DOI: 10.1002/stc0.202500026

Adrian Miinch, Philipp Weidner, Thomas Ummenhofer, Valentin Larasser, Pauline Markreiter, Imke Engelhardt

'-) Check for updates

ARTICLE

Experimental investigations of T-joints made of
high-strength square hollow sections

This article presents experimental investigations on welded
T-joints made of high-strength square hollow sections
(S700MH and S890QH) under axial and bending loads, with
and without preloading the chord. A total of 56 tests were
conducted to analyse the influence of geometric parameters,
material properties and pre-tensioning on joint behaviour and
failure mechanism. The results are evaluated statistically and
compared with current and draft Eurocode provisions (prEN
1993-1-8). The findings confirm that while the Ci-factor offers
a conservative basis, refinements are necessary to account
for distinct failure mechanism such as punching shear fail-
ure and the influence of loading direction, particularly for
high-strength steels.

Keywords hollow section joints; high-strength steel; T-joint; experimental
investigations; Ci-factor; static load-bearing behaviour

1 Introduction

1.1 Aim of the experimental studies of T-joints of
rectangular hollow sections

Within the FOSTA research project P1504 [1], the static
load-bearing behaviour of high-strength T-joints made
of square hollow sections has been analysed. Currently,
only limited experimental data exist for T-joints made
of high-strength steels. In particular, the influence of
chord preloading on the load-bearing capacity of such
type of joints remains largely unexplored. For this reason,
extensive experimental investigations have been carried
out at the two research institutes, Research Center for
Steel, Timber and Masonary of the Karlsruhe Institute
of Technology (KIT) and the Institute for Material and
Building Research of the University of Applied Sciences
Munich, paying particular attention to the effect of chord
preloading.

The experimental investigations provide the basis for
gaining a better understanding of the load-bearing capac-
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ity and failure mechanism that occur in high-strength
hollow section T-joints, especially due to the reduced
deformation and load redistribution capacity of high-
strength steels taking into account chord preloading and
geometric parameters. In total, 56 static tests with varying
parameters such as steel grade, S-ratio and chord preload-
ing have been conducted. The statistical evaluation of the
results of these tests allows to achieve a basis for a sound
level of safety regarding a new proposal for the design of
T-joints made of high-strength steels.

Besides the generation of data for a statistical evalua-
tion, the tests with detailed strain measurements enable to
verify numerical models to evaluate a wider range of geo-
metric parameters. The respective numerical results are
presented in [2].

2 State of the art

A statistical analysis of the available test data of tests
on K-,N- X- and T-joints [3-9] with yield strengths above
460 MPa shows that the wide scatter in the results can
lead to conservative design values [1]. Furthermore, it can
be shown that the mean value lines for chord face fail-
ure (CFF) and brace failure (BF) are close to values given
by the design model provided in prEN 1993-1-8 [10]. Due
to the small amount of data in some cases, the respective
statistical uncertainty is high. In addition to the failure
mechanism CFF and BF, there is a significant need to
investigate punching shear failure (PSF). With the excep-
tion of the investigations shown in [7], the influence of
chord preloading for high-strength steels has not been
investigated so far experimentally in any configuration of
T-joint. The strain fields resulting from the chord preload-
ing lead to serious differences in the stress multi-axialities
in the joint area of the braces compared to an unloaded
chord. This issue must be critically assessed in the con-
text of PSF and therefore requires targeted experimental
investigation. The investigations of [11] already propose
a yield point-dependent, linear chord pre-stressing func-
tion Qy, which has already been numerically validated for
CFF on the basis of tests on X-joints. For T-joints, how-
ever, the transfer of this Qy-function has neither been
verified numerically nor experimentally when considering
the M-N interaction.
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Fig.1  Static system and loading direction depending on the degree of
preloading [1]

Toillustrate the test programme, the static system used for
the axially loaded T-joint tests and the direction of loading
of the brace and the chord are shown in Fig. 1 separately
according to the degree of preloading.

Therefore, an urgent research demand exists, especially
with respect to chord preloading effects in combination
with brace bending or brace compression. This applies
both to the extension of the database to include tests on
steels with a yield strength of f, ~700 N/mm? and to a
steel grade of S890, which has not yet been provided for in
prEN 1993-1-8 [10], taking into account the effect of chord
preloading.

3 Test programme of the T-joint project
3.1 Test programme of T-joints under axial loading

The test programme for the ultimate load tests on axially
loaded T-joints consists of 32 test specimens. The test spec-
imens were manufactured from the high-strength steel
grades S7T00MH and S890QH. This enabled an analysis
of the influence of different manufacturing methods, cold-
finished hollow sections according to DIN EN 10219-3 [12]
and hot-finished hollow sections according to DIN EN
10210-3 [13], on the structural behaviour of high-strength
hollow sections. The test programme distinguishes only
four joint configurations made of the two steel grades
mentioned above with two different g-ratios (8=0.5
and B =0.7) regarding geometric dimensions. Eight tests
were carried out for each joint configuration. The degree
of pre-stressing varies between a compressive preload
(n=-0.5), no preload (n =0) and tensile preload (n =0.5
and n=0.7). For each degree of preload, one test with
axial tension and one test with axial compression of the
brace are carried out. The nominal geometric dimensions
as well as the dimensionless parameters of the four joint
configurations are shown in Tab. 1.

3.2 Test programme of T-joints under bending

The test programme for the T-joints under bending load-
ing covered 24 static tests. Therefore, the same four joint
configurations were used as for the axially loaded T-joints

Tab.1  Nominal geometric dimensions and dimensionless parameters of the
four joint configurations

Steel grade Chord Brace 2y B T
SHS S700MH 100.0 x 5.0 50.0x3.0 200 0.50 0.60
S890QH 100.0x5.6 500x5.6 179 0.50 1.00
S700MH 100.0 x 5.0 70.0x3.0 200 0.70 0.60
S890QH 100.0x 5.6 70.0x5.6 179 0.70 1.00

(see Tab.1). For each joint configuration, five different
degrees of preload of the chord were tested as well as an
additional buffer test. The test set up has been established
to analyse the failure modes CFF and PSEFig. 2 shows the
different loading conditions. A detailed description of the
test concept is given in [14].

4 Experimental investigations
41 Testsetup

Fig.3a shows the 3D CAD model of the test setup for
the axially loaded T-joints with tensile preload. For a bet-
ter overview, individual components such as the portal to
which the test piston is attached are hidden. The axial
force is applied to the T-joint by the aforementioned test
piston. The supports, shown in Fig. 3a as bearings for the
axial tensile load, enable the transfer of the load into
the strong floor. The preload is applied to the chord as
a tensile force by four pistons mounted horizontally on
a tensioning block using tension rods with an adjustable
length. The applied force is also short-circuited via the
strong floor. The tests with pre-tensioned chords were
always carried out in two load steps. In the first load step,
the T-joint was pre-tensioned without any connection to
the vertical test piston. After that, the resulting change
in length was compensated by the turnbuckles of the ten-
sion rods, so that the T-joint can be coupled to the vertical
test piston with the pre-tensioned chord without any con-
straint. The vertical force was then applied in the second
load step. A further test setup was used for the axial tests
with compression preload (see Fig.3b). The load trans-
fer and procedure during testing were equivalent to the
described test setup with tensile pre-stressing. Fig. 4 shows
a test specimen installed in the test rig during the ongoing
static test.
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Fig.2  Experimentally investigated loading conditions [1]
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a)

Fig.3  Test setup for axially loaded T-Joints [1], a) for tension pre-load b) for compression pre-load

The test setup for the tests under brace bending has been
already visualised in detail in [14]. The test rig consisted
of a frame construction with two parallel frames and two
pistons of different capacities with pre-slatted load cells.
The piston for applying the load for the brace bending
had a maximum tensile capacity of 400 kN and a maximum
stroke of 250 mm. In order to avoid undesirable bend-
ing moments, a ball joint was also connected upstream of
the load cell, which compensated for minor misalignments
and thus ensured a constraint-free force application. A
hydraulic cylinder with a nominal capacity of 1600 kN
(push and pull) and a maximum stroke of 400 mm was
used to apply the chord preloading. The T-joint test speci-
mens used in this test rig were connected to the frame and
to the piston on all sides using swivel joints.

For the specimens without chord preload, only the 400 kN
piston was required to apply the force to the brace in order
to generate the bending moment under displacement con-
trol. The tests with chord preload were performed using
a test programme under combined force and displace-
ment control. The preload was applied and maintained in
a force-controlled manner. Following that, the force was
applied to the brace under displacement control. Due to
the large chord deformation under compression loads, a
maximum displacement of 1 mm under compression was
specified as an additional termination criterion before
switching to displacement control and keeping the dis-
placement constant. This meant that any column buckling
of the chord tube was avoided.

Fig.4 Test specimen installed in the test rig [1]
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42 Measurement technique

The T-joint tests are accompanied by measurement equip-
ment to record all relevant parameters before and during
the test. In addition to recording the force and dis-
placement of each piston, supplementary measurement
equipment such as displacement transducers (DTs), strain
gauges and digital image correlation (DIC) systems were
used in both research facilities in the area where high
plastic strains are expected.

An important parameter for analysing the joint load-
bearing capacity of T-joints is the percentage of indenta-
tion of the brace into the chord. A LIMESS DIC system
was used to measure the indentation of the axially loaded
T-joints. At the same time, the indentation was mea-
sured on the opposite side using a DT. Fig.5 shows the
comparison of the results given by the two measurement
methods. The curves are superimposed and show that both
measurement methods provide redundant measurement
results. Basically, the indentation was analysed using the
DIC measurements and the measurements with the DT
served as a backup in case of a possible problem of the
DIC system.

During the bending tests on T-joints, the local flange
deformation of the SHS-T-joints was analysed using the
GOM ARAMIS system. The aim was to record the local
pull-out and the local indentation in a distance of 10 mm
to the left (L10.LZ) and to the right (R10.LZ) of the brace
and thus to determine the maximum values in the flange
area of the chord around the brace. Fig. 6 shows the com-
parison of the moment-rotation relationship as well as the
measured deformation.

5 Fabrication of specimens and material properties
51 Material and fabrication

In order to investigate high-strength steels with yield
strengths f;, > 700 MPa, the project focused on the steel
grades S700MH and S890QH when selecting materi-
als whereas the profiles shall fulfil the requirements of
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cross-sectional class 1 or 2 according to Eurocode 3-1-1.
Tab. 2 shows the nominal cross-sectional values and mate-
rial characteristics taken from the factory certificates 3.1
according to DIN EN 10204 [15].

Welding tests were performed in order to develop qual-
ified welding procedure specifications (WPS) for the
production of the welds of the T-joints. As part of the tests,
the filler material G89 6 M21 Mn4Ni2CrMo was selected
in accordance with EN ISO 16834-A in order to achieve an
even-matching ratio for the steel grade S§890QH. To avoid

0.0 ¥
0.10 015 0.20 025 0.30 -4 -2 0 2 4
rotation @ (rad) deformation & [%]

Comparison of moment—rotation relationship and detected deformation measured by DIC [1]

softening or embrittlement of the high-strength material,
the tg 5 time was carefully specified and controlled. With a
full penetration HV-seam containing the smallest possible
7o dimension, it was intended to produce a butt weld (full
connection). This ensured the maximal conservative influ-
ence on load-bearing capacity and stiffness of the joint,
with respect to the geometry of the weld seam regarding
load transfer, compared to thicker welds or combined fil-
let welds. Depending on the wall thickness of the brace,
a single- or double-layer full penetration butt weld was
necessary. According to the WPS, the weld start and stop

Tab.2 Material characteristics of the hollow sections used to manufacture the test specimens
Steel grade Dimensions Standard R.y R, R,/Rey A5 [%]
[MPa] [MPa] [-]
SHS S700MH 50 x50 x 3.0 EN 10219-3 782 878 1.12 11.5
SHS S700MH 70 x 70 x 3.0 EN 10219-3 794 875 1.10 10.5
SHS S700MC 100 x 100 x 5.0 EN 10219-3 776 844 1.09 19.5
SHS S890QLH 50 x 50 x 5.6 EN 10210-3 966 1048 1.08 18.5
SHS S890QLH 70 x 70 x 5.6 EN 10210-3 964 995 1.03 17.9
SHS S890QLH 100 x 100 x 5.6 EN 10210-3 976 1078 1.10 17.4
Steel Construction 18 (2025), No. 3 183
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Tab.3  WPS, S700MH/MC, single-layer butt weld without preheating (room temperature)

Weld bead Welding Welding Filler Amperage Voltage Wire feed  Welding Heat input
position process material speed

from-to [-] [-] [mm] [A] [V] [m/min] [cm/min] [kJ/cm]

1 PB 135 ?1.0 140-160 17-20 8.5-10 18-20 5.71-8.53

tg s times from work samples: approx. 8-10 s (root layer)

Tab.4  WPS, S890QLH, double-layer butt weld with preheating temperature of 60 °C and intermediate layer temperature of 70 °C

Weld bead Welding Welding Filler Amperage Voltage Wire feed  Welding Heat input
position process material speed

from-to [-1 [-] [mm)] [A] [V] [m/min] [cm/min] [kJ/cm]

1 PB 135 ?1.0 150 19 6.8 20-25 6.30

tg s times from work samples: approx. 8-10 s (root layer)

2-3 PB 135 ?1.0 170 23.5 9.2 25-30 7.20

tg 5 times from work samples: approx. 11-13 s (top layer: 2-3)

points had to be located in the unstressed flanks, as speci-
fied in DIN EN 1090-2, Annex E [16]. However, deferring
from the WPS, welding was started by the manufacturer at
the corner in an L-shape around the brace (no U-shape).
The welding parameters are given in Tabs. 3 and 4.

52  Measurement of weld seam geometries

For the geometric evaluation of the weld seams, the
seam angle, the a-dimension, the zo-dimension, the z;-
dimension and the notch radius were determined at 16
measuring points on each T-joint (see Figs. 7,8). With the
help of a KEYENCE 2D laser profile sensor, the section
profiles of the weld seams were recorded and analysed
using laser triangulation measurements. The seam angles
of the single-layer S700 samples have an average value
of 45.2° and an a-value of a =3.84 mm; the double-layer
S890 samples have an average angle of 53.0 and an a-value
of a=3.67. The zo-dimensions have an average value of
zo=>5.5mm (S700) as well as zop = 4.63 mm (S890) (Tab.5).

Fig.7

Positions of the measured section profiles [1]
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Major differences result from the design of the single-
layer seam of the S7T00MH-joints and the double-layer
seam of the joints made of S890QLH. With an average
zo-dimension exceeding 4.6 mm, an influence of the sup-
porting component of the width of the weld cannot be
fully prevented.

6 Experimental results
6.1 Test evaluation

The load-bearing joint resistance of axially loaded T-joints
is determined using the method described in [17, 18]. In
principle, the joint resistance must be determined at the
maximum of the force-indentation curve. However, the
typical force—indentation curve of an axially loaded T-
joint with a small B-ratio (see Fig. 10, blue line) shows
that no maximum occurs. Due to the membrane forces,
the brace is hooked into the upper flange of the chord and
the load continued to increase with increasing deforma-
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Fig.8 Failure criteria for different experimentally derived moment—rotation curves [1] a) S700MH, b) S890QH

Tah.5 Weld seam geometry, mean values of all test specimens (384 SW-seams)

Sample series Position Seam angle a-dim zy-dim 71-dim Notch radius Quantity
Designation No. [°] [mm] [mm] [mm] [mm] [—]
QHP-T-B_700 1.1-4.3_90° 47.80 3.82 5.23 5.75 1.28 144
QHP-T-B_700_e 1l.4e-4.4e_90° 4251 3.86 5.80 5.25 1.27 48
QHP-T-B_890 1.1-4.3_90° 53.60 3.69 4.56 5.86 0.99 144
QHP-T-B_890_¢e 1l.4e-4.4e_90°  52.51 3.65 4.69 5.96 0.89 48

tion. For none of the tests with a small B-ratio carried
out in the project P1504 [1], the load-bearing capacity
could be reached. During the tests very large deformations
occurred, see Fig. 10. In order to assess the load-bearing
capacity of these joints, Lu etal. [17] developed the 3 %
deformation criterion, which states that the load-bearing
capacity of an axially loaded T-joint is reached at an
indentation of 3% of the brace into the chord. The 3 %
indentation was chosen by [17] because tests on T-joints

a) b)

¥
|
-

T-Q $700 b0,5 D VO

with a higher g-ratio have shown that the maximum of the
force-indentation curve of these tests is reached between
an indentation of 2.5% and 5%. It has to be critically
noted here that this evaluation of the tests compares a
deformation criterion with the joint load-bearing capacity.
Therefore, the method according to [17] is only used for
compression loaded T-joints within this study. For those
tests in which the brace of the T-joints was axially loaded
in tension, a failure or a drop of load could always be

C)

T-Q S700 b0,5 Z V-0,5

Pl

T-0 S700 b0,5 Z VO

Fig.9  Failure mechanisms depending on the type of loading [1]: a) no preload and compressive stress on the brace, b) no preload an tension stress on the brace, c)

compression preload and tension stress on the brace
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Fig. 10

determined. For these tests the load-bearing capacity was
determined at the ultimate load, regardless of whether the
deformation criterion of 3% was exceeded or not. The
same applies to all tests with high g-ratios.

A similar procedure has been applied for the evalu-
ation of the bending tests. The load-bearing capacity
was determined either by the maximum load, M.y,
or by the intersection with the 3% deformation crite-
rion. Following that, the minimum value was selected in
the event that the maximum load was not reached ini-
tially. A subsequent comparison was made between the
respective results and design values according to prEN
1993-1-8 [10]. The failure mechanism was classified
based on the associated curves. Fig.8 shows the dif-
ferent moment-rotation curves and Fig. 9 illustrates the
corresponding failure mechanism.

For evaluation of the experimental results, a sta-
tistical analysis was carried out in accordance with
DIN EN 1990:2021, Annex D [19]. This ensures that nat-
ural scattering in the material and geometric properties
is adequately considered to guarantee the reliability and
safety of provisions. The test results were compared
with calculated resistances with respect to different fail-
ure mechanisms in accordance with prEN 1993-1-8 [10].
The design values were calculated without using the C;
coefficient, whereby the real strength and the real joint
geometry parameters were used. By comparing these cal-
culated load-bearing capacities with the experimentally
determined maximum load-bearing capacities 7. = N; max,
the mean value correction factor b was determined using
a linear regression analysis.

6.2 Testresults of axially loaded RHS-T-joints
Tab. 6 shows the joint load-bearing capacities calculated
according to prEN 1993-1-8 [10] for the tests carried out

with the associated governing failure mechanism under
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Loadindentation curves: a) different failure mechanisms and b) influence of the tensile preload of the chord [1]

consideration of the measured dimensions of the respec-
tive test specimens. At this point it shall be noted that the
design rules for determination of the joint load-bearing
capacity in prEN 1993-1-8 for axially loaded T-joints do
not distinguish with regard to the direction of loading
of the brace. Therefore, the CFF is also decisive for T-
joints subjected to axial tension. The joint load-bearing
capacities in Tab. 6 differ only due to the difference in the
respective geometric dimensions.

6.2.1 Load-deformation behaviour and failure

mechanism: Axial loading

The test results of axially loaded T-joints made of high-
strength steels show three failure mechanisms depending
on the geometric parameters, the direction of preloading
and the loading direction of the brace. The three observed
failure mechanisms are shown in Fig. 9. Fig. 9a shows the
typical failure mechanism CFF. In contrast, Fig. 9b shows
the PSF mechanism that occurred in all tests in which
the brace was subjected to an axial tension load. The
joint load-bearing capacities of the T-joints subjected to
axial tension are always higher than the joint load-bearing
capacities of the same geometric configuration with the
brace subjected to axial compression loading, regardless
of the steel grade and the B-ratio (see Fig.11). The third
failure mechanism (Fig.9c) shows a chord cross-section
failure (CCSF). This failure mechanism is not covered by
the standards yet but can be traced back to the perfor-
mance of the tests. The tests were not carried out with
a line bearing, so an M-N interaction also occurs in case
of the axially loaded T-joints. The compressive preload is
superimposed with the resulting bending moment causing
a linear stress distribution, which supports a cross-section
failure. The resulting bending moment can be reduced
by selecting a smaller spacing of supports or by carry-
ing out respective tests on X-joints. The tests that failed
due to the failure mechanism shown in Fig. 9c or in which
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Tab.6 Comparison of joint load-bearing capacities and failure mechanisms according to prEN 1993-1-8 [10] and the test results
Steel grade  Chord Brace LD? n, prEN fmP Test fm Test n
[mm x mm] [mm x mm] [kN] [kN] [-1
1 S700MH 100.0 x 5.0 50.0 x 3.0 C 0.0 107.3 CFF 134.1 CFF 1.25
2 100.0 x 5.0 50.0 x 3.0 T 0.0 110.9 CFF 167.4 PSF 1.51
3 100.0 x 5.0 50.0 x 3.0 C —-0.5 842 CFF 82.9 CFF 0.98
4 100.0 x 5.0 50.0 x 3.0 T —-0.5 822 CFF 166.9 CCSF® 2.03
5 100.0 x 5.0 50.0 x 3.0 C 0.5 100.9 CFF 148.1 CFF 1.47
6 100.0 x 5.0 50.0x 3.0 T 0.5 99.5 CFF 142.1 PSF 1.43
7 100.0 x 5.0 50.0x 3.0 C 0.7 92.7 CFF 139.6 CFF 1.51
8 100.0 x 5.0 50.0x 3.0 T 0.7 95.1 CFF 136.0 PSF 1.43
9 S700MH 100.0 x 5.0 70.0 x 3.0 C 0.0 163.9 CFF 206.1 CFF 1.26
10 100.0 x 5.0 70.0 x 3.0 T 0.0 165.9 CFF 279.4 PSF 1.68
11 100.0 x 5.0 70.0 x 3.0 C —-0.5 1420 CFF 91.1 CCSF® 0.64
12 100.0 x 5.0 70.0 x 3.0 T —0.5 1438 CFF 185.5 CCSF® 1.29
13 100.0 x 5.0 70.0 x 3.0 C 0.5 158.5 CFF 249.8 CFF 1.58
14 100.0 x 5.0 70.0 x 3.0 T 0.5 154.5 CFF 210.1 PSF 1.36
15 100.0 x 5.0 70.0 x 3.0 C 0.7 148.8 CFF 251.6 CFF 1.69
16 100.0 x 5.0 70.0 x 3.0 T 0.7 147.0 CFF - PSF 0.00
17 S890QH 100.0 x 5.6 50.0x 5.6 C 0.0 203.9 CFF 237.6 CFF 1.17
18 100.0 x 5.6 50.0 x 5.6 T 0.0 200.0 CFF 279.2 PSF 1.40
19 100.0 x 5.6 50.0 x 5.6 C -0.5 1573 CFF 160.6 CFF 1.02
20 100.0 x 5.6 50.0 x 5.6 T —0.5 1581 CFF 244.2 CCSF® 1.54
21 100.0 x 5.6 50.0 x 5.6 C 0.5 204.5 CFF 258.1 CFF 1.26
22 100.0 x 5.6 50.0 x 5.6 T 0.5 206.4 CFF 267.5 PSF 1.30
23 100.0 x 5.6 50.0x 5.6 C 0.7 205.0 CFF 266.5 CFF 1.30
24 100.0 x 5.6 50.0 x 5.6 T 0.7 152.7 CFF 227.0 PSF 1.49
25 S890QH 100.0 x 5.6 70.0 x 5.6 C 0.0 312.2 CFF 382.6 CFF 1.23
26 100.0 x 5.6 70.0 x 5.6 T 0.0 280.8 CFF 431.0 PSF 1.53
27 100.0 x 5.6 70.0 x 5.6 C —-0.5 256.7 CFF 192.9 CCSF® 0.75
28 100.0 x 5.6 70.0 x 5.6 T —-0.5 2768 CFF 272.4 CCSF® 0.98
29 100.0 x 5.6 70.0 x 5.6 C 0.5 287.2 CFF 457.6 CFF 1.59
30 100.0 x 5.6 70.0 x 5.6 T 0.5 303.9 CFF 418.1 PSF 1.38
31 100.0 x 5.6 70.0 x 5.6 C 0.7 262.4 CFF 462.3 CFF 1.76
32 100.0 x 5.6 70.0 x 5.6 T 0.7 251.1 CFF 372.1 PSF 1.48

9Loading direction of the brace (C: Compression, T: Tension);
Y failure mechanism;
chord cross-section failure

the plastic modulus of cross-sectional resistance of the
chord was exceeded were not considered in the statistical
analysis.

The three force—indentation curves of the tests shown
in Fig. 10 show the expected deformation behaviour. As
already described in Section 6.1, no failure was observed
in the tests with a small B-ratio but large local defor-
mations occurred. For these tests, the joint load-bearing
capacity was determined according to the procedure given
in [17]. T-joints that have been axially loaded in tension

have a load-bearing capacity, but fail suddenly. The CCSF
failure mechanism also occurs suddenly and results in a
drop of load. Fig. 10b shows the influence of the tensile
preload of the chord on the joint load-bearing capac-
ity. For the T-joints subjected to axial compression, the
pre-tensioning increases the joint load-bearing capacity,
while for the T-joints subjected to axial tension, the pre-
tensioning reduces the load-bearing capacity. Since prEN
1993-1-8 [10] does not differentiate between the loading
direction of the brace but provides a reduction for both
directions of preloading, this procedure is conservative.
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Fig. 11 Load-indentation curves: a) influence of the B-ratio and b) influence of the loading direction of the brace [1]

However, a more efficient design would be possible if the
loading direction of the brace is considered.

Fig. 11a illustrates the influence of the g-ratio. The tests
with a B-ratio of 8=0.7 show a maximum, whereas
the tests with a small g-ratio (8=0.5) do not show a
maximum and were cancelled due to the large defor-
mations that occurred. The force—indentation curves in
Fig. 11 also show that the S-ratio has a significant influence
on the initial stiffness and joint load-bearing capacity.

6.2.2 Statistical evaluation — Axial loading

Fig. 12 shows the statistical evaluation of the T-joints
subjected to axial compression in accordance with
DIN EN 1990 Annex D [19]. Fig. 12a shows the statistical
analysis of the results of the tests without pre-stressing
and Fig. 12b shows the statistically analysed results of the
joints with tensile pre-stressing. Both figures of the statis-

tical evaluation show a characteristic statistical coefficient
exceeding a value of 0.8. Since the joint load-bearing
capacities r; were calculated according to prEN 1993-1-8
without applying a Ci-factor, the statistical coefficient can
be directly interpreted as the Ci-factor. The results thus
show that the design rules for determining the joint load-
bearing capacities according to prEN 1993-1-8 are on the
safe side. The statistical evaluation of the tests with ten-
sile pre-stressing shown in Fig. 12b shows a significantly
higher coefficient of variation (V; = 0.118). The coefficient
of variation and thus the large scatter indicate that the
chord stress function Qs of the design formulae accord-
ing to prEN 1993-1-8 [10] does not adequately reflect the
influence of the tensile pre-stressing. This result can also
be derived from the force-indentation curves, which show
that a pre-tensioning of the chord increases the joint
load-bearing capacity of a brace subjected to axial com-
pression (see Fig. 10). In contrast, the chord stress function
Oy according to prEN1993-1-8 [10] always results in a
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Statistical evaluation of T-joints subjected to axial compression (CFF) [1] in accordance with DIN EN 1990 Annex D [19]
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Fig.13  Statistical evaluation according to DIN EN 1990 Annex D [19] of T-joints subjected to axial tension (CFF) [1]

decrease in joint load-bearing capacity. The same statis-
tical analysis was also carried out for T-joints subjected to
axial tension (see Fig.13). It can be seen in Fig. 13b that
the chord stress function Qy provides a good estimation
for a brace subjected to tension (V; =0.049), as the tensile
pre-stressing of the chord reduces the joint load-bearing
capacity in the tests. In this evaluation, however, the
tests with a PSF are compared with the resistance model
for chord face plastification, as this failure mechanism is
decisive according to [10].

When comparing the experimental results with the PSF
predictions, it becomes apparent that the model given
in [10] consistently overestimates the joint load-bearing
capacities, leading to a non-conservative and inaccurate
representation of the observed behaviour (see Fig. 14). In
addition, the chord stress function Qs is not included in
the design formulae for PSF, but the tests also show an
influence of the chord pre-stressing for PSF.

6.3 Testresults of RHS-T-joints under bending loading
Tab. 7 presents the joint load-bearing capacities calculated
in accordance with prEN 1993-1-8 [10], assuming a Cj-
factor of C;=1.0. For PSF, a factor of 1.0-fy was applied
instead of the conventional 0.8-f,. The results correspond
to the measured specimen dimensions and material prop-
erties, with failure mechanism assigned based on the
governing failure mechanism observed in each test.

6.3.1 Load-deformation behaviour and failure

mechanism: Bending

The analysis of local deformation behaviour reveals a
complex interaction between brace rotation and localised
plastic deformation in the chord. Depending on the chord
preloading, different local pull-outs and indentations
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Fig.14  Statistical evaluation in accordance with DIN EN 1990 Annex D [19] of T-joints subjected to axial tension (PSF) [1]
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Tab.7  Comparison of joint load-bearing capacities and failure mechanisms according to prEN 1993-1-8 [10] and the test results
Steel grade Chord Brace LDV &, Mgy prEN fm? M, test fm test n
[mm x mm)] [mm x mm)] [KNm] [KN] [-1

1 S700MH 100.0 x 5.0 50.0 x 3.0 B 0.0 4.32 CFF 4.63 CFF 1.07
2 100.0 x 5.0 50.0 x 3.0 B 0.5 4.12 CFF 5.26 CFF 1.28
3 100.0 x 5.0 50.0 x 3.0 B 0.7 3.77 CFF 5.40 CFF 1.43
4 100.0 x 5.0 50.0 x 3.0 B —-05 332 CFF 443 CCF 1.34
5 100.0 x 5.0 50.0 x 3.0 B -0.7 3.29 CFF 3.25 CFF 1.16
6 S700MH 100.0 x 5.0 70.0 x 3.0 B 0.0 8.71 CFF 10.08 CFF 1.16
7 100.0 x 5.0 70.0 x 3.0 B 0.5 7.95 CFF 9.65 CFF 1.21
8 100.0 x 5.0 70.0 x 3.0 B 0.7 7.61 CFF 10.30 CFP 1.35
9 100.0 x 5.0 70.0 x 3.0 B —-0.5 6.95 CFF 8.49 CFF 1.22
10 100.0 x 5.0 70.0 x 3.0 B -0.7 597 CFF 5.6 CFF 0.94
11 100.0 x 5.0 70.0 x 3.0 B —-0.7 594 CFF 6.50 CFF 1.09
12 S890QH 100.0 x 5.6 50.0 x 5.6 B 0.0 7.64 PSF 9.45 CFF 1.24
13 100.0 x 5.6 50.0 x 5.6 B 0.5 7.75 PSF 8.82 PSF 1.14
14 100.0 x 5.6 50.0 x 5.6 B 0.7 7.27 CFF 8.82 PSF 1.12
15 100.0 x 5.6 50.0x 5.6 B —-0.5 6.50 CFF 6.74 CCF 1.04
16 100.0 x 5.6 50.0x 5.6 B —-0.7 545 CFF 6.23 CFF 1.14
25 S890QH 100.0 x 5.6 70.0 x 5.6 B 0.0 15.42 PSF 16.24 PSF 1,05
26 100.0 x 5.6 70.0 x 5.6 B 0.5 15.66 CFF 16.92 PSF 1.08
27 100.0 x 5.6 70.0 x 5.6 B 0.7 14.74 CFF 17.40 PSF 1.18
28 100.0 x 5.6 70.0 x 5.6 B —-0.5 13.72 CFF 13.51 CFF 0.98
29 100.0 x 5.6 70.0 x 5.6 B —-0.7 11.29 CFF 12.25 CFF 1.08
30 100.0 x 5.6 70.0 x 5.6 B -0.7 11.70 CFF 11.67 CFF 0.98

occurred for the same steel grade and specimen geom-
etry. These results indicate a multiaxial stress-related
deformation of the flange in the immediate vicinity of
the brace. Moreover, indentation deformations generally
exceeded pull-out deformations in magnitude. Due to
the increasing tensile force in the chord with rising brace
load, the occurrence of pull-out deformations appears not
intuitive. However, the local deformation measurements
indicate that a calculated brace rotation of 3% corre-
sponds approximately to a proportional deformation with
either pull-out or indentation of 3% in the adjacent chord
flange area. On average, the maximum deflection at a
brace rotation of 3% is —2.822%, while for the pull-out a
value of 2.541% is observed.

The failure mechanism was determined by the local rota-
tion behaviour because failure mechanism often occurs in
combination. Exceeding the 3% criterion before a notice-
able drop indicates CFF, while a drop before reaching this
criterion indicates PSF.

The major failure mechanism received was CFF for the T-
joints made of S700 and S890 under bending loading. PSF
only occurred for the T-joints made of S890 without chord
pre-stressing as anticipated by prEN 1993-1-8:2021 [10]
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and in specimens with tensile preloading. However, in the
latter case, the current design code prEN 1993-1-8:2021
[10] still identifies CFF as the governing failure mecha-
nism. This highlights that the current design provisions
do not always accurately capture the failure mechanism
of hollow section joints made of high-strength steels.

6.3.2 Statistical evaluation — Bending loading

Fig. 15 shows the statistical evaluation of the bending
tests considering the real yield strength of the material
for the calculated load-bearing capacities. For the 11 test
specimens made of steel grade ST00MH, the Ci-factor is
C;=0.92 and for the specimens made of S§90QLH it is
C;=0.90. Even when using the yield strength f; rather
than 0.8-f, for the PSF failure mechanism, the result-
ing Ci-factor remained above the normative Ci-factor of
C;=0.80 in prEN1993-1-8 [10], indicating inherent safety
in the current formulation.

Analysing the ST0O0MH data shows significant differences
for the Ci-factor under compressive and tensile loads. For
the five specimens with compressive chord pre-stressing,
the resulting Ci-factor is 0.89, slightly above the safety
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Fig.15  Statistical evaluation in accordance with DIN EN 1990 Annex D [19] of T-joints subjected to bending loading by steel grade: a) S7T00MH and b) S890QLH [1]

threshold of 0.80. The tests with four test specimens under
chord tension result in a Cy-factor of 1.07 so that chord
preload under tension leads to an increased load-bearing
capacity compared to a chord with no preload or com-
pressive preload. The eight specimens made of S§890QLH
with CFF show a Ci-factor of 0.90, which is above the
safety threshold of 0.80. A b-value of 1.076 is obtained,
with a corresponding variance of 0.064, indicating a rel-
atively low scatter in data. This indicates a high level
of consistency in the measurement data. The three test
specimens that exhibit PSF perform similarly consistently.
With a C¢-factor of Cr = 0.89, the safety level is still above
the required value of C;=0.80 according to prEN 1993-
1-8:2021 [10]. The variance of 0.080 remains within an
acceptable range and does not indicate irregularities in the
test results. Even for this abrupt failure mechanism, the
regression line value of 1.098 exceeds the characteristic
standard value by 9.8%.

Tab. 8 shows the complete statistical evaluation of the C-
factors based on the use of either fy or 0.8-f, for the

Tab.8  Cf-factors for SHS-T-joints, bending loading

Steel grade (number of tests) Ci-factor Cy-factor
Total number 22 incl. buffer tests”  with f; with 0.8 - f,,
S700MH (n=11) 0.92 0.96
S890QLH (n=11) 0.90 0.90
S700MH FM CFF (n=11) 0.92 0.96
S700MH PS C (n=5) 0.89 0.89
S7T00MH FM T (n=4) 1.07 1.14
S890MH FM CFF (n =38) 0.90 0.86
S890MH FM PSF (n =3) 0.89 1.04
S890MH PS C (n=5) 0.86 0.86
S89OMH PS T (n=3) 0.96 1.07

HFM, failure mode; PS, pre-stressing; C, compression; T, tension

calculation of PSF. The aim of this investigation was to
check whether the additional reduction of 0.8 f;, can be
omitted and to evaluate the potential for adapting the
existing design provisions accordingly. However, only 7
of the 20 test specimens exhibited PSF, meaning that the
C¢-factor was primarily influenced by the S§890QLH spec-
imens showing this failure mode. Substituting 0.8 - f, with
fy did not lead at a significant reduction in the resulting
Ci-factors.

7 Conclusion

In summary, the test results of the axially loaded T-
joints made of high-strength steels demonstrate that that
the loading direction of the brace must be considered
as it leads to distinct failure mechanism, each requir-
ing assessment based on its specific failure model. In
particular, the PSF model should be revised according
to the test results including the influence of chord pre-
stressing, which proved to be a significant parameter.
Furthermore, the design models in prEN 1993-1-8 [10],
which are calibrated on normal-strength steels, cannot
be directly applied to high-strength steel joints. Material-
specific adjustment factors are required to account for
the specific properties of high-strength steels. Accord-
ing to the test results, the Ci-factor introduced in
the current draft of prEN1993-1-8 [10] was found
to be conservative across all evaluated configurations.
However, to validate its general applicability, further
numerical studies for an extended parameter range are
required.

Overall, the bending loaded T-joints of fine-grained
steel S890QLH exhibit reliable joint load-bearing capac-
ity with low scatter in data. The S700MH speci-
mens with tensile chord pre-stressing showed partic-
ular high load-bearing and rotational capacities. The
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theoretical load-bearing capacities according to prEN
1993-1-8 [10] were initially confirmed as conservative for
all configurations. Across all test series, the Ci-factor
remained at or above 0.9 and thus exceeding the con-
servative reference value of C¢=0.8 defined in [10]. This
also applies to T-joints assessed for punching shear, even
when the yield strength f; is used instead of 0.8-f,.
Chord tension and chord compression pre-stressing have
different effects on the load-bearing capacity. A chord
tension pre-stressing leads to a higher load-bearing capac-
ity, while a compression pre-stressing leads to a slight
reduction of the load-bearing capacity compared to an
unloaded chord, resp. a preload equal to zero. It must
also be acknowledged that the failure modes predicted
in prEN1993-1-8 [10] do not always align with those
observed experimentally.

In summary, the Ci-factor currently specified in
prEN1993-1-8 [10] can be considered conservative
and robust. For the failure mode PSF, the use of the full
yield strength f; in design instead of using 0.8 - f, appears
justifiable based on the test data.
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