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Fatigue of welded tubular K-joints made up of circular
hollow sections
This article deals with the fatigue behaviour of thick-walled
welded K-joints made up of circular hollow sections (CHS). Two
important aspects of the investigations were the extension of
the application range to large CHS and the development of
practice-oriented recommendations for fabrication and quality
assurance for weld shape and weld quality. For this purpose,
fatigue tests were conducted on large CHS joints and on single
K-joints with specified weld irregularities. These studies were
accompanied by systematic ultrasonic tests using the phasedarray technique, which were also used for the development of
an inspection method for these complex weld geometries.
Based on the results achieved by these experimental studies
and additional numerical and statistical investigations, a proposal for a German design guideline (DASt-Richtlinie 029) was
finally elaborated to promote the practical implementation of
trusses made up of CHS with thick-walled chords and also to
take a first step towards standardization.
Keywords tubular joint; structural stress; weld quality; fatigue design; design
guideline, phased-array technique

1

Introduction

1.1

General

Structures made up of circular hollow sections (CHS)
are subjected to fatigue loading in many areas of steel
construction, mechanical engineering and plant construction. In steel construction, for example, road or
railway bridges are built as steel composite bridges with
lattice structures made of welded circular hollow sections. The trusses can be spatial (Fig. 1a) or planar
(Fig. 1b). Often, the braces of the trusses, together with
the chord, are designed with a horizontal “K” form. This
form is denoted as a K-joint or, in the case of spatial
trusses, a KK-joint.
The road or railway traffic on the bridge generally leads
to a high fatigue loading in the welded truss joints. At the
connections, axial forces are transferred through the
welds between the chord and the braces. Furthermore,
the change in geometry and stiffness in the immediate
joint area leads to local stress increases. In addition, the
welding process also contributes to the stress increase.
Both of these influences lead to structurally induced
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stress concentrations at the welds, also known as hotspots. Owing to this special stress situation, the design of
many trusses made up of hollow sections with welded
joints is mainly determined by their fatigue behaviour.
The trend in recent years has been to use thick-walled
hollow section chords where the ratio of chord diameter
to twice the wall thickness γ = d0/(2t0) is γ < 12. However,
design rules for the fatigue design of welded hollow section joints, e.g. EN 1993-1-9 [7], only cover absolute wall
thicknesses, i.e. nominal wall thicknesses t ≤ 8 mm. Other
guidelines and design recommendations, e.g. DNV [5],
IIW [24] and the CIDECT guideline [23], limit the range
of validity of their rules to the relative thickness or chord
slenderness, i.e. γ ≥ 8 or 12. Whereas these guidelines and
design recommendations are not officially accepted as
code rules in Germany, the second generation of Eurocodes will also consider hot-spot stress verifications in future. This article provides an overview of the results of
FOSTA research project P1163 dealing with the fatigue
behaviour of thick-walled welded K-joints made up of
circular hollow sections.

1.2

Research objectives

One objective of FOSTA research project P1163 (IGF
Project No. 18883/BG) [11] was to disseminate the findings concerning the design of trusses with welded circular
hollow sections for fatigue-loaded structures. A German
design guideline, DASt-Richtlinie 029 [4], was developed
in order to help establish the findings in the German market and be able to transfer the results easily into Euro
pean standardization afterwards. The availability of a design guideline increases the acceptance of users in practice. In addition, this design guideline can also be
introduced by the building authorities in a relatively short
time so that the research results can easily be used in
practice. Other major aspects of the project were the processing of the recently completed investigations [12] for
transfer into design and extending the standardized design rules to cover a larger range of applications of large
hollow sections with chord diameters d0 > 500 mm. On
the basis of the fatigue tests carried out in [12], it has been
proved that although there were weld irregularities (see
Fig. 7), no premature fatigue failure occurred. Therefore,
a further objective was the systematic fatigue investigation of the influence of specified weld irregularities between chord and brace in K-joints made of CHS. Previous
studies (e.g. [16, 17]) dealt with the influence of weld ir-
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Fig. 1

Examples of steel composite bridges with a) spatial truss [12] or b) planar trusses [2]

Fig. 2

Different stress approaches and the influence of the use of wall-thickness correction factors, taken from [12]: a) different types of stress at the joint, b)
S-N curve translated by the correction factor, c) S-N curve rotated by the correction factor

regularities depending on the type of joint (tubular butt
joint or tubular X-joint) and the stress situations in the
welds. However, owing to the different joint geometries
investigated and different stress distributions within the
welds, the previous results regarding weld quality are not
directly transferable to the K-joints considered in FOSTA
project P1163 [11]. To quantify the influence of a weld irregularity on the fatigue strength of K-joints made up of
CHS, fatigue investigations were carried out with specified irregularities, see section 3.2. Furthermore, criteria
were defined with a specific value such that a weld irregularity below that value did not reduce the fatigue strength
and could be tolerated.

2

State of the art

2.1

Design rules

In general, different approaches can be used for the fatigue design of steel structures. For fatigue design, the
nominal stress approach is widespread because of its simple application. In this case, users simply compare the
nominal stresses based on the structural analysis with the
fatigue category taken from tables in the different stan
dards and recommendations. For circular hollow section
joints, the applicability of the nominal stress method is
limited to smaller geometrical dimensions compared with
the structural stress method. Secondary bending moments arising in trusses are considered in an overall manner by means of so-called magnification factors k1 given
in Tabs. 4.1 and 4.2 of EN 1993-1-9 [7].
To consider the complex stress distribution at circular and
rectangular hollow section joints in a better way, the struc-

tural stress approach, also called the hot-spot stress approach, had been developed within the scope of offshore
research. In this approach, the stresses at certain distances
from the weld toe have to be calculated by linear or quadratic extrapolation. The local stresses can be determined
by strain gauge measurements or finite element calculations (see Fig. 2a). To simplify the use of the hot-spot stress
approach, various guidelines and recommendations, e.g.
[23], offer analytic equations and diagrams to determine
the stress concentration factor (SCF), which can be used
for calculating the hot-spot stresses. Detailed information
for the stress calculation is given in section 4.
The use of thick-walled circular hollow sections has increased in recent years. One of the advantages is the high
loading capacity for comparably small diameters. As the
wall thickness increases, so the size effect has to be considered. This effect describes the decreasing fatigue
strength for increasing wall thickness. The size effect includes three different aspects: statistical, geometric and
technological size effects. Depending on the guideline or
recommendation, these effects can normally be considered using a correction factor. The correction factor depends on the value of the reference wall thickness tref and
the exponent n.
t 
ks =  ref 
 t 

n

(1)

The difference between the commonly used standards
and recommendations of different application areas can
be taken from Tab. 1.
For the nominal stress method, the exponent n in [1, 3, 5,
14, 18] is just a fixed value, which leads to a translation of
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Tab. 1

Comparison of fatigue resistance for the hot-spot approach of
different guidelines according to [12], Tab. 2.5

CIDECT
[23]

DNV [5] Eurocode API [1]
[7]

tref [mm]

16

32

16

16

Detail category
[N/mm2]

114

90

114

114

Slope m [–]

3

3

3

3

Endurance limit
[number of cycles]

5 × 106

107

5 × 106

–

Exponent n [–]

0.06·logN

0.25

–

0.25

tref: reference wall thickness
m: negative inverse slope of a fatigue strength curve
n:	wall thickness correction factor in relation to reference wall thickness tref
Fig. 3

the S-N curve (Fig. 2b). The range of values for exponent
n is between 0.12 and 0.37. For the hot-spot stress approach, exponent n according to the CIDECT design
guideline [23] depends on the number of load cycles. This
leads to a rotation of the S-N curve (Fig. 2c). The rotation
method is based on statistical assessments performed in
[22]. More than 500 data points of fatigue results for hollow sections – including many different influence factors
such as joint type, loading type, environmental conditions
and weld-specific parameters – were evaluated together.
For the area of low-cycle fatigue especially, this method
leads to more coincident results, and for the special case
of the static load limit of N = 1, the size effect no longer
has any influence. As most of the test results evaluated
were based on fatigue tests on relatively thin-walled
trusses, the application limits of [23] were set to 4 mm ≤ t
≤ 50 mm. The transferability of the correction factor to
thick-walled hollow sections was investigated within the
scope of FOSTA research project P1163 [11].

2.2

Recommendations for structures

2.2.1 General
For trusses, the design process is split into two different
steps. In the first step, the dimensions of the truss members are defined based on the internal forces of the structural analysis. In the second step, the joints of the structure are determined. At the intersection area of hollow
section joints, especially in the weld area, there is a different stress distribution with a stress concentration at the
weld toes. Preliminary investigations have shown that for
welded hollow section joints, the fatigue verification usually determines the design for road bridge structures. In
addition, the stress distributions at the joints depend on
the dimension ratios of the chord and brace members of
the joint. Therefore, to achieve an economic design and
avoid the use of gusset plates, the joint design must be
defined at an early stage. Critical ratios for hollow section
joints are given in Fig. 3 and Eqs. (2) to (4).
24

Steel Construction 15 (2022), Hollow Sections (Reprint)

Dimension ratios of circular hollow section joints, taken from [12]

Furthermore, parameters such as weld preparation, tack
weld position and weld procedure also have a significant
influence on the fatigue strength.

β=

d1
d0

(2)

γ=

d0
2 ⋅ t0

(3)

τ=

t1
t0

(4)

2.2.2 Geometrical parameters
As already mentioned, the geometrical parameters of a
circular hollow section joint have a significant influence
on the loadbearing capacity of the joint. Limitations are
given for different ratios and dimensions, which result
from the weldability of the joint, economical aspects and
statistically evaluated test results. In general, parameters
such as brace member angle θ, diameter ratio β, wall
thickness ratio τ and chord slenderness γ are the critical
influencing factors, see Fig. 3. In particular, the limitation
of the brace member angle θ determines the access to the
weld root in the crown heel area. For thick-walled hollow
sections, an angle of 45° ≤ θ ≤ 60° is recommended. For
thin-walled circular hollow section joints, brace angles
θ ≥ 30° are possible. The reason for this difference is the
thinner wall, which allows welding of the root.
The larger the diameter ratio β = d1/d0, the larger is the
volume as well as the length of the weld. From an economic point of view and due to the demand for a weld
throat depth a = t1, a maximum value β ≤ 0.6 is recommended. A weld thickness a ≥ t1 is a requirement for saddle areas, which leads to large weld volumes for fillet
welds with β ≥ 0.3. In terms of an economic design for
welded K-joints, the diameter ratio is therefore limited to

β ≥ 0.3 for thin-walled hollow section joints. For thickwalled hollow section joints, the parameter range is significantly smaller because of the limited number of test
results available. Therefore, 0.5 ≤ β ≤ 0.6 can be recommended [11], see Tab. 2. For spatial KK-joints, an additional boundary condition should be considered. To
allow for a gap gQ between the braces, as seen in the truss
cross-section in Fig. 4, the following equation should be
considered:
φ
β ≤ sin  
 2

(5)

Fig. 4 shows that in the case of no gap gQ, the following
relationship applies between the brace member angle
within the cross-section and the diameter ratio:

(
(

)
)

 φ  d /2 d1
sin   = 1
=
=β
 2 d0 /2 d0

(6)

Therefore, an increase in the β ratio while keeping the
brace member angle f constant would mean that the
brace walls collide, resulting in an overlap.
The chord slenderness γ for thick-walled hollow section
joints is limited to γ ≥ 4.0 according to [12] due to the limited number of national and international research projects covering joint geometries with γ < 4.0.

2.2.3 Type of welding
In general, welded K-joints made up of circular hollow
sections can be realised with a butt weld, a fillet weld or a
combination of butt and fillet welds according to the application. The fabrication of the welded joints significantly affects the economic efficiency of the construction
method. Therefore, a high weld volume should be avoided. The weld type used depends on the brace angle θ and
the brace wall thickness ti. Owing to the possibility of
crack initiation at the weld root (ti > 8 mm) and the high
weld volume, circumferential fillet welds are only recommended for joints with a brace wall thickness ti ≤ 8 mm.
In general, to achieve a full penetration weld between the
brace and the chord, the use of butt welds is more appro-

Fig. 4

Truss cross-section at joint

Tab. 2

Recommended parameter ratios for design, based on [11], Tab. 8.1

Parameter

Recommended applications for
γ ≥ 12
γ < 12
K-joint
KK-joint
K- &
KK‑joints

Diameter ratio
β = di/d0

0.3 ≤ β ≤ 0.6

0.3 ≤ β ≤ cos θ

0.5 ≤ β ≤ 0.6

Additional recommendation for space
trusses: β ≤ sin(φ/2)

Wall thickness
ratio τ = ti/t0

0.25 ≤ τ ≤ 1.0

Chord slenderness γ = d0/(2t0)

g ≤ 30

Brace member
angle θ

30° ≤ θ ≤ 60°

Brace member
angle φ

–

0.25 ≤ τ ≤
0.75

g ≤ 24

g ≥ 4.0
45° ≤ θ ≤ 60°

60° ≤ φ ≤ 180°

Only for
KK‑joints:
φ = 90°

φ ≥ 2 · arcsin β
Wall thickness ti & t0

ti ≥ 2.9 mm and t0 ≥ 4 mm

Gap size
gL & gQ

gL,min ≤ gL ≤ 2 · gL,min and
gQ,min ≤ gQ ≤ 2 · gQ,min

priate. However, this limits accessibility to the crown
heel. Thus, in these cases it is not easy to execute circumferential butt welds, and a fillet weld is preferred. Very
large diameters are used for offshore structures, so in
these cases butt welds welded from the inside of the hollow sections are possible as well as from the outside because the weld root is accessible. For thick-walled circular hollow sections, which are being increasingly used for
steel bridges, standard practice is a combination of a butt
weld at the crown toe transitioning to a fillet weld at the
crown heel of the joint. However, owing to the small diameters, the welding cannot be carried out from the inside of the hollow section.

2.2.4 Weld preparation
Owing to the complex cutting geometry between brace
and chord, especially for thick-walled joints, weld preparation is necessary to achieve an optimum fit and avoid
weld imperfections. In general, a butt weld is executed
over 2/3 of the diameter (crown toe) and a fillet weld is
executed in the heel area. To connect the different weld
preparation areas, it is necessary to achieve a smooth
transition between the butt weld in the crown toe area
and the fillet weld in the crown heel area. Nevertheless,
weld irregularities can appear in the transition area because of the shift of the intersection line from the inside
of the brace wall near the butt weld areas to the outside of
the brace wall near the fillet weld area. However, as these
irregularities are not located in critical zones, they do not
have any impact on the fatigue resistance of the K-joint.
25
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Fig. 5

Welding preparation for circular hollow section K-joints according to [12]

A parameter study of the length of the transition was conducted in [12] to fill in the gaps in the current literature. A
dependency on the transition length and the diameter
ratio was detected. Additional information can be found
in [12].

cides with the recommendation according to CIDECT
design guide 7 [6]. The tack welds, which are used for positioning, should be ground and welded over again.

3

Fatigue tests on tubular K-joints made up of CHS

2.2.5 Weld start and stop positions

3.1

Overview

Weld start and stop positions should not be located in
areas where crack initiation might occur. For hollow section joints, the critical segment for cracks is the crown
saddle as well as the crown toe and heel, depending on
the joint type. To avoid weld irregularities, weld start and
stop positions should not lie in these areas, instead
should be shifted sideways. Fig. 6 shows weld start and
stop positions according to EN 1090-2 [8], which coin-

In order to achieve the objectives mentioned in section
1.2 and expand the test database, 30 fatigue tests were
carried out by two research institutions as part of FOSTA
project P1163 [11]. The tests involved seven test series on
thick-walled K-joints made of hot-finished circular hollow
sections in steel grade S355J2H according to EN 10210.
Of those 30 joint tests, 27 were carried out with a brace
axial force at the University of Stuttgart. Of those 27 tests,
three tests without specified weld irregularities served as
a reference. Some 18 tests were designed to determine the
influences of different specified weld root opening sizes
on the fatigue behaviour of thick-walled K-joints made up
of circular hollow sections, see Fig. 7b and 7c. Six further
tests were carried out to investigate the fatigue behaviour
of two variations of weld shape, circumferential fillet
welds and butt welds with smaller weld volume, as shown
in Fig. 7a.

Fig. 6

Start and stop positions and welding sequence for circular hollow
section joints taken from Fig. E.1 in [8]

Fig. 7

Examples of test weld configurations, taken from [2]: a) butt weld with reduced volume, b) butt weld with lack of penetration n and c) fillet weld with
lack of fit s
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Tab. 3

Overview of fatigue tests performed [11]

Series Load

R

Chord

Brace

g

Number
of tests

Parameters

100

Brace-AXa

–1

177.8 × 20

88.9 × 12.5

4.45

3

no irregularities

101

Brace-AXa

–1

177.8 × 20

88.9 × 12.5

4.45

6

root opening s = 3 mmb

102

Brace-AXa

–1

177.8 × 20

88.9 × 12.5

4.45

6

root opening s = 6 mmb

103

Brace-AXa

–1

177.8 × 20

88.9 × 12.5

4.45

6

incomplete fusion n = 6 mmb

200

Brace-AXa

–1

177.8 × 20

88.9 × 12.5

4.45

3

smaller weld volume

201

Brace-AXa

–1

177.8 × 20

88.9 × 12.5

4.45

3

circumferential fillet weld

300

Chord-IPBa

–1

660.0 × 60

406.4 × 12.5

5.50

3

large diameters

a AX: axial force, IPB: in-plane bending
b See Fig.

7 for parameter designation

To extend the scope of the investigation to large CHS,
three tests were carried out at the University of Applied
Sciences, Munich, in a resonance test rig system under
chord in-plane bending on thick-walled hollow section
joints with large chord diameters d0 = 660 mm and wall
chord thicknesses t0 = 60 mm.
The entire experimental programme is listed in Tab. 3.
Both of these studies were accompanied by systematic
ultrasonic tests using the phased-array technique, which
were also used for the development of an inspection
method for these complex weld geometries.
All welds, except for the K-joints with circumferential fillet weld, were combinations with a butt weld at the
crown toe and a fillet weld at the crown heel, see Fig. 7.
This type of seam offers the advantage of not having to
weld through the member thicknesses at the crown heel,
which is difficult to achieve, especially for small brace
angles. See [11] for details of the weld geometry.
In the tests, the first through-thickness crack was usually
taken as the failure criterion. In the fatigue tests on Kjoints with smaller chord diameters, all members were
sealed airtight and subjected to a low internal pressure in
order to detect the through-wall thickness crack by way
of a drop in the internal pressure. However, this was not
possible in the tests on the large-diameter specimens. In
these tests, the test was stopped at increasingly shorter
intervals at the estimated number of cycles in order to
carry out a visual inspection and, if necessary, non-destructive testing using the phase-array technique to document crack growth. After the tests, the specimens were
cut and the number of load cycles up to the throughthickness crack in the wall was estimated on the basis of
the fracture surfaces.

3.2

force) at constant amplitude (constant amplitude fatigue
test). The tests were carried out in a test rig belonging to
the Institute for Materials Research and Materials Testing
(MPA) Stuttgart, which was specially designed for the
testing of large multi-axially loaded specimens [21]. The
test rig consists of three hydraulic cylinders, loading both
braces through two diagonal portals and applying a load
to the chord through the horizontal test frame (see.
Fig. 8).
All three test cylinders worked synchronously with a
stress ratio R = –1 (alternating load) and at frequencies of
0.5 to 2 Hz. All chords had a diameter of 177.8 mm with
wall thicknesses of 20 mm. The braces had a diameter of
88.9 mm with wall thicknesses of 12.5 mm. The K-joints
tested had an angle of 60° between brace and chord. An
exception was the braces of the test specimens with circumferential fillet welds (test series 200 in Tab. 3), which
were designed with an angle of 61° to the chord in order
to provide a sufficiently large gap between the braces so
that strain gauges could be attached.

3.3

Joint tests with large CHS

For the large-scale fatigue test, a test rig was developed
and used successfully at the University of Applied Sci-

Joint tests under brace axial force

In the fatigue tests at the University of Stuttgart, single Kjoints with thick-walled chords (g < 12) were tested for the
load case of brace axial force (with a balanced chord

Fig. 8

Test rig for brace axial force, taken from [2]
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Fig. 9

Sketch of test rig: a) test rig with dimensions, b) bending moment distribution, taken from [11]

ences in Munich. The test rig was based on taking advantage of the natural frequency principle. A sufficiently
large mass is required to set a specimen in natural vibration. Therefore, extensions were attached to the chord
ends of the specimens via an end plate joint. The test
setup thus had a total length of about 18 m and a total
weight of about 21 t (see Fig. 9 and Fig. 10). The specimens were vibrated using two common formwork vibrators, which were fixed to the end plates of the extensions.
Using this setup, it was only possible to conduct tests with
a stress ratio of R = –1. To measure the applied bending,
strain gauges were attached in the middle of the gap between the braces. The bending moment, which was introduced by the rotating unbalanced masses, can be calculated with Eq. (7) and can be taken from Fig. 9.

()

2
M x
 λ 
λ
λ
= C1   − cos x + cosh x −
(7)
EIy
 L 
L
L

cos λ − cosh λ
λ
λ 
−
− sin x + sinh x 

L
L  
sin λ − sinh λ 

where:
E
Young’s modulus
geometrical moment of inertia
Iy
λ
eigenvalue
L
length of test setup
x
point of interest
C1
variable scale factor
M(x) bending moment at point x

Fig. 10 Resonance test system for chord in-plane bending, taken from [11]
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According to [22], the nominal principal strains were converted to principal stresses using a factor of 1.1, and the
deformation of the specimen in the middle of the joint
was recorded by a high-speed camera in order to check
the validity of the stresses measured by the strain gauges.
The frame rate of the high-speed recording was 300 fps.
For this purpose, a scale was placed in front of the specimen and the deformation was determined by considering
the minimum and maximum deformation values of the
single photo in the high-speed recording. The results corresponded well with the analytic equation, with the deviation being only 4 %.

3.4

Test results

All fatigue tests carried out in [11] are shown in Fig. 11a
to 11c. The test data shown refer to the nominal stress
ranges in the braces. In Fig. 11b the results of test series
103 (specimens with lack of penetration at crown toe) are
compared with the results of the remaining test series
(excluding test series 200). In addition, Fig. 11c shows the
comparison of the results of test series 200 (specimens
with reduced weld volume) with the results of the remaining test series (excluding test series 103). An influence of
the weld irregularities examined was observed.
Fig. 11a shows that the tests of test series 101 and 102
(specimens with weld irregularities at crown heel) lie
within the same scatter as the reference tests of series 100

Fig. 11 Test data from [11] on nominal stress level in diagonals: a) results of all test series, see Tab. 3, b) comparison of results of test series 103 with lack of
penetration with the results of the other test series, c) comparison of results of test series 200 with reduced weld volume with the results of the other
test series

without weld irregularities. However, the tests with insufficient weld penetration at the crown toe (test series 103,
see Tab. 3) seem to have a lower fatigue strength and are
located in the lower range of the scatter (blue data points
in Fig. 11b). Further, a reduction in the weld volume with
smaller weld thickness (test series 200) apparently results
in slightly lower fatigue strengths (see Fig. 11c). In contrast, the test data on the specimens with a circumferential fillet weld (test series 201) were located in the same
scatter as the reference tests and in some cases even
higher. Furthermore, the tests on the specimens with
large diameters (series 300) lie above all other tests,
which might be attributed to the differing test conditions
and the chord loading with in-plane bending, see section
3.3. On the one hand, these large-scale tests show the
transferability of the results from [12] to structures with
large and real dimensions. On the other, a size influence,
as would be expected for chord wall thicknesses of
60 mm, was not determined.

In almost all tests on specimens with a fillet weld with
lack of fit at the crown heel (see test series 101 and 102 in
Tab. 3 and parameter s in Fig. 7c), it was observed that
the fatigue cracks started from the weld toe to the chord.
However, at a value s = 6 mm (test series 102), crack initiation from the weld root at the crown heel was also observed in two tests.
In the tests with lack of penetration n = 6 mm at the
crown toe (test series 103 in Tab. 3 and parameter n in
Fig. 7b), the fatigue cracks were initiated at the weld
root only. Accordingly, the through-thickness crack was
detected simultaneously with crack initiation in the
weld. Whereas in the tests with smaller weld volumes
the cracks were initiated at the weld toe to the chord,
the cracks in test series 201 with a circumferential fillet
weld were initiated either at the weld toe to the braces
or at the weld root. In most tests, crack initiation occurred with an offset to the crown toe. In the tests with
29
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chord bending, the fatigue cracks were initiated at the
chord only.

4

New proposals for the fatigue strength of K-joints
with gap

4.1

Approach and overview

One objective of FOSTA project P1163 [12], see also [2],
was to derive a new proposal for the fatigue strength that
can be introduced in the new draft of Eurocode 3, including scale effect, for welded, unstiffened K- and KK-joints
with gap, based on a large number of national and international research projects carried out on joints made up
of CHS. A variation in execution quality due to the different national and international manufacturers was included through the different test series and thus considered
indirectly. Therefore, hollow sections manufactured according to different standards are also considered, so that
the recommendations can apply to hot-finished hollow
sections according to EN 10210 and cold-finished hollow
sections according to EN 10219.
In the course of a detailed literature research within the
scope of the project, more than 1100 data sets were collected, covering nine different joint configurations for
welded unstiffened joints made up of CHS and including
a part of the database of van Wingerde et al. [22]. However, within the scope of the proposal for Eurocode 3
and DASt-Richtlinie 029, only tests on welded, unstiffened K-, KK- and N-joints with gap were considered,
which were tested with constant stress amplitude. Thus,
“only” 339 data sets were finally available for the relevant joint types. The statistical evaluation was carried
out according to the background document [19] to Eurocode 3, Part 1–9. Details of the statistical evaluation
can be found in [12]. The results of the statistical evaluations at nominal and structural stress levels are presented
in sections 4.2 and 4.3.

4.2

Nominal stress level

For the fatigue design using the nominal stress method,
the nominal stresses in the braces and the chord should
be determined considering the axial forces and bending
moments calculated with a linear elastic analysis. The
structure may be modelled assuming a continuous chord
to which the braces are pin-connected with rigid members (see Fig. 12). Most of the joints with a gap may be
modelled with a positive eccentricity. The fatigue-relevant
influences from the joint eccentricities and global joint
stiffnesses are thus considered. Accordingly, only normal
forces result in the braces. In contrast, the chords are subjected to normal forces and bending moments.
The nominal stress ranges, which were determined using
a simplified frame analysis, should be calculated separately for chord and braces by increasing them with k1
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Fig. 12 Adaptable structural system considering joint eccentricity in accordance with [23]

factors from Table 4.1 of EN 1993-1-9 [7]. A magnification
of the bending stress in the chord is not needed when
modelling according Fig. 12, as this modelling leads to a
certain overestimation of the bending stress according to
[15]. Subsequently, the nominal stress ranges caused by
axial forces Dsax and bending moments Dsipb are transferred into a damage-equivalent constant amplitude stress
range DsE,2 related to 2 million cycles, see Eq. (8).

∆σ E,2 = λ1 ⋅ λ2 ⋅ λi ⋅…⋅ λn ⋅( ∆σ ax + ∆σ ipb )
(8)
where:
li
damage-equivalent factors depending on the spectra as specified in the relevant parts of EN 1993
Dsax nominal stress range due to axial forces
Dsipb nominal stress range due to in-plane bending moments
DsE,2 Damage-equivalent stress range of nominal stress
method for 2 × 106 cycles
The fatigue assessment can be carried out according to
EN 1993-1-9 [7], 8(2), through comparison with the reference value for the characteristic fatigue strength DsC according to Eq. (9). The detail categories DsC,nom derived
for the characteristic fatigue strength for gapped K-joints
made up of CHS are indicated in Tab. 4.

γ Ff ⋅ ∆σ E,2 ≤

∆σ C,nom
γ Mf

(9)

where:
gFf
partial factor for applied stress ranges DsE
gMf
partial factor for fatigue resistance
DsC,nom reference fatigue strength for 2 × 106 stress cycles
Detail category for nominal stress method
More than 280 test data points from 20 national and international publications were collected in order to classify the construction detail category. As in the current Eurocode, a subdivision was made in the new proposal introduced in [4] or [2]. It considers the wall thickness effect
depending on the wall thickness ratio τ = t0/ti between
chord and brace. The limits for τ and the wall thickness
(10 mm) are based on the available test data.

Tab. 4

New proposal for detail categories for gapped K-joints made up of circular hollow sections for the nominal stress range, taken from [2] and [4]

Detail
category

Construction detail

90
m=5

all t

71
m=5

t0 ≤ 10 mm

ti
≤ 0.5
t0

Requirements
Gapped joints: Detail 1): K-joint,
circular structural hollow sections:

t
0.5 < i ≤ 0.7
t0
63
m=5

t0 > 10 mm

36
m=5

all t

t
0.7 < i
t0

Tab. 4 finally summarizes the resulting proposal for the
characteristic fatigue strength that may be applied at
nominal stress level according to Eurocode 3 for the preliminary construction detail “Lattice girder joints made of
structural hollow sections – detail ① Gapped K- and Njoints made of circular hollow sections”, which is also included in the German design guideline (DASt-Richtlinie
029) [4].
In comparison to the current detail category 1) in
EN 1993-1-9 [7], Table 8.7, the scope of application is extended in the new proposal, see [2] and [4]. It includes
thick-walled circular hollow section joints with t0 and
ti ≤ 20 mm. Previously, only wall thicknesses t0 and
ti ≤ 8 mm were permitted. In addition, the new proposal
allows for larger maximum diameters up to 325 mm.
Thus, a larger scope of applicability has been achieved
compared with the current detail categories according to
[7]. For wall thickness ratios τ > 0.7, a characteristic fatigue strength of only DsC,nom = 36 N/mm2 had been derived from the test data. The detail category 45 currently
used had not been confirmed in the statistical evaluation;
the background [11] provides justification. It can be assumed that the higher maximum permissible wall thickness of 20 mm enables a partial compensation of the
lower fatigue strength for τ > 0.7. As explained in section
2.1, the nominal stress method is a relatively general approach. For some cases more exact and more economical
values may be obtained using the structural stress method.

Detail 1):
–  Separate assessments needed for chords
and braces.
–  Ds should be determined separately at
the nominal cross-section for chords and
braces.
–  Fillet welds permitted. For K-joints with
wall thickness ti > 8 mm and fillet welds,
a weld failure could occur in the weld
seam.
– 4 mm ≤ t0 ≤ 20 mm
– 4 mm ≤ ti ≤ 20 mm
– 35° ≤ q ≤ 60°
– d0/t0 × t0/ti ≤ 40
– ti/t0 ≤ 1.0
– 0.3 ≤ di/d0 ≤ 0.67
– d0 ≤ 325 mm
–  –0.5 d0 ≤ ei/p ≤ 0.25 d0
– eo/p ≤ 0.02 d0
– fy,0 and fy,i ≤ 700 N/mm2

proach presented in section 4.2 by means of a linear elastic calculation (see also Fig. 12). Subsequently, the nominal stress ranges caused by axial forces Dsax and bending
moments Dsipb should be calculated separately for chord
and braces and then increased using k1 factors from
Table 4.1 in EN 1993-1-9 [7]. It should be noted that these
k1 factors do not cover the local stress concentrations,
which are only taken into account by the stress concentration factors (SCF). In addition, it is assumed that the
bending moments always increase the stress.
The structural stress ranges may be determined according
to Eq. (10) at a certain position i on the reference member
(chord or brace) over the circumference of the joint. The
internal forces must be separated into the different tabulated basic load cases (brace axial force, possibly brace
bending, chord axial force, chord bending). SCF values,
which may be determined using tables and diagrams in
[23], [13] or [12], may then be evaluated separately for the
different basic load cases and for the brace (index 1) and
the chord (index 0) in each case. A superposition of the
structural stress ranges by any combination of the load
cases leads to the main damage-equivalent stress range,
see Eq. (10).

∆σ E,HS,i = λ1 ⋅ λ2 ⋅ λi ⋅…⋅ λn ⋅( SCF0,ax,i ⋅ ∆σ 0,ax,i
(10)
+ SCF0,ipb,i ⋅ ∆σ 0,ipb,i + SCF0,opb,i ⋅ ∆σ 0,opb,i
+ SCF1,ax,i ⋅ ∆σ 1,ax,i + SCF1,ipb,i ⋅ ∆σ 1,ipb,i
+ SCF1,opb,i ⋅ ∆σ 1,opb,i )

4.3

Structural stress level

As with the nominal stress method, the acting internal
forces should first be determined according to the ap-

where:
Ds

nominal stress range for member chord or brace
and basic load cases at position i
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SCFi

li
DsE,HS,i

stress concentration factors for member chord
or brace and basic load cases at position i
damage-equivalent factors depending on the
spectra as specified in the relevant parts of EN
1993
Damage-equivalent stress ranges for structural
stress method at position i of a critical weld toe
of the construction detail considered derived
from the geometric stress through stress extrapolation with 2 × 106 cycles

Furthermore, effects due to wall thickness dependency
have to be included in the structural stress design. For
this purpose, the characteristic reference value of the fatigue strength DsC,HS should be modified according to
[23] for wall thicknesses t ≠ 16 mm, see Eq. (11).

∆σ C,HS,red = ks ⋅ ∆σ C,HS

(11)

where:
 16 
ks =  
 t

0.06 log N

(12)

The fatigue assessment may be carried out similarly to
EN 1993-1-9 [7], 8(2), through comparison with the reference value for the characteristic fatigue strength DsC,HS,red
according to [23], see Eq. (13).

γ Ff ⋅ ∆σ E,HS ≤

∆σ C,HS,red
γ Mf

(13)

where:
DsE,HS damage-equivalent stress range for hot-spot stress
method at 2 × 106 stress cycles
DsC,HS reference fatigue strength for the hot spot stress
method at 2 × 106 stress cycles
Detail category for structural stress method
In addition to the proposal for the detail category for the
nominal stress method, a new proposal for the fatigue
strength for the structural stress method was derived
within the scope of this project, [11] or [2], in accordance
with EN 1993-1-9 [7], 6.5, and Annex B, taking into account the scale effect. 242 data sets were available.
Some modifications were necessary for the evaluation of
the available test data at structural stress level. Owing to
the fact that many different, also international, research
projects were considered, the fatigue tests were also carried out on different test rigs and at different stress ratios
R. The first step was to modify the test data considering
the mean stress ratio influence, especially for fatigue tests
with compression stresses, in order to achieve comparability between the individual tests. This was done in accordance with section 7.2.1 of EN 1993-1-9 by reducing
the compression stresses to 60 %. For stress ratios R = –1,
for example, the reduction factor was calculated as follows:
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∆σ nom
2 ⋅σ a
(14)
f=
=
= 1.25
∆σ red 1 + 0.6 ⋅σ a

(

)

Only moderate residual stresses were assumed, so that
the reduction factor resulted from the mean value for
structures without residual stresses (f = 1.25) and structures with high residual stresses (f = 1.0). Finally, the data
were modified using Eq. (15).
R =0
∆σ HS
=

R =−1
R =−1
∆σ HS
∆σ HS
=
f
1.125

(15)

where:
R =0
Hot-spot stresses related to R = 0
∆σ HS

R =−1
∆σ HS
Hot-spot stresses related to R = –1

It was found that many references did not include the
number of load cycles up to the failure criterion throughthickness crack (N3). Therefore, in the second step, it was
necessary to derive the number of load cycles to N3 from
the number of load cycles to failure or end of the test
(N4) by dividing the number of cycles by 1.49 as proposed in [22].
Finally, the effect of the wall thickness had to be included, which takes into account the size dependency of the
fatigue strength due to statistical, technological or also
geometric scale effects of the failing hollow section. The
modification for the wall thickness effect was taken into
account in the test evaluations by multiplying the structural stress ranges in the tests by the reciprocal value of
Eq. (12), converting the stress range to a reference wall
thickness of 16 mm. So far, this can be done according to
[23], Table 3.1, or [22], Table 2.
The statistical evaluation, taking into account these modifications, resulted in the proposal for the detail category
shown in Tab. 5. The proposal for the detail category corresponds to the detail category in Annex B to Table B.1 in
EN 1993-1-9 [7], but considers the significant influence of
the wall thickness effect for t > 16 mm. It resembles the
solution in CIDECT [23], but neglects the effects of thicknesses < 16 mm. Further information referring to the derived fatigue strength at structural stress level can be
found in [12].

5

Ultrasonic testing

In general, weld imperfections can have a negative impact on the fatigue strength. According to EN ISO 5817
[9], these imperfections have to be avoided or their size
limited. Therefore, non-destructive testing (NDT) methods are used and one of those is ultrasonic testing, which
has proved to be reliable for various welded structures in
recent years. The ultrasound technique is based on the
physical principal of acoustic waves, which are transmitted into the specimen by a probe/test head. According to
the reflection and refraction laws, the ultrasound path

Tab. 5

New proposal for the fatigue strength for the structural stress level for Eurocode 3, Part 1–9 [7], Annex B, Table B.1, taken from [2] and [11] respectively

Detail
category

Construction detail

Description

Requirements

100
m=3

Wall thickness dependence of reference com
ponent for t > 16 mm:

Detail 1):
K-joint made up of
circular structural
hollow sections
with gap

Detail 1):
The welds around the
circumference are to be
executed as continuously
welded butt welds, fillet
welds or as a combination
of both.
The design recommendations from [4], 6.1, are to be
observed.
Weld attachment points
should be smoothed by
grinding.

 16 
ks =  
 t

0.06 log N

can be calculated from the runtime of the signal. The
echo height allows the user to draw conclusions about
the size of weld imperfections. This highly developed and
detailed regulated procedure for weld testing [10] has
been expanded in recent decades.
In general, the use of phased-array ultrasonic test devices
is widespread today for ultrasonic testing. The ultrasonic
probe/test head is composed of single elements, each one
of which can be used as a transmitter and receiver of ultrasound waves. A sound field can be generated from the
time-shift excitation of the single elements of the probe/
test head. In every separation layer, like the layer between
two materials such as steel and air, the ultrasound waves
are reflected at a certain angle. Therefore, the surface normal to the layer must be known, which is usually the case
for plate structures. For this reason, ultrasonic testing is
very complicated for circular hollow section joints because, due to the curvature of the circular hollow sections, the surface normal to the intersection line between
the chord and the brace member is not known exactly
while conducting the ultrasonic testing. Additionally, accessibility is limited with hollow section joints, so the ultrasonic testing can only be performed from the outside.
Only in the areas of the crown heel and toe is ultrasonic
testing possible for circular hollow section K-joints. This

is because large chord diameters mean that the curvature
has less of an influence on the reflection of the ultrasound
waves and the conditions are very similar to those of
plate structures.
A test procedure for ultrasonic testing of circular hollow
section joints was developed within the scope of the research project [11]. Using this procedure, it is possible to
detect and determine the height s of the root gap and the
size n of the rest root face at the crown heel and toe for
K-joints made up of circular hollow sections. Therefore,
only a few geometrical and ultrasonic testing-specific dimensions have to be known or calculated, such as the intromission angle ϕ, the wall thickness of the brace member t1 and the angle of the joint connection Θ, see Fig. 13.
Eqs. (16) and (17) can be used to calculate these values.

sin ϕ 
s = Sg − S = n′ + x sin ϕ + t1  cosϕ +
−S
(16)
tan θ 


(

)

where:
s height of root gap at crown heel
S measured ultrasonic path
Sg theoretical ultrasonic path
n′ weld trace or weld projection at chord surface
x distance to ultrasonic exit point

Fig. 13 Nomenclature for quantifying the weld geometries: a) crown toe, b) crown heel according to Fig. 8.12 in [11]
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Fig. 14 Overview of weld details and acceptable dimensions for weld irregularities at weld roots, taken from [2] and [4]

ϕ intromission angle
θ angle of chord member
t1 wall thickness of brace member
n = (t1 – b)/sin θ

sidered. Weld irregularities detected within the range of
the limits given in Fig. 14 may be tolerated; time-consuming repairs are unnecessary and the specified fatigue resistance may be applied in full.
(17)

where:
n size of rest root face
b depth of indication
θ included angle between brace member and chord
t1 wall thickness of brace member
Detailed information about the procedure for detecting
the size of the root face n and height of the root gap s can
be found in the final report in [11].

6

DASt-Richtlinie 029

Based on the results and recommendations obtained in
the research projects [11–13], a proposal for a German
design guideline (DASt-Richtlinie 029) [4] was finally developed to enable the user-oriented planning, design, execution and quality assurance of welded K- and KK-joints
made up of circular hollow sections in truss structures
subjected to fatigue loading. In addition to the proposed
fatigue resistance curves at nominal and structural stress
levels, the proposals for specification drawings and the
welding procedure specifications derived in [12] are also
included in this guideline as practical and helpful working aids.
Using the large number of fatigue tests carried out in [11]
and [13], it was also possible to develop recommendations for the geometry and fabrication of the weld seams
and derive permissible limits for the weld irregularities
investigated. If these limits given in Fig. 14 are complied
with, no influence on the fatigue strength needs to be con34
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Furthermore, additional recommendations developed in
[11] allow for the detection and measuring of the weld irregularities at the weld roots (see Fig. 14) using ultrasonic
testing, see section 5.
All recommendations assembled in the DASt-Richtlinie
provide an opportunity for small and medium-sized enterprises in the steel construction industry to achieve economical fabrication for bridge, crane and building structures, also offshore projects or wind turbines. Furthermore, they enable consulting engineers to avoid expensive
special-purpose solutions such as joints with stiffeners
and to develop economic designs.

7

Summary and conclusions

All the tests conducted in the recent research projects [11,
12] enabled the geometrical limitations to be reduced,
which especially expands the scope of application for circular hollow section joints with thick-walled chords. This
leads to higher competitiveness in comparison with other
fabrication methods for lattice structures, e.g. cast joints.
Additionally, user-friendly recommendations have been
established for the design process and for the fabrication
of the joints, thus reducing the extensive design efforts
previously necessary for truss structures made up of circular hollow sections. Furthermore, the possibility for accepting weld imperfections of a certain size without having a negative influence on the fatigue strength might reduce fabrication costs and avoid many of the repair
procedures currently required for welded hollow section
joints. The procedure presented for ultrasonic testing ena-

bles the detection and measurement of such weld imperfections at the crown heel and toe areas for thick-walled
hollow section joints. The main results of this research
project have not only formed the basis for the German
guideline, DASt-Richtlinie 029 [4], but have also been included in the draft of Eurocode prEN 1993-1-9.
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