a force in the weld F becomes

F F
7] aor T, —— =
" YA, a-l,
(a) (b)
v N —a
= — e "" S S /
) . — | = a

Figure 16. a) Axial and angular misalignment. b) Weld throat

In other cases, finite element method (FEM) modelling may be used. This is primarily the case
in

@ complex statically over-determined (hyper static) structures

(b) structural components incorporating macro-geometric discontinuities, for which
no analytical solutions are available

If the finite element method is used, meshing can be simple and coarse. Care must be taken to
ensure that all stress concentration effects from the structural detail of the welded joint are
excluded when calculating the modified (local) nominal stress.

If nominal stresses are calculated for fillet welds by coarse finite element meshes, nodal forces
rather than element stresses should be used in a section through the weld in order to avoid stress
underestimation.

When a nominal stress is intended to be calculated by finite elements, the more precise option
of the structural hot spot stress determination should be considered.

3.1.4. Nominal stress at weld toe

To find the nominal stress in a FE model a plot is created of the stress along a path approaching the
weld. The FE model often has a gradient near the weld that corresponds to the geometric stress. A
simple rule to obtain the nominal stress is to extrapolate the linear part of the stress on the surface
inwards against the weld, see Figure 17. In the example below the nominal stress could easily be
determined but in most cases the reality never looks like in the fatigue codes.
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Computed total stress

Nominal
siress
) Stress on surface

\ Straight line

Plate intersection

Figure 17. Extrapolated nominal stress in welded joint.

3.1.5. Nominal stress at weld root /throat

When the weld is sensitive to fatigue root cracking the analysis should be based on stresses at
weld throat by calculating the weld weld stress onw. The weld stress is based on average stress
components in the weld throat (similar to static design), see figure 18;

f 2 2
Opw =VO1 +T7

the stress oL is the normal stress to the weld throat section, the stress tL is the normal stress to
the weld throat section.

/ w RNY ol weld b F! \ /4{8 :

T ! ~-— | {
Y

| = A |
| =
N V- Y

Butt welds

Fillet weld
Figure 18. weld stress, for assessment of weld root cracking.

For cruciform joints and T-joints the weld stress can be calculated according to the following
equation:

t
Ohw =0n 5

(ont) is the axial force in the plate and (2a) is the weld throat.
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3.1.6. Km modification due to misalignment

Misalignment in axially loaded joints leads to an increase of stress in the welded joint due to
the occurrence of secondary shell bending stresses. The resulting stress is calculated by stress
analysis or by using the formulae for the stress magnification factor km given in Table 2.

Table 2. stress magnification factor due to misalignment.

Type of ky, analysis

Mominal stress

approach

Type of welded joint

kg, already covered in

FAT class

Butt joint made in
shop in flat position

1.15

Other butt joints

1.30

Cruciform joints

1.45

Fillet welds on one
plate surface

1.25

Fillet welds on both
plate surfaces

1.25

3.1.7. Fatigue strength (FAT) — IIW

The fatigue strength is given at 2*10° cycles and is defined as the FAT value for the actual
geometry, see figure 19 as an example. The slope is 3 (5 in shear) before and 22 after 10 cycles.
The FAT value is given at 97.7 % probability of survival. The 1IW design rules, [1], denote the
design curves as FAT71, which means fatigue strength of 71 MPa at 2 million cycles with 97.7 %
probability of survival. Figure 20 shows the collection of S-N curve (FAT) according to 1IW for
nominal stress. The FAT values are given for a R-ratio of 0.5 (R = 0.5) which is at a high mean
stress with an assumption of high tensile residual stresses in the weld.

Appendix A give the complete list of FAT values for all structural details according to 1IW for
nominal stress.

. | Strucmml Detail

Description

(5t = steel; Al. = aluminium)

FAT
St

FAT
Al

Requirements and remarks

412

! L
b '-'_'_'!-ir

Single sided T-joints

Cruciform joint or T-joint, K-butt welds, ful
penctration, potential failure from weld toe

71

s

25

Advisahle to ensure that intermediate plate was
checked against susceptibility to lamellar tearing
Mizalignment < 15 % of primary plate thickness in
cructorm joints

Figure 19. example of FAT for structural details.
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| NetofS-N curves for steelat || | NSO.
constant amplitude loading
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10000 100000 1000000 1E7 1E8 1E9
N cycles

Figure 20. Fatigue resistance S-N curves for steel, normal stress, very high cycles applications

3.1.8. Limitations

The nominal stress method could be used if the stress is well defined, FAT class and loading
are consistent with the fatigue class (structural detail). Also the magnitude of distortion and
eccentricity have to be moderate. The method is mostly applicable to weld toe failure and in
most cases the actual weld has little similarity to the geometries tabulated in the standards and
recommendations. When a nominal stress is intended to be calculated by finite elements, the
more precise option of the structural hot spot stress determination should be considered.

For complex welded structures with many attachments and loading locations the stress value is
continually changing. A nominal stress value is difficult or impossible to define. Even if a
nominal stress can be defined, one must select from a catalogue of details, the geometry most
closely resembling the actual welded detail. In many cases the actual weld has little similarity
to one of the geometries shown in the standard. Experience and engineering judgement must
then be used. Figure 21 illustrate the challenge of finding the nominal stress in a complex
structure and loading and structural detail which resembles the welds analyzed.

\\_static design lim i%

range 100 / FAT 90

N/mm? @ FAT 80
50 FAT 71
FAT 50

30
10 10 2 10 1¢°

Find nomil_)al stress i.n the strucutre/ Endurance, cycles
FE model in connection to the weld

400
300

200

Stress

Find FAT class(fatigue class) which resembles
the welded structure you are analysing

Figure 21. Example illustrating limitation with nominal stress method.

27



3.1.9. Examples — Nominal stress method

Example 1

The following simple example illustrate how the extrapolation of the nominal stress is carried
out along the surface of the plate (weld toe assessment) for a plate with two welded longitudinal
attachments. The stress applied is 80 MPa in the plate and the corresponding structural detail
(521, non-load carrying attachment) gives a FAT 80 (fillet welds, as welded). Figure 22 shows
the structural detail suitable for this example.

521 | Longitudinal fillet welded gusset of length 1. Fillet For gusset on edge: see detail 525
- weld around end Particularly suitable for assessment on the basis of
— S T I <50 mm 80 28 structural hot spot stress approach
:‘Q“ﬁ - __F__,.:;_:;'-’J I < 150 mm 71 25
o T 1 < 300 mm 63 20
1 > 300 mm 50 18

Figure 22. Structural detail 521.

Figure 23 shows the finite element representation of the structural detail analyzed where a
quarter of the geometry is modeled considering the double symmetry of the geometry.

l 7
— /
— 3
g — Syt gran /cd/ /
——T /
T 7

Figure 23. FE model, example 1.

Figure 24a shows the stress extrapolation along the surface of the plate (from weld toe and
outward) which defines the nominal stress in this case for axial loading. Figure 24b shows the
stress along the path if the load would have been in bending and how the extrapolation of the
nominal stress should be carried out.

300 / -_ = 400 +

280 + i ! i E .
- = { Axial force (il £ Bending moment
g 240 4 /l/ < =4
- 220 1 3 ,/ %
@ T 20 ] =
g E 180 1 4
2 2 0 @
@ 120 4 — 2
o ]
= 120 + b
S 100 - e
v 80 A E

T T A »

0D 10 20 30 40 50 &0 70 80 90 100 110 120 130 140 150
Distance from weld toe [mm] Distance from weld toe [mm]
a) b)

Figure 24. nominal stress for example 1.
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Example 2

The following example illustrate the fatigue life assessment of welded component with welded
stiffener attachments to the main plate using the nominal stress method. Figure 25 shows the
component with dimensions and the loading (axial, 80 MPa) and the finite element
representation using shell elements.

200 i AbD FE-model

100 mm ’ romm ~

| clamping } Load

Figure 25. Geometry, dimensions and FE model, example 2.

The component is critical for weld toe cracking in 8 different locations where the stress
concentration is high. However, considering double symmetry, it is only two locations; inner
weld toe and outer weld toe. There is no geometry that identically match this geometry in the
list of structural details. However, structural detail 512 is the closest, figure 26, which gives
FAT values for longitudinal fillet welded guest as function of the length of the gusset plate. The
length in this example is 200 mm which gives a FAT value of 63.

521 = Longitudinal fillet welded gusset of length 1. Fillet For gusset on edge: see detail 525
- weld around end Particularly suitable for assessment on the basis of
1 v 1 <50 mm 80 28 structural hot spot stress approach
s & > |1<150mm 7|25
o TSI I < 300 mm 63 20
1 > 300 mm 50 18

Figure 26. Structural detail 521.

The nominal stress in the outer welds is 80 MPa and does not require an extrapolation since this
is the load applied. However, for the inner welds an extrapolation is required to determine the
nominal stress. This extrapolation is illustrated in figure 27. The nominal stress for the inner
welds is 90 MPa.

190 +
180 1
170
160
150 -
140
130 |
120 +
110 4
100
%0
80

Outer weld toe

Inner weld toe
' Outer weld toe

Surface stress - weld [N/mm?]

0 25 50 75 100 125 150
Distance from plate [mm]

Figure 27. extrapolation to determine the nominal stresses for the inner welds.

Now the fatigue life’s for the different failure locations can be estimated based on the nominal
stresses and the FAT value.



Outer weld:
FAT 63, 6nom = 80 MPa

3 3

63
) = 2%10° % <%) =977 * 103 cycles

FAT
N=2*1O6*(

Gnom

Inner weld:

FAT 63, onom = 90 MPa
3 3

63
) = 2% 10° % (%) = 686 * 103 cycles

FAT
N=2*106*(

Jnom

The failure will occur at the inner weld toe after approximately 700*10° cycles.

Note: The fatigue life estimated here is at a low failure probability of 2.3 %. Furthermore, the
FAT values are given at a R =0.5 which corresponds to high mean stress. These will result in
that the estimation in this example is on the conservative side.

Example 3

The following example, Figure 28, illustrate fatigue life assessment using nominal stress of load
carrying weld in a cruciform joint with leg length of 7 mm and a weld throat thickness of 7 mm.
The joint is sensitive to weld toe and weld root cracking and both should be evaluated. The joint
is loaded with a force resulting in a nominal stress of 120 MPa.

LT

292

292

60 g

90

Figure 28. Example 3, load carrying cruciform joint.
First, the structural details and the corresponding FAT values for weld toe and root cracking

should be determined. Figure 29 shows detail 413 (weld toe crack) and 414 (weld root crack)
which represent this example well.
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413 Cruciform joint or T-joint, fillet welds or partial 63 22 Advisable o ensure that intermediate plate was
penetration K-buit welds, potential failure from checked against susceptibility © lamellar tearing
weld toe Misalignment < 15 % of primary plate thickness in
Single sided T-joints 71 25 cruciform joints

Also to be assessed as 414

414 Cruciform joint or T-joint, fillet welds or partial 36 12 Analysis based on stress in weld throat
penetration K-butt welds including toe ground gy =F/Y (aw - )
joints, potential I = length of weld, a,, = load carrying weld throat.
failure from weld root Also to be assessed as 413
For aft <=1/3 40 14

Figure 29. Structural detail 413 (toe cracking) and 414 (root cracking).

For weld toe cracking FAT 63 is suitable here. In this FAT a misalignment of < 15% is
incorporated in the fatigue resistance. For more accurate assessment (if misalignment is not
present in the analyzed component) a correction of the FAT value (increased) could be made.
For weld root cracking FAT 40 is suitable since a/t = 7/8 = 87% which is <33 %. The analysis
should be based on the stress in the weld throat.

Nominal stress in plate, weld toe: onom =120 MPa

. . t 120%8
Nominal stress in weld throat, weld root: ¢, = Zm= = » = 68 MPa
L)

2*xa
V2

3 3
Fatigue life at weld toe: 2 + 10° « (——) =2+ 10° + (=) = 289 000 cycles

Onom
3 3
Fatigue life at weld root: 2 = 10° * (FGA;T) =2%10° % (g) =407 000 cycles

The failure will occur at the weld toe after approximately 289*102 cycles.

3.2. Structural *“hot spot” stress method

The structural or geometric stress ons at the hot spot includes all stress raising effects of a
structural detail excluding that due to the local weld profile itself. So, the non-linear peak stress
on caused by the local notch, i.e. the weld toe, is excluded from the structural stress. The
structural stress is dependent on the global dimensional and loading parameters of the
component near the joint. Figure 30 illustrates the definition of structural stress according to
HW.

Nonlinear stress peak

Total stress

5 ILAEOL TGS
v Structural stress
S .—T
Le

Figure 30. Definition of structural stress.
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It is determined on the surface at the hot spot of the component which is to be assessed.
Structural hot spot stresses ons are generally defined for plate, shell and tubular structures.
Figure 31 shows examples of structural discontinuities and details together with the
structural stress distribution.

The structural hot spot stress approach is typically used where there is no clearly defined
nominal stress due to complex geometric effects, or where the structural discontinuity is not
comparable to a classified structural detail.

(a

)
)

() ja—f
- |
= \

{ == i

Figure 31. Structural details and structural stress, e.g. at a) end of longitudinal lateral
attachment, b) joint of plates with unequal width, c) end of cover plate, d) end of
longitudinal attachment, e) joint with unequal thickness

The structural hot-spot stress can be determined using reference points by extrapolation to
the weld toe under consideration from stresses at reference points, figure 32.

computed total

1

1
stress /

.

structural stress

reference points

/ / stress on surface

| |
P % . hot spot 2_"

AN
V4

Figure 32. Definition of structural hot-spot stress.

Strictly speaking, the method as defined here is limited to the assessment of the weld toe,
i.e. cases a to d in Figure 33. In the case of a biaxial stress state at the plate surface, it is
recommended that the principal stress which acts approximately in line with the
perpendicular to the weld toe, i.e. within £60° (Figure 34) is used.
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a) b) c) &

= +£Lﬁ —FJL_H T

€) 5 5 9 E g 2) I; 1) E ;
Figure 33. Various locations of crack propagation in welded joints. a-d) with weld toe
cracks, e-h) with weld root cracks.
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Figure 34. Biaxial stresses at weld toe, principle stress within a) and without b) an angle of
60°perpendicular to the weld.

3.2.1. Types of hot spots

Besides the definitions of structural hot spot stress as given above, two types of hot spots are
defined according to their location on the plate and their orientation in respect to the weld toe
as defined in figure 35. Figure 36 shows some examples of hot spot type b.

Description

Structural hot spot stress transverse to
weld toe on plate surface

Structural hot spot stress transverse to
weld toe at plate edge

Figure 36. Examples of hot spots type b.
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3.2.2. Determination of structural hot spot stress

The structural hot spot stress can be determined either by measurement or by calculation. Here
the non-linear peak stress is eliminated by extrapolation of the stress at the surface to the weld
toe. The following considerations focus on surface stress extrapolation procedures of the
surface stress, which are essentially the same for both measurement and calculation. The
procedure is first to establish the reference points and then to determine the structural hot spot
stress by extrapolation to the weld toe from the stresses of those reference points. Depending
on the method, there may be two or three reference points. The reference point closest to the
weld toe must be chosen to avoid any influence of the notch due to the weld itself (which leads
to a non-linear stress peak). This is practically the case at a distance of 0.4 t from the weld toe,
where t is plate thickness. The structural hot spot stress at the weld toe is then obtained by
extrapolation.

3.2.3. Calculation of structural hot spot stress

The extent of the finite element model must be chosen such that constraining boundary effects
of the structural detail analysed are comparable to the actual structure.

Models with either thin plate or shell elements or with solid elements may be used. It should be
noted that on the one hand the arrangement and the type of the elements must allow for steep
stress gradients and for the formation of plate bending, but on the other hand, only the linear
stress distribution in the plate thickness direction needs to be evaluated with respect to the
definition of the structural hot spot stress. The stresses should be determined at the specified
reference points.

A reasonably high level of expertise is required on the part of the FEA analyst. In the following,
only some rough recommendations are given:

In a plate or shell element model (Figure 37), the elements are arranged in the mid-plane of the
structural components. 8-noded elements are recommended particularly in regions of steep
stress gradients. In simplified models, the welds are not modelled, except for cases where the
results are affected by local bending, e. g. due to an offset between plates or due to a small
distance between adjacent welds. Here, the welds may be included by vertical or inclined plate
elements having appropriate stiffness or by introducing constraint equations or rigid links to
couple node displacements. Thin-shell elements naturally provide a linear stress distribution
through the shell thickness, suppressing the notch stress at weld toes. Nevertheless, the
structural hot-spot stress is frequently determined by extrapolation from the reference points
mentioned before, particularly at points showing an additional stress singularity such as
stiffener ends.

Alternatively, particularly for complex cases, prismatic solid elements which have a
displacement function allowing steep stress gradients as well as plate bending with linear stress
distribution in the plate thickness direction may be used. An example is isoparametric 20-node
elements with mid-side nodes at the edges, which allow only one element to be arranged in the
plate thickness direction due to the quadratic displacement function and the linear stress
distribution. By reduced integration, the linear part of the stresses can be directly evaluated at
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the shell surface and extrapolated to the weld toe. Modelling of welds is generally
recommended as shown in Figure 37.

shell elements solid elements
(without welds)

w = attachment width

Figure 37. Typical meshes and stress evaluation paths for a welded detail.

Surface extrapolation methods:

If the structural hot-spot stress is determined by extrapolation, the element lengths are
determined by the reference points selected for stress evaluation. In order to avoid an influence
of the stress singularity, the stress closest to the hot spot is usually evaluated at the first nodal
point. Therefore, the length of the element at the hot spot corresponds to its distance from the
first reference point. If finer meshes are used, the refinement should be introduced in the
thickness direction as well. Coarser meshes are also possible with higher-order elements and
fixed lengths, as explained further below. Figure 38 shows how the stressers at the reference
points should be extracted and evaluated for different types of meshing.

Relatively fine mesh Relatively coarse mesh
as shown or finer fixed element sizes
@ oy ;
&\
i = ‘t 'y
Hot-spot | J
type a)
k4 L L
ost] |
L. 151 ol
(c) (d) =<
Hot-spot
type b)
" ' —
4mm| | X 5mm| |
L 8mm | b 15mm ]

12 mm
- -

Figure 38. Reference points at different types of meshing. Stress type “a” (a, b), type “b” (c, d)
Type “a” hot spots (dependent on plate thickness):

1) Fine mesh element length < 0.4t at hot spot. Nodal stresses at two reference points 0.4
tand 1.0 t, and linear extrapolation
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Ops = 1'670-0.44? - 0.670-1.01-

2) Fine mesh as defined above: Evaluation of nodal stresses at three reference points 0.4 t,
0.9 tand 1.4 t, and quadratic extrapolation. Pronounced non-linear structural stress

O-hS == 2.520-0_4,4_- - 2.24’0-0_91- + 0.720-1_44:

3) Coarse mesh with higher-order elements having lengths equal to plate thickness. Two
reference points 0.5 t and 1.5 t, and linear extrapolation

Ops = 1.5005: — 0.507 5¢

Type “b” hot spots (independent on plate thickness):

The stress distribution is not dependent on plate thickness. Therefore, the reference points are
given at absolute distances from the weld toe, or from the weld end if the weld does not continue
around the end of the attached plate.

1) Fine mesh with element length of not more than 4 mm at the hot spot: Evaluation of
nodal stresses at three reference points 4 mm, 8 mm and 12 mm and quadratic
extrapolation.

Ons = 304 mm — 30 mm + T12mm

2) Coarse mesh with higher-order elements having length of 10 mm at the hot spot:
Evaluation of stresses at the mid-side points of the first two elements and linear
extrapolation

Ons = 1.505 mm — 0.5015 mm

Table 3 below summarizes the meshing and extrapolation procedure.

Table 3. recommended meshing and extrapolation.

Type of model Relatively coarse models Relatively fine models
and weld toe Type a Type b Type a Type b
Element size Shells txt 10 = 10 mm <04txtor <4 x4 mm
max t x w/2" <04 tx
w/2
Solids txt 10 * 10 mm <04txtor <4 x4 mm
max t x w <04tx
w/2
Extra-polation Shells 0.5tand 1.5t 5and 15 mm 0.4 t and 4, 8 and
points mid-side mid-side 1Ot [2 mm
points points nodal nodal points
points
Solids 0.5and 1.5t Sand 15 mm 0.4 t and 4, § and
surface centre surface 1.0t 12 mm
centre nodal nodal points
points

“w = longitudinal attachment thickness +2 weld leg lengths
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3.2.4. Fatigue strength (FAT) — 1IW
The fatigue strength is given at 2*10° cycles and is defined as the FAT value for the actual
geometry. The slope is 3 before and 22 after 10’ cycles. The FAT value is given at 97.7 %
probability of survival. The FAT values are given for a R-ratio of 0.5 (R = 0.5) which is at a high
mean stress with an assumption of high tensile residual stresses in the weld. For structural “hot
spot” stress assessment only two FAT values are applicable; FAT 90 and FAT 100, depending on
weld shape and geometry analyzed. These FAT values are presented in table 4 below.

Table 4. Fatigue resistance against structural “hot spot” stress.

No. | Structural detail Description Requirements FAT |FAT
Steel | Alu
1 STB’;J Butt joint As welded, NDT 100 |40
2 Cruciform or T-joint | K-butt welds, no 100 |40
r Y with full penetration lamellar tearing
’ K-butt welds
3 ' Non load-carrying Transverse non-load 100 |40
. fillet welds carrying attachment,
’ not thicker than main
plate, as welded
4 Bracket ends, ends of |Fillet welds welded 100 |40
¢ longitudinal stiffeners | around or not, as
) welded
5 | Cover plate ends and | As welded 100 |40
- ] ™ | similar joints
e e
B 4
6 M Cruciform Fillet welds, as welded |90 36
L joints with
D load-carrying fillet
welds
7 i Lap joint with load Fillet welds, as welded |90 36
carrying fillt welds
e
8 L < 100mm Type “b™ joint with Fillet or full 100 |40
E short attachment penetration
. weld, as welded
9 L > 190 mm Type “b™ joint with Fillet or full 90 36
long attachment penetration
.._.. weld, as welded
3.2.5. Limitations

The method is only applicable to weld toe failure, no weld root failures can be assessed with
method as presented here. The method is typically used where there is no clearly defined
nominal stress due to complex geometric effects, or where the structural discontinuity is not
comparable to a classified structural detail.
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3.2.6. Examples - Structural “hot spot” stress method

Example 1
The following example illustrate how the structural hot spot stress can be used for evaluation

on a simple fillet weld in longitudinal attachment. The geometry has been analyzed with
nominal stress method and the results will be compared here. Figure 39 shows the geometry
and the corresponding FE model.

o
i e FE-model R
| St £l

Attachment length = 200 mm NG :
Thickness = 10 mm Pl
Figure 39. FE model, example 1.

The FAT value in the nominal stress method is dependent on the attachment length, which in
this particular case is FAT 63. In the structural hot spot stress method, the corresponding FAT
value is FAT 100. Figure 40 shows the FAT values and structural detail categories for nominal
stress method, No. 521, and structural hot spot stress method, No. 4.

521 Longitudinal fillet welded gusset at
length 1

1= 50 mm 80
. 1= 150 mm 71
= = 1300 mm 63
= 1300 mm 30
| D Bracket ends, ends of | Fillet welds welded 100

m' longinudinal stiffencrs | around or not, as

b g wehded

Figure 40. Fatigue resistance nominal and structural hot spot stress, example 1.

Figure xx shows the stress distribution along the surface of the plate towards the weld toe, hot
spot type “a”. The nominal stress is 80 MPa. For the structural hot spot stress, the reference
stress at point 0.4t (t =10 mm) is 120 MPa and at reference point 1.0t is 110 MPa. The elements
are quadratic shape function and a linear extrapolation is carried out to evaluate the hot spot

stress;

Ops = 1'670-0.4-t — 0.670-1.01: =1.67+*120—-0.67 * 110 = 127 MPa

Similar results are received if the linearized stress distribution is extrapolated to the weld toe
based on the two reference point stresses, as can be seen in figure 41.
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LG = 127 N/mm2
Shom = 80 Ni’.rj_']m2

Surface stress - weld [N/imm?]
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Distance from weld toe [mm]
Figure 41. Stress distribution and evaluation of nominal and hot spot stress.

Figure 42 shows the stress distribution through the thickness at hot spot reference point 0.4t and
1.0t. The variation can be negligible which is also an indication of small bending and linear
extrapolation is applicable.
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Surface stress - weld [MPa]

Figure 42. through thickness distribution example 1.

Table 5 presents the fatigue life estimation results and compares the nominal stress method with
hot spot stress method. The estimations are also carried out for different attachment length,
however, the current case with L = 200 mm gives an identical fatigue life with both methods,
approx. 1*108 cycles. For other attachment length the analysis shows a quite large difference
between the two methods. The main reason is that in the nominal stress method the FAT value
is determined based on an interval of attachment length, whereas for structural hot spot stress
method, different stresses are calculated for different geometrical shapes, which captures the
global stiffness changes, and one fixed FAT value is used.
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Table 5. Example 1; comparison between nominal and structural “hot spot” stress method.

Length of attachm. 75 150 150 200 300 300
L (FAT=71) |(FAT=71)|FAT=63)| (FAT=63)| (FAT=63) |(FAT=50)

Nominal stress 3 .

fatigue life 1398-10° |1298.107| 977-10%| 97710° | 977-10° | 488-10°
Hot spot stress . i

fatigue life 1549.10° {1144 10° | 114410°| 9761C° | 824 10° |82410°
Difference (%) 11% -18% 17% 0% -16% 69%

Example 2

The following example illustrate how the structural hot spot stress can be used for evaluation
on a wide flange | beam with a welded doubling plate. The structure is also analyzed with
nominal stress method. The weld is non-load carrying and among the structural detail categories
for hot spot stress method, No. 4, is suitable with a FAT 100. In the nominal stress method the
FAT values are dependent on the flange and doubling plate thickness relation (tp/t); the larger
relation the lower FAT value. In this example the plate is 160 mm wide on a HEA 200 beam,
to=11.5 mm and t = 10 mm. The structure is subjected to a axial stress of 80 MPa. This result
in a FAT 50 in the nominal stress system. Figure 43 shows the different structural detail
categories for nominal and structural hot spot stress method.

711 1 tn End of long doubling plate on I-beam,
l‘ welded ends (based on stress range in
! f flange at weld toe)

] '| tp = 0.8t 56
_— 08t<ty=15t 50
- tp> 15t 45

4 Bracket ends, ends Fillet welds welded around 100
of longitudinal stiff- | or not, as welded
) eners

Figure 43. example 2, structural details for nominal and hot spot stress method.

Figure 44 shows the FE model (considering symmetry) and 1% principal stress contour plot
showing that the highest stress occurs at the weld in the doubling plate.

Welded plate

A

HEA Beam
RS Loading

Figure 44. FE model and stress counter, example 2.
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Figure 45 shows the stress distribution along the surface of the plate towards the weld toe, hot
spot type “a”. The nominal stress is 80 MPa. The elements are quadratic shape function and a
linear extrapolation is carried out to evaluate the hot spot stress. The stresses at the reference
points 0.4t and 1.0t are plotted along the weld and the structural hot spot stress is calculated
based on these, also along the entire weld. It is observed that the highest hot spot stress occurs

at approximately 12 mm from the center of the weld.

3

B
\'I.

8

3
g
g

&

Surface stress - weld [MPa]

0 1ID 2ID EID 4IG E'CI EIG TI:D EIG E:3 100
Distance from symmetry line [mm]
Figure 45. hot spot stress along weld in example 2.

Figure 46 shows the stress distribution along the surface, towards the weld toe, at 12 mm from
the center of the weld. The nominal stress is 80 MPa. The hot spot stress is evaluated with linear
extrapolation and quadratic extrapolation (in order to evaluate any high stress gradients).
Quadratic extrapolation requires 3 hot spot point to be evaluated.

ons = 1.67044: — 0.670, o (linear extrapolation)
Ons = 2.5200 4; — 2.24049¢ + 0.720, 4, (quadratic extrapolation)

604t = 140 MPa, coot = 122 MPa, 610t = 119 MPa and o1.4t = 108 MPa; ons™ = 154 MPa and
ohs?3d = 157 MPa.

Similar results are received if graphical extrapolation is carried out to the weld toe based on the
reference point stresses, as can be seen in figure 46. The difference between liner and quadratic
extrapolated hot spot stresses is negligible which is an indication of moderate stress gradients.

280

240 +

220

[ o-hSCILIEIEI = -15? Mpa f \
Opne'"= 154 MPa

—t+—=+

Surface stress - weld [MPa]

140 - I

120 i Onom = 80 MPa

- ///{::::j_- I | I

80 — S

o SOV U U PN SUUTE b v e
0 10 20 30 40 50 #0 70 &0

Distance from weld toe [mm]
Figure 46. Example 2, stress distribution and evaluation of nominal and hot spot stress.
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Table xx presents the fatigue life estimation results and compares the nominal stress method
with hot spot stress method. The estimations are also carried out for different doubling plate
thickness tp, however, the current case with tp = 11.5 mm a fatigue life of 488*10° cycles using
the nominal stress method and 517*10° cycles using the structural hot spot stress method.

Table 6. Example 2; comparison between nominal and structural “hot spot” stress method.

Thickness of & o s L L >
welded plate (FAT = 56)| (FAT = 50) | (FAT = 50) [ (FAT = 50) | (FAT = 45) | (FAT = 45)
Nominal 686.10° | 488.10° | 488.10° | 488-10* | 35510° | 355.10°
stress fatigue

life

Hot spot 817.10° 617.10° E1710° | 45310° | 45310° 280-10°
stress fatigue

life

Difference (%) -10% 21% 6% 7% 2 7%
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4. FATIGUE OF UN-WELDED BASE MATERIAL

4.1. General

Parent material which has not been welded can be fully utilized if the structural design has been
successful. The fatigue strength of high strength steels is higher than mild steels [7]. How much
higher is dependent on the steel’s strength, the roughness of the plate surface, the quality of the
edges and notches such as holes, indentations or screwed or riveted joints.

4.2. Material effect and surface condition

The rate of this increase depends, among other things, on the surface condition of the material.
The fatigue strength is better in cold-rolled than in hot-rolled surfaces due to the surface quality.
The notch effect from a fatigue point of view can be described by the surface roughness (Rz or
Ra value). These are assessed during surface topography measurements and defined according
to figure 47. Rz is usually assessed as the mean value of five measurements and is designated
Rzs. Herein Rz here refers to this value.

Re=R +R,

Centre line

Figure 47. Definition of surface roughness and mean surface deviation.

The surface roughness, Rz, for base material mainly depend on the cutting process used and if
any post treatment has been carried out. Figure 48 shows typical roughness ranges for different
steel grades and cutting processes. Figure 49 shows typical roughness ranges for rolled, ground
and blast surfaces.

100
1 1
1 1
A laser-cut edge, WV
1 ¢ Plasma-cut edge, VV
| o Gas-cutedge, W
o Laser-cut edge, KV
10 T
1Rz=4xR: b
-3 - ,,ﬁ-'b:
& e #ﬂ“ |
Ol
R "R N S [rz=sxRa|
1 o
[EN150 30132002 Range 1 (1= 10mm |- [Range 2] —HRange 3}-r 4]

01
1 10 100
Rz (pm)

Figure 48. Surface roughness measurement on cut edges, different cutting processes.
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Figure 49. Surface roughness measurement of rolled, ground and blast surfaces.

4.3. Calculation procedure — Base plate with surface condition

Ac* refers to the fatigue strength value at 50% failure probability, 108 load cycles and a stress
ratio R=0. Based on the correlation to roughness, the fatigue strength can be calculated using
the respective steel’s strength values and the surface condition (Rz value) as input. The fatigue
strength Ac is then calculated in accordance with the following:

Ao*
K,

Ao =

where
Ac* is the fatigue strength of a fictitious smooth test specimen and K; the surface factor

Ac* = 9.8989 x R2-6071

1

K, =

1—0.000254 * R, * In (% + 1)

where Re is the yield strength (MPa) and R the tensile strength (MPa).

The correlation for K, applies when the fatigue life is dominated by crack initiation. When the
formula Ac = Ac*/K, above gives a falling curve in figure 50, Ac is chosen equal to the
maximum value and the curve continues horizontally, which represents a fatigue life dominated
by crack growth. The correlation above is illustrated in figure xx where the fatigue strength as
function of the yield strength has been calculated for a number of Rz values. To calculate the
fatigue strength for other than N=10°, the following equation is used,;
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where N is the number of load cycles to failure, Ac stress range, C and m material constants.
The exponent is m=5. Figure 50 indicates that the increase in fatigue strength with the increase
in the yield strength diminishes if the surface condition is impaired. The increase stops
completely at a certain yield strength which, in turn, gets lower with increased Rz value. At this
yield strength the fatigue life switches from initiation domination to crack growth type.
Measurements of shot-blast surfaces gives Rz values of 35 to 50 without corresponding
decreases in fatigue strength due to the “better” surface topography and the presence of a
compressive stress state due to the cold working during blasting.

///,4E5MN
70 // jﬂz:zs
L] I
600 = / /f 1=5
o 500 = ] Rz=10
= P A 1
=4 // L — Re=15
‘E 400 /’4//’__..- = | 1Rz=20
L‘% /%ﬁf—f =30
.y ==
= Ri=60
;gﬁ [Rz=120
200 +—=—
100
00 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500

Yield point, £_(MPa)

Figure 50. Fatigue strength at N=10° load cycles and R=0, failure probability 50%, for non-
welded parent material with different surface condition (Rz value).

4.4. Material factor

The material factor is calculated as a function of yield strength and surface conditions. The
curves with designation A-K in figure 51 correspond to Rz values from 3 to 120 (Ra=0.5-20).
The L curve corresponds to m =1, i.e., no material dependence and applies to parent material
with crack-like imperfections or welded joints. The fatigue strength of parent material is
calculated by multiplying FAT for actual the structural detail with the material factor, om. TO
be able to associate the different curves in figure xx with different surface and edge conditions
in practice, table 7 should be used to estimate the surface and edge conditions for different
cutting processes and quality levels. Appendix B presents the structural details of parent
material and their corresponding FAT values. These are given for failure probability of 2.3 %
at 2*10° cycles at R =0.5. To determine the fatigue strength at 50 % failure probability the FAT
value have to be multiplied with g = 1.3.
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Figure 51. The material factor as a function of yield strength and surface condition.

Table 7. Correlation between surface/edge condition and the material factor.

Type of surface or edge Comment/quality spedfication Surface condition Rz IS0 Range™ m
3

Ground Comers deburred A
Machined Comers deburred 6 B
Surface of cold-rolled or continuously hot-dip galvanized strip material 6 (1} B
Surface of hot-rolled strip material High quality 12 (1) il
Good quality 15 (1) E

Moderate quality 18 (1-2) F

Blasted surface of quenched and tempered plate material 2 = |
Punched edge in cold-rolled strip material” Good 15 - D
Slitted edge in hot-rolled strip material” Good quality, all visible imperfections are remedied 30 - H
Laser-cut edge” Very high quality, only cold-rolled strip material 9 1 C
Laser-cut edge in hot-rolled strip material™ High quality 15 1 E
Good quality 18 2 F

Moderate quality 24 2 G

30 2 H

Plasma-cut edge in hot-rolled strip material High quality 15 2 E
Good quality 18 2 F

Moderate quality 24 2 G

30 2 H

Gas-cut edge Good quality 40 13 L
Moderate quality 50 3 L

USS-EN-509013 (t=10mm) [5.10]
7 Free from crack-like imperfections

4.5. Examples — un-welded base material

Example 1

The following example illustrate how the above calculation procedure is used for a base plate
with a certain surface condition. The procedure is valid for assessing cracking on the plate
surface and not the edge. A load carrying structure is sensitive base material cracking, the
structure is made of steel Domex 355 MC. The finite element analysis shows that the nominal
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stress (onom) IN the base material cut section is 200 MPa. Evaluate the fatigue life if the cutting
procedure would be

a) Oxygen flame cutting
b) Laser beam cutting

Re = 410 MPa, Rm = 470 MPa (data sheet from SSAB for Domex 355 MC)
The fatigue strength, Ac* (reference strength) is:
Ac* = 9.8989 * R2:6971 = 9,898 x 41096071 = 382 MPa

The difference between oxygen flame cutting and laser beam cutting is the different surface
roughness’s, Ra and Rz, which the cutting processes will achieve, and this will result in different
surface factors K.

Typical surface conditions for oxygen flame cutting can be determined from figure 48, which
gives Rz = 20-40 um (chose 30 um). Note the large scatter which is typically for surface
roughness measurements. For Laser beam cutting, from figure 48 we can read Rz =~ 6-15 um
(chose 10 um), again the measurements demonstrate large scatter.

Insertion of values in surface factor

1
K, =
1~ 0.000254 Ry  In (22 + 1)
Oxygen flame cutting
K99 (Rz = 30 um) = 1.272 Ao = "= = 22 =300 MPa

5 5
Fatigue life: Ny = 10° (=) = 10° (33)" = 7.6 10 cycles

Onom 200

Laser beam cutting

Ac”™ 382

K% (Rz =~ 10 pm) = 1.105 Ag = ——= —— =346 MPa
5 5
Fatigue life: Ny = 10° (=) = 10° (32)" = 15.5 + 10° cycles

The laser beam cutting gives 2x longer fatigue life due to smoother surface (smaller Rz)
compared with oxygen cutting.

Example 2

The following example illustrate how the procedure is used for a cut edge with a certain surface
condition of the edge. The procedure is valid for assessing cracking on the plate edge surface
and not the plate surface. The following example will be solved graphically by using figure xx,
relation between material factor (pm) and yield stress (Rm), table xx, correlation between surface
condition and ¢m. The fatigue strength for the parent material is presented in Appendix B.
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Domex 355 MC: Re =410 MPa, Rm = 470 MPa
Nominal stress, onom = 200 MPa
a) Oxygen flame cutting

Table 7 gives the type of surface, in this case gas-cut edge, and the material factor curve that
should be used for a certain quality. We assume in this case a moderate quality (Rz = 50 pum),
which corresponds to ¢m-curve L. curve L gives, for Re = 410 MPa, om = 1.0, see figure 51.

Type of surface or edge (omment/quality spedfication Surface condition Rz IS0 Range™ m

Gas-cut edge Good quality
Moderate quality 50 3 L

Structural detail, No. 11, for parent material in Appendix B gives the fatigue strength: FAT 140
(m=3), om = 1.0 (curve L).

Desription of Comment/ Surfa(e Slnpe
“ Sl deS|gn LEEG EdgE quallty speuﬁcatlon FATFe) m

All visible signs of defects to be

Machine gas-cut edges with subsequent e T i e St
|Iw neg geswit q grinded, all burrs to be remaved. - 140 3 L
machining, no cracks or visible defects.

il
|“H| | No repairs by welding permitted!
Rz not determined.

* * 3 * * 3
Fatigue life: Ny = 2 10° (£222722)" = 2 4108 (222522 = 1.5 5 10° cycles

Onom 200

b) Laser beam cutting

Table 7 gives the type of surface, in this laser-cut edge in hot rolled strip material. We assume
in this case a moderate quality (Rz = 24 um), which corresponds to em-curve G. Curve G gives,
for Re =410 MPa, om = 1.3, see figure 51.

Type of surface or edge Comment/quality specification Surface condition Rz 150 Range” m

Laser-cut edge in hot-rolled strip material” High quality
Good quality 18 2 F
Maoderate quality 24 2 G

Structural detail, No. 11, for parent material in Appendix B gives the fatigue strength: FAT 150
(m =5), om = 1.0 (curve G).

Description of Comment/ 5urfa(e Slnpe
“ el detal de5|gn I EdgE quallty SpECIﬁ(a(IOﬂ AP M

e Very high quality.

o~ Only cold-rolled strip material.
o High quality. 15 0 5 E
L g . .
09 - //, i Laser-cut edge hot-rolled strip material. il 18 160 5 P
Zj/ 1 150 5 G
~ Moderate quality.
30 150 5 H

*(D ) * 5 *1.3% 5
Fatigue life: Ny = 2 % 10° (M) =2x10° (M) = 4.07 = 10° cycles

Onom 200
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The laser beam cutting gives 2.7x longer fatigue life due to smoother surface (smaller Rz)
compared with oxygen cutting.
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Appendix A: FAT nominal stress method (according to 11W)

No. | Structural Detail Diescription FAT | FAT | Requirements and remarks
(51 = steel; Al = aluminium) St Al
100 | Unwelded parts of a component
111 i - Rolled or extruded products, components with No fatigue resistance of any detail to be higher at
machined edges, seamless hollow sections any number of cycles
. m=3 Sharp edges, surface and rolling faws to be
: 'O 7] |Steel: A higher FAT class may be used if verified | 160 removed by grinding. Any machining lines or
' = by test or specified hy applicable code grooves 1o be parallel to siresses
Al: AA SOV6000 alloys 7l
AA T000D alloys 80
121 = Machine gas cut or sheared material with 140 | — All visible signs of edge imperfections to be
P -[ﬂi”‘"ﬂ subsequent dressing, no cracks by inspection, no removed. The cut surfaces o be machined or
. i vigible imperfections ground, all burrs to be removed
m=3 No repair by welding refill
Motch effects due to shape of edges shall be
considered
122 e = Machine thermally cut edges, corners removed, no | 125 | 40 Motch effects due to shape of edges shall be
o ;’@l&" cracks by inspection considered
- H»'? m=3
123 - z Manually thermally cut edges, free from cracks 100 |- Noich effects due to shape of edges shall be
g ;ramiji and severe notches m =3 considered
"
124 2 Manually thermally cut edges, uncontrolled, no B0 - Motch effects due to shape of edges shall be
L ._"",('ﬁm notch deeper than 0.5 mm considered
[ ) [ﬂhﬂ m=3
Mo, | Structral Detail Diescription FAT |FAT | Requirements and remarks
(56 = steel; Al = aluminium) S Al
200 | Butt welds, transverse loaded
211 ‘—m—ﬁ Transverse loaded butt weld (X-groove or 112 |45 All welds ground flush to surface, grinding parallel
Ve-groove) ground flush to plate, 100 % NDT o direction of stress. Weld run-on and run-oft
pieces 10 be used and subsequently removed. Plate
edges ground flush in direction of stress. Welded
from both sides. Misalignment <5 % of plate
thickness
Proved free fiom significant defects by appropriate
NDT
212 _Em_, Transverse butt weld made in shop in flat position, | 90 36 Weld run-on and run-off pieces 10 be used and
. NDT subsequently removed. Plate edges ground flush in
weld reinforcement «<f).1 A thickness direction of stress. Welded from both sides,
Misalignment <35 % of plate thickness
213 RN R Transverse butt weld not satisfving conditions of | 8D Weld run-on and run-off pieces 10 be used and
- — .
212, NDT subsequently removed. Plate edges ground flush in
AL: Bun weld with we angle < 507 2 direction of stress. Welded from both sides,
Bunt welds with toe angle > 50° 25 Misalignment <10 % of plate thickness
214 —r—m Transverse butt weld, welded on non-fusible B 28 Backing removed, root visually inspected
R ANRRRN g . - .
T T temporary backing, root crack Misalignment <10 % of plate thickness
215 - " . Transverse butt weld on permanent backing bar 71 25 Misalignment <10 % of plate thickness
i
216 al Transverse butt welds welded from one side Misalignment <10 % of plate thickness
without hacking bar, full penetration
Root checked by appropriate NDT
including visual inspection 71 28
NDT without visual inspection 63 20
No NDT 36 12

51



Mo, | Struciural Detail Description FAT |FAT | Requirements and remarks
(5t = steel; Al = aluminium) St Al
217 Transverse partial penetration buit weld, analysis | 36 12 The detail is not recommended for fatigue loaded
based on stress in weld throat sectional area, weld mermbers
overfill not to be tken into account Assessment by notch stress or fracture mechanics
is preferred
221 Siope Transverse butt weld ground flush, NDT, with All welds ground flush to surface, grinding parallel
i - | transition in thickness and width o direction of loading, Weld mn-on and run-off
" E (T |Slope 15 112 |45 | pieces 1o be used and subsequently removed. Plate
T Slope 133 100 |40 | edges to be ground fush in direction of siress
Slepe Slope 1:2 90 32 Misalignment due to deliberate thickness step to be
e . considered, see Sect. 3.8.2, Additional
R : misal ignment due to fabrication
imperfection < 5 % of plate thickness
22 ] Transverse butt weld made in shop, welded in flat | 90 3z Weld run-on and run-off pieces 10 be used and
ﬂf +—e | position, weld pmfile controlled, NDT, with B 28 subsequently removed. Plaie edges ground flush in
_— | transition in thickness and width: 72 25 direction of siress
Slope 1:5 Misalignment due to deliberate thickness step to be
— e T = | Slope 1:3 considered, see Sect. 3.8.2. Additional
Slope 1:2 misalignment due to fabrication
imperfection < 5 % of plate thickness
223 Slope Transverse bult weld, NDT, with transition on Weld run-on and run-off pieces 1o be used and
— ] thickness and width subsequently removed. Plate edges ground flush in
B E__ [T |Slope 15 80 |25 | direction of stress
I — Slope 1:3 71 22 Misalignment due to deliberate thickness step 1o be
Slope Slope 1:2 63 20 considered, see Sect. 3.8.2. Additional
e i misalignment due to fabrication
imperfection < 10 % of plate thickness
Mo, | Structural Detail Description FAT |FAT | Requirements and remarks
(5t = steel; Al = aluminium) St Al
224 +m‘ Transverse butt weld, different thicknesses without | 71 22 Misalignment < 10 % of plate thickness
transition, If centers are deliberately misaligned, this
centres aligned misalignment has 1o be considered, see Sect. 3.8.2
In cases, where weld profile is equivalent to a
moderate slope tmnsition, see no. 222
225 | s J—= | Three plate connection, potential cracking from 71 22 Misalignment < 10 % of plate thickness
226 T Transverse butt weld flange splice in built-up 100 140 Allwelds ground flush to surface, grinding parallel
= section welded prior to the assembly, ground flush, to direction of stress. Weld run-on and run-off
|| J/J;;;}‘ with rading transition, NDT pieces o be used and subsequently removed. Plate
| o rRsa edpes ground flush in direction of siress
231 -l Transverse butt weld splice in rolled section or bar | B0 28 All welds ground flush to surface, grinding parallel
besides fats, ground flush, NDT o direction of siress. Weld run-on and run-off
pieces o be used and subsequently removed. Plate
= edges ground flush in direction of stress
232 -- Transverse butt weld splice in circular hollow Welded in flat position
Q section, welded from one side, full penetration, Axial misalignment < 5 % of wall thickness
potential failure from root
- root inspected by NDT 71 |28
no NDT 36 12
233 Tubular joint with permanent backing 71 28 Full peneration weld
234 Transverse butt weld splice in rectangular hollow Welded in flat position
|'— | —"‘ D section, welded from one side, full penetration,
el rool crack
T toot inspected by NDT, t >=8 mm 71 |28
root inspected by NDT, © < B mm 56 25
no NDT 36 12
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Mo, | Structural Detail Description FAT |FAT | Requirements and remarks
(St = steel; Al = aluminium) S Al
241 m:ﬂ Transverse butt weld ground flush, weld ends and | 100 |20 All welds ground flush o surface, grinding parallel
radius ground, 100 % NDT at cmssing flanges, o direction of stress. Weld run-on and run-oft
radiug transition pieces 10 be used and subsequently removed. Plate
edges ground fush in direction of stress
Welded from both sides. No misalignment
242 Transverse butt weld made in shop at flat position, | 90 36 Weld run-on and run-off pieces 1o be used and
weld profile controlled, NDT, at crossing flanges, subsequently removed. Plaie edges ground flush in
- - radiug transition direction of stress
Welded from both sides Misalignment < 5 % of
plate thickness
243 round Transverse butt weld at intersecting flange, weld | 8D 2 All welds ground flush o surface, grinding parallel
- = ground flush, NDT, at crossing flanges with o direction of stress, Plate edges ground flush in
- ::I - welded triangular transition plates, weld ends direction of siress
! ground Welded from both sides. Misalignment < 10 % of
Crack starting at buott weld plate thickness
For crack of continuous flange see details 525 and
526
244 m i Transverse butt weld af intersecting flange, NDT, |71 28 Plate edges ground flush in direction of stress
2 at crossing Aanges, with welded triangular Welded from both sides. Misalignment < 10 % of
= :l . transition plates, weld ends ground plate thickness
) : Crack starting al butt weld
For crack of continuous flange see details 525 and
326
245 Transverse butt weld af intersecting flange 50 20 Welded from both sides. Misalignment < 10 % of
Crack starting at buott weld plate thickness
- - For crack of continuous flange see details 525 and
326
No. | Structural Detail Description FAT |FAT | Requirements and remarks
(St = steel; Al = aluminium} St Al
300 | Longitndinal load-carrying welds
311 - o Automatic longitudinal seam welds without 125 |50
stopstart positions in hollow sections
with stopdstart positions 90 36
312 Longitudinal butt weld, both sides ground fush 125 |50
parallel to load direction,
ar continuous automatic longitudinal butt weld
without stari/stop positions
proved free from significant defects by appropn e
NDT
313 Longitudinal butt weld, without stop/stan 112 |45
positions, NDT
with stopdstart positions 90 36
321 Continuous automatic longitudinal fully penetrated | 125 | 50 Mo stop-start position is permitied except when the
K-butt weld without stop/start positions (based on repairis performed by a specialist and inspection is
stress range in flange) NDT carried out to verify the proper execution of the
weld
3z Continuous sutomatic longitdinal double sided 112 |45
fillet weld without stopdstart positions (hased on
stress range in flange)
323 Continuous manual longitudinal fillet or buit weld | 90 36

(based on stress range in fange)
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Mo, | Structural Detal Deeseription FAT | FAT | Requirements and remarks
(51, = steel; Al = aluminium) St. | AL
324 | Intermitient longitudinal fillet weld (based on Analysis based on nomnal stress in fange and
normal stress in flange & and shear stress in web 1 shear stress in web at weld ends
at weld ends) Representation by formula:
vo=0 BO 32 Steel: FAT = 80 - (1 - Atv/Aa) but not lower than 36
0.0-02 71 28 Alum,: FAT =32 - (1 - At/Aa) but not lower than
0.2-0.3 63 25 14
0.3-04 56 22
0405 50 20
0.5-0.6 45 18
0.6-0.7 40 16
=07 36 14
s Longitudinal butt weld, fillet weld or intermittent Analysis based on nomal stress in flange and
weld with cope holes (based on normal stiess in shear stress in web ot weld ends
flange & and shear stress in web t at weld ends), Representation by formula:
= cope holes not higher than 40 % of web Steel: FAT =71 {1 = At/Ac) but not lower than
va=0 71 28 36
0.0-0.2 63 25 Alum,: FAT =28 . (1 = At/Ac) bui not lower than
0.2-0.3 56 22 14
0.3-04 50 20
0.4-0.5 45 18
0.5-0.6 40 16
.6 36 14
No. | Structural Detail Description FAT |FAT | Requirements and remarks
(St = steel; Al = aluminium} St Al
331 Joint at stiffened knuckle of a flange 1o be assessed | — —
according o no. 4114214, depending on type of
Joint
Stress in stiffener plate:
-y, . Y s
o =ay N 2 sinx
Ay = area of flange
Ay, = area of stiffener
Stress in weld throat: o = ay - A 2 sina
LA,
Ay, = area of weld throat
332 Unstiffened curved flange to web joint, o be — — The resulting force of Fy-left and Feright will bend
assessed according to no. 411-414, depending on the flange perpendicular to the plane of main
type of joint loading. In order to minimize this additional
Stress in web plate: stressing of the welds, it is recommended 1o
e o minimize the width and to maximize the thickness
Fot of the flange
Stress in weld throat: Stress parallel to the weld is 1o be considered., For
g = Fy additional shear, principal stress in web is o be
rEa consired (see 321-323)
Fy axial force in flange
t thickness of web plate
a weld throa
200 | Cruciform joints and/or T-joints
411 et Cruciform joint or T-joint, K-butt welds, full B0 28 Advisable to ensure that intermediate plate was
] ] penetration, weld toes ground, potential failure checked against susceptibility to lamellar tearing
-::%Ez m from weld toe Misalignment < 15 % of primary plate thickness in
Single sided T-joints 90 2 crucifomm joints
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Mo, | Structural Detail Diescription FAT | FAT | Requirements and remarks
(51 = steel; Al = aluminium) St Al
412 I Cruciform joint or T-joint, K-butt welds, full 7 25 Advisable to ensure that intermediate plate was
ISR penetration, potential failure from weld toe checked against susceptibility o lamellar tearing
ol ‘m. Single sided T-joints B0 28 Misalignment < 15 % of primary plate thickness in
[ cruciform joints
413 t ¢ Cruciform joint or T-joint, fillet welds or partial 63 22 Advisable to ensure that intermediate plate was
penetration K-butt welds, potential failure from checked against susceptibility to lamellar tearing
weld toe Misalignment < 15 % of primary plate thickness in
Single sided T-joints 7 25 cruciform joints
Also o be assessed as 414
414 Cruciform joint or T-joint, fillet welds or partial 36 12 Analysis based on stress in weld throm
penetration K-butt welds including toe ground Gy = F /% (g, - 1)
Joints, potential I =length of weld, a,, = load carrving weld throat.
failure from weld root Also to be assessed as 413
For alt <=1/3 40 14
415 Cruciform joint or T-joint, single-sided arc or laser | 71 25 Advisable to ensure that intermediate plate was
beam welded V-butt weld, full penetration, checked against susceptibility o lamellar tearing
potential failure from weld e, Full penetration Misalignment < 15 % of primary plate thickness in
checked by inspection of root cruciform joints
If root is not inspected, then root crack 36 12
416 Cruciform joint or T-joint, single-sided arc welded | 71 25 Analysis hased on axial and bending stress in weld
fillet or partial penetration Y-butt weld, no lamellar throat. Excentricity e to be considerad in analysis.
tearing, misalignment of plates e < (.15 - 1, stress Stress at weld root:
at weld root. Penetration verified ATy oot = AG o (1 + Gefa)
L] Attention: Bending by excenricity e must be e = excentricity between midpoints plate and weld
consired! throat a (inclusive penetration), mtated into
vertical leg plane using root tip as pivot
An analysis by effective notch stress procedure is
recommended
MNo. | Structural Detail Description FAT | FAT | Requirements and remarks
(St = steel; Al = aluminium) St Al
421 —_— Splice of rolled section with intermediate plate, 36 12 Analysis based on stress in weld throat
-~ fillet welds, potential failure from weld root
/.
422 = Splice of circular hollow section with intermediate NDT of welds in order 10 ensure full root
- plate, singlesided butt weld, potential failure from penetration
— — Loe
Ij.:m wall thickness = 8 mm 56 |22
wall thickness < B mim 50 20
423 e | e Splice of circular hollow section with intermediate
"—"u .\() plate, fillet weld, potential failure from root.
——A= = Analysis based on stress in weld throat
1 t wall thickness >8 mm 45 16
wall thickness <8 mm 40 14
424 == === Splice of rectangular hollow section, single-sided NDT of welds in order 10 ensure full root
- D butt weld, potential fairure from toe penetration
wall thickness > B mm
dﬁ wall thickness < 8 mm 50 |20
45 15
425 | == === Splice of rectangular hollow section with
- intermediate plate, fillet welds, potential falure
= from root
wall thickness > B mim 40 16
wall thickness < B mim 36 14
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Mo, | Structural Detail Deseription FAT |FAT |Requirements and remarks
(5L = steel; Al = aluminium) St Al
431 Weld connecting web and flange, loaded by a - -
concentrated force in web plane perpendicular to
weld. Force distributed on width
bh=2-h+ 50 mm
Assessment according to no. 411-414. A local
hending due 1o eccentric load should be considered
500 | Non-load-carrying attachmenis
511 Transverse non-load-carrying attachment, not Grinding marks nommal to weld toe
thicker than main plate An angular misalignment corresponding to
E-butt weld, toe ground 100 |36 Ky =12
Two sided fillets, toe ground 100 |36 is already covered
Fillet weldis), as welded it 28
thicker than main plate 71 25
512 | Transverse stiffener welded on girder web or
' | ij fange, not thicker than main plate
\ L K-butt weld, we ground 100 |36
| Two-sided fillets, toe ground 100 |36
fillet weld(s): as welded 80 28
thicker than main plate 71 25
513 IZ.-':':,Z"'f;‘ — _F‘__.,,Z Non-losdearrying rectangular or circular flat studs,
P pads or plates
= L = 50 mm B0 28
L > 50 and = 150 mm 71 25
L‘__Jr'—_?::_:""":{;a L > 150 and = 300 mm 63 20
;‘/_":-5-;;;9’ L > 300 mm 50 |18
——
514 | E— Trapezoidal stiffener to deck plate, full penetration | 71 25
butt weld, calculated on basis of stiffener
full pesetrations thick ness, out of plane bending
wak
Mo, | Structural Detail Description FAT |FAT | Requirements and remarks
(5t = steel; Al = aluminium) St Al
515 ralime wats  LE Trapezoidal stiffener to deck plate, fllet or partial | 71 25 Calculation based on maximum out-of-plane
Rl penetration weld, out of plane bending bending stiess range in weld throat or stiffener
521 Longitudinal fillet welded gusset of length 1L Fillet For gusset on edge: see detail 525
weld around end Particularly suitable for assessment on the basis of
1 = 50 mm BO 28 structural hot spot stress approach
1 < 150 mm 71 25
1 < 300 mm 63 20
1 > 300 mm 50 18
522 Longitudinal fillet welded gusset with radius 90 32 t = thickness of attach ment
transition, fillet weld around end and toe ground, Particularly suitable for assessment on the basis of
¢« 2t max 25 mm structural hot spot stress approach
r > 150 mm
523 Longitmdinal fillet welded gusset with smooth t = thickness of attachment
transition (sniped end or radius) welded on beam IT anachement thickness < 1/2 of base plat
Aange or plate, fillet weld amund end. ¢ < 21, max thickness, then one step higher allowed (not for
25 mm welded on profiles!)
r=05h 71 25 Particularly suitable for assessment on the basis of
r<05hord>20 63 20 structural hot spot stress approach
524 Longitudinal flat side pusset welded on plate edge t = thickness of attach ment
or beam flange edge, with smooth transition Forts < 0.7 ty, FAT rises 12 %
(sniped end or radius), fillet weld around end. Particularly suitable for assessment on the basis of
¢ < 2y, max. 25 mm structural hot spot stress approach
r=05h 50 18
r<05hord>20 45 16
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Mo, | Structral Detail Diescription FAT |FAT | Requirements and remarks
(56 = steel; Al = aluminium) S Al
525 ] In-plane or out-of-plane longitudinal gusset Forts < 0.7 t;, FAT rises 12 %
welded to plate or beam flange edge, gusset length 1y is main plate thkeness
I 50 18 2 i% pusset thickness
1 < 150 mm 45 16
1 < 300 mm 40 14
1 = 300 mm
526 Ew;;-— _ Longitmdinal flat side gusset welded on edge of Smooth tmnsition radins formed by grinding the
“;ff:;:‘ —~— plate or beam flange, radins transition ground weld area in transition in order 10 remove the weld
‘“:T;";F‘I'Jf‘f.‘ r > 150 or vfw > 1/3 90 36 toe completely, Grinding parallel to stress
£ 176 < tiw < 1/3 7|28
riw < 1/6 S0 22
531 " Circular or rectan gular hollow section, fillet 71 28 Mon load-carrving welds, Width parallel o stress
‘ﬁ' s fess ? welded o another section, Section width parallel to direction < 100 mm
stress direction < 100 mm, else like longitudinal
IS 0 am
attachment
6 | Lap joints
611 _‘_Em___ Transverse loaded lap joint with fillet welds Stresses to be calculated in the main plate using a
Fatigue of parent metal 63 22 plate width equal to the weld length
Fatigue of weld throm 45 16 Buckling avoided by loading or design!
612 ass Longitudinally loaded lap joint with side fillet Buckling avoided by loading or design
! welds For verification of parent metal, the higher siresses
Fatigue of parent metal 50 18 of the two members must be taken
Fatigue of weld (calc. on max. weld length of 40 | 50 18
times the throat of the weld)
MNo. | Structural Detail Description FAT | FAT | Requirements and remarks
(St = steel; Al = aluminium) St Al
613 Lap joint gusset, fillet welded, non-load-carmving, t = thickness of gusset plate
with smooth transition (sniped end with & < 207 or
rading), welded to loaded element ¢ = 2AL,
but ¢ <= 25 mm
o flat bar 63 22
o bulb section 56 20
to angle section 0 18
614 [ A Transverse loaded overlap joint with fillet welds Stresses to be calculated using a plate width
R Stress in plate at weld toe (toe crack) 63 |22 equalling the weld length
Stress in weld throat (root crack) 36 12 For stress in plate, eccenticity to be considered, as
given in chapters 3.8.2 and 6.3
Both failure modes have to be assessed separately
T | Reinforcements
711 i t End of long doubling plate on I-beam, welded ends End zones of single or multiple welded cover
i E (based on stress range in flange at weld toe) plates, with or without transverse welds
K | i S 081 56 20 If the cover plate is wider than the flange, a
| DBt<tp =15t 50 18 transverse weld is neaded. No undercut at
|—4 tp= 151 45 16 transverse welds
712 e End of long doubling plate on beam, reinforced Grinding parallel o stress direction
: welded ends ground (based on stress range in
j flange at weld toe)
tp = 081 71 28
DBt=tp =151t 63 25
I L5t 56 22
721 End of reinforcement plate on rectangular hollow | 50 20 Mo undercut at transverse weld!

section
wall thickness:
1< 25 mm
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No. | Structural Detail Description FAT |FAT | Requirements and remarks
(St = steel; Al = aluminium} St Al
731 Lo ™ S5 Fillet welded reinforcements Grinding in direction of siress!
Toe ground B0 32 Analysis based on modified nominal siress,
As welded 71 25 however, structural hot spot stress approach
- - recommended
B0 | Flanges, hranches and nozdes
Bl Stff block flange, full penetration weld 71 25
B2 Stff block flange, partial penetration or fillet weld
toe crack in plate 63 22
root crack in weld thmat 36 12
B21 Flat flange with = 80 % full penetration bunt welds, | 71 25 Assessment by structural hot spot is recomimen ded
M maodified nominal stress in pipe, toe crack
822 Fillet welded pipe to flat flange joint. Potential 63 22 Analysis based on modified nominal stress,
fatigue failure from weld e in pipe However, structural hot spot siress recommended
B3l Tubular branch or pipe penetrating a plate, K-bun | B0 28 IT diarmeter > 50 num, stiess concentration of cutout
| welds has to be considered
B Analysis based on modified nominal stress,
However, structural hot spot siress recommended
B32 T Tubular branch or pipe penetmting a plate, fillet 71 25 IT diarmeter = 50 num, stress concentration of cutout
| welds. Toe cracks has to be considered
- Root cracks (analysis based on stress in weld 36 12 Analysis based on modified nominal stress,
throat) However, structural hot spot stress reconmmended
Mo, | Structural Detail Description FAT |FAT | Requirements and remarks
(St = steel; Al = aluminium) S Al
B4l Nozzle welded on plate, root pass removed by 71 25 If diameter =50 mm, stress concentration of cutout
drilling has 1o be considered
Analysis based on modified nominal siress.
However, structural hot spot stress reconmmended
R42 Nozzle welded on pipe, root pass as welded 63 22 If diameter = 50 num, striess concentration of cutout
has to be considered
Analysis based on modified nominal stress,
However, structural hot spot stress reconmmended
900
911 But welded circular tube or pipe o solid bar joint, | 63 22 Analysis based on stress in tube or pipe
Potential fatigue failure from weld toe or root in Full penetration of weld 10 solid bas is required
tube or pipe
912 Buit welded joint between circular tube or pipe and | 63 22 Analysis based on stress in tube or pipe
flange with integral backing. Potential fatigue Full penetration of weld o solid bas is required
failure fromweld root
913 Fillet or partial penetration welded joint between | 50 18 Impaimment of inspection of root cracks by NDT

circular tbe or pipe and flange, Potential fatigue
failure from weld root

may be compensated by adequate safety
considerations (see Sect. 3.5) or by downgrading
by two FAT classes
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Structural Detail

Description
(56 = steel; Al = aluminium)

FAT

FAT
Al

Requirerments and remarks

Circular hollow section with welded on dise,
potential fatigue failure from toe in hollow section
K-butt weld, toe ground

Fillet weld, toe ground

Fillet welds, as welded

Tube-plate joint, tubes fattened, buit weld
(X-groove)

Tube diameter < 200 nm and

plate thickness < 20 mm

=28

932

Tube-plate joint, wbe slined and welded o plate
tube diameter < 200 mm and

plate thickness < 20 mm

tube diameter = 200 mm or

plate thickness > 20 mm

45

Fatigue resistance values for structural details on the basis of shear stress

(St. = steel; Al = aluminium)

FAT
St

FAT
Al

1 Parent metal or full penetration butt weld: m = § down to 1ES cycles | 100

36

L]

Fillet weld or partial penetration butt weld; m = 5 down to 1ES cycles | 80
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Appendix B: Structural details of parent material

Description of Comment/ Surface Slope
“ i dESIgn R ﬂbe quam’ Spﬂ:m(ﬂuﬂn i (Mpa]
0 3 220 5 A

Ground Comers deburred.
02 Machined Comers debumed. 6 210 5 B
Surface of cold-rolled or continuously
hot-dip galvanized strip material. 6 00 5 B
High quality. 12 180 5 1]
Good quality. 15 170 5 E
03
Surface of hot-rolled strip material_ el 18 160 > :
Exposed surface of weathering steel. - 150 5 |
Blasted surface.” 70 170 5 E
Blasted surface of quenched and
tempered plate material. 4 130 5 !
04 Batch hot-dip galvanized surface. Good quality. - 170 5 J
Punched edge,
= cold-rolled strip material. sl E [0 : :
Slitted edge
06 . 30 180 5 H
hot-rolled strip material.
- Good quality. All visible signs of
Punched edge, defects to be removed. Edge comer L
w hot-rolled material. rolling or blasting can increase 0 8
B FAT by 30%.
utedge
0 (power-shearing). L £ -
Very high quality.
Laser-cut 9 190 5 C
ser-cut edge Only cold-rolled strip material.
High quality. 15 170 5 E
09 Laser-cut edge hot-rolled strip material. Good qually. - - : r
4 150 5 G
Moderate quality.
30 150 5 H
High quality. 15 170 5 E
Good quality. 18 160 5 F
10 Plasma-cut edge hot-rolled strip material.
24 150 5 G
Moderate quality.
0 150 5 H
Al visible signs of defects to be
! removed. Cut surfaces to be milled or
1 :ﬂ:ﬁfﬂga;’ﬂ:ﬁg&;r‘:ils?ﬁ:gfg;"l grinded, all burrs to be removed. - 140 3 L
g : No repairs by welding permitted!
Rz not determined.
Machine thermally cut, corners removed, i
12 no racks or notches by inspection. bl ; 2 8 L
3 Machine thermally cut, without cracks ool determined! _ 100 3 L
and sharp notches.
Machine thermally cut, uninspected, .
14 no noiches deeper than 0.5 mm, Rz not determined. - 80 3 L
Circular open holes Drilled and punched hole, 15 12 5 E
If1.5d < ¢ < 3d, FATis reduced by onestep. <old-rolled plate
The stress range can be calculated onthe  prilled hole, hot-rolled plate. 15 100 5 E
o gross area if Ahole/Agross <0.1. Reamed
holes with deburred edges, allows the
FAT class to be raised one step. FAT class Punched hole, hot-rolled plate. . 80 3 L

can be raised two steps for holes
with tightened screws.
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