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Abstract: The conventional ways to construct an open-to-circular hollow section (CHS) connection
are either to directly weld the open section to the CHS column wall or to use local stiffeners (e.g., di-
aphragms) and gusset plates to connect the two structural components. These construction methods
often subject the CHS to severe local distortions and/or require high welding quantities, hindering
the real-life application of hollow sections. To overcome such difficulties, this study proposes two
types of moment-resisting “passing-through” connection configurations, developed within the Eu-
ropean research project “LASTEICON”". These configurations consist of main beams connected to
the CHS column via either an I-section or individual steel plates passing through the CHS column.
The passing-through system is implemented using laser cut and weld technology and efficiently
avoids excessive use of stiffening plates, local damages on the CHS wall and premature flange
failures. The proposed configurations are investigated experimentally and numerically under two
different load cases in order to characterize their structural behaviour. Finite element models have
been developed and calibrated with respect to the experimental force-displacement behaviour of the
connections as well as their observed failure modes. The efficiency, benefits, and limitations of the
modelling approach were discussed through a detailed comparison study between the experimental
and numerical results.

Keywords: tubular structures; open-to-CHS-column connection; passing-through joints; hollow
section joints; through-plate connections; through-beam connections

1. Introduction

Circular or Rectangular Hollow Sections (CHS or RHS) offer substantial benefits to
the construction sector compared to their equivalent H-section counterparts [1-5], such
as (i) high resistance against axial forces and bending moments in all directions; (ii) better
performance under specific loading scenarios such as wind, water, and wave; (iii) better
protection from corrosion; (iv) requires lesser volume of fire protection material; (v) easy
achievement of “composite” behaviour using concrete infills (which improves the strength,
stiffness and fire resistance of the member); (vi) almost 40% lighter structures; (vi) an
aesthetic architectural appearance; etc. From an economic perspective, the higher price of
hollow sections compared to the equivalent open sections is often compensated for in the
global construction and rehabilitation process, thanks to the aforementioned benefits [2].
Therefore, hollow sections have gained some popularity in the past few decades and have
been used quite frequently as column members for multi-storey structures. On the other
hand, open sections are traditionally used as beam members, thus demanding a proper
open-to-hollow section beam-column connection.

Currently, the most conventional ways to build a connection between an open section
and a hollow section is either by directly welding the open section “branch” member (i.e.,
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“1” or “H” profiles) to the hollow section “chord” wall (CHS or RHS) or by implementing
external gusset plates or local stiffeners (diaphragms). In the past years, the Comité
International pour le Développement et I'Etude de la Construction Tubulaire (CIDECT) has
provided a significant understanding of the structural behaviour of different types of open-
to-hollow section joints under various loadings, stability, fire resistance, etc. Several design
guides have subsequently been developed by CIDECT for their real-life application [6-12].

Nevertheless, certain limitations have been noticed while applying these conventional
open-to-CHS connections in real-life structures. Because of directly welding the I- or H-
profiles to the tube wall, the CHS (or RHS) surface becomes prone to local distortions
and the failure is often found to be a local yielding of the tube [13]. Furthermore, local
stiffeners and gusset plates require a large amount of welding quantity and complicated
fabrication works [14-17], which hinders the financial and constructional sustainability
of the overall system and becomes detrimental to its aesthetic appeal. In order to avoid
such issues and improve the structural performance of the open-to-hollow section con-
nections, a “passing-through” approach was studied in several research programs [18-26]
using CHS and RHS tubes. Experimental and numerical evidence proved the efficiency of
the passing-through approach as local chord distortions could be avoided with reduced
welding [18]. Additionally, researchers [9,20,21] stated the fact that the passing-through
technique increases the RHS chord resistance by a factor of two against tensile/compressive
forces. Approximately 1.65-1.96 times larger connection strength was achieved in some
studies [22,23] for the passing-through connections compared to their equivalent directly-
welded counterparts. Design guidelines were subsequently proposed [24] to determine
the geometric and sectional properties of the pertinent parts of such a passing-through
connection. Voth [25,26] also compared conventional plate-to-CHS connections with “pass-
ing through” connections under tension and compression through experiments and finite
element (FE) simulations (see Figure 1), highlighting several advantages and disadvantages
that can be experienced while using the passing-through technique. More recently, Di
Benedetto et al. characterized the structural stiffness and failure resistance of “one-way”
passing-through I-beam-to-CHS column joints using monotonic and cyclic tests as well
as FE numerical studies [27,28]. A component-based design approach was subsequently
proposed by the authors. Piscini A. [29] studied “four-way” steel and composite I-beam-
to-CHS column connections, highlighting similar benefits in favor of the passing-through
approach. A detailed state-of-the-art review can be found in [30].

)
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Figure 1. Different connection configurations and their failure modes studied by Voth [26].

Even though the aforementioned research investigations presented encouraging bene-
fits of the passing-through approach, the shear and moment resisting capacity of “two-way”
passing-through open-to-hollow section connections under gravitational or seismic load-
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ing remain unexplored. Furthermore, practical difficulties were documented by some
researchers while developing passing-through connections—firstly, the mechanical cutting
of the tube slots with controlled tolerance to fit the through members, and secondly, the joint
fabrication [30]. In order to solve these issues, four different two-way passing-through I-
beam-to-CHS column connections were studied in an RFCS research project “LASTEICON”".
Laser Cutting Technology (LCT, see Figure 2) was used to develop these connections as
it offers certain advantages compared to the traditional cutting techniques—(i) increased
fatigue strength [31], (ii) reduced welding due to high precision, (iii) lesser manual errors
thanks to machine automation and (iv) smoother fabrication [31]. A detailed overview of
the joint manufacturing or fabrication procedure can be found in [31].

Figure 2. Examples of the laser cutting process and a four-way LASTEICON joint [30].

The present article however focuses on the modelling aspects and the structural
behaviour of the two types of two-way passing-through moment resisting I-beam-to-CHS
column connections, so-called:

(1) LASTEICON C3 configuration (see Figure 3a): “main” or load-carrying I-beams
connected to a CHS column using an I-section passing through the tube and end-plate
splices;

(2) LASTEICON C4 configuration (see Figure 3b): “main” or load-carrying I-beams

connected to the CHS column using three steel plates passing through the tube and
bolted connections.
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Figure 3. LASTEICON configurations (a) C3 and (b) C4.

(b)

A comprehensive experimental campaign has been conducted. Numerical finite
element models have been developed. In previous publications [32,33], some preliminary
comparisons have been discussed between the numerical models and a limited number of
experimental tests in the context of the LASTEICON project. However, the purpose of this
paper is to provide a more detailed validation of the models tentatively developed earlier,
by extending them to the full set of test results available and to draw conclusions on the
parameters that govern the performances of those numerical models.
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2. Numerical and Experimental Investigations
2.1. Modelling Approach, Load Cases, Boundary Conditions and Material Properties

The different components of the connection configurations, such as the CHS col-
umn, passing-through I-profile, passing-through flange/web plates and the “main” beams
were modelled in DIANA FEA 10.2 [34] using 3D geometries and solid elements (CTP45,
CTE30, and CHX60 [34]). Uniform mesh properties were used for the CHS tube and the
passing-through members for all models. The laser-cut slots were modelled to allocate the
passing-through members and also to account for the possible reduction in the column
stiffness. Certain assumptions were made in the FE models to avoid secondary connection
failures, save computation time, avoid convergence issues and put major emphasis on the
passing-through zone: (i) the slots were assumed to have no tolerance, hence perfectly
fitting the through members with the CHS column, and (ii) bolts and welds (as shown in
Figure 3) were in purpose designed to have an overstrength in the experiments, therefore
not constituting any possible weak point of the system. As a consequence, they are not
modelled explicitly, but only as perfect contact points. Figure 4 illustrates some examples
of the FE models.

(@)

(©) (d)

Figure 4. Finite element (FE) models developed in DIANA FEA 10.2, (a) front view of configuration
C3, (b) meshed passing-through connection zone for C3, (c) front view of configuration C4, and
(d) meshed passing-through connection zone for C4.

The configurations were investigated under two different types of loading—a gravita-
tional loading, LC1 (Figure 5a) and an opposite bending loading, LC2 (Figure 5b). The loads
were applied at the free ends of the main beams and were incremented simultaneously until
failure. “Failure” in the FE models was identified by comparing the accumulated plastic
strains in the model to an experimentally calibrated “limit”. Pinned support conditions
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were used at both ends of the CHS column. Lateral supports were provided at the flange
corners of both ends of the main beams.
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Figure 5. (a) Gravitational loading, LC1 and (b) opposite bending loading, LC2.

Geometric and material nonlinearities were considered in the numerical simulations.
The material stress—strain properties for each component were obtained from the coupon
tests, which were later converted into real stress—strain curves (see Figure 6) and used
in the finite element (FE) models. Although the different structural components of each
configuration were pre-designed with an S355 steel grade, five different material yield
strengths were obtained as shown in Figure 6. The material yield strengths for the 8 mm
thick plates (P8), 10 mm thick plates (P10), 12 mm thick plates (P12), I-beam sections and
the CHS columns were obtained as 350 MPa, 300 MPa, 420 MPa, 355 MPa and 377 MPa
respectively. Relevant material properties were used with respect to each specimen and its
components to compare the FE models with the test results.
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Figure 6. Material stress—strain relationships obtained from the experimental tests.

2.2. Experimental Test Set-Up and Load Application

Experiments were carried out at INSA Rennes. 520 mm x 30 mm solid circular plates
were welded to both ends of the CHS (see Figure 7) in order to provide rollers as per the
required support conditions shown in Figure 5.

The testing frame consisted of a HEB 400 beam connected to two HEA 300 columns,
with four HEA 200 sections acting as lateral bracings (Figure 7). The roller at the bottom
of the CHS was supported by the testing floor while the upper one was supported by the
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HEB 400 beam of the testing frame. Stiffeners were welded to the I-beam flanges in C3 and
flange plates in C4 at the connection zones between the through members and the “main”
beam to avoid any localised buckling. Such additional components are duly considered in
the models to have a straightforward and consistent comparison between the numerical
and experimental outcomes. Two jacks with a maximum capacity of 1500 KN, were used
to apply the vertical loads at the free ends of the main beam (denoted by red arrows in
Figure 7) at 2500 mm distance from the central axis of the tube for LC1. A reduced distance
of 1700 mm was adopted for LC2 in order to have a sufficient margin for larger rotations of
the node at failure. The length of the CHS column was taken as 2340 mm in all cases. The

“main” beams were chosen as IPE 400 in all cases. LVDTs and inclinometers were located

at relevant places. Complete details regarding the experimental campaign can be found
in [35,36].
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Figure 7. Description of the test set-up used at INSA; Rennes (a) front view and (b) side view [36].

2.3. Description of the Investigated Connections
2.3.1. Configuration C3

Six tests were conducted on the LASTEICON C3 configuration. A complementary in-
vestigation was also conducted on a conventional I-beam-to-CHS connection configuration,
namely CoC3, under LC1 without any passing-through I-beam. In this case, the I-beams
were directly welded to the tube. Relevant geometric and section properties of all the
tested specimens corresponding to C3 are listed in Table 1. All experiments were utilized
to calibrate the numerical models. The numerically obtained force-displacement behaviour
and failure modes were compared with the test results. A good ductile behaviour was
achieved for the C3_LC1 and CoC3_LC1 specimens. Therefore, once the maximum joint
strength was achieved, the load application was stopped at an arbitrary point. On the
contrary, the test results from C3_LC2 showcased a less ductile behaviour as the failure was
governed by the CHS wall tearing near its welded connection with the passing-through
I-beam flange.
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Table 1. LASTEICON C3 experiments used for numerical calibration.

Specimen

Through

CHS Dimensions

Config. Type Load Case Test No. Welding Type
& 1yP Name Beam d. (mm) t. (mm) §yp

LC1 1 C3-1 IPE 400 355.6 08.8 Full penetration

LC1 2 C3-2 IPE 400 355.6 10.0 Fillet

LC1 3 C3-3 IPE 400 355.6 12.5 Fillet
LASTEICON C3 .

LC2 4 C3-2 IPE 400 355.6 10.0 Fillet

LC2 5 C3-3 IPE 400 355.6 12.5 Fillet

LC2 6 C3-1 IPE 400 355.6 08.8 Full penetration
Conventional CoC3 LC1 7 C3-0 IPE 400 355.6 10.0 N.A.

2.3.2. Configuration C4

Similarly, six tests were conducted on the LASTEICON C4 configuration. A single
investigation was conducted on a conventional configuration, namely CoC4, under LC1,
where the flange and web plates were directly welded to the tube. Table 2 shows the
relevant geometric and section properties of all the tested specimens corresponding to
C4. The experiments regarding C4_LC1 were characterized by a brittle behaviour through
flange plate buckling under compressive forces. The tests were, however, extended further,
even after reaching the brittle failure mode, to observe the post-peak behaviour of such a
joint configuration. Finally, the tests were stopped at an arbitrary point when a consistent
fall was noticed in the load-displacement behaviour. However, the C4_LC2 and CoC4_LC1
specimens failed in a similar way to C3_LC2. The failure was governed by the tube wall
tearing near its welded connection between the through flange plates under tension. It is
relevant to note that some bolts sliding was observed in the C4 joints under LC1 so the
total vertical displacement of the whole system was affected. However, as the bolts were
not modelled explicitly in the numerical models to avoid any unnecessary complication
due to the secondary connections, such sliding behaviour was not obtained from the
numerical simulations. Thus, in order to obtain reliable validation, the experimental force—
displacement curves under LC1 were thoroughly investigated and were further refined
by eliminating the relative sliding of the bolts, which could be obtained from the relevant
strain gauges [33,35]. The modified force-displacement curves were then compared with
the numerical results.

Table 2. LASTEICON C4 experiments used for numerical calibration.

Load  Test Soeci Through Plate(s) Dimensions Dim(;lr_llssions
Config. T oa es pecimen Weldi T
onie. Lype Case  No.  Name N " - - ” . . elding Type
(mm) (mm) (mm) (mm) (mm) (mm) (mm)
LC1 8 C4-4 424 180 320 10.0 12.0 355.6 10.0 Full .
penetration
LC1 9 C4-1 424 180 320 08.0 10.0 355.6 08.8 Full -
penetration
LC1 10 C4-5 424 180 320 08.0 10.0 355.6 12.5 Fillet
LASTEICON C4
LC2 11 C4-6 424 180 320 10.0 12.0 355.6 12.5 Fillet
LC2 12 C4-2 424 180 320 10.0 12.0 355.6 08.8 Full .
penetration
LC2 13 C4-4 424 180 320 10.0 12.0 355.6 10.0 Full .
penetration
Conventional CoC4 LC1 14 C4-0 424 180 320 08.0 10.0 355.6 8.8 N.A.

3. Results and Discussions
3.1. Configuration C3

This section compares the experimental and numerical force—displacement behaviour
of LASTEICON Configuration C3. The failure modes are also compared and characterised.
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Finally, the behaviour of the LASTEICON C3 configuration is compared with the conven-
tional directly welded connection configuration (CoC3) to highlight the benefits of the
passing-through approach.

3.1.1. LC1: Monotonic Gravitational Loading

The experimental and numerical force—displacement curves are compared for all C3
specimens under LC1 as shown in Figure 8a. Both the joint strength and stiffness were
observed to be approximately the same. Identical failure modes were obtained from the
FE models and their corresponding experimental specimens as shown in Figure 8b,c. The
failure due to the yielding of the I-beam flange can be clearly noticed for all the C3 specimens
just outside the CHS, where the deformed flanges of the tested specimen correspond to the
concentrated high strain values obtained from the FE models at a similar location of the
through-beam flanges, as shown in Figure 8b,c respectively. The vertical loads applied at
the free end of the main beams create moments at both sides of the joint, which activates
the passing-through I-beam flanges under tension-compression couples. However, due to
the fact that the passing-through I-beam web provides anchorage to its flanges, the joint
panel behaves as a rigid body. As a result, the moments do not locally affect the I-beam
flanges and instead shift outside the CHS, where the I-section fails in flexure. No localised
distortions or damages in the CHS column wall were noticed in these cases. As the bending
resistance of the through I-beam alone determined the failure of such joints under LC1,
different welding techniques (FS fillet welding or full-penetration welding) did not have
any influence on the connection behaviour.

(a) Force—displacement comparison (b) Experimental failure (c) Numerical failure
Exp. No. 1-Specimen C3-1, Load Case 1 (LC1)
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Figure 8. Comparison of experimental and numerical results through force-displacement curves,
experimental and numerical failure modes for Configuration C3 specimens under LC1 [32,36].
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3.1.2. LC2: Monotonic Opposite Bending Loading

Figure 9a showcases a good agreement between the numerical and experimental joint
strength and stiffness under LC2 for the specimens having FS fillet welds. A different force-
transfer mechanism was noticed under such an opposite bending load case. The moment
produced at the joint due to the antisymmetrical loads at the main beams’ extremities is resisted
by a combined effort of two components: (i) the transverse shear resistance of the web inside
the CHS and (ii) the transverse axial resistance of the tube wall. The ultimate failure in the
C3-2_LC2 specimens was visualized as a CHS column wall tearing at the connection zone
between the CHS column and the passing-through flanges (Figure 9b). Such a similar failure
behaviour was obtained from the numerical models as ultimate stresses and limiting plastic
strains developed around the connection zone as shown in Figure 9c, thus providing suitable
validation to the numerical models. It is also important to state that the shear stresses in the
passing-through I-beam web were observed to distribute in a uniform manner along the height
of the web, thanks to the anchorage provided by the I-beam flanges—which was not the case
for the C4 configuration, as discussed later. Nevertheless, for the C3_LC2 specimen (Exp. No. 6)
with full penetration welding, although similar failure modes were attained from the numerical
simulations with respect to the experimental prototypes, the joint strength and stiffness values
did not have a perfect match. The experimental values were much lower compared to the
numerical results. This occurred due to the full-penetration type of welding used to connect
the through I-beam to the CHS column. As the CHS column wall is subjected to additional
cutting and heating for such a welding technique, the local properties of the CHS wall might be
adversely affected, i.e., reducing its transverse tensile/compressive capacity, which then leads to
a reduction in the overall joint strength. As the weld itself was not explicitly considered in these
global numerical models, such a phenomenon could not be predicted by the FE simulations
at this stage. However, this is noted to be a crucial point and is currently being investigated
with detailed models of the welded zone in the frame of another European research project
“LASTTS” [37]. In this piece of research, three different types of welding have been considered to
connect the passing-through member with the CHS column, i.e., (i) full-penetration butt welds,
(i) full-strength fillet welds and (iii) partial strength fillet welds. This project contemplates
experimental tests and numerical parametric studies. The preliminary results showcase no
strength degradation when full-penetration welds are used, which hints towards the fact that
the full-penetration welded connections considered in the present paper were possibly not
adequately designed or executed. Detailed results regarding the welding types can be found
in [38]. Furthermore, it is also interesting to mention that this new research project LASTTS also
investigates the effects of laser cutting for mild steel grades S235-5460 subjected to high-cycle
fatigue loadings to characterize the heat-affected zones [39].

(a) Force-displacement comparison (b) Experimental failure (c) Numerical failure
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Figure 9. Cont.
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(a) Force-displacement comparison

Figure 9. Comparison of experimental and numerical results through force-displacement curves,
experimental and numerical failure modes for Configuration C3 specimens under LC2 [32,36].

3.1.3. Comparison with a Conventional Connection, CoC3

The experimental and numerical force—displacement curves for the only conventional
joint configuration, CoC3, under LC1, are compared in Figure 10a to show the good
agreement obtained in terms of joint strength and stiffness. Similar results were also
obtained regarding the failure mode, i.e., tube wall crushing under compression (see
Figure 10b) denoted by the concentrated plastic strains (Figure 10c) at the connection zones.

(c¢) Numerical failure

(b) Experimental failure

Exp. No. 7—Specimen C3-0 (Conventional CoC3), Load Case 1 (LC1)
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Figure 10. Comparison of experimental and numerical results through force-displacement curves,
experimental and numerical failure modes for Configuration CoC3 specimen under LC1 [32,36].

A comparison between the LASTEICON C3 configuration and the directly welded
CoC3 configuration under LC1 highlights the advantages of the passing-through approach.
Two tested specimens with the same sectional properties for the primary members, i.e., the
main beams and the column (IPE 400 and CHS 355.6 x 10.0 respectively) can be compared
(i.e., Exp. No. 2 for C3 and Exp. No. 7 for CoC3) as listed in Table 1. A significant difference is
observed in the joint strength and stiffness. Thanks to the added contribution offered by the
passing-through member, the proposed technique produces approximately 2.5 times higher
strength and 10 times higher stiffness compared to a conventional directly welded technique.



Modelling 2023, 4 464

3.2. Configuration C4

This section compares the experimental and numerical force—displacement behaviour
of LASTEICON Configuration C4. The failure modes are subsequently compared and char-
acterised. Furthermore, the behaviour of the LASTEICON C4 configuration is compared
with the conventional directly welded connection configuration (CoC4).

3.2.1. LC1: Monotonic Gravitational Loading

As shown in Figure 11a, the numerical force-displacement behaviour of the LASTE-
ICON (4 joints had a good agreement with the experimental joint strength and stiffness.
The behaviour of the C4 joints was observed to be different compared to the C3 joints. The
vertical loads applied at the free end of the main beams create moments at both sides of the
joint, which in turn create tension-compression couples at the passing-through flange plates.
Unlike the C3 joints, the inserted web plate in C4 does not have a direct connection with
the flange plates and therefore fails to provide any anchorage. The tension-compression
couples therefore act essentially on the flange plates, making them vulnerable towards
buckling under compression. The internal diameter of the CHS column, in this case, de-
termines the effective buckling length of the compressed plate. Finally, the failure in all
the C4_LC1 specimens is governed by the buckling resistance of the through flange plate
(Figure 11b) inside the CHS—corresponding to the peak values in Figure 11. After the
buckling failure of the flange plate, the web plate takes up the compressive forces and also
eventually fails due to buckling inside the CHS. Finally, a stable quasi-horizontal plateau
with a descending behaviour is noticed.

(a) Force-displacement comparison (b) Experimental failure (c) Numerical failure
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Figure 11. Comparison of experimental and numerical results through force-displacement curves,
experimental and numerical failure modes for Configuration C4 specimens under LC1 [33,35].

The FE models failed in an identical manner as the experimental prototypes. Con-
centrated deformations (Figure 11c) and plastic strains obtained from the FE models on
the inserted part of the passing-through plates clearly replicate the flange and web plate
buckling obtained from the experiments. No localised distortions or damages in the CHS
column wall were noticed in these cases. As the buckling resistance of the passing-through
flange plate inside the CHS determines the failure mechanism of such a joint, the differ-
ent welding techniques (FS fillet welding or full-penetration welding) did not have any
influence on the connection behaviour. An unexpected increase was however obtained
in the experimental joint strength in Exp. No. 10. This occurred as the bottom flange
plate buckled upwards and came in contact with the web plate, thus providing additional
strength to the web plate. However, because (i) the flange plate buckling is considered to
be the primary failure mode for the C4 configuration under LC1 and (ii) a gain in strength
due to the unpredictable contact between the flange and web plates cannot be considered
during design calculations, contact elements and a specified imperfection (i.e., forcing an
upward buckling of the flange plates) were not used in the numerical models to predict
such a phenomenon. This can be stated as a limitation of the current modelling approach
and has been perceived as a topic for future research.

3.2.2. LC2: Monotonic Opposite Bending Loading

Figure 12a shows the good agreement obtained between the numerical and experimen-
tal force—displacement curves for the LASTEICON C4 specimen, with fillet welds, under
LC2. Similarly, to the C3 configuration, a different force transfer mechanism was noticed in
the C4 configuration under LC2. The joint resistance is achieved through 2 components:
(i) the transverse shear resistance of the passing-through web plate and (ii) the transverse
axial resistance of the CHS. Failure in the tested specimens occurred due to the CHS wall
tearing at the through flange plate-to-CHS welded connection (Figure 12b). High strain
concentrations were obtained in the FE models at the same locations. However, due to
the discontinuity between the passing-through flange and web plates in Configuration C4,
the shear stress distribution in the passing-through web plate was observed to be more
parabolic than rectangular—which was the case for Configuration C3—which therefore
slightly reduces the joint resistance for such connections compared to the previous one.

Due to the same reason stated in Section 3.1.2, a perfect agreement was not obtained
for the C4 specimens with full-penetration welding (Exp. No. 12 and 13) under LC2. A
comparatively lower joint strength with a more progressive degradation of the stiffness
was observed from the experiments. As the welds or heat-affected zones (HAZ) were
not explicitly modelled in this study, such a phenomenon could not be predicted by the
FE simulations at this stage and is currently being investigated in the frame of another
European research project “LASTTS” [37].
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(a) Force-displacement comparison (b) Experimental failure (c) Numerical failure
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Figure 12. Comparison of experimental and numerical results through force-displacement curves,
experimental and numerical failure modes for Configuration C4 specimens under LC2 [33,35].

3.2.3. Comparison with a Conventional Connection, CoC4

The experimental and numerical force—displacement curves for the corresponding
conventional joint configuration, CoC4, under LC1, are compared in Figure 13a to showcase
the good agreement obtained in terms of joint strength and stiffness. Similar results were
also obtained regarding the failure mode. During the tests, the CHS wall was crushed
under compression (Figure 13b) at the connection zones. Concentrated high-strain values
were identified at the same location (Figure 13c) from the FE models.

Similar to the C3 configuration, a comparison study was conducted between the
LASTEICON C4 specimen (Exp. No. 9) and the directly welded CoC4 specimen (Exp. No. 14)
under LC1, which had the same sectional properties for the main I-beams (IPE400), flange
plates, web plates and the CHS column (355.6 x 8.8), as listed in Table 2. The passing-
through C4 specimen produced an approximately 2 times higher strength and 10 times
higher stiffness compared to the conventional CoC4 specimen.
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(a) Force-displacement comparison (b) Experimental failure (c) Numerical failure
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Figure 13. Comparison of experimental and numerical results through force-displacement curves,
experimental and numerical failure modes for Configuration CoC4 specimens under LC1 [33,35].

4. Conclusions

This article presents the finite element (FE) modelling of two types of innovative
passing-through I-beam-to-CHS column connections realised with laser cutting technol-
ogy (LCT). The FE modelling approach essentially consists of three stages: (i) model
development based on experimental data i.e., the material stress—strain curves, boundary
conditions, different loading scenarios, etc. (ii) calibration against experimentally obtained
failure strains and (iii) validation in terms of the force—displacement behaviour and failure
modes obtained from the tested specimens. Relevant modelling assumptions, numerical
results and experimental references are discussed in the article to provide a clear view of
the structural behaviour of the laser-cut connections.

Under monotonic gravitational loading (LC1), a good agreement is obtained for all
tested specimens (irrespective of the welding type) between the experimental and numeri-
cal force—displacement behaviours (joint strength and stiffness) and failure modes. Under
opposite bending loads (LC2), even though the failure occurred at the connection zones
between the passing-through members and the CHS column, an equally good agreement is
achieved for the joint specimens having fillet weld connections. Furthermore, not consider-
ing explicitly the bolted connections in the FE models do not have any adverse effect on the
numerical predictions. Therefore, based on the overall results, the FE modelling approach
has been deemed suitable for further parametric studies and the eventual development of
standard design guidelines [32,33]. However, two main limitations are addressed: (i) ex-
plicit modelling of the full-penetration welds between the passing-through members and
the CHS column is necessary to further validate the numerical models and identify the
reason behind the strength degradation observed for the corresponding case studies and
(ii) contact surfaces and a specific initial imperfection (to force an upward buckling of the
flange plate in C4) can provide a better post-peak prediction, although not necessary from
a design perspective as they can lead to overcomplicated models with non-convergence
issues and reduced time-efficiency. Further investigations on the first of those limitations
is currently being considered as a main point in an ongoing European research project
“LASTTS” [37], which deals with a similar type of laser-cut joints.

The structural performance of the LASTEICON joints was also investigated and
compared with each other to highlight their benefits and limitations. Passing-through
I-beams offer a greater resistance and avoid a brittle plate buckling failure compared to
passing-through plates with approximately equal amounts of steel. However, passing-
through plates offer easy fabrication and a simpler way to construct four-way joints,
which can often prove to be cost-effective. Furthermore, the passing-through joints provide
approximately 2.0-2.5 times the joint strength and 9.0-10.0 times the joint stiffness compared
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to a conventional directly welded I-beam-to-CHS column connection with similar section
properties for the main beam and the CHS column.
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