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Welded connections at high-strength steel hollow
section joints
The calculation of the loadbearing capacity of hollow section
joints using the design formulas according to EN 1993-1-8 assumes full-strength welded connections if the non-linear stress
distribution over the circumference is not covered by calculation. Sufficient ductility in the connections ensures a plastic redistribution capacity within each joint. In the case of hollow
section structures made of high-strength steels, it becomes
more difficult to meet the requirement for full-strength welds as
the yield strength of the base material increases.
This article begins with a summary of the current rules for the
design and execution of welded hollow section joints. The soft
ening behaviour of high-strength steels and the loadbearing
capacity of welded connections with local softening in the HAZ
are then discussed. That is followed by the presentation of the
results from the AiF-FOSTA research project P1020 regarding
the influence of manufacturing parameters on the properties of
welded connections and the HAZ. The experimental test programme for single-sided welded T-connections and the para
meter studies within the research project P1453 are also described. Finally, a design approach is presented to account for
HAZ failure and hybrid failure modes of hollow section connections.
Keywords high-strength steel; welding; hollow section joints; T-connections;
welded connections; heat-affected zone

1

Introduction

Eurocode 3 is currently being revised. Parts 1-1 [1] and 1-8
[2] are among the parts being extended to cover steel
grades up to S700, and the rules of the previous Part 1-12
[3] (Additional rules for the extension of EN 1993 up to
steel grades S700) will be integrated into the other parts of
Eurocode 3. With regard to the scope of section 7.1.1 of
EN 1993-1-8 [2], Part 1-12 [3] contains only the following
additional rule: “For steel grades above S460 up to S700,
the reduction coefficient is 0.8.” This means that the loadbearing capacities of hollow section joints made of highstrength steels are reduced by 20 % compared with the
strength classes up to S355. In the meantime, a more differentiated design proposal for hollow section joints involving steel grades up to S700 is available in chapter 9 of
prEN 1993-1-8 [4], where the usable yield strength for calculation is limited to 80 % of the tensile strength for individual failure modes and the loadbearing capacity of the
joints is generally reduced by a Cf factor for steel grades
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above S355. Opening clauses allow different specifications
in the individual national annexes. The new editions of
EN 10210-3 [5] and EN 10219-3 [6] enable the standardization of a wide range of high-strength steels for hollow sections. The delivery conditions extend up to strength class
S960 as quenched and tempered steels and thermomechanically rolled steels. In the new edition, the scope of
EN 1993 will initially remain limited to up to and including S700. However, the mandate of CEN/TC250/SC3WG12 (Additional rules for high-strength steels) was extended to cover strength classes above S700 and up to
S960. A number of research projects are currently being
conducted to establish a basis for the design of hollow section joints made of high-strength steels (see [7–9]).
The loadbearing capacity of welds can be determined, for
example, according to the directional or the simplified
method of EN 1993-1-8 [2]. An overview of the design of
welded connections and current developments is given by
the authors in [10]. The effective weld length is of particular importance for the determination of the loadbearing
capacity of welded connections at hollow section joints.
This length is used to take into account the non-linear
stress distribution over the weld circumference. Studies of
this approach can be found in, for example, [11] for circular hollow sections (CHS) and [12] for rectangular hollow
sections (RHS). If the non-linear stress distribution over
the weld circumference is not allowed for, the weld must
be designed according to the loadbearing capacity of the
hollow section wall thickness. This leads to a direct correlation between the thickness of the section wall and the
required weld thickness depending on the steel grade. For
high-strength steels especially, this simplification leads to
substantial weld volumes, which involves high fabrication
costs and energy inputs for the connections.

2

Design and execution of welded hollow section
joints

2.1

Design rules

The version of EN 1993-1-8 [2] currently valid covers hollow section joints for steel grades up to S460. In this
strength range, the steels exhibit a comparatively large
difference between their yield and tensile strengths. In addition, such steels have a comparatively high elongation
at break, so there is a correspondingly high deformation
capacity for plastic rearrangements within the joints.
Since the determination of the joint loadbearing capacity
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is carried out with reference to the yield strength and not
the tensile strength of the steel, this results in load reserves. This compensates for influences such as unwanted
restraints of the braces or stresses due to secondary effects in the chord walls, meaning that further calculations
are unnecessary. For steel grades above S355, a general
reduction in the load-carrying capacity down to 90 %
should also be considered [2]. The design formulae according to EN 1993-1-8 [2] implicitly take into account
the criterion that the connection deformations of the
braces may not exceed 3 % of the chord width. In general,
steel grades up to S460 according to EN 10210 and EN
10219 do not tend to soften due to the welding process.
Softening of the heat-affected zone does not have to be
considered. There is no difficulty in using a filler metal
with a strength equal to or higher than that of the base
metal.
The verification of the static loadbearing capacity of
welded hollow section joints made of high-strength steels
with yield strengths up to 700 N/mm2 will in future be
carried out at European level according to chapter 9 of
EN 1993-1-8, which is available as a final draft [4]. WG 12
is currently developing design rules for steel grades up to
S960. Owing to the smaller difference between yield and
tensile strengths, the lower deformation capacity and the
tendency towards softening of the steels, the design rules
for normal-strength steels cannot be adopted without
modifications. As the yield strength increases, so there is
a greater reduction with the Cf factor, see Tab. 1. In addition, for the punching shear failure of chord members and
the tension brace failure, the calculated yield strengths fy0
and fyi have to be limited to 80 % of the tensile strength
fu0 and fui respectively (80 % rule). Since the loadbearing
capacities of hollow section joints made of high-strength
steels have not yet been sufficiently validated, opening
clauses were introduced in prEN 1993-1-8 [4] for both the
reduction factors Cf and the 80 % rule, which allow different specifications to be introduced at national level.
At international level, ISO 14346 [13] is used, if necessary, in conjunction with the CIDECT Design Guide [14].
The ISO standard applies to hollow section joints using
steel grades up to and including S460. In accordance with
prEN 1993-1-8, the reduction in the joint loadbearing capacity down to 90 % of the nominal value is considered
for steel grades with yield strengths > 355 N/mm2. For all
types of failure, the yield strengths fy0 and fyi should not
exceed 80 % of the tensile strengths fu0 and fui respectively. For comparison, Fig. 1 shows the reduced yield
Tab. 1

Material factors Cf for resistance according to prEN 1993-1-8 [4]

Yield strength fy (N/mm2)

Cf factor

fy ≤ 355 N/mm2

Cf = 1.00

355

N/mm2

460

N/mm2

550

N/mm2

< fy ≤ 460

N/mm2

Cf = 0.90

< fy ≤ 550

N/mm2

Cf = 0.86

< fy ≤ 700

N/mm2

Cf = 0.80

strength according to the different standards as a function
of the steel grade using the example of thermomechanically rolled steels according to EN 10210-3 [5] and EN
10219-3 [6]. For an S700MH/MLH steel, the rules of
prEN 1993-1-8 for the punching shear failure of the chord
member and the tension brace failure result in a 31 % reduction in the loadbearing capacity related to the yield
strength. The reduction is similar for quenched and tempered hollow sections.
When applying the rules of prEN 1993-1-8, compliance
with cross-section classes 1 or 2 is assumed. As the yield
strength increases, so this results in a reduction in the
permissible plate or shell buckling slenderness of the
cross-sections. This fact must be taken into account when
designing hollow section structures made of high-strength
steels. For example, for a CHS made of S960 steel, the
cross-section slenderness is g = d0/2t0 ≤ 8.57.
Unless a more precise verification is provided, the design
resistance of the welds per unit length of the circumference of a brace element should exceed the corresponding
design resistance of the connected cross-section wall [4].
Depending on the cross-sections, the wall thickness and
the angle of inclination, the welds executed are singlesided fillet welds, single-bevel butt welds or single-bevel
butt welds with broad root face combined with fillet
welds. In the case of circular hollow section braces, single-bevel butt welds with broad root face are sometimes
formed in the transition areas between single-bevel butt
and fillet welds. For single-bevel butt welds, full loadbearing capacity is achieved by selecting a suitable filler metal
with a strength equal to or greater than that of the brace
material.
In the case of equal-sided fillet welds at vertical brace
joints, the minimum weld throat thickness a as a function
of the brace thickness ti is given by Eq. (1) according to
the directional method of prEN 1993-1-8, section 6.5.3.2
[4]. A visualization of the stress components within the
fillet weld cross-section and the required weld throat
thicknesses for steel grades S355 and S700 is given in
Fig. 2.
min a ≥ 2 ⋅ β w ⋅

fy γ
⋅ M2 ⋅ t
fu γ M0 i

(1)

(

fu
β w ⋅ γ M2

(2)

)

σ ⊥2 + 3 τ ⊥2 + τ 2 ≤

Tab. 2 summarizes the required thickness a of fillet welds
for selected steel grades using the tensile strength specific
to the hollow section according to EN 10210-3 [5] and EN
10219-3 [6]. With the exception of S460 MH/MLH, highstrength steels require greater weld throat thicknesses
than S355 MH/MLH to achieve full loadbearing capacity.
For S700 MH/MLH, the required weld throat thickness is
1.81 times the brace wall thickness. This results in a weld
volume 106 % larger when compared with the connection
for an S355 brace. The production of large weld volumes
11
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Fig. 1

Reduced yield strength of hollow section joints according to different design rules using the example of thermomechanically rolled steels according to
EN 10210-3 [5] and EN 10219-3 [6]

Fig. 2

Stress components within the fillet weld cross-section and comparison of the required weld throat thickness a for S355 and S700 steels

is associated with high heat input. With high-strength
steels especially, this can lead to softening in the heat-affected zone (HAZ). Therefore, the welding energy and the
resulting cooling time t8/5 must be limited. Explicit rules
do not yet exist for the verification of the failure of welded
connections in the heat-affected zone.

2.2

Execution of welded connections

A large number of technical rules exist for the design and
execution of welded connections at hollow section joints
Tab. 2

and cover weld details, weld seam preparation, welding
procedures, post weld treatment and weld seam inspections. In the following, some basic relationships are highlighted; more detailed descriptions can be found in [15–
23], for example.
The choice of weld seam shape depends on the geometry
and inclination angles of the hollow sections to be connected and, in particular, on the local angle between the
contact surfaces. Furthermore, the wall thicknesses and
the type of loading (predominantly static or fatigue loading) are important. General rules for weld seam prepara-

Required fillet weld throat thicknesses a for the design of fully loadbearing connections according to prEN 1993-1-8 [4] using the tensile strength specific to the hollow section according to EN 10210-3 [5] and EN 10219-3 [6]

Steel grade

Yield strength
fy (N/mm2)

Ultimate strength
fu (N/mm2)

Correlation coefficient
βw

Required
weld thickness

S355 MH/MLH

355

450

0.90

1.26 · ti

S460 MH/MLH

460

530

0.85

1.30 · ti

S460 QH/QLH/QL1H

460

550

0.85

1.26 · ti

S550 MH/MLH

550

600

0.95

1.54 · ti

S550 QH/QLH/QL1H

550

640

0.95

1.44 · ti

S700 MH/MLH

700

750

1.10

1.81 · ti

S690 QH/QLH/QL1H

690

770

1.10

1.74 · ti
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Fig. 3

Weld seam preparation for circular and rectangular hollow sections according to EN 1090-2, Annex E [16]

tion are summarized in EN ISO 9692-1 [15]. Examples of
the implementation of these rules for hollow section connections are given in EN 1090-2, Annex E [16]. Fig. 3
summarizes these for circular, square and rectangular
hollow section joints with fillet and butt welds. Singlebevel butt welds are preferred where thick walls have to
be welded or if the hollow section joints are subjected to
cyclic loads. This reduces the weld seam volume and the
local notch stresses. For joints involving circular hollow
sections, the required flank preparation can be carried
out together with the shaped cutting of the member ends.
For predominantly static stresses and thinner walls, fillet
welds are also provided for simplification, especially
when connecting braces to SHS or RHS chord members.
It must be ensured that the weld opening angle is sufficiently large so that the root can be safely included. On
the other hand, in order that satisfactory weld seams are
produced, the opening angle must not be too large,
which can also be considered in the design of the joint
(see Fig. 3). Owing to the angle of the braces, the dimensional ratios of braces to chords and the cross-sectional

shape, combinations of butt welds and fillet welds with
continuous transitions over the section perimeter are
also designed as single-bevel butt welds with broad root
face combined with fillet welds. For thick-walled CHS
connections where the use of circumferential single-
sided butt welds is not possible, ref. [17] contains sug
gestions for flank preparation to achieve sufficient f atigue
resistance.
In the case of cold-formed square and rectangular hollow
sections according to EN 10219, it should be noted that
welding in the corner rounding and the adjacent areas is
restricted or not permitted at all. There are different rules
for this (see EN 1993-1-8 [2], prEN 1993-1-10 [18] and
ISO 14346 [13]). The reason for the restrictions is the increased risk of brittle fracture when welding in plastically
deformed zones. The current draft of prEN 1993-1-10 [18]
generally prohibits welding in the area of the radiused
corners and within a distance 5t of the corner for steels
over S460. Exceptions are only permitted if experimental
evidence is provided for specific applications.
13

ARTICLE

R. Stroetmann, T. Kästner, B. Rust, J. Schmidt: Welded connections at high-strength steel hollow section joints

R. Stroetmann, T. Kästner, B. Rust, J. Schmidt: Welded connections at high-strength steel hollow section joints

Fig. 4

Flank preparation and welding sequences for brace connections

Fig. 5

Maximum carbon equivalents (CEV according EN 1011-2, Annex C [16]) for hollow sections according to EN 10210-3 [5] (left) and EN 10219-3 [6] (right)

Oxy-fuel or plasma cutting can be used for flank preparation of the brace connections. Seam preparations of up to
60° are possible with oxy-fuel cutting, preparation angles
of 50° with plasma cutting (Fig. 4). In the case of highstrength steels, hardening or even softening of the steels
can occur at the cut edges during thermal cutting, depending on the temperature regime. To limit or eliminate
negative effects, the sections can be preheated or the
flame-cut edges milled or ground. The current draft of
prEN 1090-2 limits the hardening of the cut edges to
450 HV10 and suggests coordinating with the steel manufacturer regarding the need for preheating [19].
Metal active gas welding is usually used for producing
weld seams under factory conditions and the manual
metal arc welding process for producing welds on site.
The sections should be connected all round. To minimize
welding distortion, welding sequences are defined in
Annex E of EN 1090-2, ISO 14346 and CIDECT Design
Guide 7 (Fig. 4). The start and end points must be located
in regions of low stress concentrations and the end points
should be over-welded if possible. High stress concentrations occur in the corner areas of square and rectangular
hollow sections and in the saddle and crown areas of circular hollow sections.
In the case of high-strength steels and filler metals, the
strength of a weld as well as the hardening or softening
of the heat-affected zone is significantly influenced by
the cooling time t8/5 (time for cooling from 800 to
500°C). The tendency towards hardening or softening is
14

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

highly dependent on the equivalent carbon contents of
the steels. Fig. 5 shows the maximum carbon equivalents for hollow sections according to EN 10210-3 and
EN 10219-3. The values increase with the strength class
and the differences between quenched and tempered
steels and thermomechanically rolled steels can be
clearly seen. The carbon equivalents of the steel manufacturers, determined based on the melt analysis, are
more or less clearly below the permissible maximum
values. For the welding of high-strength fine-grained
structural steels, EN 1011-2 [20] recommends cooling
times t8/5 in the range 10–25 s, with the proviso that
other cooling times can also be used, provided that a
welding procedure qualification or welding test is performed prior to commencing fabrication. DVS specification 0916 [21] recommends cooling times between 5
and 15 s. To avoid deterioration of the mechanical
properties in the HAZ, prEN 1090-2 requires compliance with the cooling time t8/5 specified by the steel
manufacturer. The cooling time is measured with thermocouples in the liquid weld metal in accordance with
EN 1011-2. Owing to the wall thickness differences between braces and chords usually found in practice, unequal heat dissipation occurs. This leads to different
temperature-time curves in the respective heat-affected
zones of the adjacent members, so that the informative
value of the measured t8/5 time and the associated properties of the HAZ are limited.
For the determination of the process parameters, DVS
specification 0916 contains recommendations depending

on wire diameter, shielding gas and wire feed. To calculate the preheating temperature to ensure sufficient cold
cracking resistance, the carbon equivalent CET, the energy input Q, the hydrogen content in the weld metal and
the product thickness are determined for high-strength
fine-grained structural steels according to SEW 088 Supplement 1 [22]. For thermomechanically rolled steels with
a low carbon equivalent especially, the CET of the base
metal should only be used if it is at least 0.03 % higher
than that of the weld metal [21]. Manufacturers’ specifications for suitable preheating temperatures lie between 50
and 150°C regardless of the steel grade or the manufacturing process. The dependence on ambient conditions and
plate thicknesses must be taken into account. The preheating temperature is determined according to EN ISO
13916 [23]. There are no specific rules for hollow section
joints.
As the yield strengths of high-strength steels increase, so it
becomes more difficult to produce fully loadbearing
welded joints. This is partly because the strength development of the welds is controlled by the alloy composition
of the filler metals, the welding process and the resulting
cooling rate. The solid solution strengthening and precipitation hardening mechanisms are limited in their effect
upwards, so that the production of matching or overmatching welds becomes more difficult even when highstrength welding consumables are used. The execution of
bigger welds is only effective up to a point; it depends on
the geometrical joint conditions and the type of weld.

3

Influence of the heat-affected zone of welded
connections

High-strength steels tend to soften and that has a significant influence on the resistance of welded connections.
Temperatures between 1500 and 1600°C are reached during welding. The effect of the hardening mechanisms of
high-strength steels due to quenching and tempering and
thermomechanical rolling decrease as the temperature
rises above approx. 600°C. A complete a–g phase transformation takes place in the coarse and fine grain zones
of the HAZ. The strength remaining after welding depends on the alloy composition of the steels and the cooling rate. In the case of thermomechanically rolled steels,
the strengthening due to grain refinement and grain alignment in the rolling process is lost. The same applies to the
inter-critical zone and the tempered zone (tempered
HAZ) even if the a–g phase transformation is not completely achieved.
Owing to the different alloy concepts and strengthening mechanisms, a distinction must be made between
quenched and tempered steels and thermomechanically rolled steels with regard to softening. Low-alloyed
high-strength thermomechanically rolled steels have a
greater tendency to soften, whereas softening can be
largely avoided in the case of higher-alloyed quenched
and tempered steels by employing suitable temperature

control during welding. Furthermore, a distinction
must be made between the strength classes, as softening plays a greater role with increasing strength. The
softening behaviour should be known for each standardized high-strength steel in order to be able to consider it in the design and construction of welded structures.
Over the past four decades, a wide variety of research
projects has been carried out on hollow section joints
made of high-strength steels. The subjects of the experimental and numerical examinations were T- and
X‑joints as well as K- and N-joints with and without
gaps in steel grades up to S960. CHS, SHS and RHS
were mostly investigated according to technical delivery
conditions from Japan, Australia, the USA and Europe.
The influence of HAZ softening on the loadbearing capacity of brace connections has been investigated in
only a few research projects so far. The scope of
AiF‑FOSTA research project P1020 [24, 25] included
investigating the influence of the peak temperature and
cooling time t8/5 on the mechanical properties of highstrength steels in addition to developing a new design
model for welded connections [10]. The temperaturetime curve of a welding process was thermo-physically
simulated in a BÄHR DIL 805 dilatometer on flat tensile specimens of steel grades S500ML, S700MC,
S690QL and S960QL. Subsequently, tensile tests were
carried out on the test specimens and their hardness
was measured. Fig. 6 summarizes the tensile strengths
determined. In the case of S500ML steel, no decrease in
tensile strength below the level of the thermally unaffected base material was observed for the five peak temperatures investigated (1350, 1200, 1000, 800 and
600°C) in the cooling time interval from 1.5 to 25 s. The
other steel grades exhibited varying degrees of softening
behaviour. For steels S690QL and S960QL, the tensile
strength for a peak temperature of 800°C, representative of the HAZ inter-critical zone, was lowered for
cooling times > 15 s. In contrast, S700MC steel exhibits
a lower tensile strength than that of the base material
for all peak temperatures investigated. The alloy concept, the rolling process and the temperature control
influence the mechanical-technological properties of
thermomechanically rolled steels during cooling. Owing
to the microstructural transformation during welding,
softening can occur when solid solution strengthening
and precipitation hardening – which are primarily influenced by the chemical composition of the material and
the cooling rate – are significantly lower than the influence of grain refinement due to the thermomechanical
rolling process. The differences between the two thermomechanically rolled steels, S700MC and S500ML,
can be primarily attributed to the different alloy concepts. The carbon content of S700MC steel is 79 %
lower than that of S500ML steel. The carbon has the
effect of increasing the strength through the formation
of intercalation solid solution crystals and other effects.
This explains the overstrength of S500ML and the absence of softening at longer t8/5 times.
15
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Fig. 6

Influence of the peak temperature and cooling time t8/5 on the tensile strength (RT = room temperature)

To account for possible softening, the Finnish national
annex to EN 1993-1-12 [26] proposes a general reduction
in the yield strength for steels above S500. For steel grade
S700, the reduction is 15 %; linear interpolation can be
used between S500 and S700. No distinction is made
with regard to the manufacturing process of the steel
grades or the actual cooling time. There is also no consideration of the failure mechanism, the weld geometry and
any supporting effects of zones with higher strengths.
Experimental investigations of the influence of a softening of the HAZ at hollow section connections were carried out within the scope of the RUOSTE research project [27]. Single-sided welded and other test specimens
were examined. In order to ensure that the test specimens
correspond with real hollow section connections with regard to their material properties and technical welding
design, the specimens were separated from welded
X‑joints. The tests were carried out on steel grades S500,
S700 and S960 with brace thicknesses of 4–6 mm. Irrespective of the steel grade, the brace and weld throat
thickness were equal. In relation to the nominal tensile
strength of the base materials, approximately even matching connections were investigated using the filler metals
G46 (fy = 510 N/mm2, fu = 620 N/mm2) for steel grade
S500, G69 (fy = 680 N/mm2, fu = 740 N/mm2) for S700
and G89 (fy = 930 N/mm2, fu = 980 N/mm2) for S960. A
comparison of experimental results with the calculated
weld loadbearing capacities is shown in Fig. 7. The directional method of prEN 1993-1-8 [4] was used to deter16
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mine the weld loadbearing capacity using the effective
weld length according to AISC 360-16 [28].
For a weld failure, there is general agreement between the
loadbearing capacity of the welds determined experimentally and those calculated on the basis of EN 1993-1-8 [2].
However, in the case of a failure starting from the toe of
the fillet weld and ending in the chord or the brace, there
is insufficient compliance. The same applies to the failure
on the fusion line of the weld to the chord (Fig. 7). Information about the cooling times t8/5 of the specimens is
not available, which means that no statement can be
made regarding any correlation between cooling time and
failure mode.
It should be pointed out that, in the presentation and discussion of the results from the RUOSTE research project,
softening in the HAZ can have a considerable influence
on the loadbearing capacity of the welded connection in
the case of high-strength steels. Specific verification formats must be developed for failure modes involving the
HAZ so that better loadbearing capacity predictions can
be made.
Experimental and numerical investigations of the influence of softening on the loadbearing capacity of full penetration butt welds are described in [29–31]. Significant
influencing factors for the joint loadbearing capacity were
the softening in the HAZ, the mismatching of the weld
metal, the width of the softened zone and the type of weld

Fig. 7

Comparison of the experimental test results of the RUOSTE project [27] and the calculated ultimate loads of tests depending on base material and
failure mode

preparation. For single-bevel butt welds especially, the
supporting effect of overmatching welds and the unaffected base material can increase the loadbearing capacity of the joint in the case of failure of the softened HAZ.
If the weld loadbearing capacity of hollow section connections is determined using models that include the respective failure modes, the aforementioned influencing
parameters must be taken into account.
Fig. 8

4

Examination of single-sided welded T-joints made
of high-strength steels

Three research projects investigating the loadbearing capacity of hollow section joints are currently being carried
out by seven research institutions within the scope of the
AiF-FOSTA “Hochfest” (high-strength) research programme. The topics of the three projects are as follows:
– P1453: Design and execution of hollow section joints
made of high-strength steels using the example of
N‑joints [7]
– P1503: Efficient design of high-strength hollow section K-joints [8]
– P1504: Static loadbearing capacity and loadbearing
behaviour of high-strength T-joints made of rectangular hollow sections taking into account chord prestressing [9]
One of the main topics affecting all of the three projects
equally is the design and execution of the welded connections of the hollow section joints. The geometry of the
weld seam, the steel grades of the chords and braces, the
filler metals and welding processes, the mechanical properties of the weld seams and the HAZ as well as the stress
states and deformation capacities of the hollow section
joints all have an influence on weld design and execution.
As part of research project P1453, in addition to the
elaborate loadbearing tests on welded N-joints made of
circular and square hollow sections, experimental and
numerical examinations are being carried out on T-connections welded on one side (Fig. 8). By focusing on the

Derivation of the specimen for the comparative test from an RHS
N-joint

detail of the welded connection, a wide parameter range
can be opened up, as the examinations for the respective
parameter combinations are far less extensive than for
complete hollow section joints. Fig. 9 shows possible
types of failure for single-sided welded T-connections depending on the weld geometry. In so far as the aim of a
fully loadbearing connection is achieved, failure takes
place in the thermally unaffected base material. Other
forms are the tensile-shear failure of the weld seam, failure along the HAZ and a hybrid failure in which the fracture runs through the HAZ and the unaffected base material.
Weld preparation is important for the type of failure that
occurs, as it leads to different HAZ geometries and stresses within a connection. Furthermore, the strength of the
weld and its thickness can control whether or not a weld
fails. The failure of the HAZ depends on its strength, dimensions, the degree of softening and the stresses. As described above, the mechanical properties and geometry of
the HAZ are influenced by the steel grade and the temperature-time curve (t8/5 time) during the production of
the welded connection. The previous explanations clearly
show that there are many parameters that influence the
loadbearing capacity and failure mode of single-sided
welded T-connections and that these can also be partly
used in a targeted manner.
Tab. 3 summarizes the parameter range in research project P1453 for experimental investigations of high-strength
17
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Fig. 9

Single-sided welds at T-connections and possible failure modes

steel T-connections. The choice of base material covers
strength classes from 500 to 960 N/mm2 in the form of
low-alloyed thermomechanically rolled steels and higheralloyed quenched and tempered steels. As explained before, these steels are expected to show very different softening behaviour in the HAZ. The choice of filler metal
concentrates on the higher strengths G62 and G89, since
weld failure in combination with the cooling time t8/5 was
already investigated in detail in project P1020. In research project P1453, the focus is on HAZ failure and
hybrid forms of failure. The choice of weld and brace
thicknesses takes into account the fact that hollow sections made of high-strength steels tend to have thinner
walls due to the high strengths and delivery possibilities.
In addition, producing the welded connections with short
t8/5 times and avoiding softening becomes more demanding. Four cooling times t8/5 between 5 and 25 s are considered to analyse different degrees of softening and HAZ
dimensions. Long cooling times result especially when
welding thinner plates with single-layer welds. This may
lead to greater softening and a larger HAZ.
The test specimens are being produced at Technische
Universität Chemnitz on a mechanized test rig with highspeed voltage and process diagnostics as well as a thermography measuring system to determine the cooling
time t8/5 during automated welding. The energy input and
the layer structure are adjusted via the welding speed and
wire feed speed. The cooling times t8/5 are documented
for each weld layer. Macro sections are made of the
welded joints to determine the weld geometry, the penetration depth and the geometry of the HAZ. The uniaxial
universal testing machine LFM 2500 is being used to
carry out the test (Fig. 10). The test is performed with displacement control and a displacement increment of
Tab. 3

Parameter range for the experimental investigation of the loadbearing capacity of T-connections

Base material

S500MC, S700MC, S770QL, S960QL

Filler metal

G62, G89

Weld thickness

4 to 20 mm

t8/5 time

5, 12, 20 and 25 s

Brace thickness

5 to 10 mm

Weld seam preparation

filled weld, single-bevel butt weld with
broad root face combined with filled
weld, single-bevel butt weld
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Fig. 10 Test rig and schematic representation of the specimen with
abutment

0.5 mm/min. To determine the local strains in the weld
seam, the deformations are recorded using photogrammetry and analysed with the ARAMIS GOM system.
In addition to the component tests on N-joints and T‑connections, extensive material investigations are being carried out. One special focus is the transformation behaviour of the steels through the welding process and the resulting mechanical properties. For this purpose,
dilatometer tests are carried out to assess the different
areas of the HAZ. The results are used to determine the
welding parameters for the T-connections. In order to
plan a targeted test programme in which the intended
failure modes occur, extensive numerical investigations
were carried out. For example, Fig. 11 shows the modelling of a T-connection with a 10 mm brace and a singlebevel butt weld with an opening angle of 60°. The figure
also includes a representation of the failure modes of the
weld metal, HAZ, seam transition and base metal. Comparable failure modes have already been observed experimentally on fillet welds in the RUOSTE research project
[27]. The dimensions of the HAZ are based on measured
values from the P1020 research project. Yield functions
based on Hollomon’s modified Ludwik approximation
[32] were used to model the material behaviour. The Hollomon parameters were determined based on the correlation between these and the yield strength developed in
[33]. The suitability of the yield functions for describing
the material behaviour of welds and heat-affected zones
of high-strength steels was demonstrated in [24] and [31].

Fig. 11 FE model of a single-bevel butt weld with subdivision into weld metal (red), HAZ (blue) and base metal (grey); representation of the failure modes as a
function of the ratios of the yield strengths

Tab. 4 shows the results of a parameter study of T-connections with a 10 mm web (t1) and a 25 mm flange (t0), a
single-bevel butt weld with a 60° flank angle and a HAZ
width of 2.0 mm. Since no separating material behaviour
was simulated during the numerical investigations, the
failure mode was identified based on the area with the
greatest plasticization when the ultimate load was
reached. As expected, with increasing strength of the
weld metal and constant softening of the HAZ, the failure
area passes from the weld metal into the HAZ.

(

where:
sv,HAZ,Ed equivalent stress from the stress components
acting in the HAZ
effective tensile strength of the HAZ
fu,HAZ
The first information about the effective tensile strength
of the heat-affected zone is provided by the dilatometer
tests on the respective steels. Thereby, the temperaturetime course from the welding process is simulated and the
mechanical properties of the test specimens are determined. In addition, the weld geometry in conjunction
with the supporting effect of the adjacent base and weld
metal plus the width of the heat-affected zone influence
the effective tensile strength. The material-specific softening caused by the welding process must be known to enable the practical application of the verification format. If
there is insufficient control over the t8/5 times to be observed or if long cooling times t8/5 are to be expected during welding due to the production parameters (e.g. thin
walls and execution of single-layer welds), lower limit
values for the effective tensile strength of the heat-affected zone can be used for verification.

The failure modes determined experimentally in the
RUOSTE project [27] and within the scope of structuralmechanical calculations make it clear that, in addition to
the verification of weld loadbearing capacity, it is necessary to investigate failure in the heat-affected zone and, if
necessary, weld seam transition failure. One obvious procedure is to determine the associated stress components
and the resulting von Mises equivalent stress for the relevant fracture lines, as in the directional method for the
verification of welds. The von Mises stress should then be
compared with the material strength on the fracture line,
which is averaged if necessary. For example, for failure in
the form of a fracture along the heat-affected zone, the
verification format can be formulated according to Eq.
(3):

Failure modes of a single-bevel butt weld depending on the tensile strength ratio of BM, WM and HAZ

Tab. 4

f

)

f
σ v,HAZ,Ed = σ ⊥2 + 3 ⋅ τ ⊥2 + τ 2 ≤ u,HAZ
(3)
γ M2

/f

u,WM

fu,HAZ/fu,BM

u,BM

softening

even

hardening

0.75

0.80

0.85

0.90

0.95

1.00

1.05

1.10

undermatching

0.75
0.80
0.85
0.90
0.95

WM
WM
WM
HAZ
HAZ

WM
WM
WM
HAZ
HAZ

WM
WM
WM
HAZ
HAZ

WM
WM
WM
HAZ
HAZ

WM
WM
WM
HAZ
HAZ

WM
WM
WM
WM
WM

WM
WM
WM
WM
WM

WM
WM
WM
WM
WM

even

1.00

HAZ

HAZ

HAZ

HAZ

HAZ

B

B

B

overmatching

1.05
1.10

St
St

St
St

St
St

St
B

B
B

B
B

B
B

B
B

Failure modes: WM = weld metal; HAZ = heat-affected zone; St = seam transition; B = brace
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To verify welded butt connections in high-strength steels
while taking into account the local softening in the HAZ,
extensive investigations were carried out in [31] and other
studies. For single-sided welded T-joints, corresponding
practical verification formats are being developed within
the scope of the current research project P1453.

5

Summary and outlook

This article first provides an overview of the current design
and execution rules for welded connections at highstrength steel hollow section joints. The focus is on the
European standards EN 1993-1-8 and EN 1090-2 and the
other standards to which they refer. The design formulas
for the loadbearing capacity of hollow section joints developed for normal-strength steels need to be adapted to the
properties of high-strength steels. This was previously done
in EN 1993-1-8 and EN 1993-1-12 by way of a general reduction in the loadbearing capacity to 90 % and 80 % respectively. In prEN 1993-1-8 the reduction factors are
more finely graded according to the yield strength. In addition, the yield strength is limited to 80 % of the tensile
strength for the punching shear and tension brace failure
modes. For a welded connection, the requirement is that
the connection must be designed to have full loadbearing
capacity if the non-linear stress distribution over the perimeter is not covered by calculation. The calculation formulas
according to EN 1993-1-8 implicitly assume a ductile loadbearing behaviour and plastic redistribution capacity.
The loadbearing behaviour of single-sided welded T-connections, as they are used in hollow section joints, is
being investigated with the help of an extensive test programme and structural-mechanical calculations within
the scope of the current research project P1453. The steel
grades, welding consumables, brace and weld seam thicknesses, types of weld and cooling rates are varied. The
design rules for this type of welded joint will be validated
and recommendations for welding hollow section joints
made of high-strength steels will be developed based on
the existing rules. As part of research project P1020, ex-

tensive investigations have already been carried out regarding the softening behaviour of steels in strength
classes S500 to S960 and the loadbearing capacities of
welds of different strength classes as a function of the
cooling time t8/5. These investigations will be extended to
include the steels and types of connection investigated in
project P1453. The mechanized production of the samples under laboratory conditions enables a high process
stability and the specific adjustment of the cooling times.
The use of photogrammetric measuring systems in the
course of the tests also enables the analysis of local
strains in the area of the weld cross-section. In the context of tests on and structural-mechanical calculations for
T-connections, it has already been determined that, in
addition to the failure of the weld seam, fracture lines
also occur in the heat-affected zone; or a hybrid failure
occurs in which the fracture runs through the base material, the heat-affected zone and/or the weld seam. Since
the assessment of these forms of failure is not the subject
of standardization, verification formats will be developed
which consider the stresses and existing material strengths
on the fracture lines.

Acknowledgements
The research project presented is being carried out by the
Research Center for Steel, Timber and Masonry at
Karlsruhe Institute of Technology, the Institute of Steel
and Timber Construction at Technische Universität Dresden and the Chair of Welding Engineering at Technische
Universität Chemnitz. The authors of this paper would
like to thank the German Federation of Industrial Research Associations “Otto von Guericke” e.V. (AiF) and
the German Research Association for Steel Application
(FOSTA) for their financial support as well as all the industry partners for supplying materials and performing
welding work. In addition, thanks also go to the Centre
for Information Services and High-Performance Computing (Zentrum für Informationsdienste und Hochleistungsrechnen) at TU Dresden for the generous provision of
computing power.

References
[1] EN 1993-1-1:2005-05 (2005) Eurocode 3: Design of steel
structures – Part 1-1: General rules and rules for buldings.
[2] EN 1993-1-8: 2005-05 (2005) Eurocode 3: Design of steel
structures – Part 1-8: Design of joints.
[3] EN 1993-1-12: 2001-05 (2001) Eurocode 3: Design of steel
structures – Part 1-12: Additional rules for the extension of
EN 1993 up to steel grades S 700.
[4] prEN 1993-1-8: 2021-03 (2021) Eurocode 3: Design of steel
structures – Part 1-8: Design of joints.
[5] EN 10210-3:2020-10 (2020) Hot-finished steel structural
hollow sections – Part 3: Technical delivery conditions for
high-strength and weather-resistant steels.
[6] EN 10219-3:2020-10 (2020) Cold-formed welded steel structural hollow sections – Part 3: Technical delivery conditions for high-strength and weather-resistant steels.

20

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

[7] Ummenhofer, T.; Stroetmann, R.; Kusch, M. et al. (in preparation) P1453 – Bemessung und Ausführung von Hohlprofilanschlüssen aus höherfesten Stählen am Beispiel von NKnoten (Design and execution of hollow section joints
made of high-strength steels using the example of N-joints).
AiF-FOSTA research project (IGF-Nr. 21498 BG).
[8] Feldmann, M.; Kuhlmann, U. et al. (in preparation) P1503
– Effiziente Bemessung hochfester Hohlprofilknoten mit
K-Form (Efficient design of high-strength hollow section
K-joints). AiF-FOSTA research project (IGF-Nr. 21367 N).
[9] Ummenhofer, T.; Engelhardt, I. et al. (in preparation) P1504
– Statische Tragfähigkeit und Tragverhalten hochfester
T-Knoten aus Rechteckhohlprofilen unter Berücksichtigung
der Gurtvorspannung (Static loadbearing capacity and loadbearing behaviour of high-strength T-joints made of rectan-

[10]

[11]

[12]

[13]
[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

gular hollow sections taking into account the chord prestressing). AIF-FOSTA research project (IGF-Nr. 21437 N).
Stroetmann, R.; Kästner, T. (2021) A new design model for
welded joints. Steel Construction 14, No. 3, pp. 138–149.
https://doi.org/10.1002/stco.202100014
Tousignant, K.; Packer, J. A. (2020) Optimized design of fillet welds for CHS joints according to EN 1993-1-8. Steel
Construction 13, No. 1, pp. 41–51. https://doi.org/10.1002/
stco.201900010
McFadden, M. R. (2015) Weld effective lengths of rectangular hollow section T-connections under branch bending.
Welding in the World 59, No. 2, https://doi.org/10.1007/
s40194-014-0214-z
ISO 14346:2013-03 (2013) Static design procedure for welded hollow-section joints – Recommendations. 1st ed.
Wardenier, J.; Kurobane, Y.; Packer, J. A.; van der Vegte, G.
J.; Zhao, X.-L. (2008) Design Guide for circular hollow section (CHS) joints under predominantly static loading.
CIDECT
EN ISO 9692-1:2013-12 (2013) Welding and allied processes – Types of joint preparation – Part 1: Manual metal-arc
welding, gas-shielded metal-arc welding, gas welding, TIG
welding and beam welding of steels.
EN 1090-2:2018-09 (2018) Execution of steel structures and
aluminium structures – Part 2: Technical requirements for
steel structures.
Kuhlmann, U. et. al. (2014) Ermüdungsgerechte Fachwerke
aus Rundhohlprofilen mit dickwandigen Gurten. Final report, AIF-FOSTA research project P815.
prEN 1993-1-10:2021-06 (2021) Eurocode 3: Design of steel
structures – Part 1-10: Material toughness and
through-thickness properties.
EN 1090-2:2018/prA1:2021-02 (2021) Execution of steel
structures and aluminium structures – Part 2: Technical
requirements for steel structures.
EN 1011-2:2001-05 (2001) Welding – Recommendation for
welding of metallic materials – Part 2: Arc welding of ferritic steels.
Merkblatt DVS 0916 (2012) Metall-Schutzgasschweißen
von Feinkornbaustählen. DVS – Deutscher Verband für
Schweißen und verwandte Verfahren e.V., Düsseldorf.
SEW 088 (2017) Schweißgeeignete un- und niedriglegierte
Stähle – Empfehlungen für die Verarbeitung, besonders für
das Schmelzschweißen. Berlin: Beuth Verlag.

Authors
Prof. Richard Stroetmann (corresponding author)
Richard.Stroetmann@tu-dresden.de
Technische Universität Dresden
Faculty of Civil Engineering
Chair of Steel Construction
August-Bebel-Str. 30
01219 Dresden, Germany

[23] EN ISO 13916:2018-03 (2018) Welding – Measurement of
preheating temperature, interpass temperature and preheat
maintenance temperature.
[24] Stroetmann, R. et al. (2020) Wirtschaftliche Schweißverbindungen von höherfesten Stählen für den Stahl- und Anlagenbau – Weiterentwicklung der Bemessungsregeln und
Verfahrensoptimierung (Economical welded joints of higher-strength steels for steel and plant construction – further
development of design rules and process optimization).
Final report, AIF-FOSTA research project P1020.
[25] Stroetmann, R.; Kästner, T.; Hälsig, A.; Mayr, P. (2018) Influence of the cooling time on the mechanical properties of
welded HSS-joints. Steel Construction 11, No. 4, pp. 264–
271. https://doi.org/10.1002/stco.201800019
[26] SFS-EN 1993-1-12/NA:2019-06 (2019) National Annex to
standard SFS-EN 1993-1-12 – Part 1-12: Extension of EN
1993 up to steel grades S700.
[27] Feldmann, M. et al. (2016) Rules on high strength steel.
RUOSTE. RFCS final report, RFSR-CT-2012-00036.
[28] AISC 360-16:2016-07 (2016) Specification for Structural
Steel Buildings.
[29] Maurer, W. M. (2014) Untersuchungen der Auswirkung
einer weichen Zone auf die Festigkeitseigenschaften von
hochfesten Schweißverbindungen [Dissertation]. TU Graz.
[30] Maurer, W. M. et. al. (2015) Evaluation of the factors influencing the strength of HSLA steel weld joint with softened
HAZ. Weld World 59. https://doi.org/10.1007/s40194-0150262-z
[31] Kästner, T. (in preparation) Zum Einfluss der Fertigungsparameter auf die mechanischen Eigenschaften von Schweißverbindungen höherfester Stähle [Dissertation]. Technische
Universität Dresden.
[32] Ludwik, P. (1909) Einfluss der Deformationsgeschwindigkeit mit besonderer Berücksichtigung der Nachwirkungserscheinungen in: Elemente der Technologischen Mechanik.
Berlin/Heidelberg: Springer, pp. 44–53.
[33] Eichler, B. (2015) Hochlagenorientierte Werkstoffgütewahl
für die plastische Bemessung von Stahlbauteilen [Dissertation]. RWTH Aachen, Aachen: Shaker Verlag

Dipl.-Ing. Jan Schmidt
Jan.Schmidt1@tu-dresden.de
Technische Universität Dresden
Faculty of Civil Engineering
Chair of Steel Construction
August-Bebel-Str. 30
01219 Dresden, Germany

Dipl.-Ing. Thoralf Kästner
Thoralf.Kaestner@tu-dresden.de
Technische Universität Dresden
Faculty of Civil Engineering
Chair of Steel Construction
August-Bebel-Str. 30
01219 Dresden, Germany
How to Cite this Paper

Brian Rust, MSc
Brian.Rust@tu-dresden.de
Technische Universität Dresden
Faculty of Civil Engineering
Chair of Steel Construction
August-Bebel-Str. 30
01219 Dresden, Germany

Stroetmann, R.; Kästner, T.; Rust, B.; Schmidt, J. (2022) Welded connections at high-strength steel hollow section joints. Steel Construction 15, Hollow Sections, pp. 10–21.
https://doi.org/10.1002/stco.202100036
This paper has been peer reviewed. Submitted: 19. October 2021; accepted: 20. January 2022.

21

ARTICLE

R. Stroetmann, T. Kästner, B. Rust, J. Schmidt: Welded connections at high-strength steel hollow section joints

