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ARTICLE INFO ABSTRACT

Keywords: A study of two new components of welded I-beam-RHS-column connections with a beam-column
Steel connections width ratio lower than one is presented in this paper. In these connections, the usual failure mode
Experimental tests is by yielding of the front faces (high indentation) due to the bending caused by tensile and
Joint characterization compressive forces coming from the beam flanges. To this extent, twelve connections were tested
Eggponent method to characterise the tube front face component (FFC) under tension and compression. Additionally,

two connections with asymmetrical load were tested to characterise the tube lateral face
component (LFC) under shearing. After the experimental campaign, finite element models were
developed and calibrated to reproduce the experimental results accurately. Ultimately, the out-
comes from the experiments and computational models provided sufficient information to suggest
novel analytical equations for both components, thereby facilitating their analytical
characterisation.

1. Introduction

Tubular sections are becoming increasingly popular as a choice for columns in the construction of steel buildings. The reason is that
hollow sections have several advantages over traditional open profiles: structural efficiency and a more attractive appearance [1,2].

Open-section profiles, such as I-beam profiles, perform best when combining a beam with a tubular column (Rectangular Hollow
Section RHS or Square Hollow Section SHS). This beam-column combination optimises the mechanical properties of both section types
to the maximum: the tubular section to resist mainly the compression forces and the I-shaped section to resist bending.

The connections between these two types of sections can be welded or bolted. Bolted ones have been extensively studied [3-6]; they
have the advantage that they can be manufactured in the workshop and, therefore, assembly on site is more straightforward. In
contrast, welded joints have a more aesthetic appearance: no protruding angles, threads, or screws. In addition, they could transmit
moments more easily. However, the main drawback is the welding process. Due to the heat generated, the base material can experience
changes in its properties [7,8].

Both types of connections are mainly characterised by strength, stiffness, and rotation capacity. These properties are essential for a
complete, precise, and optimal analysis of steel buildings. Without these properties, connections are designed only as pinned or rigid,
even though most are semi-rigid.

The joint stiffness, resistance, and rotation capacity can be obtained through experiments, numerical models [9] or analytical
formulation. Among these methods, the component method is the most widespread analytical method to characterise a joint. In this
methodology, implemented by Eurocode 3 [10], the joint is subdivided into different components represented by translational and
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rotational springs with a given stiffness. These individual springs are assembled into a single rotational spring to simulate the
behaviour of the complete joint in a global analysis of the structure.

The main issue with the component method is that it requires precise analytical equations for each component, both for strength
and stiffness. In the case of components for columns based on open profiles (IPE or HEB), the equations are included in Eurocode 3
[10]; on the contrary, in the case of tubular column connections, the most critical design guidelines on hollow sections [2] and column
connections [11] indicate that the prediction of the stiffness of the beam to RHS tubular column connections is still not possible with an
analytical method because some components of the tubular column have not been characterised yet.

Furthermore, limited experimental and FEM moment-rotation curves can be found, such as those by Lu [12]. However, more recent
research articles have tried to fill gaps in knowledge of component behaviour for hollow section connections [13-17]. Nevertheless,
the most significant review work on this subject has been conducted by Jaspart and Weynand [18,19]. Their work provides an
exhaustive review of the equations found in academic literature for applying the component method to joints involving steel hollow
sections. Despite this, their work highlights the persisting knowledge deficit regarding welded I-beam-to-RHS-column connections,
particularly about the stiffness of the individual components and the methodology for assembling them to achieve the rotational
stiffness of the complete joint.

Concerning I-beam to RHS column connections, when the $ (beam width/column width) ratios are equal to one and the load is
symmetrical, the behaviour of the connection can be easily simplified through three components: the column web under shear, the
column lateral face under compression and tension. In Ref. [20], the authors of this paper presented analytical expressions for the
lateral faces under tension or compression, which are the main active components when § = 1. However, to fully characterise this type
of joint, it is necessary to analyse the front face component, which is the main one active when $ < 1, and the lateral face component
when the load is asymmetric, i.e., lateral faces under shear.

In the case of # < 1, it has been verified that the usual failure mode is by yielding of the front faces (high indentation) due to the
bending caused by tensile and compressive forces coming from the beam flanges. Moreover, when an asymmetric bending moment is
applied at the joint, shearing deformation occurs at the lateral faces of the tube column (web panels). These conclusions have been
recently confirmed by Teixeira et al. [21]. They presented an experimental and numerical study to obtain the stiffness of welded
I-beam to RHS column connections with values of # equal to 0.4, 0.5 and 0.6.

Therefore, to complete our previous research [20], this paper will focus on the characterisation, including both stiffness and
resistance, of the following components:

e Front face component (FFC) under tension and compression for a beam-column joint with a width ratio g < 1.
e Lateral face component (LFC) under shearing.

With this primary aim, twelve connections with symmetrical loads with a width ratio of less than one and two more connections
with asymmetrical loads but equal width ratios were tested. These tests, including those published in Ref. [22], were utilised for
calibrating a numerical model based on finite elements. From the analysis of the curves obtained by both procedures, analytical
equations are proposed for the stiffness and resistance of each component. Finally, two different analytical models will be applied to
obtain the moment-rotation curve of joints with a value of § < 1, allowing their characterisation.

2. Experimental program

The experimental programme was planned in five distinct phases, throughout which 47 full-scale specimens underwent rigorous
testing. Phase 1 comprised eight trials, Phase 2 similarly consisted of eight, Phase 3 incorporated fourteen, Phase 4 included fifteen
and, ultimately, Phase 5 contained a mere two. The disparities between one phase and another can be attributed to the measurement
apparatus, the testing machinery, the beam-column combinations, the specific type of welding under consideration, or the symmetry of
the load applied to the joint.

The experimental programme in this study corresponds to a portion of the specimens from phases 1, 2, and 3 and all the specimens

Table 1

Summary of the section combinations and width ratio.
Specimen Column RHS profile Beam IPE profile p
1.6 100 x 100 x 6 140 0.7
1.8 150 x 100 x 4 140 0.7
2.6 200 x 100 x 6 140 0.7
2.8 200 x 100 x 4 140 0.7
3.2 150 x 150 x 6 240 0.8
3.3 150 x 150 x 6 180 0.6
3.6 200 x 150 x 6 240 0.8
3.7 200 x 150 x 6 180 0.6
3.10 250 x 150 x 6 240 0.8
3.11 250 x 150 x 6 180 0.6
3.13 250 x 150 x 8 240 0.8
3.14 250 x 150 x 8 180 0.6
5.1 200 x 150 x 6 300 1.0
5.2 200 x 150 x 8 300 1.0
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from phase 5. The remaining specimens were presented in Ref. [20] to characterise the lateral face component of the RHS column, both
in tension and compression, when the width ratio was equivalent to 1.0. Conversely, the results of phase 4, which concentrated on
studying the joint behaviour when the beam web is welded, were presented in Ref. [22].

Hence, the specimens from phases 1, 2 and 3 presented in this paper correspond to specimens with a width ratio of less than 1.0.
These samples were utilised to characterise the front face component of the RHS column in both tension and compression. Lastly, the
results of Phase 5, with asymmetric loading and equal width ratio, were employed to characterise the lateral face component of the
RHS column under shear loads.

The upcoming section will illustrate the joint configurations and the results of this experimental campaign for welded I-beam-to-
RHS-column connections.

2.1. Specimens and test setup

Table 1 shows the section combinations for column and beam and the width ratio of the 14 tested connections. The first number of
the specimen name refers to the experimental phase. The beam was attached to the shortest side of the RHS in all specimens.

2.1.1. Experimental phase 1
The first two specimens in Table 1 belong to this phase. The objective of these tests was to obtain the resistance of the joint.
Phase 1 tests were conducted utilising an MTS universal testing machine with a load capacity of 1 MN, and the load was applied
with displacement control at a 4 mm/min rate. The test configuration is shown in Fig. 1. The general dimensions are identical for all
specimens in Table 1 except for specimen 2.8. For this specimen, the column length is 990 mm instead of the standard 900 mm.

2.1.2. Experimental phases 2 and 3

This phase comprises ten specimens (ranging from 2.6 to 3.14), as outlined in Table 1. The moment-rotation curves were obtained
for each test as in the previous phase. From this information, the experimental initial strength and stiffness were identified.

On this occasion, a digital image correlation system, ARAMIS 5 M, measured displacements, rotations, and deformations. As per the
guidelines provided by the manufacturer, utilising two lenses with a focal length of 23 mm is suggested to capture the specific area of
interest.

Two distinct segments (100 mm) were utilised to evaluate the joint rotation: a vertical segment and a horizontal segment, as
depicted in Fig. 2. Furthermore, the column bending and rotation are null due to the joint symmetry. However, the rotation of the
column was also monitored to verify its vertical alignment. The rotations obtained with both segments demonstrated a less than 0.2 %
variation. Therefore, it was unnecessary to discount either the effect of the beam bending or that of the column.

Finally, the specimens were tested on a reaction frame comprising HEB 300 sections. The actuator used is an IBERTEST model with
a 500 kN hydraulic actuator. As shown in Fig. 3, the actuator was attached to the lower flange of the upper beam of the reaction frame.

2.1.3. Experimental phase 5

The last two specimens in Table 1 correspond to this phase. The objective of this phase was to investigate the behaviour of the
lateral faces of the RHS column under shearing load. For this reason, only one beam was welded to the column. The beam was chosen
with the same width as the column to avoid any influence of the front face component. The actuator was placed at the end of the beam.
With one side load, this setup (Fig. 4) guaranteed shearing forces at the lateral faces of the RHS column.

The specimens were tested on the same reaction frame and with the same actuator as phases 2 and 3. Rotations, displacements, and
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Fig. 1. Loading setup for specimens of phases 1, 2 and 3. Dimensions and the specific test corresponded to specimen 1.8 (RHS 150 x 100 x 4 and IPE 140).
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Fig. 2. Measurement marks at the centre of the beam web (a) and at 100 mm from the tube (b).
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Fig. 3. Experimental setup with the reaction frame for tests on phases 2 and 3.

deformations were also measured using the same digital image correlation system as before, with the only difference being the use of

lenses with a focal length of 12 mm to visualise the entire specimen.
The joint rotation was calculated by subtracting the column from the beam rotation. As mentioned in the previous section, the

Fig. 4. Experimental setup of phase 5.
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rotation measurements were conducted using vertical and horizontal segments. Like the earlier phases, the rotations were virtually
identical. Therefore, it was unnecessary to discount any additional rotation due to the bending of the parts.

2.2. Experimental results

A summary of the main results obtained from the experimental campaign is presented below. The results are shown in two parts.
The first part covers results corresponding to the study of the frontal face component with < 1 (experimental phases 1, 2 and 3). The
second part covers the results of experimental phase 5 with # = 1.0, corresponding to the study of the lateral face component of the
column working under tension, compression, and shearing.

2.2.1. Results of phases 1, 2 and 3

Table 2 shows the moment resistance (Mg), ultimate rotation (®z) and the initial rotational stiffness (S;.x) of the tested joints for
the specimens of phases 1, 2 and 3. The initial rotational stiffness was calculated only for phases 2 and 3 specimens. The values were
estimated as the mean slope of the curve measured from the origin to a rotation corresponding to an indentation in the frontal face of
the column of 0.33 % of b, (column width). This value is 1/3 of the 1% b, indentation limit, corresponding to the literature
serviceability limit state [2].

Regarding the apparent effect of the width ratio on the stiffness, Fig. 5 shows an illustrative surface regression of the experimental
values of rotational stiffness (Sj exp), normalised by dividing it by the beam stiffness (EI,/Ly). A reference value of 20 times the beam
depth was used for the beam length L,. The approximate response surface shows that the two selected variables, column thickness ty
and width ratio f, have a clear influence on the relative stiffness of the joint, the last being the most important.

It is worth noting that, regarding the relative stiffness, the values of 0.5, 8 and 25 are the values stated in EC3 for the limits for
nominally pinned joints, rigid joints in non-sway frames and rigid joints in all frames, respectively. Therefore, this shows that typical
joints are at least semi-rigid and can easily reach the nominally rigid boundary by increasing the width ratio . The values of the
mentioned relative stiffness and the corresponding stiffness classification according to Eurocode are also presented in Table 2.

The characterisation of the failure load, Mg, was estimated by two different procedures, with the value rendered in the table the
first criterion reached:

e When the maximum value of the moment-rotation curve is reached (specimens marked with an asterisk in Table 2).
e When the IPE flange indentation into the tube (frontal face) was greater than 3% of b, [23] (specimens without an asterisk in
Table 2).

Figs. 6-8 show the moment rotation curves for specimens with IPE 140 beam, IPE 180 beam and IPE 240 beam, respectively. Each
plot shows a vertical dotted line, indicating the value where the rotation equals an indentation of 3 % of b, [23].

All specimens show nonlinear behaviour from an early stage of the experiment and large rotation capacities. However, an initial
stiffness can be identified before the indentation of the flanges of the beam into the frontal face of the tube is evident. After this point, a
softening of the stiffness is prominent due to the yielding of the frontal face of the column near the contact zone of the beam flanges
with the column.

For the same column and beam, specimens with a thicker wall tube presented a higher Mg: specimen 2.6 vs 2.8, specimen 3.14 vs
3.11 and specimen 3.13 vs 3.10. In joints where solely hy is altered (specimen 3.2 compared to 3.6 and specimen 3.3 compared to 3.7),
the increase in My is moderate, approximately 15 % greater for columns featuring reduced depth.

The slight difference in stiffness observed between specimen 3.3 vs 3.7 (Fig. 7) and specimen 3.2 vs specimen 3.6 (Fig. 8) can be
attributed to the stiffness of the lateral face component described in Ref. [20]. Equation (5) illustrates that the connection stiffness
relies on various components, notably the stiffness of the lateral face (k;r) and the stiffness of the frontal face (kgr). According to
Ref. [20], the value of k;r is inversely proportional to the width of the lateral face, by. This explains why the stiffness of specimens 3.6
and 3.7 is lower compared to that of specimens 3.2 and 3.3.

Regarding the failure mode, Fig. 9 shows specimen 2.8 after testing. As expected, when the width ratio is lower than one, a
substantial indentation becomes apparent within the contact zone between the tube and the compressed flange of the IPE. On the

Table 2

Experimental results of moment resistance, rotation, initial rotational stiffness for specimens from phases 1, 2 and 3, and stiffness classification.
Specimen Mpg [KNm] @y [rad] Sjexp [kKNm/rad] Sj.exp Stiffness class

El, /Ly

1.6 18.52 0.038 -
1.8 7.51 0.044 -
2.6 17.56 0.045 2582.0 6.36 Semi-rigid
2.8 9.55 0.045 12125 2.99 Semi-rigid
3.2 43.10 0.039 6464.2 27.30 Rigid (all)
3.3 19.64 0.053 1446.1 4.58 Semi-rigid
3.6 37.86 0.040 6074.8 25.66 Rigid (all)
3.7 16.77 0.053 1258.9 3.99 Semi-rigid
3.10 46.77 0.039 5894.1 24.89 Rigid (all)
3.11 22.70 0.053 1901.8 6.02 Semi-rigid
3.13 69.41 0.040 8649.5 36.53 Rigid (all)
3.14 33.27 0.053 2418.0 7.66 Semi-rigid
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Fig. 7. Moment rotation curves for specimens with IPE 180 beam (5 = 0.6).

contrary, tearing appeared when the deformation was prominent in the tension zone.

2.2.2. Results of phase 5

Fig. 10 displays the tube sidewall strain contour map under unilateral loading. As shown in the figure, the bending moment
transmitted by the beam can be decoupled in two forces, each located at the centroid of the beam flanges. These forces induce a
complex state of strains and stress at the lateral sides of the column: tensile stress at the upper beam flange (depicted in blue),
compressive stress at the lower beam flange (depicted in red), and shear stress between the upper and lower beam flanges (corre-
sponding to the area between the blue and red regions).

Moment rotation curves obtained for both specimens, 5.1 and 5.2, are shown in Fig. 11. As expected, the ultimate moment and
initial stiffness are more significant for specimen 5.2. The only difference between both specimens is the thickness of the wall tube. The
thickness of specimen 5.2 (8 mm) is 33% larger than that of specimen 5.1 (6 mm).

Finally, Table 3 shows both specimens’ moment resistance, Mg, and initial rotational stiffness, Sjxp. The ultimate moment of
specimen 5.2 is 30 % larger, and the initial stiffness is 36 % higher.
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Fig. 9. Indentation in specimen 2.8.

Fig. 10. Strains from digital image correlation system for specimen 5.2.
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Table 3

Experimental moment resistance and initial rotational stiffness for phase 5 specimens.
Specimen Mpg [KNm] Sjexp [kKNm/rad]
5.1 74.70 16 415
5.2 97.30 22411

3. Finite element model

Hereafter, the description and results of the computational work are presented. The welded I-beam-RHS-column connection ex-
periments were reproduced using ANSYS 17.0 finite element software [24]. Due to the large number of simulations, a parametrical
model was developed that allows loading different specimen geometries by changing key parameters such as dimensions and material
properties. In total, 14 simulations were performed replicating the 14 specimens of the experimental campaign.

3.1. Description of the finite element model

The members and welds were modelled with element Shell 181 of the ANSYS library. This element consists of four nodes, each with
six degrees of freedom, making it appropriate for simulating significant rotations and deformations. Furthermore, it is the best choice
for modelling non-linearities [22].

Only one-half of the joint was modelled to speed up computation by applying a symmetry constraint. The elements that modelled
the weld beads had thickness equal to the weld throat, and the entire model was developed by considering elements on the mid-surface
of the plates (flanges and web in the beam and the tube walls).

This type of modelling was previously validated, calibrated, and tested by the authors against some experimental tests on I-beam
joints with RHS columns published by the University of Delft [12]. Additional FEMs with brick and tetrahedral elements were also
tested, but no significant differences in the results were found, so the increase in complexity and computational time was not justified
[25].

The material model adopted in the analysis was elastic-plastic with bilinear isotropic hardening. The slope of the plastic portion
was determined by dividing Young’s Modulus by 100, as per the recommendation in EC3-1-5 [26]. This slope begins at the yield limit,
fy» which was assumed to be uniform throughout the section by taking the average yield limit based on EC3-1-3 [27] and considering
the material properties of the faces as input, as suggested by the authors in Ref. [28]. This transformation is described by Eq. (1).

301 u"“‘—‘—’_ B
/g [ 5 |
B -~
2 a0 .
g 7 ——
5 | B - ]
g _
S 10l rradill --- Exp. specimen 3.7
- s —— FEM specimen 3.7
LS - -- Exp. specimen 3.14
—— FEM specimen 3.14
0
0 10 20 30 40 50

Rotation (mrad)

Fig. 12. Comparison of moment-rotation curves (test vs FEM) for specimens with g = 0,6.
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2
fy=ho + 2822 (1~ 1) @
0

Where f,0 and f)o are the ultimate stress and yield limit of the face of the RHS (obtained from tensile coupon tests), respectively, Ay is
the area of the cross-section, and t; is the wall tube thickness.

3.2. Validation of the finite element model

The moment-rotation curve for all experimental tests was simulated and processed using finite element models under identical
conditions to those in the experimental campaign. Then, computational curves were analysed to identify rotational stiffness (S;jrzn)
and the moment resistance (Mg rgnr).

Comparisons of experimental and simulated moment-rotation curves are presented below. They are arranged so that each pair of
curves corresponds to the same value of §. Thus, Fig. 12 shows joints between IPE180 and tubes with 150 mm front face (4 = 0,6), and
Fig. 13 shows joints between IPE240 and tubes with 150 mm front face (§ = 0,8). For all the values of § tested, the numerical model
effectively captures the overall behaviour of the joint.

Table 4 summarises the moment resistance (Mg zy) and the initial rotational stiffness (S; rzy) obtained from the FE model, along
with the error between experiments and FEM models for both initial stiffness (Djs) and moment resistance (Dj yr). As described in
Section 2.2.1, the resistances were defined in Table 2 by the criterion that was reached first, i.e., the maximum value from the moment-
rotation curve or the moment when the deformation of the front face of the tube reaches 3 % of by [23].

Finally, Figs. 14 and 15 show a graphical comparison between experimental and simulated values of stiffness and resistance,
respectively. In both figures, the diagonal of the graph signifies the location where the experimental and simulated values coincide,
whilst the dashed lines depict the locus of points with an error of 10 %. In the case of stiffness, the average value of the deviation is
13,8 %, while the average value of the deviation for the moment resistance is 8,4 %. As shown in the figures, the results show a
significant alignment between experimental and FEM models when assessing both the initial rotational stiffness and resistance.

4. Analytical proposal for new componentS

After conducting experimental tests and simulations, it was confirmed that the width ratio f is one of the determining factors in the
failure mode of the connections. For g = 1, the failure modes and components were presented in Ref. [20].

For f < 1, the usual failure mode was by yielding of the front faces due to the bending produced by the tensile and compressive
stresses transmitted by the beam flanges. In the compressive zone, there was more significant deformation in the front than in the
lateral face, resulting in high indentation. On the other hand, in the tensile zone, the front face of the tube also deformed considerably
before reaching a brittle fracture of the weld.

In double-sided connections featuring symmetrical bending moments, the shearing load impact on the lateral face of the rectan-
gular hollow column is null. Nonetheless, characterising this component becomes imperative for connections involving a single-sided
beam or asymmetric moments.

4.1. Characterisation of the stiffness of the front face component (FFC)

For connections with a g factor less than one, the experimental results demonstrated an apparent reduction in stiffness and
resistance compared to connections with # = 1. This reduction is due to the additional deformation in the front face of the joint that is
added to that produced on lateral faces. Therefore, to characterise the stiffness and strength of this type of joint, it is necessary to obtain
the stiffness coefficient of the front face under compression, kg ¢, and under tension, kpr 7. These new components will be assembled
with the components studied in Ref. [20] (lateral face under compression, k;r ¢, and under tension k;r 1) into a single rotational spring
to simulates to simulate the behaviour of the complete joint in a global analysis of the structure.

The experiments indicated that the deformation observed on the front face of the tube remained consistent, regardless of whether
the force originated from the compressed or tensile flange, with only the force direction altering. As a result, the stiffness coefficient of
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Fig. 13. Comparison of moment-rotation curves (test vs FEM) for specimens with g = 0, 8.



J. Gracia et al. Journal of Building Engineering 86 (2024) 108626

Table 4
Numerical results of resistance and initial stiffness for specimens of phases 1, 2 and 3.
Specimen Mg reyv [KNm] Dg rey [rad] Sj.rem [KNm/rad] Dis ur [%] Dy s [%]
1.6 20.06 0.038 - 8.3% -
1.8 9.57 0.044 - 27.4% -
2.6 18.47 0.045 2368.29 5.2% —8.3%
2.8 10.13 0.045 1310.44 6.1% 8.1%
3.2 45.49 0.039 7306.80 5.5% 13.0%
3.3 19.00 0.053 1210.94 —-3.3% —16.3%
3.6 39.83 0.040 6867.97 5.2% 13.1%
3.7 17.30 0.053 1210.68 3.2% —3.8%
3.10 50.04 0.039 7576.23 7.0% 28.5%
3.11 20.26 0.053 1370.42 —10.7% —27.9%
3.13 71.22 0.040 9995.20 2.6% 15.6%
3.14 31.94 0.053 2324.62 —4.0% —3.9%
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Fig. 15. Comparison of moment resistance Mg (Experimental vs FEM).

the compressed component kg is like that of the tensile component kg 1.

Three different proposals for calculating the analytical stiffness of the component were adapted to these joints and then assessed.
The first proposal, based on the expression developed by de Thai and Uy [6] for joints with blind bolts, did not yield satisfactory results.
The second proposal was a modification of the expression proposed by Elghazouli [3] for connections between universal (UB) and RHS
columns with angle profiles and blind bolts. The original expression was:

Tet,

120 (1 —12)eC o (%ﬂ)z

(€Y

kFF.l =

Where t, is the thickness of the hollow section, v is the modulus of Poisson, by is the width of the hollow section, and C, was originally a
constant coefficient equal to 0.18 calibrated from a finite element model. For the connections studied in this paper, C; was adapted to
consider the value of #, which affects the stiffness of the component, resulting in the modified expression:
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C,= —0.08 ¢ p+0.07 @)
The third proposal was based on the model by Grotmann and Sedlacek [29]. The original expression was:

4oLyt
bye (1—p*)e(0.6—0.1ep)

kFF.Z = (3)
Here, b, is the width of the hollow section, and L is the effective length. L.+ was adapted to consider the welds and the value of
for the connections studied in this paper, resulting in the modified expression:

Ly=t+20V20a+2ebye\/T—p “

Finally, to compare the stiffness of the joint obtained from the proposed expressions with the experimental values, the stiffness of
each joint has been evaluated. The mechanical model of the joint used to assemble the stiffness of each component is shown in Fig. 16.
Under this configuration, and adopting the equation proposed by Eurocode 3 [10] (equation 6.27), the final expression to obtain the
numerical stiffness of the joint is as follows:

E-7 E-7?
Si=7 L 1, 123 5)

ke + kerc + kier  keer ke ' ker

Table 5 shows the component stiffness and the joint rotational stiffness calculated with the last two proposals, kg1 and k.
Specimens marked with an asterisk correspond to experiments presented in Ref. [22], which are included here to complete the
analytical study.

Finally, Figs. 17 and 18 show a graphical comparison of the stiffness obtained experimentally and numerically (FEM model) against
values obtained with both proposed models, kzr1 and kgr 2. In both figures, the diagonal of the graph signifies the location where the
experimental and simulated values coincide, and the dashed lines represent the locus of the points with an error between +10 %.

Except for the result of specimen 2.3, the comparisons with the analytical model S, show an acceptable fit (refer to Fig. 17). The
average error concerning both the experiments and the finite element model is 15%. Furthermore, the analytical approach is generally
conservative. Lastly, the comparisons with the analytical model S;,,, exhibit better results (see Fig. 18), with an average error of 11%
with respect to the experimental tests and 15% with respect to the finite element models.

4.2. Characterisation of the resistance of the front face component (FFC)

Failure due to strength on the front face can occur through two different procedures: bending failure and shear failure. In both
cases, failure can occur in the compression zone as well as in the tension zone. In addition, it is also necessary to consider failure due to
the effective width of the flange.

A total of two analytical proposals were studied. For either of the two, the resistance moment is obtained from the following
expression:

Mp=min(Fr) ez (6)

where Fg is the value of the component resistance for any of the considered failures.
The first analytical proposal was based on CIDECT Project 16F by Weynand et al. [18]. The proposed expression to characterise the
resistance to bending was:

Fr= (0-5 ®lpiat lqﬁ',Z.a) ® my )

Where Ly is the normalised effective length and my, is the plastic moment of the beam. In the case of this type of joint, the proposed
expression for the value of (0.5 e Iy 1 +lefr.2.q4) Was:

242,
z.w7yn>2. /1—B

Vv1—09ep
2+28ep - ! @)
AL B b |irl<n<20y/ip
< 0

where 5 = g—g.

In the case of resistance to shear punching, the expression used was the one proposed in section (d) of Annex C of the CIDECT 16F
report [18]:

by -froto

FR,p \/5

(8)

Where b is the effective width, calculated according to:
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N

K K

LF,T TFF,T

Fig. 16. Mechanical model of the joint for g < 1.
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0

2 201 —p— b
bo
and b, is the punching effective width, calculated as:

10
by =9 by < by (10)

fo

The second analytical proposal (FFR1) is based on the expression proposed by Grotmann and Sedlaceck [29]. In this case, the
equation for the resistance force (Fg) is as follows:

- 20t(2)ofm
Thoe(1—p) (11)

R

where Ly is evaluated with the proposed equation (4).
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Table 6 presents the analytically obtained results for the bending moment resistance considering the two analysed failure models:
the Weynand proposal-based model (failure due to bending Mg 16r and punching Mg pn), and the Grotmann and Sedlaeck proposal-
based model (Mg frr1). Additionally, the table includes the values of the experimental tests and the FE models. As shown in the
table, the bending moment resistance of the front face of the tube (Mg 16r) is 30% lower than the failure associated with punching
(MR pun). The moment-rotation experimental curves confirmed this fact. In most cases, the fixed indentation limit (3% of by) was
reached before the failure of the specimen.

Finally, Figs. 19 and 20 show a graphical comparison of the moment resistance obtained experimentally and numerically (FEM
model) against values obtained with both proposed models, Mg 16r and Mg_grr: . In both figures, the diagonal of the graph signifies the
location where the experimental and simulated values coincide, and the dashed lines represent the locus of the points with an error
between +10 %. Both figures show that the second analytical proposal (FFR1) fits better than the first. In both cases, the average error
when compared to the experimental results and the FEM results is 14 % and 15 %, respectively.

4.3. Characterisation of the lateral face component (LFC)

The expression proposed to calculate the stiffness of the lateral face is a modification of the equation in section 6.3.2 of Eurocode
3.1.8 [10], which refers to the shear stiffness of the web of an open cross-section. In rectangular hollow sections, the shear force is
distributed over two web panels (lateral faces):

0.380 Ayc
k, = /jTT (12)
where k, is the stiffness coefficient of the lateral face, Ay is the shear area of the RHS, f; is a transformation parameter according to
Table 5.4 of Eurocode 3.1.8, and z is the lever arm.

The stiffness obtained using the proposed method and the experiments are compared in Table 7. The experimental data correspond
to the results of experimental phase 5. The analytical stiffness was obtained by combining the stiffness of the lateral faces under tension
and compression (kzr) [20] and under shearing (k,). The average error obtained is 8.1 %, signifying a close approximation of the
proposed expression to the actual behaviour.

Regarding the resistance, the adapted expression was that outlined in section 6.2.6.1 of Eurocode 3.1.8. The final expression is:

_ 0.90 ’fy,wc Ay

F=—2me 20VC
V3

where f, . and A, are the elastic limit and the shear area of the RHS, respectively.

Table 8 presents a comparison between the proposed method and the experimental results. The experimental maximum shear force
in the lateral faces, by dismissing in a very conservative way the shear forces in the column over and under the joint, was calculated
using the following expression [30]:

13

MR.exp
Z

14

Vmux,(‘xp. =

As shown in Table 8, even with the above-mentioned conservative calculation, the experimental shear force in the lateral faces of

Table 5
Analytical stiffness for models kgp1 and kgr2

Specimen p krr [mm] kprpy [mm] Sj ki [KNm/rad] krpp, [mm] Sjkpr, [KNm/rad]
1.3* 0.74 2.65 2.64 2227 3.57 2561
1.4% 0.74 2.43 2.02 1828 2.87 2179
1.6 0.74 2.67 2.33 2035 3.11 2348
1.8 0.75 1.60 0.56 706 0.91 979
2.3% 0.73 2.44 2.49 2219 3.21 2497
2.4% 0.74 2.36 2.26 2060 3.03 2368
2.6 0.75 2.33 1.97 2011 2.88 2425
2.8 0.74 1.56 0.54 786 0.78 968
3.2 0.81 2.58 1.74 5318 2.14 5982
3.3 0.62 2.59 0.48 1111 0.58 1298
3.6 0.80 2.50 1.72 5694 1.94 6112
3.7 0.61 2.48 0.46 1211 0.54 1378
3.10 0.79 2.51 1.93 6242 2.05 6460
3.11 0.61 2.51 0.53 1335 0.63 1540
3.13 0.78 3.34 4.55 8691 4.00 8215
3.14 0.60 3.34 1.24 2280 1.37 2443
4.7* 0.82 1.59 1.44 1722 1.59 1814
4.8* 0.82 1.60 1.46 1729 1.60 1815
4.10* 0.83 1.55 1.48 1661 1.72 1789
4.11* 0.84 1.55 1.48 1656 1.99 1902
4.13* 0.75 1.54 0.55 722 0.84 966
4.14* 0.74 1.54 0.55 713 0.79 927

13
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Table 6

Analytical, computational (FEM) and experimental moment resistance for specimens tested.
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Specimen B Mg pun [KNm] Mg 16r [KNm] Mg prri [KNm] Mg rey [KNm] MR exp [KNm]
1.3* 0.74 23.7 17.0 22.0 19.0 17.8
1.4* 0.74 19.9 14.1 18.7 19.2 17.2
1.6 0.74 22.6 16.1 20.9 20.1 18.5
1.8 0.75 9.5 6.4 8.3 9.6 7.5
2.3* 0.73 22.6 16.2 21.1 18.4 17.0
2.4% 0.74 21.8 15.2 20.1 21.2 15.4
2.6 0.75 17.2 12.0 15.8 18.5 17.6
2.8 0.74 8.2 5.3 6.9 10.1 9.6
3.2 0.81 40.4 29.2 39.0 45.5 43.1
3.3 0.62 24.6 14.5 19.1 19.0 19.6
3.6 0.80 33.6 24.0 31.8 39.8 37.9
3.7 0.61 20.3 11.9 15.7 17.3 16.8
3.10 0.79 39.9 28.4 38.0 50.0 46.8
3.11 0.61 24.3 14.3 19.0 20.3 22.7
3.13 0.78 63.1 46.3 61.1 71.2 69.4
3.14 0.60 39.1 23.9 32.0 31.9 33.3
4.7* 0.82 10.1 7.2 10.1 11.9 12.7
4.8* 0.82 10.1 7.3 10.1 12.7 12.5
4.10* 0.83 9.9 7.1 9.8 12.3 11.2
4.11* 0.84 9.9 7.2 10.2 12.3 11.6
4.13* 0.75 7.9 5.3 7.0 8.6 8.9
4.14* 0.74 7.9 5.2 6.8 8.5 8.6
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Fig. 19. Comparison of analytical moment resistance Mg 16r Vs experimental and FEM values.
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Fig. 20. Comparison of analytical moment resistance Mg srr1 Vs experimental and FEM values.

the column is well under the supposed resistance, and the difference is above 200 %. This demonstrates that, in these cases, the
behaviour of the lateral faces under shear was not limiting the strength of the joint, and further research on joints having this failure
mode would be necessary to provide an accurate estimation.
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Table 7
Analytical and experimental stiffness of one-sided beam joint.
Specimen RHS IPE k, [mm] krp [mm] Sini.ana. [KNm/rad] Sini.exp. [KNm/rad] Error [%]
5 200 x 150 x 6 300 2.97 2.42 15110 16415 7.9%
1
5 200 x 150 x 8 300 3.84 3.37 20583 22411 8.2%
2
Table 8
Analytical and experimental shear resistance of one-sided beam joint.
Specimen RHS IPE F, [kN] Vinax.exp. [KN] Diff. [%]
5 200 x 150 x 6 300 787.31 257.6 205.6%
1
5 200 x 150 x 8 300 1194.16 335.8 255.7%
2

5. Conclusions

This research aimed to investigate two novel welded I-beam-RHS-column joint components. To achieve this aim, both an
experimental and computational programme were implemented. As a result of these campaigns, new expressions are proposed for use
in the component method. The following are the primary conclusions drawn:

e Ten joints with less than one column-beam width ratio () were tested to characterise the tube front face component (FFC) under
tension and compression. Additionally, two joints with asymmetrical loads were examined to understand the behaviour of the
lateral face component (LFC) under shearing.

¢ A notable disparity in active components for joints with a beta value inferior to one was identified. Large indentations were

observed in the interaction region between the tubular wall and the compressed IPE flange, along with tearing in the tension zone

during large deformations.

High stress concentrations were observed in asymmetrical load experiments at the contact zone between the tube and beam flanges.

The lateral faces of the tube behaviour are dominated by the thickness of the wall tube, as depicted in the figures.

Experimental findings reveal that width ratio (§) and column thickness (t_0) significantly affect joint stiffness, demonstrating that

typical joints tend toward semi-rigidity and can achieve nominal rigidity by increasing f, as indicated by Eurocode stiffness

classifications.

Post-experimental programme, finite element models were developed and calibrated to replicate results. The outcomes demon-

strated a high degree of concordance with the experiments, both for the initial rotational stiffness (average error: 13.8%) and for the

moment resistance (average error: 8.4%).

Analytical expressions are proposed for the front face (FFC) and lateral face component (LFC) based on experimental and FEM data.

The models krrz and Mg rrr1 provided the most accurate approximations of the FF component, with average errors of 11% and 15%

respectively.

Eurocode equation accurately characterized LFC stiffness (average error: 11%). However, the adapted Eurocode equation for

resistance could not be tested as a failure source. Therefore, further research is needed to understand the behaviour of the lateral

faces and its impact on joint strength.
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