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Cylindrical shells are frequently used in industrial constructions, for example in
pipes, towers and masts and are often subjected to fatigue loading. Two common
welded constructional details were studied: i) detail 1, the wall thickness transition
with a circumferential butt weld and ii) detail 2, the welded ring stiffener. Both
details are loaded with axial stresses due to N and/or M. In the new Eurocode prEN
1993-1-9:2021 three different fatigue design stress methods are provided in gen-
eral. For these two constructional details, beside the modified nominal stress
method, the hot spot stresses and effective notch stresses are determined with
Finite-Element-Analyses, with variation of geometric parameters, like shell thick-
ness t, radius-over-thickness-ratio, t2/ti-ratio at the thickness transition and thick-
ness ts of the ring stiffener. Stress concentration factors for the different fatigue
design stress methods are presented and the influence of the geometric parameters
are investigated. Especially the difference between a plate with an infinite radius-
over-thickness-ratio and the pipe with a finite radius-over-thickness-ratio is shown.
Also, the influence of the shell thickness is investigated. For comparison of the three
different methods the utilization factors of the hotspot stress method and the effec-
tive notch stress method are compared with those of the modified nominal stress
method. A recommendation is given, which design stress method is appropriate for
the two studied details, depending on the geometric parameters.
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1 Introduction detail. Cylindrical shells are frequently used in industrial

constructions, for example in pipes, towers and masts and

Due to the significant developments of commercial soft-
ware tools for Finite Element Analysis (FEA), the hot spot
stress method and also the effective notch stress method
get more attractive in engineering praxis for fatigue veri-
fications. This was the main motivation for this research
study to quantify the results of these both methods com-
pared to the modified hominal stress method. Up to now,
primarily constructional details with flat plates were stud-
ied in the literature. This investigation will widen the ex-
perience of these details also for the application in cylin-
drical shells. The term modified nominal stress is used in
general in this paper, because for the studied detail 1 a
stress concentration factor is used, to consider the eccen-
tricity due to the different plate thicknesses (tapering to
the outside). Two common welded details in cylindrical
shells (with the inner radius ri, see Fig. 1) were studied in

are often subjected to fatigue loading. Detail 1 is a circum-
ferential, full penetration butt weld in a wall thickness
transition (see Fig. 1a). This thickness transition is also
known as tapered transition, studied for a tapering to the
outside. The thicker shell has a bevel with an inclination of
1 : x (the value x is also varied). The inside of the pipe is
assumed to be ground flush (usually used for penstocks
and pressure conduits) and here also the outside is as-
sumed to be ground flush. Detail 2 is also a constructional
detail with a circumferential weld. This circumferential
weld connects a ring stiffener to the pipe with a full pene-
tration butt weld (see Fig. 2b). The height of the ring stiff-
ener is named hs and the width ts. The cylindrical shells in
detail 1 and 2 are only loaded with axial stresses Aox due
to N and/or M. In [1] these two details are loaded with an
internal pressure pi (leads to circumferential stresses o,),
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in addition to axial stresses Aox. The focus in [1] is on the
comparison of the accurate hot spot stresses, determined
with the Finite Element Analysis (FEA) and with an analyt-
ical solution, for different load cases. Also, a study in [1]
is presented, comparing the modified hominal and the hot
spot stress method for different load cases. In this paper,
a wider parameter range of the radius-over-thickness-ra-
tio (ri/t-ratio), of the to/ti-ratio of the thickness transition
for detail 1 and of the thickness and the area of the ring
stiffener for detail 2 is investigated. The focus here is on
the influence of these mentioned parameters on the stress
concentration factors (SCFs) for the different fatigue de-
sign stress methods. Especially the wide range of the ri/t-
ratio, with the transition to a flat plate (very high ri/t-ratio,
ri/t = 500), is investigated. The varied parameters for de-
tail 1 and 2 are shown in Table 1. In this study, also thicker
plates are investigated (t > 25 mm), to see whether the
well-known size effect (reduced fatigue strength in thicker
plates) is considered within each stress method.

Prepared hot spot stresses (SCFs) for practical application,

determined with an analytical solution for different load
cases for these two details are shown in [2].

Circumferential weld with thickness transition

a) Detail 1 Aok b
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membrane stresses) are needed and no more detailed Fi-
nite Element Analysis (FEA) is necessary.

But, the stress calculations using Finite Element Analysis
(FEA) are increasingly common, also in the fatigue design
of welded constructional details. In these more advanced
methods also local stresses are calculated in the area of
the weld on the basis of a realistic Finite Element Model.
With these realistic FE-models the local geometric stress
increasing effects, which are the most relevant sources for
different fatigue resistance of constructional details, can
be considered and this largely eliminates the need for dif-
ferent detail categories. Here, the hot spot stress method
and also the effective notch stress method are presented
and the different stress concentration factors for each
method are shown. These fatigue design stress methods
are now provided in the new Eurocode prEN 1993-1-
9:2021 [4]. The individual fatigue resistances for all three
different stress methods in this new Eurocode [4] are the
basis for the following investigations in fatigue design.
Also, the new modifications for the consideration of the
size effect (for t > 25 mm) are used. It should be noted,
that the status for this Eurocode is a preliminary norm and
is not officially released now.

Circumferential weld with ring stiffener

Figure 1 Investigated constructional details: a) detail 1 - Circumferential butt weld with a thickness transition (tapering to the outside), b) detail
2 - Circumferential full penetration butt weld to connect the ring stiffener with the pipe

Table 1 Varied parameters of detail 1 and 2 (abbreviations see Fig. 1)

Detail 1 - thickness transition

nilt[-] t/t1]-] 1:x[-] t1 [mm]
20-500 12;15;20 1:4;1:55;1:10 25,50;75
Detail 2 - ring stiffener

nt-] he /[ ] t/t[-] t [mm]
20-500 35;7.0;14.0 1.0;2.0 25;50;75

In the traditional method of fatigue design, called nominal
stress method in the literature, the difference in fatigue
resistances of welded constructional details is considered
by a catalogue of detail classes (detail categories). Each
detail category is related to a different fatigue strength Aoc
(for N = 2 - 10° stress cycles) and S-N curve respectively.
Such a catalogue of fatigue resistance is e.g. contained in
the present Eurocode 1993-1-9 [3] and in the new Euro-
code prEN 1993-1-9:2021 [4]. In the nominal stress
method, only the nominal stresses (in shell structures

2 Methodology - hot spot stress and effective
notch stress concept

The hot spot stress method is documented in [4], Annex
B, with different detail categories. The detail category in
cases with stresses perpendicular to the weld axis, as for
detail 1 and 2, ranges from 90 (Acc = 90 N/mm?2) for a
cruciform joint with load carrying partial penetration butt
welds to 112 for a full penetration butt joint with both sides
ground flush. Most constructional details have the detail
category 100. It’'s important to emphasize, that the hot
spot stress method is only applicable to welded construc-
tional details with a potential crack location at the weld toe
and not for potential cracks starting from the weld root.
Hot spot stresses are defined as theoretical stresses on the
surface of a plate, which includes the membrane and
bending stresses, but not the notch effect of the weld. Im-
portant hints for the Finite Element Analysis (FEA) can be
found in the new Eurocode prEN 1993-1-14:2020 [5].
Usually a linear extrapolation to the hot spot is necessary
to determine the structural stresses in the hot spot. In the
prEN 1993-1-14:2020 [5] in chapter 8.2.3 the extrapola-
tion rules for the hot spot stresses are documented (also
a quadratic extrapolation is provided). They are identical
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to the rules of the IIW-recommendations [6]. In this pa-
per, the linear extrapolation for a fine mesh is chosen with
the extrapolation points at a distance of 0.4 - tand 1.0 - t
from the hot spot. For these two investigated details the
quadratic extrapolation leads to nearly the same hot spot
stresses (deviation under 2 %). Misalignment (only rele-
vant for detail 1, see Fig. 1) can be neglected, if the mis-
alignment is smaller than 5 % of the shell thickness t [4].
In the FEA of detail 1 no misalignment was considered.
This leads to stress concentration factors (SCFs), which
only consider the detail geometry, but no additional geo-
metric imperfections.

a) Detail 1 — hot spot stress method

as for the effective notch stress method is used. The nom-
inal axial stress Acnom for both details is 100 N/mm?2 to
determine the SCFs at the shell with the thinner thickness
ti. In chapter 4, other nominal stresses Aonom are used for
comparison of the different fatigue design stress methods.
Fig. 2b shows detail 2 with the ring stiffener. The specified
radius r = 1 mm for the effective notch stress method is
used at the transition from the weld to the base material.
With a path at the outer shell surface, shown in Fig. 2b,
the notch stress is determined. For all FE-calculations
(Software ABAQUS was used), axial symmetrical, quad-
ratic elements with 8 nodes and reduced integration are
used. As a result, it is a plane model, which also considers

b) Detail 2 effective notch stress method

notch stress
ts=25mm

S, 522

(Avg: 75%)
2.030e+02
1.898e+02
1.765e+02
1.633e+02
1.500e+02
1.368e+02
1.235e+02

hot spot HS

HH transition 1:4 §
t2/ti=1.2
ri/t1=20

t1 =25 mm

Figure 2 Axial symmetric FE-models of: a) detail 1 (hot spot stress method shown), b) detail 2 (effective notch stress method shown) with

longitudinal stresses due to nominal stress AGnom = 100 N/mm?2

The effective notch stress method is documented in [4],
Annex C. With this method also welded constructional de-
tails with potential crack locations at the weld root can be
analysed. In this method, not only the structural stresses
(membrane and bending stresses) are considered, also the
nonlinear stresses (notch stresses) at the weld toe or the
weld root are taken into account. This is done by rounding
the weld toe or root with a fictitious notch of radius r = 1
mm. A very fine mesh in the FEA is necessary to get accu-
rate stress results near the rounding at the notch. In large
FE-models sub modelling is required to fulfil the require-
ments for the FE-mesh. There are two different detail cat-
egories defined for the effective notch stress method, de-
pending on the used stress components [4]. Detail
category 200 is used for von Mises equivalent stresses,
225 is used for principal stresses. The effective notch
stress method doesn’t cover the fatigue verification of
welded details with mild notches (effective notch stress is
less than 2 times the nominal stress), because unsafe re-
sults are expected. Mild notches can occur in detail 1, with
a smooth transition and a small difference of the thick-
nesses t: and t2 (see Fig. 1) and also in detail 2. These
individual cases are marked in Fig. 3, 4, 5, 6 and 7, show-
ing the calculated SCFs.

Fig. 2 shows some examples of the used Finite Element
models to determine the hot spot stresses and the notch
stresses, respectively. Fig. 2a shows detail 1 (thickness
transition) with the relevant hot spot and the extrapolation
points at a distance of 0.4 - t; and 1.0 - t1 from the hot
spot. For the hot spot stress method, the same FE-mesh

the circumferential stresses out of the plane. This hugely
increases the computational efficiency. The material model
of steel is ideal elastic with an elastic modulus E = 210 000
N/mm2 and with Poisson’s ratio v = 0.3. No geometric im-
perfection (axial misalignment of the shell segments) was
considered in this study.

3 Results from the FEA of detail 1 and 2

3.1 Stress concentration factors for detail 1 -
thickness transition

In this chapter, the stress concentration factors (SCFs) for
detail 1, loaded with axial stresses only, are presented. For
detail 1, the decisive stresses are located at the outside of
the shell (see Fig. 2). Fig. 3 shows the SCFs for the hot
spot and for the effective notch stress method for different
ri/t-ratios with thickness t1 = 25 mm. In the new Eurocode
[4], the modified nominal stress method with appropriate
SCFs has to be used for detail 1, to take the stress increas-
ing effects of the thickness transition with plate eccen-
tricity into account. These SCFs kr of the modified nominal
stress method (called kf mod. nom. in Fig.3), calculated
with Eq. (1) (equivalent to Eq. (D.6) in [4]), are shown in
grey lines in Fig. 3. The inclination of the transition cannot
be considered with Eq. (1), so the SCFs kr of the modified
nominal stress method are the same in Fig. 3a and Fig.
3b. Furthermore, Eq. (1) was originally developed for flat
plates.
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Figure 3 Detail 1 - Stress concentration factors (SCFs) for the hot spot (ks hot spot), the effective notch (kt notch) and the modified nominal
stress method (ks mod. nom.) for varying ratios ri/t and tz/t:; thickness t1= 25 mm; inclination of the transition: a) 1 : 4, b) 1 : 10
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Figure 4 Detail 1 - Stress concentration factors (SCFs) for the hot spot (ks hot spot), the effective notch (kt notch) and the modified nominal
stress method (ks mod. nom.); thickness t1 = 75 mm; inclination of the transition: a) 1 : 4, b) 1 : 10

Fig. 3a shows the SCFs for an inclination of the transition
of 1 : 4. This Fig. 3a shows, that the SCFs kr of the modi-
fied nominal stress method, calculated with Eq. (1), are
always larger than the SCFs for the hot spot stress
method. So, the SCFs kr of the modified nominal stress
method are very conservative for smaller ri/t-ratios and
larger t2/ti-ratios. The SCFs for the effective notch stress
method have the same trend as the SCFs for the hot spot
stress method, but they are significantly higher, as ex-
pected. Fig. 3b shows the SCFs for an inclination of the
transition of 1 : 10. In Fig. 3b, the SCFs are smaller, com-
pared with Fig. 3a, especially for smaller ri/t-ratios and
larger tz/ti-ratios. So, a smooth transition (smaller incli-
nation) is very effective in fatigue design for small ri/t-ra-
tios and large t»/ti-ratios. In Fig. 3b it becomes also obvi-
ous, that the hot spot stress method leads to lower SCFs
(also for ri/t = 500 > behaviour almost like a flat plate),
compared with the SCFs for the modified nominal stress
method, because the inclination of the transition is not
considered in Eq. (1). As marked in Fig. 3b, many SCFs for
the effective notch stress method are smaller than 2.0 and
are called mild notches [4]. Mild notches are not covered
for fatigue verification with the effective notch stress
method, because unsafe results are expected.

6 tis

G ) )
Fig. 4 shows the SCFs for detail 1 with significant higher
thickness t1 = 75 mm, to see whether the size effect is
considered in the SCFs or not. Fig. 4a shows the SCFs
again for an inclination of the transition of 1 : 4, Fig. 4b
for 1 : 10. The SCFs for the hot spot stress method and
the modified nominal stress method (based on Eq. (1)) in
Fig. 4 (t1 = 75 mm) are almost identical to those in Fig. 3
(t1 = 25 mm). Hence, the absolute thickness of the shell
has no influence on the hot spot stresses. Comparing the
SCFs for the notch stresses of Fig. 3 and Fig. 4, it becomes
obvious, that those SCFs are influenced by the absolute
thickness t1 (kt is higher in thicker shells). That is also a
reason for the thickness factor ks for thicker plates in [4],
Annex B for the hot spot stress method, which reduces the
fatigue resistance for thicker shells. This factor is shown in
chapter 4 in Table 2. The SCFs for t1 = 50 mm are not
shown, because the SCFs ks for the hot spot stress method
are the same as for t: = 25 mm and t1 = 75 mm. The SCFs
for the effective notch stress method for t: = 50 mm are
nearly identical to the mean values of the results for t1 =
25 mm and t1 = 75 mm. All SCFs, also for t1 = 50 mm, are
shown in [7].

kf:(1+
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3.2 Stress concentration factors for detail 2 - ring

stiffener

Fig. 5 shows the SCFs at the weld toe of the ring stiffener
(thickness t = 25 mm; hs / ts = 7). Fig. 5a shows the SCFs
for a ts/t-ratio of 1.0, Fig. 5b for a ts/t-ratio of 2.0.

3

Q

—@— |_t; weld (notch)

2.8 — & =k_t; no weld {notch)
26 —&— k_f; weld (hotspot)

— & =l f; noweld (hotspot)

238 Amax ~ 13%
2.4
2.2 2.06 2.03
P\

Stress concentration factor k[ -]

2 — = ®
2.08 TS~ _ _ ___
18 . --=e
mild notch 1.89 1.84
16 t/t=1 '
: . -« X N
» 1.25 » h/t=7
' t=25mm
1.2 "ﬁ-—.-f —+
: 1.11
0 100 200 300 400 500
r,/t-ratio[-]

method are obtained with the thicker ring (ts/t = 2), be-
cause the thicker ring stiffener causes a larger constraint
for the axial membrane stresses and larger bending mo-
ments in the shell due to the larger constraint in radial
direction of the cylindrical shell.

3
b) 2.76 —@— k_t; weld (notch)
— 28 Amax ~ 9% — @ =k_t; no weld (notch)
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Figure 5 Detail 2 - Stress concentration factors (SCFs) for the hot spot (kr hot spot) and the effective notch stress method (k: notch); thickness

t=25mm; hs/ts=7;a)ts/t=1,b)ts/t=2

Two different types of weld geometry were investigated
with the FEA. The first type (called “weld” in Fig. 5) con-
siders the exact weld geometry (see Fig. 2) in the FEA.
The second type (called “no weld” in Fig. 5) only considers
the geometry of the ring stiffener and no widening of the
weld. Fig. 5 shows, that the SCFs for the effective notch
stress method k: are more affected by the weld geometry.
Higher SCFs k: are obtained with the exact weld geometry
(“weld”, max. 13 % higher, see Fig. 5a). The SCFs for the
hot spot stress method kr are almost the same for both
types of weld geometry. The tendency for the SCFs of de-
tail 2 is different to those of detail 1. For detail 2 a different
tendency is visible: The smaller the ri/t-ratio the higher
the SCFs.

If Fig. 5a and Fig. 5b, where cases with different ts/t-ratios
are compared with each other, it becomes obvious, that
higher SCFs for the hot spot and the effective notch stress

1.05
t/t, =12
a) bo bo 100 | 1:8
1 L _099_ T . UF mod. I\
P- 8.—.,--—-" nominal stress —+ UF hot spot;
_ t=25mm
'
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0.80 @ 1 =~--'0---- UF notch;
,,/"’0.'8? 0.82 0.82 t=75mm
0.8 081
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As for detail 1, the absolute shell thickness t of detail 2
has no influence on the SCFs for the hot spot stress
method. This aspect is not visible in Fig. 5, because the
SCFs for t = 50 mm and t = 75 mm are not documented
here (see [7]). The SCFs for the effective notch stress
method are again influenced by the absolute thickness t,
as shown for detail 1. They are higher with larger shell
thicknesses t (documented in [7]).

In general, the SCFs for a stockier ring with hs / ts = 3.5
are smaller (3 to 9 % smaller for the hot spot and effective
notch stress method) than those for hs / ts = 7.0 and the
SCFs for hs / ts = 14 are higher (2 to 8 % higher for the
hot spot and effective notch stress method) than those for
hs / ts = 7.0. These SCFs are not documented her, they
can also be found in [7].

1.05
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Figure 6 Detail 1 - thickness transition; Utilization factors (UFs) for detail 1 for hot spot- and effective notch stress method in comparison with
the modified nominal stress method (UF = 1.0) for different plate thickness t = ti; a) t2 / t1 = 1.2 and inclination 1 : 4; b) t2 / t1 = 2.0 and

inclination 1 : 10
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4 Discussion - Utilization factors for different
fatigue design stress methods

4.1 Utilization factors for detail 1 - thickness tran-
sition

In this chapter, the utilization factors (UFs) for the three
different fatigue design stress methods for detail 1 are
shown. The nominal stress Acnom is chosen in such a way,
that an UF of 1.0 results according to the modified nominal
stress method (for 2 - 10° load cycles, see Eq. (2)). For
example, the nominal stress Acnom for t2/t1 = 1.2 and t1 =
50 mm is AGnom = 83.0 N/mm2. This results from the detail
category AOcnom = 112 N/mm?2 for detail 1 (both sides
ground flush, see Table 2) and the k¢-factor according to
Eq. (1), leading to kf = 1.26 (t2/t1 = 1.2) for the modified
nominal stress method. Also, the wall thickness factor ks
in [4] (see Table 2), to consider the size effect, was applied
(ks = (25/50)%! = 0.93). This results in the aforemen-
tioned nominal stress of AGnom = 83.0 N/mm2 (AGnom =
Adc,nom - ks / ke =112 - 0.93 / 1.26 = 83 N/mm?2). With Eq.
(3), the UFs for the hotspot stress method can be deter-
mined. For this detail 1, the thickness factor ks and the
detail category for the hot spot stress method are the
same as for the modified nominal stress concept (see Ta-
ble 2). The stress concentration factor ks (hot spot) for the hot
spot stress method is shown in Fig. 3 and 4. Eq. (4) shows
the calculation of the UFs for the effective notch stress
method with the SCFs kenotch) (also shown in Fig. 3 and 4).

Aonomkf Aocnom'ks

UFno4. nom. = 7o * =1.0 - Aopom = % (2)

cnom'Ks f

Adnom'Kf(hot spot)

UFhotspot = o ® (3)

c(hot spot)'Ks

AonomKe(notch)

UFnotcn = (4)

A0 c(notch)

Fig. 6 shows the UFs for detail 1 (thickness transition) for
the different fatigue design stress methods, with variation
of the thickness t: (t: = t = 25; 50; 75 mm). Fig. 6a shows
the UFs for t2 / t1 = 1.2 and an inclination of 1 : 4, Fig. 6b
for t2 / t1 = 2.0 and an inclination of 1 : 10. Fig. 6a indi-
cates, that the modified nominal- and the hot spot stress
method lead to nearly the same UFs. The UFs for the ef-
fective notch stress method are lower. They lie within 0.80
and 0.85. That means a service life based on the fatigue
design up to 2 times longer (= (1/0.80)3, based on a SN-
curve with m = 3), compared to the other fatigue design
stress methods.

In Fig. 6b with the smooth transition (1 : 10) the difference
between the modified nominal and the effective notch
stress method is even higher. Fatigue design with the ef-
fective notch stress method results in a service life up to
6 times longer (= (1/0.55)3), compared with the modified
nominal stress method. The SCFs for the effective notch
stress method for ri/t-ratio smaller than 100 are smaller
than 2.0 (see also Fig. 3b and 4b; they are marked in Fig.
6b). So, they are mild notches and the effective notch
stress method shouldn "t be used in these cases, according
to [4], Annex C. In Fig. 6b, also, the UFs for the hotspot
stress method are lower than those for the modified hom-
inal stress method, because the SCFs for the latter one (ks

based on Eq. (1)) don’t take the positive effect of the
smaller inclination 1:10 and the individual ri/t-ratios into
account.

The modified nominal stress method for high values of ri/t
(ri/t = 500 > behaviour almost like a flat plate) should be
seen as a reference for the hot spot and the effective notch
stress method. Looking at the UFs in Fig. 6, the hot spot
stress method should be the recommended method for fa-
tigue design of this detail 1 in cylindrical shells. The effec-
tive notch stress method leads to very low utilization fac-
tors, compared to the modified nominal stress method and
might be also on the unsafe side. Additional research ac-
tivities seem necessary to clarify these beneficial results.
Therefore, it is recommended to use the effective notch
stress method for detail 1 only with appropriate misalign-
ments. Misalignments is an often-discussed topic in the
literature. Papers of Lotsberg [8] and Taras [9] show re-
sults for practical design.

Table 2 Detail category and thickness factor ks for detail 1 for different
fatigue design stress methods according to [4]

Detail 1 - thickness transition

stress method detail category thickness factor ks (ks > 1.0)

modified nominal AGcnom =112

_ (25\%1
k, = (Z) fort, > 25 mm

for both sides

ground flush for both sides ground flush

- 0.1
hot spot AGchotspot = 112 k, = (E) for ¢, > 25 mm

t1
for both sides

ground flush for both sides ground flush

eff. notch stress AGcoteh = 225

4.2 Utilization factors for detail 2 - ring stiffener

In this chapter, the utilization factors (UFs) for the three
different fatigue design stress methods for detail 2 are
shown. The nominal stress Acnom is again chosen in such
a way that an UF of 1.0 results according to the modified
nominal stress method (see Eq. (2)). For this detail 2, the
factors kr and ks in Eq. (2) for the modified nhominal stress
method are 1.0. So for detail 2 one gets AGnom = ACcnom
and the results are equal to the nominal stress method.
The detail category in this case is either 80 or 71 N/mm?2
for detail 2, depending on the length [ (see Table 3). The
length [ is defined as the thickness of the stiffener ts plus
the widening of the weld. If [ is smaller or equal 50 mm
AGc,nom = 80 N/mm?2, otherwise Adc,nom = 71 N/mm2. The
accurate fatigue resistances Adc,nom are also marked in Fig.
7. With Eq. (3), the UFs for the hotspot stress method can
be determined for detail 2, as for detail 1. Also, a wall
thickness factor ks has to be considered in the hot spot
stress method, again based on the fatigue tests for flat
plates (see Table 3, according to [4]). The SCFs for the
hot spot stress method ke (hot spoty @are shown in Figure 5. As
for detail 1, Eq. (4) shows the calculation of the UFs for
the effective notch stress method with the SCFs k¢ (notch) for
detail 2 (also shown in Fig. 5).
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Figure 7 Detail 2 - ring stiffener; Utilization factors (UFs) for detail 2 with hs / ts = 7.0 for the hot spot- and effective notch stress method in
comparison with the modified nominal stress method (UF = 1.0) for different plate thicknesst; a)ts/t=1,b)ts/t =2

Fig. 7 shows the UFs for detail 2 (ring stiffener with hs / ts
= 7.0) for the three different fatigue design stress meth-
ods. Fig. 7a shows the UFs forts / t = 1, Fig. 7b forts / t
= 2.0. Please note, that the results for the modified nom-
inal stress method are always UFnom = 1.0. When Fig. 7a
is compared with 7b, it becomes obvious, that the UFs for
the hot spot stress method and the effective notch stress
method are higher in Fig 7b with ts / t = 2, because the
thicker ring stiffener causes a larger constraint for the ax-
ial membrane stresses. This is in line with the reduced fa-
tigue resistance of the nominal stress method for [ > 50
mm. The increased thickness ts is also the reason for
higher stresses at the hot spot. The tendency of the UFs
of detail 2 is different to those for detail 1. For detail 2 a
different trendline holds: The smaller the ri/t-ratio, the
higher the UFs.

Table 3 Detail category and thickness factor ks for detail 2 for different
fatigue design stress methods according to [4]

Detail 2 - ring stiffener

stress method detail category  thickness factor ks

modified nominal A0 nom = 80 1.0
for 1 <50 mm

Acnom =71

for I > 50 mm

hot spot A0 hotspot = 100

0.3
25
k= (teﬁ) for t,, > 25 mm

tors = min(14 + 0.66 - L; t)

eff. notch stress AG¢poteh = 225 -

In general, as for detail 1, detail 2 gives smaller UFs for
the effective notch stress method, compared to the hot
spot stress method. In this detail, misalignment has neg-
ligible influence on the UFs.

The SCFs for the effective notch stress method k: for the
marked cases in Fig. 7a are smaller than 2.0 (see also Fig.
5a).

So, they are mild notches and the effective notch stress
method shouldn "t be used in these cases according to [4].

Fig. 7 also shows that different fatigue design stress meth-
ods lead to different UFs for detail 2. The thickness factor
ks = (25/terr)?3 for the hot spot stress method [4] (see
Table 3), which gives higher UFs, seems a little bit too
conservative, compared with the modified hominal stress
method.

5 Conclusion

In this paper, a study was presented in which two common
welded constructional details in cylindrical shells (detail 1
- thickness transition and detail 2 - ring stiffeners) were
analysed, with respect to the fatigue design of the three
different stress methods. The modified nominal-, the hot
spot- and the effective notch stress method were com-
pared with each other according to [4].

Stress concentration factors (SCFs) for the hot spot and
the effective notch stress method were presented over a
wide range of geometric parameters. Especially, the influ-
ence of the ri/t-ratio and the shell thickness on the fatigue
design were investigated, also for higher thicknesses. It
was shown, that the absolute shell thickness t has no in-
fluence on the hot spot stresses (for the same ri/t ratios)
for both investigated details, in contrast to the SCFs of the
effective notch stress method. The SCFs of the effective
notch stress method are influenced by the absolute shell
thickness for the same ri/t ratios and increase with in-
creasing plate thickness t.

The results of the modified nominal stress method for fa-
tigue design were compared with the hot spot- and the
effective notch stress method in form of a comparison of
the corresponding utilization factors (UFs), considering the
different geometric parameters and also the size effect for
thicker plates. Both details were loaded with axial stresses
only. The modified hominal stress method for high values
of ri/t (ri/t = 500 > behaviour almost like a flat plate)
should be seen as a reference for the hot spot and the
effective notch stress method. But, with the modified nom-
inal stress method, the influence of the ri/t-ratio of the cy-
lindrical shells can’t be considered. As presented, the ri/t-
ratio has different influences on the fatigue design of these
two constructional details. For detail 1, a smaller ri/t-ratio
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has a positive influence on the fatigue design, so smaller
UFs for the hot spot and the effective notch stress method
are obtained, compared with the modified nominal stress
method. For detail 2, the influence of the ri/t-ratio is dif-
ferent. If the ri/t-ratio is small, higher UFs of the hot spot
and the effective notch stress method are received.

The effective notch stress method leads to very small uti-
lization factors, compared with the modified nominal
stress method, especially for detail 1 with a smooth tran-
sition (inclination 1 : 10), also for higher ri/t-ratios. There-
fore, it is recommended to use the effective notch stress
method for this detail 1 only with consideration of appro-
priate misalignments within the FEA. It seems, that the
hot spot stress method is the best method for fatigue de-
sign for these two constructional details. In the hot spot
stress method, the inclination of the transition for detail 1,
the geometry of the ring stiffener hs/ts and the ri/t-ratio
for both details are directly considered in the FEA and the
computational efficiency is much better as in the effective
notch stress method.
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