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Experimental investigations of N-joints made of
high-strength hollow sections

This article presents experimental investigations of the struc-
tural behaviour of welded N-joints made of high-strength
hollow sections. A total of 13 large-scale tests were carried
out on joints made from five different steel grades (S500MH,
S620QH, S700MH, S770QH and S890QH) using both circular
(CHS) and square (SHS) hollow sections. All specimens have
been produced with full penetration butt welds to avoid weld
failure and isolate punching shear failure (PSF) and chord
face failure (CFF). Welding parameters were optimised based
on dilatometer results and thermal cycle limits (t8.5 ≤ 12 s).
Measurement techniques included strain gauges and digi-
tal image correlation (DIC) to quantify joint deformation by
chord indentation. The force–indentation relationship was
used to determine the ultimate strength of the joints. The
results demonstrate the effects of steel grade, β-ratio, chord
slenderness and preload on the load-bearing behaviour of
the joints and provide a reliable basis for numerical mod-
elling and future design recommendations for N-joints made
of high-strength steel.

Keywords N-joints; high-strength steel; hollow section joints; punching
shear failure; chord face failure; full-scale tests

1 Introduction

The increasing availability and use of high-strength steels
in steel construction opens up considerable potential for
increasing efficiency, in particular by saving resources
and the associated reduction in CO2 emissions. At the
same time, the use of these materials poses new chal-
lenges in terms of design and fabrication – especially for
welded hollow section joints. The existing design rules
for welded hollow section joints in EN 1993-1-8 [1] are
predominantly based on test data with steels of steel
grade S355 and do not adequately capture the structural
behaviour of high-strength steels. In the past, concerns
have been raised about whether the generalised reduc-
tion in the load-bearing capacity of hollow section joints
made from high-strength steel grades – according to prEN
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1993-1-8 [2] – through the use of a lower material factor
Cf (see Tab. 1), and the limitation of the nominal yield
strength to the lesser of fy or 0.8 · fu for brittle failure
mechanisms, may be overly conservative. These reduc-
tions limit the efficient use of high-strength steels and are
based on a limited number of experimental and numeri-
cal investigations. They have not been sufficiently verified,
especially for welded N-joints. In addition, the estab-
lished 3% deformation criterion according to Lu et al. [3]
for determining the load-bearing capacity of hollow sec-
tion joints made of high-strength steels requires critical
evaluation. In order to address this issue, a systematic
experimental investigation of the structural behaviour of
welded N-joints made of high-strength steels (S500MH,
S700MH, S620QH, S770QH and S890QLH) was carried
out in the FOSTA research project P1453 [4]. Within 13
full-scale tests on N-joints made of high-strength steel, the
influence of various geometric parameters, steel grades,
profile shapes and degree of pre-stressing of the chord was
investigated to comprehensively record the real structural
behaviour of N-joints until failure.

Particular attention was paid to the key failure mech-
anisms ‘punching shear failure (PSF)’ and ‘chord face
failure (CFF)’. The test results provide an essential basis
for the validation of numerical models to carry out
extended parametric studies and for further development
of existing design formulae for the use of high-strength
steels.

2 Test programme

The test programme on welded high-strength steel N-
joints fabricated from hollow sections comprised 13
full-scale ultimate load tests. Hollow section joints made
of five different steel grades were tested. The steel grades
used are divided into hot-finished tempered hollow
sections according to DIN EN 10210-3 [5] made of the
steel grades S620QH, S770QH and S890QLH as well
as cold-finished thermomechanically rolled and welded
hollow sections according to DIN EN 10219-3 [6] made
of the steel grades S500MH and S700MH. In addition,
hollow section joints made of circular (CHS) and square
(SHS) hollow sections were tested. In order to quantify
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Tab. 1 Material factor for the design of welded hollow section joints
according to prEN 1993-1-8 [2]

Scope of application Material
factor Cf

fy ≤ 355 N/mm2 Cf = 1.00

355 N/mm2 < fy ≤ 460 N/mm2 Cf = 0.90

460 N/mm2 < fy ≤ 550 N/mm2 Cf = 0.86

550 N/mm2 < fy ≤ 700 N/mm2 Cf = 0.80

the influence of the chord utilisation in tension on the
load-bearing capacity of the hollow section joints, three
load-bearing capacity tests were carried out for the two
different profile shapes (CHS, SHS) on a joint geometry
with different degrees of chord preloading.

In the test programme, all specimens made of CHS have
the same chord dimensions, only the brace dimensions
vary and accordingly the β-ratio. For the specimens made
of SHS, both the chord and brace dimensions vary and
with them the β-ratio and the chord slenderness 2γ . An
angle of θ2 = 50° was selected for the diagonal tensional
brace for all specimens. The N-joint geometry results in
θ1 = 90°. In order to be able to produce a high-quality weld
in the gap area, the gap size was specified to g = 3 · ti. The
dimensions of the specimens were selected to eliminate
the possibility of brace failure and weld failure. Therefore,
the filler material G89, i.e., an overmatching ratio resp. an
even-matching ratio for the steel grade S890QH, has been
selected. Considering the weld type, for all specimens
a full penetration butt weld was realised. In summary,
the test programme for the full-scale ultimate load tests
on welded high-strength N-joints is shown in Tab. 2. This
includes the associated nominal geometric dimensions and
dimensionless parameters.

Tab. 2 Test programme of the full-scale ultimate load tests on welded high-strength N-joints

Steel grade Chord Brace 2γ β g′ e
d0

τ n0

CHS S620QH
139.7 × 8.0 76.1 × 6.3 17.5 0.55 2.36 0.41 0.79 0.0

139.7 × 8.0 88.9 × 6.3 17.5 0.63 2.36 0.54 0.79 0.0

S770QLH 139.7 × 8.0 76.1 × 6.3 17.5 0.55 2.36 0.41 0.79 0.0

139.7 × 8.0 76.1 × 6.3 17.5 0.55 2.36 0.41 0.79 0.5

139.7 × 8.0 76.1 × 6.3 17.5 0.55 2.36 0.41 0.79 0.7

139.7 × 8.0 101.6 × 6.3 17.5 0.72 2.36 0.66 0.79 0.0

S890QLH 139.7 × 8.0 76.1 × 6.3 17.5 0.55 2.36 0.41 0.79 0.0

SHS S500MH 120.0 × 7.0 90.0 × 6.0 17.1 0.75 3.00 0.71 0.86 0.0

S700MH 100.0 × 5.0 70.0 × 3.0 20.0 0.7 1.80 0.64 0.60 0.0

100.0 × 5.0 70.0 × 3.0 20.0 0.7 1.80 0.64 0.60 0.5

100.0 × 5.0 70.0 × 3.0 20.0 0.7 1.80 0.64 0.60 0.7

100.0 × 5.0 50.0 × 3.0 20.0 0.5 1.80 0.48 0.60 0.0

S890QLH 100.0 × 5.6 70.0 × 5.6 17.9 0.7 2.84 0.66 1.00 0.0

3 Manufacturing of the specimens

3.1 Welding fabrication

Based on the results of the dilatometer tests on the steel
grades used [4], a limit of the t8.5 time of 12 s was selected
for welding the specimens. This ensured that the soft-
ening observed in the dilatometer tests, particularly for
steel grade S700MH, could be kept within limits and a
suitable weld design could be assumed. Using the limit
value of 12 s for the t8.5 time, the maximum heat input
was calculated in accordance with DIN EN 1011-2 [7]
Appendix D and a preliminary welding procedure specifi-
cation (pWPS) was prepared. To calculate the preheating
temperature, the Carbon Equivalent Thyssen (CET) was
determined according to DIN EN 1011-2 [7] C.3.2.1 from
the chemical composition data of the factory certificates
3.1 according to DIN EN 10204 [8].

The pWPS was used to carry welding tests on T-joints
made from the hollow sections used in the project. During
the welding process, the actual t8.5 times were measured
with type K thermocouples, which were inserted into the
weld bath or attached in the area of the heat-affected zone
(HAZ) (Fig. 1). The results of the measurements in Tab. 3
show that the limit of the t8.5 time was met or slightly
exceeded in the case of the top layer using the welding
parameters selected in the pWPS and the preheating tem-
perature calculated via the CET. By further limiting the
temperature of the intermediate layer, the specified t8.5

times could also be achieved in the top layer.

In order to verify the pWPS, macrosections of the welds
were made and hardness measurements according to
DIN EN ISO 6507-1 [9] were carried out. For this pur-
pose, sample areas have been selected in which the melt
temperature was measured during the welding process
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Fig. 1 Measurement of the t8.5 time with type K thermocouples [4]

using thermocouples (see Fig. 2a, position S620AD). The
macrosections produced (see Fig. 2b) show the proper
execution of a butt weld with full penetration, but it is also
evident, that the welding process results in an additional
fillet weld.

The results of the hardness measurements HV10 accord-
ing to DIN EN ISO 6507-1 [9] are shown in Fig. 3. Fig. 3a
shows the results of the hardness measurements on the
root layer, in which a t8.5 time of max. 7.9 s was measured.
Fig. 3b shows the results of the hardness measurements on
the top layer, in which a t8.5 time of max. 17 s was mea-
sured. On the one hand, the measurement results show an
increased hardness in the weld metal (WM), which is due
to the overmatching with the selected high-strength filler
material G89. On the other hand, a decrease in hardness
in the HAZ due to the welding process, which is typical
for fine-grained structural steels, can be observed. Fig. 3
also shows that the drop-in hardness values in the HAZ
of the brace are significantly higher than in the chord
due to the smaller wall thickness (see measurement points
22–24, HAZ brace and measurement point 19, HAZ
chord). An influence of different t8.5 times of root and top
layer of � = 9.1 s is not determinable and thus confirms
the results of the dilatometer tests for the quenched and
tempered steel grade S620QH.

3.2 Geometry of the test specimens

The dimensions of the specimens were chosen on the basis
of previous tests on hollow section joints [10]. The dis-
tance between the joint area and the supports of the test

Fig. 2 a) Position of a macrosection in specimen S620QH and b) macrosection of
S620AD with position and numbering of the hardness indentations [4]

rig was chosen to be at least l(i,0) = 5 · d0 or li = 5 · di. If
these dimensions are maintained, according to [10] the
external influences of the test rig on the load-bearing
capacity of the joint can be neglected and the flow of
forces of a real truss joint is achieved in the area to be
tested. As already described, the weld has been designed
as a butt weld. On the one hand, this means that the fail-
ure mechanism of weld failure can be excluded, and on
the other hand, preliminary numerical investigations have
shown that the respective a-dimension of a fillet weld has
a significant influence on the load-bearing capacity of the
joint. The tests should therefore be carried out using a
butt weld to represent the most unfavourable case with
regard to the joint load-bearing capacity. Only the heel of
the diagonal brace could not be butt-welded and there-
fore an a-dimension of a = 1.5 · t was specified. The weld
preparation for the butt weld, the cutting of the hollow
sections and the welding of the specimens was carried out
by qualified service providers and steel fabricators within
the research project P1453 [4] (see Fig. 4). The 3D inter-
section curve required for the weld preparation of the
CHS profiles was produced using Computerized Numer-
ical Control (CNC) plasma robots based on research
project P1163 [11] (Fig. 5).

4 Execution of the tests

4.1 Test setup

Fig. 6 shows the test setup designed for the project as a
3D CAD model. In order to test the load-bearing capacity

Tab. 3 Welding parameters and measured or calculated values of the t8.5 times of the welding tests on steel grade S620QH

Layer Welding parameters t 8.5 time

U I V E T0 Measured DIN EN 1011-2 [7]

[V] [A] [mm/s] [kJ/mm] [°C] [s] [s]

Root layer 18.1–18.7 119–130 2.8–3.0 0.77–0.81 110 6.9–7.9 5.7–6.4

Top layer 18.8 116-117 1.7–1.8 1.21–1.26 130–140 15.8–17.0 16.7–17.0

Steel Construction 18 (2025), No. 3 141
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Fig. 3 Results of the hardness measurements HV10 on sample S620QH made of CHS for a) root layer and b) top layer

Fig. 4 Tacking of the specimens (CHS) [4]

of the N-joints, the force is applied to the vertical brace
with a 2.5 MN cylinder (1) in a displacement-controlled
manner. The support conditions selected for the test setup
lead to a tensile reaction force in the diagonal brace that
corresponds to the respective force in a real truss girder.

The bearing conditions of the N-joints are different for the
two cases with preloading and without preloading of the
chord (see Fig. 7). A vertical bearing (6) (see Fig. 8) was
realised at the end of the specimen to prevent global rota-
tion of the specimen due to the circumferential bearing
of the specimen ends. This bearing was free to move in

the longitudinal chord direction for the tests with chord
preloading. For the tests without chord preloading, the
chord was held longitudinally. In the static system, it is
assumed that the tensional rods are acting like expansion
springs.

The tension preloading of the chord was applied via
four 1 MN pistons (2) attached horizontally to a ten-
sioning jack via M90 tension rods (3), which were
connected to the chord end by an eye-rod bolt con-
nection. All resulting or applied loads were trans-
ferred and short-circuited into a pre-stressed concrete

Fig. 5 Cutting (3D intersection curve + weld preparation) of the CHS with CNC-controlled plasma cutting robots [ 4]
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Fig. 6 CAD model of the test setup for testing the load-bearing capacity of
N-joints [4]

ceiling via tension walls, the portal and tensioning
jacks (4).

In order to avoid constraining forces in the braces, the
length of the tension rods could be adjusted using turn-
buckles (5). Before the actual test, a preload test was
always conducted in order to measure the change in length
depending on the respective preload applied to the chord
using inductive displacement transducers. The chord was
then relieved and the test specimen was displaced by the
previously measured value in the opposite direction to
the direction of tensile preloading. This also eliminated
the influence of the elastic elongation of the tie rods
and the stiffness of the bearings. After the chord was
pre-tensioned, the vertical brace of the N-joint could be
connected to the test cylinder without any constraint. The
diagonal brace was connected in the same way with a
length-adjustable tie rod. In addition, the support of the
tie rod (7) (see Fig. 9a) could be adjusted in height to
compensate for any manufacturing imperfections in the
brace angle or gap dimension. At the same time, it was
ensured for the different β-ratios of the specimens that
there were no eccentric load flows and thus no secondary
bending moments in the diagonal brace. Fig. 9b shows a
CHS specimen installed in the test rig.

4.2 Measurement concept

In principle, force, displacement and strain were mea-
sured at different points during the test. The measurement

concept for the N-joints is shown in Fig. 10. To deter-
mine the joint load-bearing capacity, the force applied
to the vertical brace was measured using a load cell.
In addition to the force, the displacement of the test
cylinder was also measured, as well as the force and
displacement of the pistons used to apply the pre-tension
to the chord. Strain gauges were attached to the specimens
to determine the strain distribution as a function of the
applied force. The measurement concept for the investi-
gated N-joints required the application of 16 strain gauges
to each specimen. In order to measure the strains outside
an area of potential influence of the different stiffnesses
in the joint, the strain gauges were attached to the chord
at a distance of 1× D0/Di or 3× D0/Di to the joint area.
The measurement results of the strain gauges were used
to validate the numerical models and thus the results of
the calculations.

In order to evaluate the load-bearing capacity of the joint,
it is a common practice to plot the force in the brace
against the percentage of indentation of the brace into
the chord. In this way, the local deformation of the joint
is referred to and global deformations due to deforma-
tions of the test rig are eliminated. This emphasises the
importance of measuring the indentation in this type of
tests on hollow section joints. A digital image correlation
(DIC) system supplied by Limess was used to measure
the indentation. By defining two measuring points (MP1
and MP2, see Fig. 11b) on the brace and on the chord, the
indentation of the brace into the chord can be measured.
Displacements ui of the two points occur due to the inden-
tation of the brace into the chord member. These results
from the global displacement of the chord and the local
deformation of the chord top flange. By relating the differ-
ence between the two displacements to the initial length
l0,y, the global influence can be eliminated, resulting in the
chord indentation (Eq. (1)).

εchord = uMP2,y − uMP1,y

l0,y
· 100% (1)

where εchord is the chord indentation [%]; uMP2,y is the dis-
placement in y-direction measuring point 2 [mm]; uMP1,y is
the displacement in y-direction measuring point 1 [mm];
and l0,y is the initial length between the two measuring
points [mm].

Fig. 7 Static systems of the N-joint with and without pre-tensioning of the chord [4]

Steel Construction 18 (2025), No. 3 143
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Fig. 8 a) Vertical bearing (6) and b) application of the preload to the chord (2) [4]

Fig. 9 a) Height-adjustable bearing of the diagonal brace (7) and b) CHS specimen installed in the test rig [4]

To determine the joint load-bearing capacity, the force
applied to the vertical brace was measured using a load
cell. In addition to the force, the displacement of the
test cylinder was also measured, as well as the force and
displacement of the pistons used to apply the pre-tension
load to the chord. Strain gauges were attached to the spec-
imens to determine the strain distribution as a function
of the applied force. The measurement concept for the
investigated N-joints required the application of 16 strain
gauges to each specimen. In order to measure the strains
outside an area of potential influence of the different stiff-
nesses in the joint, the strain gauges were attached to the

Fig. 10 Measurement concept

chord at a distance of 1× D0/Di or 3× D0/Di to the joint
area. The measurement results of the strain gauges were
used to validate the numerical models and thus the results
of the calculations.

4.3 Evaluation of the test results

The joint load-bearing capacity is determined at the maxi-
mum of the force–indentation curve and thus at the point
of the ultimate load. A criterion based on deformation,
such as the 3% deformation criterion frequently used in
the literature, is not used for the evaluation of the joint
load-bearing capacity of N-joints made of high-strength
steel. The 3% deformation criterion according to Lu et al.
[3] was initially developed for the evaluation of T-joints
made of structural steels with normal strength grades. T-
joints or X-joints with small β-ratios whose braces are
subjected to axial compression do not show a maximum
or ultimate load in the load–indentation curve. The rea-
son for this is the activation of membrane stresses in
combination with resulting large plastic strains. If the T-
joints fail in these cases, the joint area of the specimens
is deformed to such a large extent that the serviceabil-
ity of the joint is already questionable. For this reason,

144 Steel Construction 18 (2025), No. 3
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Fig. 11 a) Stochastic pattern, b) mesh in the ISTRA 4D software with the two selected measuring points, and c) strain gauge application [4]

the joint load-bearing capacity for these type of joints
is determined using the 3% deformation criterion of Lu
et al. [3]. The test results on N-joints made of high-strength
steels show, on the one hand, that an ultimate load due
to an abrupt failure caused by the tensional brace tearing
out of the chord (PSF) is always observed. On the other
hand, an indentation of 3% is sometimes not achieved
at all. For this reason, the load-bearing capacity of the
joint is determined on the basis of the ultimate load at
failure.

5 Test results

Fig. 12a shows the test results of the high-strength N-
joints made of CHS and SHS without pre-tensioning of
the chord. Only the force–indentation curve of the ver-
tical compressive brace is shown. The force–indentation
curves show the following findings: firstly, the curves
differ between the CHS and SHS specimens. The SHS
specimens exhibit significantly larger deformations until
specimen failure. The 2γ -ratio and the dimension of the
gap are constant for the CHS specimens, meaning that the
initial stiffness depends only on the β-ratio. The results

of the tests on the specimens with the numbers 1, 3 and
7 inhibit the same initial stiffness due to the constant β-
ratio (the three specimens differ only in the steel grade).
When the β-ratio is increased, as in the case of specimens
2 and 6, the initial stiffness also increases. The results for
the specimens numbered 1, 3 and 7 show an increasing
load-bearing capacity of the joint with an increasing yield
strength of the material used.

The results of the tests with pre-tensioning also show
the expected decrease in joint load-bearing capacity as
the degree of utilisation due to pre-tensioning increases
(see Fig. 12b), regardless of the profile shape (CHS or
SHS). prEN 1993-1-8 [2] distinguishes between several
failure mechanisms. Due to the choice of profile and
the dimensions of the specimens, some failure mech-
anisms were excluded during the test design phase.
Consequently, according to prEN 1993-1-8 [2], only two
failure mechanisms, PSF and CFF, could occur. Accord-
ing to prEN 1993-1-8 [2], the joint load-bearing capacity
is calculated for both failure mechanisms, whereby the
smaller value of the joint load-bearing capacity is deci-
sive for the verification of the structural resistance of
the joint. The decisive failure mechanisms according to

Fig. 12 Test results of the high-strength N-joints made of CHS and SHS a) without pre-tensioning of the chord and b) with pre-tensioning of the chord [4]

Steel Construction 18 (2025), No. 3 145
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Tab. 4 Comparison of the test results with the design rules according to prEN 1993-1-8 [2]

Shape Nos. Labelling NRd,prEN FMa standard Pult FMa) test Pult/ NRd,prEN

[kN] [kN]

CHS 1 1 NK-S620 b0.55 V0 596.26 CFF 770.56 CFF + PSF 1.29

2 2 NK-S620 b0.63 V0 709.79 CFF 930.35 CFF + PSF 1.31

3 3 NK-S770 b0.55 V0 690.93 PSF 866.38 CFF + PSF 1.25

4 4 NK-S770 b0.55 V0.5 677.19 PSF 834.15 CFF + PSF 1.23

5 5 NK-S770 b0.55 V0.7 648.47 CFF 805.73 CFF + PSF 1.24

6 6 NK-S770 b0.72 V0 873.44 PSF 1098.12 CFF + PSF 1.26

7 7 NK-S890 b0.55 V0 775.95 PSF 948.37 CFF + PSF 1.22

SHS 8 8 NQ-S500 b0.75 V0 401.14 CFF 573.8 CFF + PSF 1.43

9 9 NQ S700 b0.5 V0 190.78 CFF 238.25 CFF + PSF 1.25

10 10 NQ S700 b0.7 V0 265.84 CFF 364.90 CFF + PSF 1.37

11 11 NQ S700 b0.7 V0.5 253.39 CFF 359.12 CFF + PSF 1.42

12 12 NQ S700 b0.7 V0.7 233.73 CFF 328.49 CFF + PSF 1.41

13 13 NQ S890 b0.7 V0 559.79 CFF 646.54 CFF + PSF 1.15

a)Failure mechanism

prEN 1993-1-8 [2] and the associated joint load-bearing
capacities, determined with the real material proper-
ties and measured geometric dimensions, are given in
Tab. 4. The geometric dimensions of the specimens were
determined by optical measurement with a hand-held
laser and the material properties were determined by
means of tensile tests. Tab. 4 also shows the load-bearing
capacity of the specimens as well as a comparison
of the design resistances calculated according to prEN
1993-1-8 [2] with the experimentally determined char-
acteristic joint load-bearing capacities. The experimen-
tally determined joint load-bearing capacities are always
higher than the resistances calculated according to [2].
Results exceed the design values in a range between 15
and 43%.

Fig. 13 Failure mechanisms of the tested N-joints [4]

Contrary to the clear distinction between the failure
mechanisms in prEN 1993-1-8 [2], the tests showed that
a combined failure due to CFF and PSF always occurred
(Fig. 13). Initially, there was an indentation of the vertical
brace into the chord (plastification of the chord). As the
load increased, a crack initiated at the tip of the crown of
the tensional diagonals, which led to a tear through the
chord wall and thus to joint failure finally.

The tests were stopped at the first drop of load, as a
preliminary test showed that the resulting crack rapidly
continues to grow through the chord due to the pre-
tensioning of the chord, resulting in a tensile/shear failure
of the entire chord (Fig. 14). This preliminary test has
shown that this is a particularly critical failure. If the test
results are thus transferred to a truss structure, a global
failure of the entire supporting structure occurs [12].

The DIC measurements showed that an initial crack initi-
ated at the top of the chord at a quite early stage during
the test. This crack continues to grow during the test until
the crack tears through the chord wall (Fig. 15). After for-
mation of this initial crack, the load increases only slightly.
However, large deformations occur up to fracture and a
drop of load occurs associated with specimen fracture.
The preliminary numerical investigations have shown that
the highest stress multiaxialities as well as largest plastic
strains occur at the respective point where the initial crack
occurs in the test. Mechanic material tests have shown
that the critical plastic strain decreases with increasing
stress multiaxiality until damage initiation or failure [12].
This relationship is used in the numerical models to deter-
mine the time of crack initiation or PSF using a break-off
criterion [13].
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Fig. 14 a) Crack growth in the chord profile and b) failure of the chord [4]

Fig. 15 Crack initiation and tearing through the chord wall observed during the
test with the DIC

5.1 Statistical evaluation of the test results according
to DIN EN 1990

Due to the scattering of the input variables (geome-
try dimensions and material properties), the test results
were statistically analysed in accordance with DIN EN
1990 [14] Appendix D. The coefficients of variation of
the scattering variables were taken from [15]. Accord-
ing to [15], a value of γ m = 1.1 is assumed due to the
uncertainty of measurement. The statistical evaluation is
carried out separately for the two failure mechanisms
of CFF plastification and PSF, depending on which fail-
ure mechanism is decisive according to prEN 1993-1-8 [2]
(see Tab. 4). The influence of joint eccentricity was
neglected when determining the joint load-bearing capac-
ity according to prEN 1993-1-8 [2].

The results of the statistical analysis are shown in Fig. 16a
for CHS and in Fig. 16b for SHS. Fig. 16 shows a mini-
mum statistical coefficient ζ c/γ M of 0.95 for the tests on
the N-joints made of SHS. This statistical coefficient can
be compared with the Cf-factor specified in prEN 1993-
1-8 [2] and thus the necessity of the material factor
can be assessed. The test results show that even the

Fig. 16 Statistical evaluation according to DIN EN 1990 [14] of the test results for CHS: a) chord face failure b) punching shear failure [4]
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Fig. 17 Statistical evaluation according to DIN EN 1990 [14] of the test results
for SHS [4]

minimum resulting statistical coefficient ζ c/γ M = 0.95 for
the test results on N-joints made of SHS (Fig. 17) is signifi-
cantly higher than the value of the Cf-factor of Cf = 0.8 for
steels with a yield strength above 550 MPa.

This result shows the tendency that the Cf-factor can be
adjusted. However, the number of tests carried out and
the variation of the influencing parameters are too small
to be able to make a reliable statement only based on the
test results. For further evaluation of the existing design
equations according to prEN 1993-1-8 [2] and for the
influence of the dimensionless parameters, supplemen-
tary numerical parametric studies have therefore been
carried out [4, 16].

6 Summary and conclusion

This article presents a comprehensive experimental inves-
tigation of welded N-joints made of high-strength hollow
sections using five different steel grades and two differ-
ent profile shapes (CHS and SHS). Thirteen large-scale
tests were carried out to examine the influence of key

parameters such as steel grade, β-ratio, chord slenderness,
and pre-tensioning on joint performance. The test setup
and measurement approach – including digital image
correlation and strain gauge instrumentation – enabled a
detailed analysis of deformation and failure mechanisms
of welded N-joints made of high-strength steels. The
results reveal that current design provisions in prEN
1993-1-8 [2] underestimate the load-bearing capacity of
high-strength N-joints, as the experimentally determined
ultimate loads exceeded the design values by 15–43%.
A combined failure mode of CFF and PSF was consis-
tently observed, contradicting the discrete classification of
failure modes assumed in the design standard. The sta-
tistical evaluation of the test results further supports the
potential for adjusting the material factor (Cf) currently
prescribed for high-strength steels.

In conclusion, the findings provide valuable insights into
the structural and failure behaviour of N-joints made of
high-strength steel and demonstrate the need for revised
design provisions. The experimental results offer a solid
foundation for the validation of numerical models and
the development of enhanced design guidelines that facil-
itate the efficient and reliable use of high-strength steel in
hollow section joints.
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