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Analysis of fatigue test data to reassess EN 1993-1-9 
detail categories

Helen Bartsch, Karl Drebenstedt, Benjamin Seyfried, Markus Feldmann, Ulrike Kuhlmann, Thomas Ummenhofer

This paper addresses the assessment of fatigue details accord-
ing to EN 1993-1-9, which form the basis of the most important 
fatigue verification, the nominal stress approach. First of all, a 
suitable statistical methodology had to be defined for consist-
ent detail classification. A structured database on the MySQL 
platform serves as a basis for the evaluation of the detail cate-
gories. In addition to fatigue test data documented in the back-
ground document to EN 1993-1-9, this database also includes 
new test data provided by the authors. After selecting the most 
meaningful test data, important details, such as longitudinal 
welds, were reassessed. In addition, the authors carried out 
fatigue tests in connection with numerical simulations in order 
to be able to evaluate the fatigue strength with better accura-
cy. The results so far show that the details analysed often 
prove to have a higher fatigue strength than currently docu-
mented in EN 1993-1-9.

Keywords  fatigue tests; fatigue detail catalogue; fatigue detail classification; 
effective notch stress concept; prediction interval

1	 Motivation

In many applications, e.g. bridges, cranes, masts, towers, 
fatigue verification of the steel structure is required and is 
essential for design. However, the detail catalogue in 
EN 1993-1-9 [1] leads to partly conservative and uneco-
nomical results compared with former national standards 
such as DIN 4132 [2] or DS 804 [3] (see also the report of 
a common research project [4]). One of the reasons for 
this is a change in concept which has been reduced to 
checking stress ranges only and a less refined detail cata-
logue. In addition, the background to the detail catalogue 
has proved to consist of an incomplete database, which 
often goes back several decades. The evaluation methods 
utilized at that time are partially inconsistent. For these 
reasons, the investigations described here are aimed at 
analysing existing experimental data together with new 
experimental data for statistical purposes in order to de-
velop recommendations for improved detail categories – 
also for European standardization. To this end, a detailed 
database structure was developed in order to be able to 
evaluate the fatigue test data in an intelligent way. The 
database application enables search and selection func-
tions as well as a user-controlled evaluation of the test 

data. Based on the primary sources gathered, many rele-
vant influences that affect the fatigue strength were iden-
tified and included in the database as additional informa-
tion.

Current research activities [5, 6, 7, 8, 9, 10] have reas-
sessed the details of EN 1993-1-9 [1]. This paper demon-
strates the evaluation of selected details such as cruciform 
joints and longitudinal welds. Furthermore, first results 
from additional experimental and numerical investiga-
tions of endplate connections are presented.

2	 Statistical assessment method and evaluation of 
significant influencing factors

2.1	 Overview

Experimental test data always show random scatter. Un
avoidable sample-to-sample variations of influencing fac-
tors such as surface defects at weld toes, internal defects 
in weld roots, geometrical tolerances and metallurgical 
inhomogeneities lead to this scatter, even under identical 
test conditions. For the assessment of a characteristic fa-
tigue strength, this scatter should be taken into account; 
however, there are different approaches to the statistical 
analysis [11, 12, 13, 14, 15].

The approaches differ in terms of the definition of the re-
sistance model for fatigue strength, the assumed probabili-
ty function and the consideration of the sample size. 
EN 1990 [16] defines the reliability and safety concept of 
all Eurocodes for structural design. The informative Annex 
D of EN 1990 contains rules for design assisted by testing.

2.2	 Resistance model and regression analysis

For high-cycle fatigue of steel structures, the relation be-
tween the applied stress range S and the corresponding 
number of stress cycles to failure N follows an exponen-
tial law [17]. On a log-log scale with decimal logarithm, 
the test data can generally be allocated to a straight line, 
see Fig. 1, expressing a log-linear dependency of stress 
cycles on the stress range, Eq. (1):

log log logN a m S= − ⋅ (1)

Fig. 1 shows the log-linear relationship in the finite life 
region. According to EN 1993-1-9 [1], the finite life region 
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is located between 104 and 5 · 106 stress cycles. The S-N 
curve corresponds to the resistance model. The parame-
ters a (intercept of S-N curve of finite life region on hori-
zontal axis S = 100 = 1) and m (slope of S-N curve) in 
Eq.  (1) can be calculated using a regression analysis. 
Since both parameters are estimated based on the infor-
mation provided by a limited number of fatigue tests, they 
have to be replaced by the estimates â and m̂. If the slope 
m of the S-N curve is known from previous information 
(e.g. m = 3 for welded details with sharp notches [18]), â, 
or rather log â, is given by Eq. (2). Test specimens that 
have not reached a defined failure criterion (runouts) 
must not be taken into account.

log ˆ 1
log logi ia

n
N m S∑∑( )= ⋅ + ⋅ � (2)

where n is the sample size (number of fatigue tests data) 
and i is the index of the single fatigue test. The standard 
deviation s of the population is either known or un-
known. In the latter case it is estimated from the sample. 
The standard deviation s in terms of log N amounts to

log (log ˆ log )
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2.3	 Distribution and prediction interval

Eurocode 0 [16] implicitly assumes that the distribution of 
the population is normal or log normal. As there is no 
prior knowledge about the mean, it is estimated from the 
sample. In the case where the slope m is forced to be a 
certain value and does not have to be estimated from the 
sample, EN 1990, Annex D.7, is applicable for the deriva-
tion of a characteristic S-N curve.

According to EN 1990, the coefficient kn is a factor that 
can be used to derive characteristic values with 95 % 
probability of survival, see Tab. 1.

When the standard deviation is estimated from the sam-
ple according to Eq. (3), the lower row of Tab. 1 must be 
used.

The kn factors are based on the prediction method of frac-
tile estimation (prediction interval) [20]. The characteris-
tic value of the intercept ak is obtained from Eq. (2). The 
procedure is shown schematically in Fig. 2.

log log ˆ
k na a k s= − ⋅ � (4)

The characteristic reference value Dσc of the fatigue 
strength at 2 · 106 stress cycles can be determined as given 
in Eqs. (5) and (6):

log
log 2 10 log6

kS
a

m
=

⋅ −
−

� (5)

10c
log S∆σ = � (6)

The procedure described meets the requirements of back-
ground document 9.01 [11] to EN 1993-1-9 [1] and 
EN 1990, Annex D [16], as has been demonstrated in [4].

2.4	 Evaluation of significant influencing factors

One of the main objectives of the research project pre-
sented here [5] was the evaluation of factors influencing 
the fatigue strength, such as parameters on the resistance 
side, e.g. yield strength, as well as parameters on the ac-
tion side, such as the mean stress or the R ratio between 
minimum and maximum cyclic stresses. There are differ-

Fig. 1	 Log-linear dependency of number of stress cycles on stress range

Tab. 1	 kn factor for characteristic values with 95 % survival probability (according to Eurocode 0 [16])

n 1 2 3 4 5 6 8 10 20 30 ∞

s known 2.31 2.01 1.89 1.83 1.80 1.77 1.74 1.72 1.68 1.67 1.64

s unknown – – 3.37 2.63 2.33 2.18 2.00 1.92 1.76 1.73 1.64

Fig. 2	 Schematic procedure for the statistical evaluation of test data
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Fig. 4 shows the fatigue strength of tests on longitudinal 
attachments depending on the yield strength. Each scat-
ter band represents a test series. If the parameter exam-
ined exerts a significant influence on the fatigue strength, 
the interval should show a tendency to go up or down. As 
no tendency can be recognized for the mean or the scat-
ter band, the yield strength is probably not influencing the 
fatigue strength of longitudinal attachments.

In order to work with normalized data, the test results 
should not be modified by other significant influencing 
factors. Therefore, it is advisable to use only test data with 
a comparable stress ratio R, since pulsating compressive 
stresses may have a positive influence on the fatigue 
strength. For the Eurocode evaluation, a further condi-
tion is to keep the slope of the S-N curves constant for all 
test series, although the slope may differ for some details. 
For example, post-weld treatments may lead to deviating 
slopes of the S-N curve.

3	 Fatigue test data and database structure

The data collected are based on several fatigue data col-
lections gathered during previous research [21, 22] de-
rived from 13 individual databases of different interna-
tional authors.

First, the original primary sources of all data collections 
were acquired and analysed again in detail. Additionally, 
the authors’ own experimental data from the institutions 
involved as well as additional published experimental 
data not yet included in the data collections were added 
to the database. The innovative database based on Struc-
tured Query Language (SQL) currently contains over 
400 primary sources with about 1970 fatigue series and 
about 22 000 individual test results on various details. 
About 23 % of these data can be distinguished as newly 
integrated in addition to the known data of the former 
data collections. The database developed aims to include 
all relevant information regarding the fatigue strength by 
means of approximately 140 input fields. These include 
the following information:

–	 General information: detail, source, general remarks
–	 Load data: type of load, test frequency, position of 

calculated stress range
–	 Material information: steel grade, yield strength, tensi-

le strength
–	 Information on welds: shape, welding symbols accor-

ding to [23], number of layers, pre-treatment, post-
treatment, welding sequence, properties of filler metal, 
welding position according to [24], process according 
to [25]

–	 Environmental conditions: temperature, corrosive 
conditions, humidity

–	 Detail-specific properties: dependent on the detail 
(e.g. thickness of test specimens, span)

–	 Test results: stress range, stress ratio, number of cycles 
to failure, failure criterion, failure region

ent approaches to assessing significant influences on the 
fatigue strength based on experimental data.

A simple approach for examining influencing factors is to 
group them. To check, for example, the influence of the 
yield strength on a specific constructional detail, all test 
results on mild steel are evaluated together in a group and 
compared with the results of the tests on high-strength 
steel. A statistical hypothesis test such as a t test helps to 
assess whether the influence is significant.

The evaluation of normalized data is another appropriate 
approach for identifying significant influences on the fatigue 
strength. In this method the statistical uncertainty in the 
S-N curve slope m is neglected and all data are projected 
along the line with a fixed slope m to the axis of N = 2 · 106 
cycles, see Fig. 3. As the data are standardized to 2 million 
cycles, the ordinate axis is directly comparable with the fa-
tigue reference value DσC. The normalized fatigue test data 
can then be shown depending on a potential influencing 
parameter such as the yield strength, as shown in Fig. 4.

Fig. 3	 Determination of normalized test data (scaled to 2 million cycles)

Fig. 4	 Standardized scatter bands with 5 % and 95 % survival probability as 
a function of the yield stress for test data on longitudinal attachment 
(test data normalized to 2 million cycles)
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meaningful data have been considered. The following 
main data filtering criteria were applied:

–	 Availability of primary sources
–	 Availability of test data in table or diagram form
–	 Validity of the failure criterion
–	 Number of tests
–	 Clear assignment to a fatigue detail of EN 1993-1-9 [1].

4.2	 Evaluation of test results

The following section presents the new evaluation of fa-
tigue details 2, 3 and 5 of Tab. 8.2 [1], which comprise the 
classic longitudinal welds for different executions, see 
Tab. 3. Detail 2 with detail category FAT 125 refers to an 
automatic fillet weld, which should not have any stop/
start positions or whose stop/start positions have been 
properly ‘repaired’. Detail 3 belonging to FAT 112 in-
cludes automatic fillet or butt welds carried out from both 
sides but including stop/start positions. Manual fillet or 
butt welds belong to detail 5 and FAT 100. The detail cat-
egories specify the reference values of the fatigue strength 
DsC for NC = 2 · 106 cycles.

The analysis of the data revealed that the presence of stop/
start positions is not always documented. So, the assign-
ment to detail 2 or detail 3 is not clear. Therefore, different 
approaches were investigated: the series with unknown 
information on stop/start positions (184 test results) were 
evaluated once with all data safely assigned to detail 2 and 
once with all data safely assigned to detail 3.

After selecting the data, three series with a total of 54 tests 
were used to evaluate detail 2, all based on the investiga-
tions of Fisher [26]. Eight series with a total of 184 tests 
carried out by Reemsnyder [27], Olivier and Ritter [28] 
and Minner [29] were used to evaluate detail 3, including 
test data where information on stop/start positions is not 
available. For detail 5, four meaningful series with 39 tests 

With the help of the structured information included in 
the database and the web-based evaluation tool, it is easy 
to evaluate fatigue tests and their influencing variables. 
The first re-evaluations of detail categories have already 
been carried out. The focus is on the basic details of Ta-
bles 8.2 to 8.5 [1], which contain “welded built-up sec-
tions”, “transverse butt welds”, “welded attachments and 
stiffeners” and “load-carrying welded joints”. The data-
base results of the detail classification of longitudinal 
welds in various design variants are presented as an ex-
ample in section 4. In addition, first results of the re-eval-
uation of the test data of the database in combination 
with the authors’ own test data for the cruciform and 
T-joint obtained experimentally are presented in section 5.

4	 Fatigue evaluation of longitudinal weld details using 
the database

4.1	 Filtering of data

The analysis of the fatigue test series showed a largely vary-
ing data quality. Some sources are secondary sources and 
contain little detailed information about the geometry or 
specimen material, so associated primary sources were 
needed to extract all the properties of the test series. How-
ever, in primary publications too, some essential informa-
tion such as weld details or failure criteria are insufficiently 
described. In addition, the documented failure criteria vary 
greatly. In some cases, test results are presented only graph-
ically in moderate quality. In addition, some series of the 
existing data collection may appear to have been assigned 
to a wrong detail in earlier evaluations, which in some 
cases could only be determined after studying the original 
publications. Furthermore, for several experimental data 
series it was not possible to assign a detail clearly according 
to EN 1993-1-9 [1] due to lack of essential information.

Tab. 2 gives an overview of all series and tests of longitu-
dinal welds, such as automatic and manual welds or inter-
mittent longitudinal fillet welds.

Tab. 2	 Fatigue test series on welded built-up sections (Tab. 8.2 [1])

Detail Description Number of 
series

Number of 
tests

 Automatic fillet welds 6 77

 Automatic fillet or butt weld carried out from both sides but including stop/start positions 28 305

 Manual fillet or butt weld 13 129

 Intermittent longitudinal fillet welds 7 38

 Longitudinal butt, fillet or intermittent weld with a cope hole height not greater than 60 mm 7 36

 Longitudinal butt weld, both sides ground flush parallel to load direction, 100 % NDT 2 183

No grinding and no start/stop 1 100

with start/stop positions – –

 Automatic longitudinal seam weld in hollow sections 1 7

Total 65 875
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detail 3 based on the filtered test results, including test 
data where information on stop/start positions is not 
available.

The fatigue class assessment of the three details under 
consideration is presented in Tab. 4.

First, it can be seen that the incorporation of the data 
with no information on stop/start positions has a great 
influence on the result of the fatigue evaluation. The as-
signment of detail 2 to FAT class 125 seems reasonable in 
all cases. The evaluation of detail 3 reveals a fatigue 
strength of 119 at least, which is higher than the currently 
prescribed FAT class 112 in EN 1993-1-9 [1]. Owing to 
the unknown information on stop/start positions in a 
considerable amount of data, an upgrade of the FAT class 
for detail 3 has to be investigated in future fatigue tests 
series.

However, the evaluation of the manual welds, detail 5, 
results in a fatigue strength reference value DsC = 119 MPa, 
so that FAT 112 can be achieved instead of FAT 100, as 
currently documented in EN 1993-1-9 [1].

were evaluated, which result from investigations by 
Olivier and Ritter [28, 30], Munse and Stallmeyer [31] and 
Ruge and Woesle [32]. Different failure criteria were used 
in the different reporting. Nevertheless, despite the lack 
of common criteria, the number of cycles to failure was 
determined for the evaluation. Moreover, the test series 
include different scales of specimens, different welding 
processes and show metallurgical specifics, geometric 
tolerances and residual stresses or weld seam irregulari-
ties. On the one hand this variety leads to a large scatter 
of the data, but on the other, also to a larger representa-
tion of the results. The left-hand diagram in Fig. 5 pre-
sents the filtered test results, see section 4.1, in compari-
son to all test results of detail 3, including test data where 
information on stop/start positions is not available.

For the fatigue assessment, all the filtered test results of 
one detail were evaluated together. In a first step, a linear 
regression was performed using the defined inverse slope 
m = 3. In addition, the reference value of the fatigue 
strength DsC was determined based on the S-N curve cal-
culated using the prediction interval, see section 2.3. The 
right-hand diagram in Fig. 5 presents the S-N curve for 

Tab. 3	 Details 2, 3 and 5 of Tab. 8.2 in EN 1993-1-9 [1]

Detail category Construction detail Description/Requirements

125
2) Automatic fillet welds. No stop/start position is permitted except 
when the repair is performed by a specialist and inspection is carried out 
to verify the proper execution of the repair.

112
3) Automatic fillet or butt weld carried out from both sides but including 
stop/start positions.

100 5) Manual fillet or butt weld

Fig. 5	 All test results and filtered test results for detail 3 of Tab. 8.2 [1] (left) and design S-N curve for detail 3 (right)
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Apart from the welds, the bolt represents the second 
critical detail of the joint. In order to verify the bolt, the 
standard requires the calculation of the true bolt force 
while considering prying forces and bending stresses 
from other sources. At this point again, specific infor-
mation for determining the stresses is missing. The 
weld and bolt stresses during fatigue loading of end-
plate connections were examined in more detail within 
the scope of the investigations in [5] in order to clarify 
the unanswered questions regarding their fatigue de-
sign.

Firstly, full-size joint tests were carried out on rolled sec-
tions with different endplate connections (see Fig. 6, left). 
Additionally, parts of the endplate connections in the 
form of T- and L-joints with similar dimensions were in-
vestigated experimentally in order to check the transfera-
bility between large- and small-scale tests (see Fig. 6, 
right).

The following sections give a brief overview of the ongo-
ing investigations. Please refer to [5, 9] for more detailed 
information.

5.2	 Experimental investigations

This section deals with experimental tests on connections 
with overhanging endplates in the form of large-scale 
joint tests and small-scale tests on T-joints. One series 
deals with fillet welds in the connection between web and 
flange (series B) in the tension area. The second series 
comprises specimens with butt welds (series C).

5	 Fatigue evaluation of welded joint details using the 
authors’ own experimental and numerical 
investigations in combination with the database

5.1	 Motivation

In addition to the re-evaluation of the fatigue details, see 
the example presented in section 4, there is a need for 
further experimental investigations of some details. In ad-
dition to investigations of cover plates [33], this also ap-
plies to the endplate connection with prestressed bolts. 
This detail represents an economical and easy-to-assem-
ble joint in steel construction practice, e.g. for crane run-
ways subjected to high fatigue loading.

However, the fatigue design of an endplate connection 
has so far been insufficiently dealt with in EN 1993-1-9 
[1]. The welds connecting beam to endplate should be 
verified in accordance with Tab. 8.5 of the code [1]. In 
any case, weld toe failure is considered in accordance 
with detail 1 or 2 of full or partial penetration welds, see 
Fig. 10. The two details belong to the same detail catego-
ries, including length and size effects, and differ only in 
the assumption of a “flexible panel” in the case of detail 2, 
which must be verified with modified nominal stresses. 
However, the code does not give any indication as to 
where the user has to assume a flexible endplate. Modi-
fied nominal stresses require extensive numerical simula-
tions. The selection of the correct detail is therefore cru-
cial for the designer. If the welds are not full penetration 
or fillet welds, a failure of the weld root according to de-
tail 3 should be considered in addition to the verification 
of the weld toe.

Tab. 4	 Fatigue evaluation of details 2, 3 and 5 of Tab. 8.2 [1] based on different approaches

Details and assignment of test data to details Fatigue strength DsC [MPa]

Detail 2 (specimens without stop/start positions) 127

Detail 2 (specimens without stop/start positions and specimens with unknown information on  
stop/start positions)

134

Detail 3 (specimens with stop/start positions) 119

Detail 3 (specimens with stop/start positions and specimens with unknown information on  
stop/start positions)

130

Detail 5 119

Fig. 6	 Examples of specimens for large-scale tests (left) and small-scale tests (right)
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flange, compared with the small-scale specimens. Anoth-
er reason for a lower fatigue strength in the large-scale 
tests is the fabrication, leading to higher residual stresses 
due to the welding of larger specimens. Owing to the 
larger amount of weld volume, internal and surface de-
fects are also more likely in larger structures. In summary, 
it can be stated that small-scale tests are not sufficient for 
a fatigue class evaluation of details in endplate connec-
tions and should always be supplemented by tests on full-
size specimens. However, it should be mentioned that the 
underlying test results reflect a small sample. In future, 
the conclusions drawn should be supplemented by addi-
tional test data.

5.3	 Numerical investigations

After the experimental investigations were carried out, 
they were numerically recalculated for the validation of 
numerical models. With the help of validated models, a 
parametric study can be performed to derive bolt force 
and weld stress functions for any T-joint or endplate con-
nection geometry. Parametric ABAQUS models were 
created for both large- and small-scale tests. The effective 
notch stress concept [34, 35] was utilized to determine 
numerically the fatigue strength of the weld root and toe. 
To do this, the actual weld contour is replaced by an ef-
fective one, i.e. a notch radius is modelled at the weld toe 
and root. In order to comply with the requirements of the 
IIW recommendations for the present thickness range, a 
radius of 1 mm and an element size of < 1/6 mm in the 
radii were applied [35]. The maximum principal stress at 
the radius represents the effective notch stress. The resis
tance is determined by a single S-N curve with FAT 225 
and the inverse slope m = 3 [35].

In order to enable the necessary fine discretization of the 
model, the relevant section of the specimen is simulated 
by a sub-model, which, due to its smaller size, can be 
meshed much more finely compared with the global 
model. The results of two sub-model simulations are illus-

The endplate connections and T-joints with butt welds 
and potential failure at the weld toe belong to FAT 80 
(detail 1 or 2 of Tab. 8.5 [1]). In this case the detail cata-
logue requires a verification with modified nominal stress 
ranges in the case of a “flexible panel” (detail 2). Since no 
criterion for the deformability of the plate is specified, 
nominal stresses are considered first. For the specimens 
with fillet welds, the failure of the weld root theoretically 
governs, which corresponds to detail 3 of Tab. 8.5 with 
FAT 36* [1]. The welds were produced by metal active gas 
welding (MAG). During testing, a constant stress ratio 
R = 0.1 was applied.

Fig. 7 shows the test results and the S-N curves of both 
series containing small-scale and large-scale tests, calcu-
lated with the prediction interval, as explained in sec-
tion 2. The evaluation of series C leads to a result 
DsC = 78.2 MPa for the failure at the weld toe, without 
considering modified nominal stresses. As expected, 
the  evaluation provides a lower fatigue strength 
DsC = 47.6 MPa for the failure of the weld root, which 
could be observed for all specimens in series B. How-
ever, it should be mentioned that the fatigue strength of 
the weld root is influenced by numerous factors (see 
section 5.4.1), which makes it difficult to predict accu-
rately the fatigue strength of this detail. Therefore, the 
test results are to be supplemented by and compared 
with further test results from the literature incorporated 
in the database, which may lead to lower evaluations, 
see section 5.4.

Additionally, it can be seen in Fig. 7 that large-scale tests 
downgrade the fatigue strength of the small-scale test re-
sults in the case of both details. Regarding detail 1 in se-
ries C, both beam test results have a lower fatigue strength 
than that of the corresponding small-scale tests. For detail 
3 and series B, the beam tests do not necessarily show a 
lower fatigue strength but downgrade the result by in-
creasing the scatter. Owing to the web of the rolled sec-
tion at the endplate connection, the large-scale tests lack 
symmetrical load distribution on both sides of the tension 

Fig. 7	 Test results and evaluation of large- and small-scale tests of series B with fillet welds (left) and series C with butt welds (right)
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detail 2 of Tab. 8.5 [1]) is necessary for the fatigue verifica-
tion at the weld toe of endplate connections, which leads 
to more conservative results.

The size influence of EC3-1-9 does not play a major role 
in endplate connections because even with larger joint 
dimensions, the second size level (thickness of plate and 
distance to weld toe > 50 mm) is seldom reached.

5.4	 Integration of new experimental test data into 
database

5.4.1	 Details of experimental programme

As already described, the current version of EN 1993-1-9 
[1] does not contain specific construction details for end-
plate connections. Therefore, using the nominal stress 
concept, design engineers have no choice but to apply the 
basic detail 1 (cruciform and T-joint with weld toe fail-
ure – Fig. 10, left) and detail 3 (cruciform and T-joint with 
weld root failure – Fig. 10, right). For these two standard 
details, numerous test data were collected, categorized 
and re-evaluated as part of the research project [5]. Except 
for the full penetration joint variant, the competing crack 
initiation at weld toe and weld root can be described as a 

trated in Fig. 8 in terms of principal stresses. The effective 
notch stress range of 353 MPa (after subtracting stresses 
introduced during bolt prestressing) occurs in model B in 
the weld root. In model C the effective notch stress range 
at the weld toe governs, with a value of 423 MPa. Both 
most critical spots comply with the crack initiation dur-
ing the tests.

Fig. 9 presents a comparison of number of cycles ob-
tained from experimental tests and calculation using the 
nominal stress concept and effective notch stress ap-
proach. Owing to the different true bolt prestress forces 
and the non-linear bolt force progression in relation to 
external forces on the specimen, not just one but slightly 
different effective notch stress curves occur. For a failure 
in the weld root of series B, the nominal stress approach 
leads to the most conservative results, see lowest line in 
left-hand diagram of Fig. 9. The notch stress concept re-
sults in more economical and realistic numbers of cycles. 
Regarding the prediction of failures at the weld toe in 
series C, the effective notch stress approach results in a 
more conservative S-N curve than the nominal stress con-
cept, see right-hand diagram in Fig. 9.

This result indicates that the application of effective 
notch stresses or modified nominal stresses (referring to 

Fig. 8	 Maximum effective notch stresses (principal stresses) in the sub-models of one large-scale model B (left) and C (right)

Fig. 9	 Results of fatigue tests and prediction of cycles using the nominal and effective notch stress concepts of series B with fillet welds (left) and series C 
with butt welds (right)
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–	 No coating of the semi-finished sheets (e.g. shop coa-
ting, zinc coating, etc.)

–	 Test specimens never exposed to corrosive media (e.g. 
seawater)

–	 Experimental data exclusively from primary sources
–	 Series with at least five meaningful tests results
–	 Only tests in the pulsating range (0.0 < R < 1.0)

With over 400 test results, the filtered data collection cov-
ers a large range of influencing parameters, such as differ-
ent sheet thicknesses, weld types (fillet and partial pene-
tration DHY welds), weld thicknesses, different manufac-
turing influences, etc. Owing to the lack of information 
on the actual throat thicknesses, weld stresses are re-
ferred to the nominal throat thicknesses. However, for 
welding processes with deep penetration, e.g. submerged 
arc welding, the penetration depth is considered to avoid 
an overestimation of fatigue strength. An overall evalua-
tion (Fig. 11) with the prediction interval, as explained in 
section 2, and a fixed regression line slope (m = 3) con-
firms FAT 36 (DsC = 38 N/mm2). Despite extensive filter 
criteria, it is particularly noticeable that there is a high 
scatter of individual test results, which has a decisive in-
fluence on the low classification of detail 3.

A closer look at the single test series shows that individu-
al tests have a significantly shorter fatigue life, which can 
also be described with an increased distance from the re-
gression line compared with other tests of the series. 
These “outliers” prove to be characteristic of this detail 
and may be explained by the weld root itself. At the weld 
root, unrecognized weld imperfections, especially lack of 
root fusion, may lead to premature crack initiation in this 
area. In contrast to the failure areas on the surface of the 
specimen, visual testing cannot be used to detect weld 
imperfections, and for crack initiation at the root, the use 
of non-destructive test methods is very limited, too. The 
design engineer has to consider that during the structure’s 
lifetime, a fatigue crack initiating at the weld root can 

specific feature of these joints. EN 1993-1-9 [1] considers 
this through the verification for at least two details, name-
ly, detail 1 (weld toe failure) and detail 3 (weld root fail-
ure). A critical crack initiation at the weld toe (detail 1) is 
currently evaluated depending on the geometry, i.e. plate 
thickness t and distance between the weld toes l with a 
fine-graded classification from FAT 80 to FAT 40, based 
on the baseplate cross-section. However, a weld root fail-
ure (detail 3) is assessed with FAT 36* regardless of the 
joint’s geometry, based on the weld cross-section. For both 
details, the following sections present filtered test results 
collected in the database and the re-evaluation according 
to section 2. The new experimental investigations de-
scribed in the previous section are classified, too.

5.4.2	 Weld root failure of cruciform and T-joints

Owing to the two possible locations of crack initiation in 
weld connections without full penetration, the assessment 
of the specimens is only possible in the case of complete 
test documentation. Therefore, the re-evaluation of detail 3 
only includes test results with critical weld root failures. 
Furthermore, the S-N curve (Fig. 11) only considers those 
experimental data that match the following filter criteria:

–	 Location of stress determination (e.g. baseplate or 
weld cross-section) known

–	 No post-weld or heat treatment

Fig. 10	 Different failure modes for cruciform and T-joints: weld toe (left) and 
weld root failure (right) [1]

Fig. 11	 Detail 3: filtered test results with weld root failure and classification of test series B [5]
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matching these filter criteria, the influence of geometry 
was initially neglected and test specimens under bending 
stress permitted as well.

The S-N curve (Fig. 12) exhibits less scatter compared 
with detail 3 (Fig. 11). “Outliers” with a significantly 
shorter fatigue life occur significantly less frequently. An 
overall evaluation with the prediction interval (see sec-
tion 2.3) and a fixed regression line slope (m = 3) gives 
a  characteristic fatigue resistance DsC = 69 N/mm2 at 
2  million cycles. The available filtered data collection 
does not confirm FAT 80 according to EN 1993-1-9 [1]. 
The current database corresponds well with the FAT 71 
classification according to the IIW recommendations 
[34].

Both small- and large-scale specimen test results of the C 
series (section 5.2) are in good agreement with the filtered 
data collection (Fig. 12). This is also supported by the in-
dividual tests of series C being closer to the regression 
line of the overall evaluation.

Furthermore, it can be seen that the geometric parameter 
range for detail 1 according to EN 1993-1-9 [1] is not cov-
ered by the previous test data collection, or only to a lim-
ited extent. For large plate thicknesses t and wide spacing 
of the weld toe l especially, the data collection does not 
contain representative test results, as can be seen from 
Fig. 13.

6	 Conclusion

This paper presents the basic procedure of the current 
research project “Re-evaluation and enhancement of the 
detail catalogue in Eurocode 3” [5]. After explaining the 
statistical evaluation methods applied, a typical re-evalua-

only be determined when it reaches the weld surface. At 
this point crack size may already be considerable, which 
may be regarded as a criterion for exclusion according to 
the detail application and necessary safety level.

In addition to weld imperfections, such as lack of root fu-
sion and incomplete root penetration, further fatigue in-
fluencing factors, e.g. residual stresses, mean stress de-
pendence and size effects, are described in [36] for con-
struction details with weld root failure. The mean stress 
dependence, which is traced back to residual compressive 
stresses in the weld root area in [36], is also shown quali-
tatively on the available filtered data collection. However, 
the data collection, which consists almost exclusively of 
tests on small specimens, does not allow clear quantita-
tive conclusions. Experimental results for large speci-
mens, which represent realistic residual stress states, are 
currently insufficient for detail 3. Therefore, the evalua-
tion for 0.0 < R < 1.0 is up for discussion and the current 
classification according to EN 1993-1-9 [1] with FAT 36* 
seems justified for safety reasons.

As the results of the newly tested small-scale specimens of 
series B show (section 5.2), the evaluation of this single 
test series of detail 3 might lead to a significantly higher 
fatigue classification because of fewer varying influencing 
parameters. In contrast, the large-scale specimens of se-
ries B provide different failure regions and much greater 
scatter caused by additional influencing parameters. Nev-
ertheless, all new tests fit well into the scatter band of the 
filtered data collection shown in Fig. 11.

5.4.3	 Weld toe failure of cruciform and T-joints

For the re-evaluation of the data collection of cruciform 
joints with critical weld toe failure, it is necessary to use 
comparable filter criteria as described in the previous sec-

Fig. 12	 Detail 1: filtered test results with weld toe failure and classification of test series C [5]
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EN 1993-1-9 [1], for example, allows for a degradation 
from FAT 80 to FAT 56 depending on the length of the 
longitudinal stiffener. The IIW recommendations [34] 
also take the plate thickness into account, leading to even 
worse detail classifications in the range of thick plates. 
Fig. 14 shows the scatter bands of the test series included 
in the database in relation to 2 million cycles depending 
on the length of the stiffener L. Obviously, the current fa-
tigue class degradation does not adequately reflect the 
trend of the experimental data. Therefore, an improve-
ment to the classification seems possible, especially for 
long stiffeners.

The test values shown in Fig. 14 were determined on 
plate thicknesses from 4 to 32 mm. However, further ex-
perimental investigations to assess the mutual influence 
of longitudinal stiffener length and plate thickness, espe-
cially for the thick plates relevant for bridges, are cur-
rently lacking.

Apart from size influences, there is also a need for further 
research regarding the influences of production and toler-
ances. Manufacturing tolerances play a major role in the 
fatigue strength of welded structures, e.g. in the case of 
root gaps in T-joints and stiffeners (see Fig. 15). Welded 
joints can include manufacturing defects, metallurgical 
changes in the base material or internal irregularities, 
which are in fact partially covered by the existing fatigue 
details without notice. Lack of penetration at butt welds 
in T-joints or cruciform joints represent such an irregular-
ity being referred to as root gap. Modern non-destructive 
testing methods can discover such gaps, which may then 
lead to discussions, as the current standards require proof 
of through-welding of butt welds. Generally, it seems pos-
sible to tolerate welds with limited gaps not only for pre-
dominantly statically loaded, but also for cyclically load-
ed structures. Corresponding investigations have already 
been carried out at RWTH Aachen University using frac-
ture mechanics methods [37].

tion of the detail categories of longitudinal welds was 
presented with the help of collected fatigue data based on 
the background document to EN 1993-1-9 [21]. In a num-
ber of cases the evaluation showed that fatigue details 
should be reclassified. For example, automatic longitudi-
nal welds with stop/start positions corresponding to de-
tail 3 of Tab. 8.2 [1], see Tab. 3 in section 4.2, could be 
upgraded from FAT 112 to FAT 125. Similarly, for manu-
al welds (detail 5), an improvement from FAT 100 to 
FAT 112 is possible on the basis of the available test data.

In addition, first results from experimental and numerical 
investigations have been presented. These are intended to 
simplify the fatigue verification of endplate connections 
with prestressed bolts. The test results comply very well 
with the evaluation of the T-joints and cruciform joints 
based on the newly established database.

In general, the analysis of the experimental data on which 
EN 1993-1-9 [1] is based has revealed the limitations of 
the available database for the classification of details de-
spite a huge amount of research not only in structural but 
also mechanical engineering, all of which was considered 
in the database as far as available. Further, in the current 
detail catalogue the classification implies that some theo-
retical notch effects, which have not yet been confirmed 
experimentally, have an influence on the fatigue strength.

7	 Outlook

As already mentioned, using the example of the T-joint 
(see section 5.4), some details are supposed to reveal an 
underlying size effect. In most codes and guidelines, as 
well as in EN 1993-1-9 [1], only simplified rules are con-
sidered for this purpose. Evaluations of experimental data 
for the design detail “longitudinal stiffener” show that the 
normatively assumed size influence tends to be overesti-
mated and can thus lead to uneconomical dimensions. 

Fig. 13	 Detail 1: parameter range covered by existing data (left) and corresponding classification of detail categories according to EN 1993-1-9 (right)
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The same procedure may also be applied to assess the fa-
tigue safety of stiffeners in rolled sections. Owing to toler-
ances in the dimensions of the rolled sections, full stiffen-
ers may be fabricated too small, resulting in critical gap 
sizes. These gaps lead to stress concentrations in the weld 
area which may also be evaluated with local fatigue con-
cepts.

As a further outlook regarding future research, the deter-
mination of fatigue strength using the notch stress con-
cept should be mentioned, e.g. the simulations of the tests 
on the T-joint lead to differentiated, partially favourable 
results. Based on the database, such investigations may 
also be applied to other details in the future in order to 
improve the fatigue strength analyses with respect to 
economy and safety. Of course, the application limits of 
the effective notch stress concept, e.g. its limited applica-
tion to details with high residual stresses or small stress 
gradients, must be considered here.

Fig. 14	 Normalized scatter bands as a function of the length of the longitudinal attachment for test series collected in [5] (test data normalized to 2 million cycles)

Fig. 15	 Gaps in cruciform joints and stiffened beams
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