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ARTICLE

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

This article presents the results of numerical investigations of
T-joints made of high-strength square hollow sections under
axial and bending loads. The work builds on the experimental
results of FOSTA project P1504 by using detailed finite ele-
ment modelling. These models were validated against test
results and include a calibrated break-off criterion that rep-
resents punching shear failure. Systematic parameter studies
examined the effects of steel grade, the 8-ratio, chord wall
thickness, weld geometry and chord pre-stressing. The
results confirm that, for 8-ratios between 0.4 and 0.7, the cur-
rent Eurocode design rules (prEN 1993-1-8) are conservative,
even without the material reduction factor C. However, for
larger B-ratios and thicker chord walls, the design rules tend
to overestimate the load-bearing capacity of the joints. For
bending, tensile pre-stressing improves resistance, which is
underestimated by the current standard. The study suggests
that adjusting the chord stress functions and including weld
effects and effective width ratios could improve the accuracy
and efficiency of designing joints for high-strength hollow
section structures.

Keywords high-strength steel; square hollow sections; T-joints; finite ele-
ment analysis; punching shear failure; chord pre-stressing; parameter
study

1 Introduction

Hollow section joints play a central role in large-span
structures such as trusses, offshore structures or crane
systems. The use of high-strength steels (e.g., ST0O0MH,
S890QH) opens up new potential for reducing cross-
sectional dimensions and weight, which can reduce CO,
emissions in particular. For the use of high-strength
hollow sections according to DINEN10219-3 [1] and
DINEN10210-3 [2], the previous design approaches
according to the new draft of Eurocode 3 Part 1-8 (prEN
1993-1-8 [3]) are applicable up to and including steel
grade S700. However, the introduction of general reduc-
tion factors, such as the material factor C;, does not lead
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to efficient design due to conservative design approaches
which had to be established due to a lack of knowledge
and database from experimental and numerical inves-
tigations and significantly limits the advantage of the
resource-saving use of high-strength hollow sections.

An increase in steel strength does not necessarily lead
to a proportional increase in joint load-bearing capacity.
In fact, the plastic deformation capacity of high-strength
steels is reduced compared to usual steel grades, which is
particularly critical in the case of high local strains in the
joint area due to local effects. In addition, the influence of
chord pre-stressing on the load-bearing capacity of high-
strength hollow section joints has hardly been investigated
to now.

As part of the research project P1504 [4] of the Research
Association for Steel Application (FOSTA), welded T-
joints made of high-strength hollow sections were experi-
mentally investigated [5]. Two different types of loading
conditions were considered: on the one hand, axially
stressed T-joints, where tests were carried out at the
Karlsruhe Institute of Technology (KIT) and on the
other hand, bending stressed T-joints, where experimen-
tal investigation was carried out at the Munich University
of Applied Sciences. The aim of the project was to
systematically determine the load-bearing behaviour of
high-strength T-joints under different load cases, geome-
tries and steel grades and to critically question the
suitability of existing design approaches and the necessity
of the material factor Cy. More details are presented in [5].

This article represents the numerical extension of the
experimental investigations. Based on the experimental
data obtained in project P1504 [4], detailed finite element
models (FEMs) were developed and validated. Analogous
to the experimental implementation, numerical parame-
ter studies were carried out separately for each loading
type at the two research institutions. The objective of
the investigations was to identify the decisive influencing
variables on the load-bearing behaviour by systematically
varying the geometric parameters and material bound-
ary conditions as well as the chord pre-stressing and to
derive data for the further development of existing design
models.
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Fig.1

PSF of a T-joint subjected to bending before reaching 3 % indentation [4]

2 Model development

In order to investigate the influence of various parame-
ters on the joint load-bearing capacity of high-strength
T-joints, it is necessary to supplement the experimental
load-bearing tests with a numerical parameter study. This
requires a validated FEM. The numerical investigations of
the axially loaded T-joints were carried out using ANSYS
Workbench 2023 R2 software. The numerical investiga-
tions of the T-joints subjected to bending stress were
carried out using ABAQUS software. All tests were sim-
ulated to validate the FEMs. The validation of an FEM is
always an iterative process in which the most favourable
and sufficiently accurate discretisation must be selected,
considering the computational effort, in order to carry out
the parameter study efficiently.

Some of the test results show punching shear failure (PSF)
mechanism (see Fig. 1). The FEM must therefore be able
to represent this failure mechanism. In previous research
projects (e.g., in [6, 7]), PSF was mostly neglected in the
numerical simulation and the numerical results were eval-
uated using the 0.03-by deformation criterion according
to Lu etal. [§]. Due to the fact that some tests have
shown that an indentation of the brace into the chord
of 3 % was not achieved before failure (see Fig. 1), this
evaluation procedure is not appropriate for the numeri-
cal simulation of high-strength T-joints. Modelling of the
local failure behaviour is possible in numerical simulation
using material-dependent damage models [9]. The con-
sideration of damage mechanisms in simulations requires
the use of a calibrated damage mechanics model. The cal-
ibration of such models is associated with a very high
experimental effort as well as in-depth knowledge in
dealing with sensitivities regarding the mesh dependency.
Within these investigations, a plastic material model was
used for the numerical parameter studies. However, in
order to be able to appropriately model the PSF mech-
anism, a break-off criterion was defined, at which the
load-bearing capacity of the hollow section joint is numer-
ically reached. The break-off criterion is based on the

010 0.15 020 025 030
rotation g [r3d]

‘plastic damage’ model according to Johnson and Cook
[10, 11] and defines a plastic limit value dependent on tri-
axiality. As soon as this limit plastic strain is exceeded in
one of the elements, the simulation is aborted. As a result,
damage initiation and damage evolution, which could be
considered when using a sophisticated damage mechanics
model, are neglected. The determination of the triaxiality-
dependent plastic limit strains for the materials used is
described in [12]. The calibration and validation of the
break-off criterion are carried out by comparison with the
local failure behaviour in the experimental results. The
following description of the model development is based
on the example of axially stressed T-joints. The mod-
elling of the T-joints supposed to bending is carried out
analogously, but in the ABAQUS program environment.

21 Material modelling

The material model for input into an FE program is
derived from the results of the tensile tests carried out in
[4]. The linear elastic range is described by the modulus of
elasticity for steel of 210,000 N/mm? and Hook’s law. The
plastic material behaviour is represented by a multilinear
material model. For this purpose, the combined approach
(linear ratio factor «) of the material models of Voce [13]
and Swift [14] is used. This approach has often been suc-
cessfully used in the literature to describe the damage
behaviour of high-strength steels [15-17]. The parameters
of the Voce and Swift material models for the steels used
in this project were determined numerically using a fitting
algorithm and can be found in Tab. 1.

2.2  Boundary conditions
The boundary conditions of the FEM were derived

from the support conditions of the component tests
(Fig.2). The load in the vertical brace was applied
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Tab.1 Parameters of the material models according to Voce and Swift

Steel grade Voce Swift
A &) N K, o B A
[-] [10-°] [10~°] [-1 [-1 [-1 [-]
S700MH (SHS) 1200.50 33.19 117.81 806.61 184.43 13.23 0.65
S890QH (SHS) 1351.63 5.06 76.60 943.87 200.72 23.53 0.50

displacement-controlled and the force reaction of the
boundary conditions was evaluated as the brace force.

As with the bolted joints in the component tests, the ends
of the T-joint were hinged, with the directions of displace-
ment locked in accordance with the static system. The
vertical supports were modelled on the lower side of the
chord with the corresponding support distance /4.

For the models with chord pre-stressing, the numerical
simulation was carried out, analogous to the component
tests, in two steps. In the first simulation step, the brace
was not supported, the pre-stress was applied and the dis-
placements in the longitudinal direction of the chord at
the brace support were saved as parameters. In the sec-
ond simulation step, the parameters stored in the first step
were used to displace the brace bearing accordingly. In
the second load step, the displacement of the brace was
blocked according to the static system and the load was
applied in a displacement-controlled manner.

The symmetry of the T-joint was used to reduce the
Central Processing Unit (CPU) time. The plane of sym-
metry is spanned by the longitudinal axes of the brace
and the chord. The degree of freedom of translation in
the x-direction was blocked for the nodes lying in the
plane of symmetry. Due to the asymmetrical load and the
pre-stressing, only one plane of symmetry could be used.

2.3 Discretisation

The hollow section joints were meshed using quadratic
function elements. Adding Gaussian points to the ele-
ments (Solid-186 and Solid-187) with a quadratic function
led to convergence in the simulations, with an element
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Fig.2  Static system derived from the support conditions of the component tests
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edge length of 2mm and two elements over the wall
thickness. Since calculated plastic strains depend on mesh
size and the break-off criterion depends on plastic strain,
all test specimens in the validation, recalculation and
parameter study of the joint area were meshed with
two-millimetre-edge-length elements.

2.4  Instrumentation

The chord indentation was determined in the FEM analo-
gous to the measurement on the test specimen. The chord
indentation is determined using the relative displacement
of the two measuring points MPA and MPB (Fig. 3a).

To determine the stress state in the numerical model, eval-
uation paths were defined (Fig. 3b) at the locations where
strain gauges were applied in the experimental investiga-
tions, in order to evaluate the normal stress in the strain
gauges’ measurement direction. The length of the evalua-
tion paths corresponds to the measuring grid length of the
strain gauges.

25 Geometry modelling

To validate the numerical models, the test specimens were
optically measured using a CREAFORM HandySCAN
3D handheld laser. The optical measurement allows to
record manufacturing imperfections such as deviations in
the brace angle and profile dimensions as well as the exact
geometry of the weld. The surface geometry from the laser
scan was converted into a 3D CAD model (see Fig.4).
Numerical comparative calculations in [4] have shown that
modelling the T-joints with a simple substitute geometry

85U80|7 SUOWIIOD BA a1 3|t jdde auy Aq peusenob afe ssjole VO ‘88N JO Se|ni Joj Aeiq1T 8UlUO 48]/ UO (SUOIPUOD-PUB-SWLIBY W0 A8 | 1M AleIq Ul [UO//:SdNY) SUORIPUCD PuUe SWS | 8y} 885 *[6Z0Z/TT/ET] Uo AriqiTauljuo A8 (1M ‘81Bojouyos 1 Ind Inisu| Bunss|e X Aq 520006202 0915/200T 0T/I0P/Woo™A8 | 1M Aeiq Ul |uoy/Sdny wouy pepeojumod ‘€ ‘SZ0Z ‘6650298T



P. Markreiter, A. Miinch, I. Engelhardt, P. Weidner, T. Ummenhofer: Numerical investigations of T-joints made of high-strength square hollow sections

e

..

0,00 50,00 100,00 (mm)
[ S —]
25,00 75,00

a)

0,00 100,00
50,00 150,00

b)

200,00 (mm)

Fig.3  Position of measuring points a) MPA and b) MPB evaluation paths of the strain gauges [4]

provides only minor deviations from the results with the
scanned geometries, but that enormous computing time
can be saved due to neglect of the discretisation of the real
weld seam geometry. Therefore, the laser scans were only
used to determine the weld seam dimensions and based
on this, a substitute geometry was used to model the weld
seam.

All other geometric dimensions such as height, width and
wall thicknesses were determined manually using suit-
able measuring methods with calipers and micrometres.
In particular, when measuring the wall thickness of the
hot-finished square hollow sections, an increase in the wall
thickness in the direction of the fillet radii was observed.
This effect has a significant influence on the joint load-
bearing capacity depending on the B-ratio. In addition, it
has an effect on deviations in the numerical validation due
to the constant modelling of the wall thicknesses with the
corresponding normative fillet radii in the FE simulation.
In order to take this effect into account, the influence of
the radii on the chord plate thickness #) was considered by
a flat-rate allowance of 50 %. This allowed the moment—
rotation curve of the test to be mapped well within the FE
calculation (see Fig.5). In contrast, the wall thicknesses of
the cold-formed hollow sections were found to vary only
slightly due to the manufacturing process using thermo-
mechanical rolled sheet metal. The wall thicknesses of the
cold-formed hollow sections are generally below the nor-

Fig.4  Scanning process of the T-joints and transfer to a 3D CAD model

mative specifications, but above the permissible tolerances
according to DIN EN 10219-1 [18].

The geometries of the hollow section joints for the param-
eter study were modelled without a production-related
attached fillet weld. The influence of the attached fillet
weld on the joint load-bearing capacity was investigated
numerically in a parameter study.

2.6  Break-off criterion

As already explained in Section 1, a break-off criterion
is required in the numerical recalculation of the tests,
which describes the beginning of the PSF with sufficient
accuracy. In contrast to the use of a damage-mechanical
material model, an engineering approach was chosen
for this project, considering relevant influencing factors.
According to the literature (e.g., [19]), the damage initia-
tion strain or the critical plastic strain of the steel material
depends on the existing stress state (triaxiality 7). Experi-
mental investigations on notched tensile specimens in [12]
have shown that multiaxial tensile stresses (7> 0.3) in
particular represent critical stress states. Numerical pre-
liminary simulations on T-joints have shown that in the
area of the weld seam transition, where the PSF could be
observed in the tests, stress multiaxialities are present with
values from T=0.3 to T=0.8 (see Fig. 6).
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Fig.5 Calibration of numerical simulation model on real component test #20: a) chord thickness t measured in the centre and b) chord thickness f with 50 % radius

influence

In the numerical models of the T-joints subjected to axial
tension, the load was applied displacement-controlled in a
large number of load steps. At the end of each load step,
a check was performed if the plastic strain, depending on
the triaxiality, exceeds the critical strain according to the
damage curve given in [12]. The calculation was termi-
nated as soon as the damage initiation strain dependent
on the stress multiaxiality was reached in a finite element.
Although this pragmatic approach does not map the mate-
rial damage (damage initiation and damage evolution) in
detail, very good results were obtained for the recalcula-
tion of the component tests with regard to the maximum
joint load-bearing capacity (see Fig. 9).

The ‘ductile damage’ module was used for the ABAQUS
program environment for the load type bending. This can
be used to realistically simulate ductile materials that fail
due to plastic deformation before fracture. The model
comprises three phases: (1) damage initiation at critical
strain or stress, (2) progressive damage with decreasing
stiffness and (3) complete failure when the ‘displacement
at failure’ limit value is exceeded. This describes the max-
imum strain at which a damaged element is removed
from the calculation. This value is used in combination
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with parameters such as elongation at failure and dam-
age criteria to precisely map the material behaviour. The
limit value selected for the ‘displacement at failure’ was
determined iteratively and depends on the material. For
example, a limit value of 0.15 was selected for steel grade
S700MH, while the limit value for steel grade SS90QHL
was set at 0.1 (see Fig.7).

2.7  Numerical comparative simulations

In the following, the validation of the numerical models
is evaluated using the results of numerical comparative
simulations. The numerical models were generated in
accordance with the modelling development described in
Sections 2.1-2.6. The results of the numerical comparative
simulations are shown in Figs.8 and9 as examples. The
force—indentation curves show good agreement between
the numerical simulations and the experimentally deter-
mined curves, regardless of the steel grade, the g-ratio,
the degree of pre-stressing and the direction of loading.
Furthermore, the comparisons of the strain gauge mea-
surements with the evaluations of the normal stresses

Fig.6  Plot of triaxiality from numerical simulation of a T-joint subjected to axial tension
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Fig.7  Definition of limit value ‘displacement at failure”: a) #20_QHP_T_b0,7_-0,7x890_B_ductile damage 0.1 and b) #21_QHP_T_b0.7_-0.5x700_B_ductile damage 0.15

in the FEM also show good agreement. Based on these
numerical comparative calculations, the numerical model
and the break-off criterion used can be considered as
validated.

3 Parameter studies

In the parameter study, the influences of various param-
eters on the load-bearing behaviour of high-strength
T-joints made of square hollow sections were investigated
numerically. The following section differentiates between
two types of loading: T-joints subjected to bending and
T-joints subjected to axial loading. The investigations
included a large number of influencing variables, com-
prising the width ratio 8, the degree of pre-stressing »n of
the chord, the chord slenderness 2y and different high-
strength steel grades. Tab.2 provides an overview of all
joint configurations considered (chord width x chord wall
thickness _ brace width x brace thickness).

1T-Q S700 b0.5D VO

200 1000
_ 800
= 150 _
= g
§ 2 oo
3100 "
3 o 400
E -+
@ 50 @
200
’O‘
0 0 -
0.0% 1.0% 2.0% 3.0% 40% 5.0% 0 50

Indentation [%]

component test ==--- FE gg;
SG9
a)

31 Axially loaded T-joints

The tests carried out in [4] have shown that T-joints sub-
jected to axial tension always show a higher load-bearing
capacity than T-joints subjected to axial compression.
Since prEN 1993-1-8 [3] does not differentiate in the direc-
tion of loading, only a parameter study is carried out
for the less favourable case, the brace subjected to axial
compression. Fig.10 shows the decisive failure mecha-
nism according to prEN1993-1-8 [3] as a function of
the ratios 2y and B. Fig. 10 shows that for the selected
parameter range (area marked in red) of the numeri-
cal parameter study, the failure mechanism chord face
failure (CFF) is always decisive. The 0.03b, deformation
criterion according to [8] is therefore used to evalu-
ate the joint load-bearing capacities in the parameter
study.

The following results are used to evaluate the design for-
mula specified in prEN 1993-1-8 [3]. For this purpose,

100 150 200

Brace Load [kN]

Fig.8 Results of the numerical comparative calculation of test 1 T-Q S700 b0.5 D V0: a) force—indentation curve and b) comparison of the stress state
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Fig.9  Results of the numerical comparative calculation of test 18 T-Q S890 b0.5Z V0: a) brace load—indentation curve and b) comparison of the stress state
Tab.2  Selected parameter range for the numerical parameter study
2y Degree of preload n B-ratio B =b1/b,
0.4 0.6 0.8
S700MH S890QHL S700MH S890QHL S700MH S890QHL
20 —0.7; -0.5; 0, 0.5; 0.7 100 x 5.0_40 x 4.0 100 x 5.0_60 x 4.0 100 x 5.0_80 x 4.0
17.5 —0.7; -0.5; 0, 0.5; 0.7 140 x 8.0_56 x 6.4 140 x 8.0_84 x 6.4 140 x 8.0_112 x 6.4
14.4 —0.7; -0.5; 0, 0.5; 0.7 180 x 12.5_72 x 10.0 180 x 12.5_108 x 10.0 180 x 12.5_144 x 10.0

the numerically determined joint load-bearing capacities
r, are compared with the theoretical joint load-bearing
capacities r; according to prEN. Since the input val-
ues (geometric dimensions and material properties) and
the numerical results provide unambiguous measurement
results, the statistical evaluation according to EN1990
Annex D is omitted. The diagrams in Fig.11 show the
coefficient of variation V; and the gradient of the mean
value line b. If the mean value line lies above the straight
line r, =r;, the mean value of all results lies above the
theoretical joint load-bearing capacities of the prEN and
is therefore conservative. The diagram in Fig. 11a shows
the results of the calculation of the theoretical joint load-
bearing capacity according to prEN 1993-1-8 [3] with a C;

25
— 15 EE o =
>
N 10
S - = o s of deiery
---------- g2t
0
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Bl
Fig. 10  Decisive failure mechanism for axially loaded T-joints according to prEN
1993-1-8 [3] as a function of the 2y - and B-ratio
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factor of 0.8, as specified in the standard. Fig. 11b shows
the results of the theoretical joint load-bearing capacity
according to prEN 1993-1-8 [3] with a C; factor of 1.0.
Both diagrams show that the regression line of the mean
value of all results lies above the straight line r, =r,,.

The diagrams also show a large coefficient of variation
with V; > 0.2. The results are very scattered, especially for
high load-bearing capacities, which correlate with large 8-
ratios. From this it can be concluded that the yield line
model used for the CFF mechanism is rather unsuitable
for large B-ratios, as the load transfer mainly takes place
via the side walls. Fig. 11b shows that an additional reduc-
tion of the joint load-bearing capacity of high-strength
axially loaded T-joints by a C; factor is not necessary.
According to the available range of the numerical param-
eter study and experimental investigations, this statement
is only valid for g-ratios of 0.4-0.7.

3.1.1 Influences on the load-bearing behaviour: axial

In the following, the influences of the investigated param-
eters are evaluated individually and compared with the
design formulas of prEN 1993-1-8 [3] (Eq. (1)). On the one
hand, charts are shown in which the results are related to
a reference value. This representation has the advantage
that the influence of the parameter under investigation
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Fig. 11 Comparison of the numerically determined joint load-bearing capacities with the joint load-bearing capacities calculated according to prEN 1993-1-8 [3] a) using

Cf-factor 0.8, b) using Cf-factor 1.0

can be shown separately, i.e., independently of the other
influences. However, this representation is dependent on
the selected reference point. A comparison of the shape
of the normative curve and the trend line only allows
an indication of the tendency, but not an assessment of
whether the points are on the safe side. On the other hand,
the load-bearing capacities are compared with the abso-
lute value of the standard as a function of the parameters
examined. This evaluation can be used to assess whether
the numerical results are on the safe side.

fyoto® 2n 4
Nira =C
wra =Gt G\ T B)simar + =3 Ot/ vms
(1)
Or=(1—Ing))" =0,4 )
for ny < 0(Compression) : C; =0,6 — 0,58 (3)
for ny > 0 (Tension) : C; =0, 1 )

Steel grade

The steel grade resp. the yield strength has a linear influ-
ence on the joint load-bearing capacity f(f,) = f, according
to the design formulas for CFF (see Fig. 12a, red line). By
adding the material factors Ci, this influence is reduced
linearly depending on the steel grade (see Fig.12a, dark
red line). The trend line of the numerical results (dashed
line) clearly shows the same slope as the red line with
f(fy) =f,. The numerical results thus show a linear influ-

ence of the yield strength on the joint load-bearing
capacity of axially stressed T-joints. In contrast, the dark
red line shows a flatter slope due to the multiplication
with a C; factor. The evaluation in Fig. 12a shows the ten-
dency that a reduction by a C; factor is not required. The
comparison of the absolute values (Fig. 12b) of the joint
load-bearing capacities also shows that the influence of the
yield strength is well represented by the normative design
formula, but Fig. 12b also shows an overestimation of the
joint load-bearing capacities for the g-ratio of § =0.8.

Chord wall thickness t

The chord wall thickness #; has a quadratic influence on
the joint load-bearing capacity f(fy) =ty according to the
normative design rules for CFF. Fig. 13a shows that the
numerical results of the parameter study also demon-
strate the quadratic influence of the wall thickness on the
joint load-bearing capacity. From this it can be concluded
that the analytical yield line model derived for the axi-
ally stressed T-joint also provides good agreement for the
high-strength T-joints.

The evaluation of the absolute values, shown in Fig. 13b,
also shows good agreement for B-ratios 8=0.4 and
B =0.6. For the large B-ratio (8=0.8), the joint load-
bearing capacities are overestimated by the normative
design rules.

B-ratio
The evaluation of the influence of the S-ratio shows a large
deviation of the numerical results from the normative

design rules for large B-ratios (see Fig. 14a). The function
for the influence of the B-ratio is described normatively by
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Fig.12  Influence of the yield strength on the joint load-bearing capacity: a) reference value, b) absolute value

f(B)=(2-n/(1-B)-sin(0) +4/(1-) 0.5). Above a B-ratio
of 8 =0.7, the trend line of the evaluated numerical joint
load-bearing capacities shows a clear deviation from the
line of the design formula function shown. By selecting
a single-span beam support, the moment resistance of
the chords is lower than the joint resistance according
to the design rules of prEN 1993-1-8 [3]. The discrep-
ancy described can also be seen in Fig. 14b based on the
evaluation of the absolute values.

Degree of preload ny
The results of the numerical parameter study in Fig. 15
show that the influence of the chord pre-stressing func-

tion (Egs. (2)-(4)) is well represented in the design rules
for a compression pre-tensioning of the chord up to

3.50 2000.0

70 % chord utilisation. The evaluation in Fig. 15 shows
that no reduction is required for a tensile preloading of
the chord up to 70 % chord utilisation. However, this
only applies to T-joints subjected to axial compression
(compression—compression combination).

Weld dimension, a-dimension

The numerical validation of the experimental tests
revealed a major influence of the weld dimension, more
precisely the a-dimension of the weld. For this reason,
the results of the parameter study already presented were
generated on models without fillet weld, i.e., with a fully
welded butt weld (a=0). In order to be able to quan-
tify the influence of the a-dimension, a parameter study
was carried out for various a-dimensions of the weld.
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Fig.13  Influence of the wall thickness of the chord on the joint load-bearing capacity: a) reference value, b) absolute value
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Fig.15 Influence of chord utilisation on the joint load-bearing capacity

Tab.3 Dimensions of the parameter study to analyse the influence of the fillet
weld thickness ratio

Steel grade 2y B by by a-dimension

S700MH 20 0.6 100 mm 60 mm 0-5 mm

S700MH 14.5 0.6 140 mm 84 mm 0-5 mm

The investigations were carried out on models using the
material model for ST00MH and the dimensions shown in
Tab. 3.

Fig. 16a shows the influence of the a-dimension on the
joint load-bearing capacity as a function of the absolute
value of the a-dimension. An increase in the a-dimension
always results in an increase of the joint resistance. This
dependency is not included in the design formulas of
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0.60
B[]
— O - prEN (CFF) S890_2y=20.0 - O - prEN (CFF) S890_2y=17.5
- A - prEN (CFF) $890_2y=14.4 —O— $890_2y=20.0

0.70 0.80 0.90

—{—S5890_2y=17.5 —/A—S5890_2y=14.4

b)

Influence of the B-ratio on the joint load-bearing capacity: a) reference value, b) absolute value

prEN-1993-1-8 [3]. Since the two 2y-ratios examined
in the study have different brace dimensions, the per-
centage increases in joint load-bearing capacity differ
between the two 2y-ratios. However, if an effective B-
ratio is calculated according to Eq. (5) and the increase in
the joint load-bearing capacity is related to the increase
in the B-ratio, it can be seen that the increase in the
joint load-bearing capacity is independent of the 2y -ratio
and only depends on the increase in the S-ratio (see
Fig. 16b). From an increase in the B-ratio by 10 %, a linear
relationship between the ratio B.#/f and the increase in
joint load-bearing capacity can be seen.

bi4+2-2-a
pu = HF 220 ©
0
with:
Beir  effective width ratio;

a a-dimension; and
b1,by width of the brace and chord.

3.2 Bending-stressed T-joints

The diagrams shown in Fig. 17 represent the relationship
between the numerically determined joint load-bearing
capacity r, and the nominal load-bearing capacity r; using
a C; factor of 1.0. A distinction is made between the fail-
ure modes CFF and PSF for the steel grades STO0MH (a)
and S890QLH (b). In contrast to prEN 1993-1-8 [3], PSF
was not calculated with a fictitious yield strength 0.8-f,, but
with 1.0-f,. For ST00MH, this results in a C factor of 0.96 —
well above the value of 0.80 required in prEN 1993-1-8 [3].
The steel SS90QLH achieves a C factor of 0.89, although
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further evaluations are necessary for reliable statements.
The regressions shown in both diagrams are above the 45°
line, which indicates a conservative design in accordance
with prEN 1993-1-8 [3], especially for STOOMH.

A detailed analysis of the available data shows that CFF
is the dominant failure mode in the case of chord com-
pressive pre-stressing, while PSF is the dominant failure
mode in the case of chord tensile pre-stressing. In sum-
mary, it can be stated that tensile pre-stressing of the chord
appears to have a positive influence on the C; factor, even
achieving a C; factor > 1.0. The present investigations
show that the above statements are only valid for cer-
tain B-ratios between 0.4 and 0.7. This limitation must be
considered when interpreting the results.
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Fig.17  Statistical analysis by material: a) S7T00MH and b) S890QLH
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3.21 Influences on the load-bearing behaviour: hending
The analysis and evaluation of the results from the param-
eter study first require consideration of the composition
of the resistance function for CFF mode, as defined in
prEN 1993-1-8 [3]. To be able to analyse the influence of
the chord pre-stressing on the load-bearing behaviour, the
resistance function for CFF is considered in particular in
the following since this function is dependent on the chord
pre-stressing.

Mipira = Ct+ fyo -5 -y -

1 2 n
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Or=(1—Ingl)" =0,3 )

for np < 0(Compression): C; =0,6—0,58 (8)

for ny > 0(Tension):C; =0, 1 9)

To enable a differentiated assessment of the influence of
the various formula parameters, the formula was split up
into its individual components and these were considered
separately.

B-ratio

As shown in Fig. 18, the numerically determined moment
resistance values are higher than the design values cal-
culated according to prEN 1993-1-8 [3] for all tensile
pre-stressed joint configurations. It was also found that a
systematic underestimation of the numerical results by the
corresponding design formulas according to the standard
is also evident for compressive pre-stressing, especially
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Influence of the B-ratio: a) ST00MH Compressive preload, b) S7T00MH Tensile preload, ¢c) S890QLH Compressive preload, d) S890QLH Tensile preload

for small S-ratios. This indicates the conservative nature
of the design formulas according to the standard. For
the material S890QLH, this tendency must be consid-
ered more detailed: for tensile pre-stressing, the numerical
load-bearing capacities are only slightly above the stan-
dard values, whereas for compressive pre-stressing they
exceed the numerical results to some extent.

Chord wall thickness t,

The joint configuration 100 x 5.0/8.0/12.5_40 x 4.0_ny of
steel grade S7T00MH is considered in the following. It was
investigated using three different chord wall thicknesses.

Fig. 19 shows that the parameter fy, which is squared in
the formula for CFF, only reflects reality to a limited
extent. Up to f)=8.0mm, the standard-based function
slightly underestimates the numerical results and there-
fore remains on the safe side. From fy > 9.0mm, it
significantly overestimates the load-bearing capacity. A
check of the #) dependency is therefore recommended.
The evaluations shown are limited exclusively to the
material STO0MH.
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Degree of preload ny

The individual analysis of the chord member stress func-
tion as a function of the B-ratio shows a consistent curve
in the compression range, which is supported by the
numerical results. In the tensile load case, however, the
function significantly reduces the joint load-bearing capac-
ity, although the numerical values are significantly higher
(see Fig. 20). Taking the above-mentioned aspects into
account, it can be concluded that a horizontal course of
the branch of the chord member tension function can be
considered appropriate in the presence of chord tensile
pre-stressing, as specified in the currently still valid stan-
dard DIN EN 1993-1-8 [20]. However, this statement only
applies to a maximum tensile pre-stressing of 70 %, as the
parameter study does not include any investigations into
higher degrees of pre-stressing (see Fig. 20).

Comparable results were obtained for steel grade
S890QLH (Fig. 20b). The existing statements on the
chord member stress function therefore also apply. How-
ever, a revision of the chord member tension function
is necessary for chord tensile pre-stressing, as the nom-
inal reduction does not correspond to the numerical or

experimental results and thus leads to an uneconomical
design.

4 Conclusion

The numerical parameter studies for axial loaded T-joints
prove that for B-ratios between g =0.4-0.7, the failure
mechanism CFF is well represented by the normative
design rules. For the assessment, the decisive parameters
yield strength f,, B-ratio and chord wall thickness 7, were
considered individually. A comparison of the joint capac-
ities given by the numerical results with the theoretical
capacities according to prEN 1993-1-8 [3] shows that, even
when using a C; factor of 1.0, the results are still con-
servative. The parameter study shows a major influence
of the weld dimension a on the load-bearing capacity of
the T-joints. Increasing a increases the width ratio. This
influence should be considered by introducing an effec-
tive width ratio B in future. Further experimental and
numerical parameter studies are necessary in order to
be able to make a statement for g-ratios § > 0.7. The
parameter study presented has shown that the joint load-
bearing capacity is overestimated by the formulae of prEN
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Fig.20  Influence of the chord member load function in relation to the B-ratio: a) ST00MH, joint configuration 100 x 5.0_40/60/80 x 4.0 and b) S890QLH, joint configuration

100 x 5.0_40/60/80 x 4.0
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1993-1-8 [3] for large B-ratios. However, this fact may also
be due to the peculiarity of the moment-normal force
interaction of the T-joint. Further numerical investiga-
tions on an X-joint could be expedient.

The following conclusions could be drawn from the
numerical parameter study for T-joints under bending
with chord pre-stressing up to 70 % of the yield strength.

To correctly capture the influence of chord pre-stressing,
a modification of the chord tension function appears pos-
sible. It can be deduced that a horizontal course of the
branch of the chord tension function can be considered
appropriate in the presence of chord tensile pre-stressing,
as specified in the currently still valid standard DIN
EN 1993-1-8 [20]. As the B-ratio increases, the chord
tension function provides a more precise adjustment of
the curve to the actual joint capacities. On the other
hand, the influence of chord compressive pre-stressing
tends to be considered correctly. However, the influence
of the width ratio does not yet appear to be correctly
respected.

The influence of chord pre-stressing on PSF should be fur-
ther analysed. The calculation formula for the PSF does
not currently appear to adequately describe the failure
mode that occurs. The influence of the material strength
and the width ratio must be further analysed and imple-
mented. Using 1.0x f; in the PSF formula instead of using
0.8x fy could lead to more realistic and less conservative
design results.
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