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Abstract

This paper presents the results of an experimental and numerical comparative study for
beam-column joints constructed of welding open section beams to rectangular hollow
section columns between welding the entire beam profile and welding only the beam
flanges. Since flanges of open section beams contribute most to the joint stiffness and
moment resistance, welding the flanges only has the potential of achieving nearly the
same joint stiffness and moment resistance as welding the entire beam profile while
reducing the cost of welding considerably. However, it is necessary to quantify the
effects. Furthermore, since the beam web is conventionally considered to resist the
beam shear force, it is also necessary to investigate whether premature shear failure
will occur in the case of welding the flanges only.

This paper presents the results of 27 tests and accompanying detailed numerical
modelling to provide further insight. The tests considered the effects of different
welding arrangements, different dimensions and different beam to RHS width ratios.
The experimental observations suggest that due to flexibility of the RHS face, the
contributions of the beam web weld to the total joint stiffness and moment resistance
are much lower than those of the beam web to the beam section. Furthermore, if only
the beam flanges are welded, the flange welds have much higher shear resistances
than would be applied in realistic applications.

Based on these findings, the characteristics of welded open section beam to RHS

column joints can be quantified by using the contributions of the beam flanges only.
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Nomenclature:

RHS Rectangular hollow section
SHS  Square hollow section

IPE European profile | shape

F refers to flanges of the beam

w refers to web of the beam

bo width of the hollow section

ho depth of the hollow section

to thickness of the hollow section

A cross section area of hollow section

bs width of the beam flange

h depth of the beam
tr thickness of the beam flange
tw thickness of the beam web

p ratio of widths (b#by)
fy

ultimate strength

f, yield strength

E Young’s modulus

& ultimate deformation
aw weld throat thickness

L, length of weld

Pu coefficient of reduction for welds

fra average yield strength

fur ultimate strength from tube face coupons
Ty yield strength from tube face coupons

LVDT Linear Variable Differential Transformer

Sini initial rotational stiffness

Sy beam stiffness

M; moment resistance of the joint
M, moment resistance of the beam
4 relative to shear force

1. Introduction

Structural hollow sections are increasingly used in steel building construction as an

alternative to traditional open profiles. This is owing to several advantages of tubular



sections for structural applications as described in [1] and [2], including structural

efficiency and attractive appearance.

An efficient combination is to use rectangular or square hollow sections (RHS or SHS)
as columns and open profiles (IPE) as beams because this construction form takes full
advantage of the strengths of both types of sections in terms of their mechanical
behaviour — hollow sections and I-sections possessing superior compressive
resistance and bending resistances respectively. Connections between these two types

of sections can be welded or bolted.

There have been many research studies [3-6] on bolted joints between open steel
beam sections and tubular columns, as this form of joint can take advantage of shop
preparation and easy erection on site. However, welded joint has the advantage of
creating a streamlined “neat” appearance and the potential to develop moment
resisting connections. If welding can be easily operated onsite, it can become a viable
construction technology. In welded joints, to increase the stiffness and bending
moment capacity of the joint, it is common practice to fully weld all around the beam
section perimeter on to the front face wall of the tubular column, i.e. around the flanges
and the web of the I-beam. However, this requires a large amount of welding, which is
not only costly but also can increase the heating input during the welding process

thereby resulting in changes in the material properties [7, 8].

In case of an IPE beam, the web height is much larger than the flange width of the
beam, yet it is the flanges that contribute most to the bending rigidity and resistance of
the beam and the joint. Therefore, not welding the web could drastically reduce the
amount of welding, leading to significant cost savings. For example, for the type of
joints considered in this research, the savings in weld length would range from 40 to
45%.

When the beam is under bending, not welding the web to the steel tube is unlikely to be
detrimental to the joint behaviour, because the initial rotational stiffness and moment
resistance of the beam comes primarily from the flanges. In fact, when forming part of a
connection to a tubular column, the web of the I-section may contribute even less due
to greater flexibility of the tube connected to the web compared to that connected to the
flanges. However, there are usually shear forces in beams and the web of an I-section
is commonly assumed to provide the required shear resistance. How the shear
resistance is provided in a connection without welding the web to the steel tube is a

concern.



In order to evaluate the performance of welded I-beam to tubular column joints, the
authors have carried out an extensive programme of tests and numerical simulation
studies on welded open profile beams to tubular columns with different section sizes
and different welding arrangements — full weld around the flanges and the web, weld

around the flanges only and weld around the web only.

The objectives of this study are to demonstrate low contribution of the web weld to joint
stiffness and resistance and to provide deep insight of the loadbearing mechanisms of
welded I-beam to tubular column joints with and without welding the web of the beam.
This paper presents the results of a large experimental campaign complemented with
numerical analyses to comprehensively examine contributions of the welded web to the
initial rotational stiffness and bending moment resistance of the joint, and the shear

resistance mechanism, in particular in joints without welding the web.
2. Experiments

The experiment programme consisted of a total of 27 full beam-column joint tests to
determine the behaviour of joints with different dimensions under different welding
configurations, and material testing to obtain the relevant mechanical properties of

steel to be implemented in the numerical model.
2.1 Beam-column joint tests

The joint tests were carried out in cruciform as shown in figure 1. This figure also
shows the three different welding configurations: weld around the flanges and the web
(to be referred to as F+W weld), weld around the flanges only (to be referred to as F
only) and weld around the web (to be referred to as W weld). Table 1 lists the main
parameters of the 27 tests. They are grouped in three phases. The twelve joints tested
in phase 1 (specimens 1.1 to 1.4) and phase 2 (specimens 2.1 to 3.9) in total consisted
of six pairs of joints, the difference in each pair being welding both the flanges and the
web of the beam (F+W) or only welding the flanges of the beam (F). Phases 1 and 2
used different RHS section sizes. Within each of these two phases, the beam
dimensions were changed, giving different beam depths and two beam width to RHS
width ratios (flange width=RHS width (=1), flange width=0.73 RHS width (8=0.73)). In
Phase 3 (specimens 4.1 to 4.15), five different beam-column joint configurations were
tested combining two RHS and three IPE sections as described in table 1, and each
beam-column joint configuration having all three welding configurations (F+W, F, W).
Three beam width to RHS width ratios (B=1, 3=0.8 and =0.73) were considered in
phase 3.



Fig. 1. One set of specimens: 4.7 with all the perimeter welded

(F+W), 4.8 with only the

flanges welded (F) and 4.9 with only the web welded

Table 1. Beam-to-column joint combinations

Specimen  Column Beam Ratio Weld Throat Thickness (mm)
ID
(hoXboXto) IPE bf/bo F W
1.1 150x100x6 200 1.00 4.36 4.01
1.2 150x100x6 200 1.00 4.52 -
1.3 150x100x6 140 0.73 3.86 3.82
1.4 150x100x6 140 0.73 4.05 -
2.1 250x100x6 200 1.00 4.23 4.19
22 250x100x6 200 1.00 3.98 -
23 250x100x6 140 0.73 3.92 3.77
24 250x100x6 140 0.73 4.07 -
3.4 200x150x6 300 1.00 6.20 5.64
3.5 200x150x6 300 1.00 6.43 -
3.8 250x150x6 300 1.00 6.38 5.25
3.9 250x150x6 300 1.00 6.28 -
4.1 150x100x4 200 1.00 5.11 4.06
4.2 150x100x4 200 1.00 4.79 -
4.3 150x100x4 200 1.00 - 3.88
4.4 200x100x4 200 1.00 4.68 3.97
4.5 200x100x4 200 1.00 5.62 -
4.6 200x100x4 200 1.00 - 3.83
4.7 150x100x4 160 0.80 4.43 3.72
4.8 150x100x4 160 0.80 4.47 -
4.9 150x100x4 160 0.80 - 3.72
4.10 200x100x4 160 0.80 3.78 3.66
4.11 200x100x4 160 0.80 4.28 -
412 200x100x4 160 0.80 - 3.59
413 200x100x4 140 0.73 4.10 3.44
4.14 200x100x4 140 0.73 3.80 -
4.15 200x100x4 140 0.73 - 3.48

(F) Flanges welded. (W) Web welded.



For the specimens with web welding only, it was necessary to cut both flanges of the
beam as shown in figure 2, to allow rotation of the beam during the test without the
flanges touching the column face. In case of F joints no specific adjustments were

considered for the web. Table 2 presents the dimensions of the beam web cutting for

different IPE sections.

Fig. 2. Details of a web weld only (W) specimen

Table 2. Dimensions of beam cutting for web weld only joints

IPE afmm] b[mm] c[mm] r[mm]
200 20.0 14.0 183.0 7.0
160 20.0 11.8 145.2 59
140 20.0 11.2 126.2 5.6

Figure 3 shows the experimental set up together with drawings of an adaptable support
and a joint specimen. The RHS section was 900 mm in length and the length of the IPE
on each side of the RHS was 450 mm. The IPE sections were welded to the middle of
the tube so the assembly could be considered to be doubly symmetrical as was proven
by the test results to be presented later. The tests were carried out under displacement
control at a speed of 4 mm/min in a reaction frame (see figure 3). A hydraulic jack GIB-
500 with a load capacity of 500 kN was used to introduce the load as a vertical
compression applied on the top of the column. The ends of the beams were simply
supported on a pair of adaptable supports that allowed different total spans of the
specimens to accommodate the different depths of the tubes. The vertical reactions at
the beam end supports produced bending moments in the joints and they were
calculated together with the angle of rotation for plotting the joint moment-rotation

curves.
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Fig. 3. Experimental set-up and details of adaptable supports

To measure the rotation angle, two different methodologies were followed. For the
joints tested in phase 1 (specimens 1.1 to 1.4), software Catman for QuantumX
MX1601B and four LVDTs were used. The four LVDTSs, as shown in figure 4, were
positioned on the middle of the outside part of the beam flanges to indirectly obtain the
rotation angle while taking into account the beam’s depth, according to the procedure
used in [5]. However, some problems were encountered with this method and a
different procedure was followed for the other tests. For joints tested in phases 2 and 3,
a Digital Image Correlation (DIC) system, [9] [10] was used. A pair of cameras allowed
to measure, without contact, 3D displacements (figure 5), that were used to calculate
the beam rotation during the tests. The applied load entered by an analogue connector
was synchronized with the displacements, allowing easy post-processing of joint

moment-rotation relationships.




Fig. 4. LVDTs to indirectly obtain the angle of rotation

The DIC equipment used was an Aramis 5M from GOM and the process of images was
carried out with compatible software Aramis v6. For this measurement method, it was
necessary to prepare the specimens before the tests with a stochastic pattern, called
speckle pattern, applied on the specimen surface by spraying. The surface must be
free of oil and grease for a correct adhesion of the painting coat. The size of the pattern
must be selected to obtain the desired accuracy [11]. For the specimens included in
Phase 2, a pair of lens with 23 mm of focal distance were used to obtain images of
30x25 mm size, so only rotation of one of the connections could be registered (figure
5a). Nevertheless, for the fifteen joints tested in phase 3 the focal length of the lens
was 12 mm thereby allowing images of a much bigger size (1900x1700 mm) to be
acquired, which was adequate to obtain the rotations of both connections
simultaneously. The displacements observed in figure 5b demonstrate symmetrical

behaviour of the joint as assumed.

nnnnnn

a) Sample of displacements for a l '
joint in phase 2

b) Sample of displacements for a joint in phase 3

Fig. 5. 3D displacement measurements with digital image correlation DIC

2.2 Material characterization

All the tubular sections used nominal S275 grade steel and were cold formed welded
structural hollow sections [12]. To obtain the mechanical properties of steel of the
columns and beams, standard tensile tests [13] were carried out. For each RHS, two
coupons were extracted from a frontal face and two more from a lateral face, avoiding
the welded wall of the tube. For the IPE sections, two coupons from the flanges and

two more from the web were extracted. A total of 28 coupons from the tubular sections



and 20 coupons from the IPE profiles were tested. Coupons were machined according
to [13]. These material characterization tests were carried out, under displacement
control, in a universal testing machine; model MTS810, with a load cell capacity of 100
kN. During the tests, the strain was measured by means of an extensometer MTS
model 634.31F24, and also from the DIC equipment with a 50 mm focal length. Table 3
presents the average measured values of mechanical properties of steel for the

columns and beams.

Welds were carried out by using electrode arc welding following appropriate welding
procedure specifications (WPS). A basic coated electrode AWS/ASME: A5.1; SFA 5.1
E7018 was used. The electrodes overmatched the base metal strength, later in Section

3 some more details regarding the electrodes are given.

Table 3. Average mechanical properties for RHS and IPEs

Column (hgxboxty) fy [IN/mm?] f, [IN/mm?] E [GPa] &y [%]
150x100x6 467.5 532.8 201.2 26.22
250x100x6 469.1 558.8 200.4 27.24
200x150x6 397.0 472.8 212.5 28.78
250x150x6 438.3 535.0 203.6 26.41
150x100x4 412.0 477.2 201.9 21.28
200x100x4 393.9 502.1 194 .1 25.26
Beam IPE fy [IN/mm?] f, [N/mm2] E [GPa] &y [%]

200M 367.5 458.9 199.0 24.64
140@ 337.0 476.8 198.1 22.72
300 298.5 4514 207.3 25.40
200M 354 .1 453.2 202.7 24.01
160 321.2 463.0 200.0 25.08
140@ 342.7 443.8 207.9 24.82

(@) Different IPE bars

2.3 Experimental results of joint behaviour

The observed failure modes were the same for the same joint with F+W welding of F
welding, for both equal-width joints ( =1.0) or different-width joints (p <1.0), as shown
in figure 6. For equal-width joints, failure appeared in the lateral walls of the tube in
compression. For different-width joints ( <1.0), the frontal face of the tube also

experienced a chord face failure. There was no shear failure.



F+W and p =1.0 Fandp =1.0 F+W and B <1.0 Fandp <1.0
Fig. 6. Failure modes of joints with F+W and F welding with ratios  =1.0 and  <1.0

In order to confirm the assumed symmetrical behaviour of joints, figure 7 compares the
measured moment-rotation relationships on the two sides of two joints (tests 4.1 (F+W)
and 4.2 (F)). They demonstrate symmetrical behaviour as intended. This indicates that
in those tests where measurements were made on only one side of the joint, it is

acceptable to use the results as representing the behaviour of both sides of the joint.
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Fig. 7. Symmetrical behaviour of double-side welded joints

Figure 8 compares moment-rotation curves for the phase 3 tests. They indicate that the
moment-rotation curves for tests with F and F+W welding were almost identical. The
Phase 1 and Phase 2 test results exhibited the same trend. With welding the web only,
the moment-rotation response was much more flexible than under F or F+W welding.
However, the difference in moments for F and F+W welding at the same rotation is
negligible and much lower than that with web weld only. This was unexpected as it
would have been assumed that if the flanges and the web were undergoing the same
rotation, the moment of the F+W welded joint would be the sum of the moments of the
F and W separately welded joints. However, the expected behaviour is based on the
assumption of uniform stress in the flanges under bending. The numerical results in
Section 3 will show that due to the tube being much stiffer around the corners than in
the centre, the flange stress distribution is no longer uniform, with much higher stresses

in the flange tips and very low stresses in the middle.



11

As it was not possible to experimentally measure results to prove this hypothesis,
numerical results of stress plots will be used in Section 3 of the paper to demonstrate
this effect.

Table 4 lists the rotational stiffness and bending moment resistance of all the tested
joints. The initial stiffness of the joint was obtained as the secant stiffness of the linear
part of the moment-rotation curve for a rotation corresponding to an indentation of 1/3
of 1%by, an indentation of 1%b, being the assumed value for the serviceability
deformation limit in joints using RHS [2]. The moment resistance was calculated either
at an indentation of 3%b, or when the maximum moment was reached, whichever

occurred first [14].

Table 4. Initial rotational stiffness and moment resistance

Specimen Weld Initial Ratio Moment Ratio
stiffness joint/lbeam resistance  joint/beam

[kNm/rad] Sini/Sp [KNm] Mi/Mb

1.1 F+W 44 1 0.55
1.2 F 42.0 0.53
1.3 F+W 17.8 0.59
1.4 F 17.2 0.57
2.1 F+W 8675.5 8.89 39.7 0.49
2.2 F 9134.9 9.36 30.5 0.38
2.3 F+W 4708.8 12.0 16.9 0.54
2.4 F 2257.6 5.75 15.4 0.52
3.4 F+W 21760.0 7.54 77.4 0.41
3.5 F 20777.0 7.20 85.9 0.46
3.8 F+W 22609.0 7.83 91.8 0.49
3.9 F 22207.0 7.69 93.7 0.50
4.1 F+W 6037.7 6.19 30.0 0.38
4.2 F 6096.3 6.25 29.8 0.37
4.3 w 162.3 0.16 3.1 0.04
4.4 F+W 6019.6 6.17 28.4 0.36
4.5 F 5572.0 5.71 27.8 0.35
4.6 w 158.4 0.16 3.2 0.04
4.7 F+W 2191.2 4.03 12.7 0.32
4.8 F 1501.7 2.76 12.5 0.31
4.9 w 81.5 0.15 1.8 0.04
4.10 F+W 1855.2 3.41 11.2 0.28
4.11 F 1865.3 3.43 11.6 0.29
412 w 84.9 0.15 1.9 0.05
413 F+W 954.8 2.43 8.9 0.29
414 F 965.3 2.46 8.6 0.29
4.15 w 56.1 0.14 1.7 0.05

(F) Flanges welded. (W) Web welded.

The results in table 4 confirm that all the joints with welded flanges (F+W and F)
achieved semi-rigid (S;in/Sp=2.43-12.0) and partial strength behaviour (M;/M,=0.28-
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0.59) according to EN 1993-1-8 [15] definitions, the reference beam stiffness being

calculated assuming a beam span to depth ratio of 20. Joints with only the web welded

(W) exhibited, as expected, very low stiffness and low bending resistance, with the

rotational stiffness and moment resistance ranging from 2.5% to 5.5% and 10%-17% of

the initial stiffness and bending moment resistance of the corresponding joints with

welded flanges.
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Fig. 8. Comparison of moment-rotation curves for Phase 3 tests
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In design of steel beams according to EN 1993-1-1 [16], it is assumed that the web
resists shear. As the beam web was not welded in the joints with F weld only, the shear
resistance according to EN 1993-1-1 [16] would be negligible and shear failure would
govern. However, no isolated shear failure was observed in the F weld joints. The only
evidence of any shear failure was partial failure in the welds in the tension zone, which
caused the moment-rotation curve to experience a small sudden reduction in bending
moment as shown in figure 8. However, the moment-rotation curve continued to
increase afterwards and would reach the same bending resistance as the F+W weld
joint.

This suggests that the shear force of the beam in the F weld joints was resisted by the
flange welds. Table 5 compares the calculated shear resistances of the flange welds
with the applied shear force when the failure load is reached. It confirms that although
the shear resistances of F weld only joints, obtained by the EC3 1-8 [15], were about
25% lower than those of F+W weld joints, both weld conditions had far greater shear
resistance than the applied shear force. In fact, the ratios of test shear force to weld
shear resistance of the F weld only joints were all much lower than 0.5, so the applied
shear force can be considered low. In addition, it must be taken into account that due
to the test configuration with a small lever arm, the applied shear is considerably higher
than the usual one in buildings and, even so, the shear is not determinant in the
strength of the joint.

Table 5. Shear resistances of welds in F specimens - comparison with the maximum
applied shear force

SpeCimen Aw Vult.weld[kN] Vtest[kN] Vtest/VuIt.weId
1.2 4.52 523.65 101.94 0.19
1.4 4.05 343.10 41.75 0.12
2.2 3.98 463.36 63.81 0.14
2.4 4.07 344.10 32.29 0.09
3.5 6.43 1105.63 185.30 0.17
3.9 6.28 1080.55 198.31 0.18
4.2 4.79 554.38 73.04 0.13
4.5 5.62 649.80 59.78 0.09
4.8 4.47 421.33 30.64 0.07
411 4.28 408.31 26.11 0.06
414 3.80 325.62 18.53 0.06

The shear resistance of the flange welds was calculated using the following equation,
derived from the general failure criteria for fillet weld design [15]:

fu
Valtweld = 272 ay, Lwizsg, (1)
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where a,, is the weld throat thickness whose values are listed in table 5.

In summary, the test results have confirmed that joints with F and F+W welds had
almost identical moment-rotation behaviour, both achieving semi-rigid and partial
strength behaviour. The welds in F weld only joints had sufficient shear resistance. The
numerical modelling results in Section 3 will provide further explanations of the

experimental observations.

3. Numerical modelling

The joints under consideration have been simulated by means of the FEA software
ANSYS 17.0 using shell 181 elements located at the middle surface of the tube walls,
and flanges and webs of the beams. The shell element thickness for welds was taken
to be the same as the throat thickness a,, of the corresponding weld. Figure 9 shows
typical finite element meshes for F+W and F welding conditions. For similar joints these
types of elements and fillet weld model were calibrated and validated [17] and were
demonstrated to give good results and efficient computation time. In addition, in the F
models there was a 3 mm gap between the beam web and the front face of the hollow

section to avoid nodes merging or some contact interaction.

Fig. 9. Finite Element meshes for F+W (left) and F (right)

For the steel tubes, the stress-strain curve was assumed to be elastic-plastic, with a
linear strain hardening part that has a slope of E/100 in the plastic zone of the curve,
[18] where E is the Young’'s modulus of steel (see table 3). If the hardening stiffness is
obtained from experimental yield and ultimate points it leads to values of about E/200.
However, this would underestimate the actual behaviour in the most important part of
the stress-strain curve after yielding. Therefore, it was decided to follow the EC3

recommendations for the RHS, also proposed by some other authors [19, 20]. In case
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of the open profiles used as beams the adopted hardening stiffness was E/10000 [18],

since their material presents a clear yield plateau.

The Eurocode [21] proposal for characterization of cold-formed tubes was used in the
finite element analysis. The code uses the base material strengths (fy;, fu,) to calculate
the average yield limit (f,,). Nevertheless, in [12] it is considered that coupons extracted
from the faces of the RHS, after manufacturing, can be used to calculate the average
yield limit f,,, from RHS face properties (fy:, i) (table 6). This necessitated using the
properties for cold-formed tube in Eurocode 1.3, which is as shown in Equation 2. The

accuracy of the results provided by Equation 2 were demonstrated in [22].

fyazfyf+(28%)(fuf_fyf) (2)

Table 6. Calculated average yield limit for RHS

Column (hoxboxto) fyr [N/mm?] fur IN/mm?2]  f,, [N/mm?]
150x100x6 467.5 532.8 491.3
250x100x6 469.1 558.8 491.9
200x150x6 397.0 472.8 416.3
250x150x6 438.3 535.0 459.7
150x100x4 412.0 477.2 427.5
200x100x4 393.9 502.1 415.1

For welds, comments regarding the mechanical properties in the heat-affected zone
[23] where considered. The nominal yield limit and ultimate strength values provided by
the electrode manufacturer were used, being f,=500 MPa and f,=570 MPa respectively.
Symmetry in the geometrical models was taken advantage of to save computation time.
Displacement control was adopted on top of the column to simulate the applied load

while the vertical displacement of the beam ends was restricted.

To validate the developed numerical model, the results from tests and modelling have
been compared. Figure10 shows a selection of the comparison for joint moment-
rotation curves, these joints representing different types of welds (F+W, F) and different
flange width to tube width ratios (8=1 and <1). In all of them excellent agreement can
be observed, with both set of curves almost identical. As the tube wall was laterally
loaded, it was not necessary to include initial imperfection of the RHS tubes, as

confirmed in [24] by the authors.
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Fig. 10. Comparison of moment-rotation curves for validation of FE modelling

To show overall comparison for all the tests, figures 11 and 12 compare the simulation
and test results for the joint initial rotational stiffness and maximum moment capacity

respectively for all the joints. Both figures show again good agreement.
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Fig. 11. Comparison between simulation and test results for joint initial rotational
stiffness
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Fig. 12. Comparison between simulation and test results for joint moment resistance

Figure 13 shows a comparison of failure mode between test observation from the DIC

equipment and numerical modelling. The same displacement pattern can be seen.

Fig. 13. Comparison of displacement pattern and failure mode between DIC image
from test and numerical modelling

The validated numerical models were also used to explain why joints with F+W weld
had almost identical moment-rotation curves as the joints with F weld only when other
arrangements were kept the same. This was attributed to the flexibility of the tube face
connected to the web. To prove this, three hypothetical joints, with F+W, F and W weld,
connecting an IPE160 beam to a tube with very high tube stiffness (E = «) were
simulated. Figure 14 shows the individual moment-rotation curves of these three joints
and the sum of the moment-rotation curves of the joints with F and W weld. The sum of

moment-rotation curves of F and W joints is almost identical with the moment-rotation
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curve of the F+W joint. This exercise proves that in this case of a rigid tube the joint

behaviour with F+W weld is the sum of those with F and W weld, as expected.

IPE-160 welded to a rigid face

-
- -
—
-

-=F
w

Moment [KNm]
=]
=1

sum curves F & W

0.00E+00 2 00E-04 4 00E-04 6.00E-04 8.00E-04 1,00E-03
Rotation [rad]

Fig. 14. Simulated moment-rotation curves for a rigid tube connected to IPE160 beam,
comparison between F+W joint with sum of F and W joints

Figure 15 further compares the longitudinal stress distributions in the flanges of the
beam between F+W and F weld joints. They show uniform stress distribution across
the width of the flange in both cases, according to the assumption of plane remaining

plane corresponding to the case of an infinitely stiff column face as above mentioned.

Time: 0,15052

90,587 Max

Fig. 15. Normal stress distributions in the flanges of the beam with F+W weld (left) and
with F weld (right) when connected to a rigid column face

However, in the case of the tested steel tubes, the much higher rigidity of the tube
around the corners attracts stress and strain in the flanges near the tips, with very little
stress in the middle (figure 16). Consequently, there is little normal stress in the web of
the joint with F+W weld. Under this circumstance, the central part of the tube face, to
which the web is connected, may be considered to be ineffective, and this makes the

joint with F+W weld behave in almost the identical way as the joint with F weld only.

Some distance away from the weld, the beam flange stress becomes uniformly

distributed as assumed in bending behaviour of the beam.
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ED

Fig. 16. Normal stress distributions in the flanges of the beam with F+W weld (left) and
with F weld (right)

4. Effects of tube width to thickness ratio

The test results indicate that for the tube dimensions used in the tests, the joint
stiffness of W weld only joints is small compared to F and F+W weld joints. However,
this may be due to the thin steel tubes used in the tests. Also, the test results showed
almost identical behaviour between F weld and F+W weld joints, and the explanation
for this was the flexibility of the tube section, against due to the thin steel tubes used in
the tests. Therefore, it is necessary to investigate whether these conclusions hold when

increasing the tube wall thickness.

A series of numerical simulations were performed to investigate the contribution of the
web weld to joint behaviour. Four different IPE sections for the beam were considered:
IPE160, IPE200, IPE240 and IPE300. Each beam was connected to RHS columns of
different sizes with a constant width b, but a depth ranging from 100mm to 300mm.
The tube wall thickness changed from 4 mm to 12 mm. For IPE160 beams, two tube
widths were considered to give two different tube width ratios . A comparison was
made for the joint initial stiffness and moment resistance between F+W weld and F

weld.

Table 7 compares initial rotational stiffness values. As expected, the joint initial
rotational stiffness increases with the wall thickness. With increasing tube wall
thickness, the difference in joint initial rotational stiffness between F+W weld and F

weld joints also increases. However, this difference does not exceed 3.5%.

The same conclusion can be applied to the joint moment resistance, as compared in
table 8.

Therefore, when quantifying the moment-rotation behaviour of welded beam to
RHS/SHS steel tube joints, the joint may be considered to consist of two components
only, the upper and lower flanges. Contribution of the web component can be safely

neglected without any loss of accuracy.
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Table 7. Comparison of simulation results of initial rotational stiffness between F+W
and F weld joints

Joint ho to 2y=bg/tg Sini(F+W) Sini(F) Difference
[mMm] [mm] [kNm/rad] [kNm/rad] [%]
4 25 2050 2067 -0.79
100 8 12.5 4303 4319 -0.36
12 8.33 6721 6545 2.61
RHS (hox100xt,) 4 25 1982 1994 -0.62
+ IPE 160 200 8 12.5 4111 4122 -0.26
8.0=B 12 8.33 6380 6224 2.44
4 25 1970 1981 -0.54
300 8 12.5 4085 4092 -0.18
12 8.33 6351 6188 2.57
4 30 668 667 0.24
100 8 15 3136 3148 -0.39
12 10 6002 6008 -0,08
RHS (hox120xt;) 4 30 650 648 0.19
+ IPE 160 200 8 15 3007 3019 -0.40
66.0=P 12 10 5695 5707 -0.21
4 30 653 651 0.20
300 8 15 3003 3015 -0.38
12 10 5674 5685 -0.19
4 25 7682 7629 0.68
100 8 12.5 15206 15128 0.51
12 8.33 23195 22813 1.49
RHS (hex100xt,) 4 25 7171 7143 0.38
+ IPE 200 200 8 12.5 13760 13707 0.38
0.1=p 12 8.33 20777 20507 1.30
4 25 6994 6893 1.45
300 8 125 13198 13111 0.66
12 8.33 19953 19711 1.21
4 30 10145 10146 -0.01
100 8 15 21911 21854 0.25
12 10 32658 32303 1.08
RHS (hox120xt,) 4 30 9649 9616 0.33
+ IPE 240 200 8 15 19926 19846 0.40
0.1=p 12 10 29128 28894 0.80
4 30 9345 9440 -1.01
300 8 15 19075 19003 0.37
12 10 27847 27653 0.70
4 37.5 14358 14318 0.27
100 8 18.7 32673 32615 0.17
12 12.5 49198 47874 2.69
RHS (hox150xt,) 4 375 13747 13970 -1.62
+ IPE 300 200 8 18.7 29986 29957 0.09
0.1=B 12 12.5 44162 42700 3.30
4 37.5 13401 13404 -0.02
300 8 18.7 28761 28732 0.10
12 12.5 41952 40863 2.59

Table 8. Comparison of simulation results of moment resistance between F+W and F

weld joints
Joint ho to 2=by/ty ME+w) M) Difference
[Mm]  [mm] [KNm] [KNm] [%]

4 25 9.66 9.565 1.16
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100 8 12.5 23.37 23.10 1.18

12 8.33 36.06 33.75 6.41

RHS (hox100xto) 4 25 9.92 9.84 0.85
+ |PE 160 200 8 12.5 23.99 23.65 1.42
8.0=B 12 8.33 36.74 33.93 7.63

4 25 10.01 9.93 0.82

300 8 12.5 24.15 23.79 1.47

12 8.33 36.88 34.02 7.75

4 30 5.87 5.84 0.43

100 8 15 21.14 21.01 0.60

12 10 36.88 35.59 3.51

RHS (hox120xt,) 4 30 5.95 5.92 0.49
+ |PE 160 200 8 15 21.68 21.52 0.70
66.0=p 12 10 37.68 35.98 4.53

4 30 6.00 5.96 0.54

300 8 15 21.83 21.67 0.73

12 10 37.85 36.09 4.67

4 25 16,52 16,10 1.95

100 8 12.5 39,46 37.92 3.90

12 8.33 61,99 54.66 11.82

RHS (hox100xto) 4 25 16,73 16,41 0.67
+ IPE 200 200 8 12.5 40,3 38.60 4.22
0.1=p 12 8.33 63,34 54.99 13.18

4 25 16,97 16,44 2.20

300 8 12.5 40,46 38.65 4.47

12 8.33 63,61 55.07 13.43

4 30 21.06 20.36 3.32

100 8 15 52.86 50.88 3.75

12 10 85.40 77.46 9.30

RHS (hox120xto) 4 30 21.69 21.03 3.04
+ IPE 240 200 8 15 54.26 52.34 3.54
0.1=B 12 10 87.70 78.70 10.26

4 30 21.18 21.10 0.38

300 8 15 54.47 52.55 3.52

12 10 85.32 78.89 7.54

4 37.5 26.45 26.64 0.71

100 8 18.7 69.10 69.27 0.24

12 12.5 108.32 119.18 9.1

RHS (hox150xto) 4 375 27.17 27.21 0.15
+ IPE 300 200 8 18.7 71.71 74.83 4.17
0.1=p 12 12.5 110.81 123.21 10.06

4 375 27.74 27.86 0.43

300 8 18.7 72.14 72.40 0.36

12 12.5 111.19 124.25 10.51

5. Conclusions

This paper has presented the results of an extensive experimental program, finite
element modelling and validation against the test results, and a parametric study using
the validated model to further examine the behaviour of welded joints between IPE
beams and RHS columns. The main aim of the research was to compare the behaviour

of joints with welding around the entire beam profile (F+W weld) and welding the beam
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flanges only (F weld). The experimental work consisted of 27 full beam-column joints
and 40 tensile tests on standardized coupons. The numerical model was developed
using the general purpose finite element software ANSYS. The main conclusions of

this research are:

1.The test results demonstrated as expected symmetrical behaviour referred to both

left and right beams.

2.Also, the digital image correlation equipment was successful in obtaining

displacement data of the whole joint without any contact with the test specimen.

3.Using shell elements replicated very well the test results, for joint moment-rotation

curves, joint deformation pattern and failure mode.

4.In joints with flange weld only, there was no shear failure because the flange welds

had much greater shear resistance than the applied shear force.

5.The contribution of the beam web to the rotational stiffness and moment resistance

of welded joints is negligible according to both experimental and the numerical results.
The joint moment-rotation curve with full flange and web welding was almost identical
to that with welding the flanges only. The difference between these two curves was

much lower than the moment-rotation curve of the joint with web weld only.

6.The above results can be explained by the negligibly low stiffness of the RHS face

compared to the RHS corners.

7.Further numerical simulations for different joint dimensions, in particular, realistic
RHS width to thickness ratios, confirm that the experimental observations can be

extended to joints with thick RHS walls (low width to thickness ratios).

8.When developing analytical methods to quantify moment-rotation responses of
welded joints between open section beams and RHS columns, the contribution of the

web can be safely neglected without losing any accuracy.

This paper is presenting part of the research work carried out in the CIDECT project
5CE [25]. Some others points of this type of joints regarding the component
characterization and the corresponding analytical models are also expected to be

published.
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