
1 INTRODUCTION 

1.1 Detail category (value at 2 million cycles) 
In slotted tubular connections, the tube may either be 
a circular (CHS) or a rectangular (RHS) hollow sec-
tion, as shown in figure 1. Regarding the connection, 
its fatigue behaviour can be influenced by: the de-
tailing of the welds between the tube and the plate, 
the gusset plate geometry, the tube chamfering, and 
probably the geometrical ratios of the connected 
parts (diameter/thickness of CHS, RHS, thickness 
ratio of plate and tube). For this or any other similar 
connections, the detail categories differ from stand-
ard to standard and not all consider the same influ-
encing parameters. 

 
Figure 1. Illustration of slotted tubular connections with CHS 
or RHS (each tube can be with or without hole) 
 

EN1993-1-9:2005 classifies it (table 8.6, detail 2) 
for circular hollow sections (CHS) as CAT 71 (or 
CAT 63 for chamfered angles higher than 45°), but 

only for tubes with wall thicknesses less or equal to 
12.5 mm; no limit on the tube diameter is given. The 
connection includes open holes at the end of the slit, 
a feature that facilitates fabrication and avoids hav-
ing a non-detectable crack starting from the root of 
the weld. The recommendation for such a feature 
originates from Profs. J.W. Fisher and A. Pense, fol-
lowing a failure in a crane boom without warning; 
with open holes, fatigue cracking is visible if it de-
velops (Fisher, 2009). However, the fatigue strength 
of the connection with open holes as CAT 71 cannot 
be taken as granted, as indeed no tests in high cycle 
fatigue were carried out on this detail. 

In the IIW recommendations, a slotted CHS tube 
welded to plate is classified as a function of the tube 
diameter and plate thickness: 

- FAT 63 (d ≤ 200 mm, tp ≤ 20 mm)  
- FAT 45 (d > 200 mm, tp > 20 mm) 

No open holes are shown and no requirement on 
the chamfered angle is given. 
DNV recommended practice (DNVGL-RP-0005, 

2014) identifies this connection as tubular joint with 
gusset plate. It recommends the use of FEA and hot 
spot stress method to design against fatigue this de-
tail. DNV differentiates between circular and rectan-
gular hollow sections and also considers the closing 
of the tube end with plates to prevent water from 
getting in (sealing plates). The classification in hot 
spot stress is 90 for the end of the weld of the plate 
on the tube, which is often the critical spot. 

BS7608, AISC and CIDECT design guide 8 (fa-
tigue) do not have this detail categorized. Instead, in 
many codes, a “tube gusseted connection” detail is 
included, see section 3.2. 
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To summarize, the category and limits of applica-
tion are confusing for this detail, not to mention the 
lack of guidance for computing the relevant stress in 
some codes. Only the tube chamfering angle, some 
geometrical limits of the connected parts (tube di-
ameter and plate thickness) and the presence of open 
holes are differently specified. It is surprising that 
the detailing of the welds between the tube and the 
gusset plate is not part of the specifications. 

1.2 Notch stress method 
Finite element methods of increasing complexity 
(called local approaches) and devoted to analysing 
details under fatigue have emerged over the past 
years. In order to use only one S-N curve, the pre-
ferred method today is the effective notch stress 
method (Radaj 1990) (Fricke 2008). By modelling 
the local detail geometry, one can consider all global 
and local stress concentration effects within the 
model. The S-N curve provides then the intrinsic fa-
tigue resistance of a weld toe or root with its micro-
structural imperfections. Thus, the method relies on 
the definition of a reference resistance fatigue curve, 
differentiating only between the weld types (E. 
Niemi et al. 2006). In order to get a finite and mesh 
independent peak stress value, all weld toes and 
roots of the connection are modelled with a fictitious 
notch radius of 1 mm, see fig. 2. This fictitious notch 
radius has to be added to the actual notch radius, 
which is usually assumed to be zero in a conserva-
tive way. Therefore it is recommended to assume 
generally rref = 1 mm for design purposes. The result 
is an effective notch stress or, if related to the nomi-
nal stress, a fatigue notch factor Kf (Fricke 2008). 
This approach together with a design reference fa-
tigue curve of FAT 225 (225 MPa at 2 million cy-
cles and m = 3) for steel, has been first included in 
the IIW Recommendation in 1996 (Hobbacher, 
1996), valid for all weld types. The application to 
welded plate details (failing from the toe or the root) 
has extensively been investigated in particular for 
the ship industry (Fricke et al. 2002, Fricke 2012). 

 
Figure 2. Applications of reference radii for the calcula-
tion of notch stresses (Hobbacher 1996). 

2 ANALYSIS OF FATIGUE DATASETS FROM 
LITERATURE  

2.1 Analysis in nominal stress of existing tests 
Only a few experimental works have been carried 
out by different authors on this connection and most 
tests were on CHS connections. The results from 
(Zirn, 1975), (JSSC 1969), (Harada 1982) and 
(Uchino 1974) can be obtained from a report issued 
by University of Karlsruhe (Mang et al, 1987). Table 
1 is adapted from this publication and shows that to 
be conservative for slotted cases, a category 45 
should be used, with m = 3. The categories in this 
table and their limits correspond to the ones found in 
IIW, contradicting the values given in the Eurocode 
(and with different limits). 

 
Table 1. Categories, details and description according to (Mang 
et al, 1987). 

 
 
 
 
 
 
 
 
 
 

 
Reanalysing the data of the last two authors 

(Harada and Uchino), we came to the conclusion 
that the results are very scattered and no detailed in-
formation on the test specimens could be found. The 
JSSC test results are more homogeneous but provide 
a relatively low bound and again no detailed infor-
mation is available. Thus the largest, most coherent 
and complete dataset is still the one by Zirn from his 
original report (Zirn 1975). Concentrating on Zirn’s, 
it can be noticed that most cracks started from the 
weld toe at the end of the gusset plate welded to the 
tube. All tests were carried out on CHS tubes with d 
= 88.9 mm and plates tp ≤ 20 mm. The end of the 
tube was systematically closed with sealing plates. 
Figure 3 shows the experimental results separated 
into two groups depending upon the chamfered an-
gle of the tube. Comparing the test results with the 
curves from the Eurocode (CAT 71 for α ≤ 45° and 
63 for α > 45°), one notices that they are both unrep-
resentative and un-conservative. The characteristic 
curves (mean minus 2 std dev.) determined by linear 
regression were, respectively, CAT 80 with m = 4.26 
and CAT 60 with m = 3.91. The difference that can 
be observed with the chamfering angle vanishes 
when using a slope m = 3 as shown in figure 3. 
Higher slopes, often close or equal to m = 5, are of-
ten found when analysing fatigue data on tubular 
connections. The IIW category FAT 45 is, on the 





slotted one since with the slot the plate is on both 
sides, there is less local bending. Overall, the codes 
do not have significantly higher categories for this 
detail compared to the slotted tubular connection, 
but the weld type is the main influencing parameter. 

The notch stress method is directly applicable to 
this detail, but was outside of the scope of this study. 
Instead, the focus was directly set on modelling the 
complete slotted tubular connection as presented in 
the next section. 

3.2 Plate with hole in nominal stress 
The experimental results collected from literature 

for this detail, exemplify tests carried out in several 
leading European and American laboratories from 
1960 to 2007. They were carefully selected in order 
to limit the scope to experiments typical to steel 
bridges. Only tests above 1.104 cycles, performed in 
plates under axial loading, and with the method of 
fabrication and crack path clearly specified were 
considered. The resulting data set is plotted in figure 
6. 

 
 
Figure 6: S-N plot in nominal stress of all results on plates with 
holes 
 

Klöppel (Klöppel, K., Weihermüller 1960) per-
formed tests in plates with drilled holes at 4 different 
stress ratios (R) and showed a strong dependence on 
that parameter. The regression analysis shows a 
slope close to m = 5, which indicates a significant 
fatigue life spent in initiation. 

Gurney (Gurney 1965) carried out fatigue tests on 
mild and high strength structural steel plates with a 
hole drilled and reamed. A remarkable dependence 
on steel type was observed with a slope also close to 
m = 5. 

In (Haibach 1975) fatigue tests were reported on 
plates with drilled and reamed holes. Some depend-
ence on R-ratio was observed but not on steel type. 

Results presented in (Mang et al. 1991) refer to 
holes made by flame or plasma cut. Each plate had 3 
holes spaced longitudinally at 150 mm. Plate thick-
ness of 12, 20 and 30 mm were investigated not 
showing any pronounced size effect. No effect was 
found for the steel grade (St 37, St 52 and St E690) 

which indicates that initiation life is small due to 
plasma and flame cut rugosity. Regression analysis 
shows slopes close to m = 3 indicating that the fa-
tigue life is fully in propagation. It is reported that 
flame cut results in a 30% reduction in fatigue 
strength compared to drilling. 

Results from (JSSC 1995) are included in the 
background from Eurocode 3 and also here but no 
information is available regarding specimen dimen-
sion or steel type. Thus these results will not be used 
in the notch stress re-analysis. 

Tests on galvanized plates with punched or 
drilled holes of 15 mm are presented in (Valtinat & 
Huhn 2003). Tests on punched holes revealed that 
the cracks started at the edge where the punch goes 
in, propagating as a corner crack until the crack 
reached the edge on the opposite surface. This repre-
sented almost the entire life, i.e. the propagation as 
an edge crack (trough thickness) was very fast. The 
specimens with drilled holes showed cracks mainly 
initiated in the mid thickness of the plate, propagat-
ing as a semi-elliptical crack. The results for 
punched holes show a poorer fatigue performance 
than the drilled ones. The authors further conclude 
that galvanizing has also a negative effect on the fa-
tigue resistance. 

Further tests on plates with punched or drilled 
holes are reported in (Sánchez et al. 2004). Again 
punched hole specimens were shown to have much 
lower fatigue life than the drilled ones. Punched 
holes behave with slope around m = 3 while drilled 
ones with a slope around 5. The fatigue crack for the 
punched specimens initiated at the transition point 
between the shear band and the tearing zones result-
ing from the punching process.  

Fatigue tests in plates with plasma-cut holes were 
performed in (Bergers et al. 2006). Tests were done 
on steels S 460 MC, S 960 QL, S 1100 QL but no 
difference was found with the increase of steel 
grade. The results plot with a slope m = 3, indicating 
the predominance of propagation life due to the 
plasma cut surface defects. All cracks were reported 
to start in the inner edge of the hole. 

Tests with holes done by punching, drilling or 
reaming are reported in (Bennett et al. 2007). The 
tests with drilled or reamed holes were all stopped 
around 2 million of cycles and considered run-outs. 
The fatigue performance of the punched ones was 
again very poor compared to drilled or reamed. 

The results reported in (Brown et al. 2007) in 
punched and drilled holes are not included in the 
notch analysis because the hole on the finite width 
plates was not symmetrical and no clear information 
about each crack path is given. 

Holes in plates are classified in Eurocode 3 as 
CAT 90 for the net cross-section nominal stress 
based on 3 sets of results (JSSC 1995; Valtinat & 
Huhn 2003; Mang et al. 1991). However the re-
analysis shows this FAT category to be non-



conservative. Many authors report the results in 
terms of gross cross-section nominal stress, thus the 
results were converted using: 

∆𝜎!"# = ∆𝜎!"#$$ ∙
!

!!!
  (1) 

where w is the plate width and d is the hole diam-
eter. The re-analysis of the data set shows that the 
fabrication method of the hole is the most remarka-
ble parameter in plotting the fatigue results, see fig-
ure 7. Two different groups of holes were identified 
and regression analysis performed: 
• Quality Group 1: Drilled and Reamed holes 

(Rz5 Range 1) – FAT90 
(i.e. FAT 145 with slope m = 3.03 and characteristic FAT 
97 with m = 3) 

• Quality Group 2: Punched, Flame and Plasma 
cut holes (Rz5 Range 2) – FAT71 
(i.e. FAT 91 with slope m = 2.62 and characteristic FAT 
69 with m = 3) 

Note: Rz5 is the ten-point roughness i.e., the av-
erage height from the five highest peaks and five 
lowest valleys over a given length (EN 9013). 

 
Figure 7: S-N plot in nominal net stress with classification in 
relation to the fabrication method of the hole 
 

According to EN 1090-2, holes may be formed by 
any process (drilling, punching, laser, plasma or 
flame cut), with the requirement that the local hard-
ness and quality of the cut surface be checked. For 
Execution Class 4 (EXC4), punching without ream-
ing is not allowed. Local hardness values were 
measured by (Mang et al. 1991; Valtinat & Huhn 
2003) for punched, flame and plasma cut holes for 
example and they were inside the allowable range 
(380HV10 for steel up to S460 and 450HV10 for 
steel up to S690). Also residual stresses were meas-
ured but the values close to the hole edge were low. 
The most important parameter distinguishing the 2 
groups is the surface roughness in the hole, which 
may eliminate the initiation life, and introduce se-
vere notches that act like initial fatigue cracks. The 
limits of roughness are defined according to 
EN 1090-2 for the Execution Class 4 (EXC4) as 

Range 2 quality for the mean height profile (Rz5) 
according to EN 9013, which means a maximum 
value of Rz5=40+(0.8*t[mm]) [µm], which for the 
maximum plate thickness t = 30mm, leads to 64 µm. 
As per the data set, surface quality was classified as 
Class 1 according to DIN 2310 in plasma cuts 
(Mang et al. 1991) which for t = 12 mm gives 
Rz=65 µm. We recommend thus that for EXC4, 
structures subjected to fatigue loads, the Range 1 be 
adopted Rz5=10+(0.6*t[mm]) [µm]. 

The characteristic fatigue curves that represent 
the lower bound of the data set results from figure 7 
may also be obtained by a linear elastic fracture me-
chanics approach, accounting for the initiation life in 
the Quality Group 1. A review of similar models is 
described in (Radaj et al. 2006) and has been adopt-
ed for plates with holes in low cycle fatigue by (Se-
hitoglu 1983) or for several high-strength steel de-
tails by (Pijpers 2011). The resistance of steel to 
fatigue crack initiation includes nucleation and short 
crack growth. The initiation life is modelled with a 
method described in (Haibach 2006), details can be 
found in (Baptista 2014). The initiation period is 
completed when the microcrack growth is no longer 
dependent on the microstructure or surface condi-
tions, and thus, the crack growth resistance of the 
material starts to control the crack growth. The size 
of the microcrack at the transition stage is thus mate-
rial dependant. We adopted the Range 2 limit 
Rz5=40+(0.8 × t [mm]) [µm], which for the maxi-
mum plate thickness t = 30 mm, leads to 64 µm. 

Linear Elastic Fracture Mechanics is used for the 
propagation stage. Two types of cracks have to be 
considered to propagate the initial crack to a 
through-thickness crack. Observations of the failure 
surfaces of cracked specimens have shown that 
cracks propagate in this stage as corner crack or 
semi-elliptical cracks. Tests on punched holes re-
vealed that the cracks started at the edge where the 
punch goes in, propagating as a corner crack until 
the crack reached the edge on the opposite surface. 
The specimens with drilled holes showed cracks 
mainly initiating in the mid-thickness of the plate, 
propagating as a semi-elliptical crack. In the final 
propagation stage, LEFM is used to propagate a 
through-thickness edge crack. For modelling the to-
tal life, two cases are compared: 
• Quality Group 1 (QG1): Initiation, propaga-

tion first as semi-elliptical and final propagation 
as through-thickness crack 

• Quality Group 2 (CG2): Propagation first as 
corner crack and final propagation as through-
thickness crack. 

The stress intensity factor expressions used for 
the corner crack, semi-elliptical and through-
thickness crack are detailed in (Baptista 2014). The 
results for CG2 are shown for example in figure 8. 
The cloud of points is close to the characteristic 
curve 71 for QG2, which shows that the model is 



able to properly reproduce the lower bound of the 
quality group. The same can be said for QG1 and 
characteristic curve 90. The proposed detail catego-
ries are thus confirmed to be FAT 90 for QG1 
(drilled and reamed holes) and FAT 71 for QG2 
(Punched, Flame and Plasma cut holes). 

 

 
Figure 8: Comparison in nominal stress between experimental 
data set and model for Quality Group 2, only propagation stage 
considered. 

3.3 Plate with hole in notch stress 
The data set is transformed into notch stress by con-
sidering the stress concentration factors correspond-
ing to the plate and hole geometries (Peterson 1997). 
The resulting plot is shown in figure 9. The pro-
posed characteristic curves for each of the two quali-
ty groups are also drawn. It can be seen that for 
QG1, the use of a FAT 225, m = 3, is appropriate. 
This is not the case for QG2, where only a FAT 170 
should be used. 

 
Figure 9: Comparison in notch stress between experimental da-
ta set and characteristic reference fatigue curves proposed 
 

For more complex details, the net cross-section 
nominal stress to gross stress ratio is not uniquely 
defined, i.e. there is no direct geometric relation be-
tween the hole and elements composing the connec-
tion. The stress concentration factor varies with the 

many geometrical parameters, so that different Kf 
can be found for the same level of gross or net cross-
section nominal stress. Thus it is only possible to de-
termine a stress value with a FEA coupled with  a 
Hot Spot or Notch Stress analysis.  

It should be mentioned that while the analysis of 
the entire data set does not show any influence of the 
steel grade, a remarkable difference is noticed for 
the results of QG1, which indirectly indicates once 
again the importance of the initiation life in drilled 
and reamed holes. 

3.4 Complete connection 
The FEA was carried out on a series of models rep-
resenting the slotted tubular connections tested by 
Zirn, see table 2, using the software ABAQUS. In all 
the tests reexamined and models, the tube is a CHS 
88.9 x 5 and the attached plate thickness is 15 mm. 
Zirn specimens have sealing plates at the end of the 
tube. To see the influence of this feature, since the 
cost of preparing/welding these plates is not negligi-
ble, both cases were modelled. The differences in 
the specimens concern the type of weld, the plate 
and tube chamfer. Another feature, not tested by 
Zirn, was added to the geometry in a series of mod-
els, the presence of an open hole at the end of the 
slot. The hole radius was chosen to be 17.5 mm (half 
the plate thickness plus twice the weld leg length). A 
couple of cases with elongated holes were also 
made. In total, with the different parameters includ-
ed in the models, the number of runs was 34. 

All model results, given as Kf values, can be 
found in Table 2. An important limitation in the 
models is related to the initiation sites considered. At 
this time, since the main potential crack location ob-
served in the tests is the cracking in the tube at the 
weld toe, and in one series of models where the open 
hole was added (and considered the new potential 
crack location), only these two were considered (i.e. 
the crack from the root or in the plate are not consid-
ered). The stress concentration factors (related to the 
nominal stress in the tube) for the different models 
(at the two details) are summarized in table 2. Note 
that the quality group requirement (QG1) for the 
open hole is important as the notch stress curve de-
pends on it. 

4 COMPARISON AND DISCUSSION 

From the Kf values given in Table 2, one can deduce 
that for the same geometry, fillet welded connec-
tions have higher Kf compared to full penetration 
ones. The connections with sealing plates have a bet-
ter resistance (i.e. a lower Kf) then those without 
them, the sealing plates make the tube carry some 
load over to the plate without overstressing the at-
tachment ends in the tube. 



Table 2. FEA geometries and resulting notch stress. 

 
 

Table 3. Fatigue classes in nominal stress deduced from notch 
analysis, cases with sealing plates 

 
Case FEA 

w/o hole 
FEA w/hole 
Quality Group 1 

 

 

 
 

FEA w/hole 
Quality Group 2 

L1_FW 47 58 44 
L1_FP 73 57 43 

L2*_FP 64 64 48 
L2_FP 66 64 48 
L3_FW 41 56 43 
L3_FP 54 58 44 

elongated    
L2*_FP_el 73 73 55 
L2_FP-el 66 82 62 

 
For the cases with holes, note that both max value 

anywhere along the hole edge (not chamfered in the 
models) as well as the average value are given. The 
authors have used the max. values herein to be con-
servative, one could however argue that the average 
is more representative of well executed holes. The 
two models with elongated holes show it is an effec-
tive solution: the crack potential location remains in-
spectable in the hole edge, while the Stress Concen-
tration Factor is lower than a circular hole. 

Since the studied geometries are very close, a di-
rect comparison between the different cases can be 
made in nominal stress (in the tube), taking into ac-
count the proper reference notch fatigue curves for 
the calculated notch factors; in other words, one can 
divide the FAT value by Kf. The reference notch fa-
tigue curves, corresponding to characteristic values, 
are FAT 225 for the welds and FAT 170 for the 

holes, because usually the slot and hole are made by 
the same fabrication method and correspond to QG2. 
The results are shown in Table 3. It can be seen that 
Full Penetration welds may be considered in a 
CAT63 (except for geometry L3). In these connec-
tions, introducing the hole is even detrimental to the 
fatigue resistance to the whole connection, unless 
elongated holes in QG1 are adopted. In geometry 
L3, the chamfering of the plate is seen to be exces-
sive and leads to an increase of the concentration at 
the weld in the tube. For Fillet Welded connections, 
CAT 45 is suited while the hole may increase the re-
sistance to CAT 56 if holes are made in QG1. 

Finally, one can plot Zirn results in notch stress, 
see Figure 10. It shows the capacity of the notch 
method to describe different notch cases as the dif-
ference between PP and FW is diluted in a global 
notch scatter band. One can note that the slope m = 4 
is more adequate and, logically, confirms the analy-
sis on figure 4 in nominal stress. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10: Comparison in notch stress between experimental 
data set and characteristic reference fatigue curves proposed 



5 DETAIL RECOMMENDATIONS 

The connection types with full penetration welds 
have a better fatigue resistance and thus should be 
promoted. The presence of sealing plates is also 
beneficial. Regarding the chamfering of the tube, it 
has limited influence on the fatigue resistance as 
long as full penetration welds are used. The same 
can probably be said for the chamfering of the plate, 
but was not fully studied; the chamfering of the part 
of the plate inside the tube is of more significance. 

Open holes can be a good solution for tolerance 
reasons and NDT in order to avoid a non-detectable 
crack starting from weld root. But if the connection 
contains open holes, it is recommended to adopt the 
quality group 1, which corresponds to a maximum 
roughness of Rz5=10+(0.6*t[mm]) [µm]. If only the 
quality group 2 is used because it may not be eco-
nomical to ream holes after cutting them together 
with the slit, or to drill them separately from the slot, 
then a solution could be to put an elongated hole in 
the stress direction instead of a circular one. If one 
uses an elongated hole with a length double its 
width, the improvement can be expressed by using 
0.81.Kf (or by multiplying the fatigue class with 
1/0.81) which approx. compensates for cut quality 
group 2 instead of 1. 

6 CONCLUSION 

The following conclusions can be drawn: 
• For plates with holes, only drilled and reamed 

holes (Rz5 Range 1) can achieve FAT 90 in 
nominal net stress, and FAT 225 in notch stress 
(Quality Group 1). For Quality Group 2, the 
values are FAT 71 in nominal net stress, and 
FAT 170 in notch stress. 

• The fatigue categories in Eurocode 3, part 1.9, 
for the slotted tubular connection should be up-
dated in terms of fatigue strength, requirements 
and drawing of potential crack location(s). 

• The connection types with full penetration (FP) 
welds have a better fatigue resistance and the 
weld type, which is one main influencing pa-
rameter, should be considered in the codes (may 
be instead of chamfering angle of the tube). This 
study shows they could be classified in CAT 63 
for FP and CAT 45 for FW. 

• The presence of sealing plates is beneficial to 
the fatigue resistance. So is the presence of the 
hole, but only for fillet welded plates. 

• The notch method (FAT 225) is able to include 
the difference between FP and FW notch cases. 
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