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Abstract

Open-to-Circular Hollow Section (CHS) connections are highly encouraged nowadays in modern multistoried
structures due to the extensive resistance provided by the CHS columns against high compression, tension as
well as flexure in all directions, combined with their exceptional aesthetics. However, using more and more
gusset plates or stiffeners to strengthen a conventional open-to-CHS connection causes economic
disadvantage due to excessive welding quantities and substantial CHS chord yielding further limits any
opportunity to exploit the full advantages offered by the open sections therefore minimizing its frequent
application. However, if designed efficiently, the CHS connection can offer an extensive range of solutions
which makes it an impeccable choice for the modern multi-storey structures. To that purpose, a “LASTEICON”
solution is proposed in this paper investigating a “passing-through” concept, which is obtained by using laser
cutting technology (LCT). Initially, a suitable moment resisting Plate-to-CHS-column connection is
characterized through a detailed understanding of the relevant parameters, where the primary beams are
connected at either side of the CHS column by two transverse and one longitudinal plate passing through the
CHS column via laser cut slots. A detailed parametric study is conducted based on multiple Finite Element (FE)
models primarily calibrated from an experimental campaign to understand the effect of each parameter and
further verify and therefore establish the analytical assumptions to calculate the ultimate resistance of such
connections. Finally a comprehensive design procedure is proposed to design such “passing-through” Plate-
to-CHS column connections. A short comparison study is also made with the conventional (direct weld) joints
to highlight the advantages offered by this LASTEICON solution.

Keywords: Open-to-CHS-column connection; Tubular structures; CHS joints; Hollow section joints; Through
Plate connections; Passing-through joints.

1. INTRODUCTION

Existing structural examples with Circular Hollow Sections (CHS) demonstrate their excellent properties in
resisting high compression, tension as well as bending in all directions, thanks to their inherent shape and
geometry [1] along with an aesthetic architectural appearance. Furthermore, compared to equivalent open
sections, the CHS have proved to be a better shape for structural members under wind-, water- or wave-
loading scenarios [2] while absence of sharp corners make them more efficient towards corrosion protection
[2]. Additionally, a lesser volume requirement of fire protection material [3] and an easy filling with concrete
(composite behaviour), makes it an attractive solution towards fire resistance [4]. Almost 40% lighter
structures are obtained when compared to similar structures with open sections [5]. Although the unit
material cost of hollow sections is somewhat higher than that of open sections, this is compensated by the
reduced weight of construction, smaller painting area for corrosion protection, lesser requirement of fire
protection material and reduction of fabrication cost, thanks to the aforementioned properties. Many
examples of hollow section structures thus show that the CHS can economically compete with designs in open
sections [2]. Therefore, over the past few decades, researches have tried to implement such hollow sections in
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the structural connections to improve their global resistance by exploiting the significant advantages in offer.
In today’s industry, an open-to-hollow section connection is generally constructed by connecting the open
sections to the CHS (or RHS) column surface by direct welding technique or implementing local
stiffeners/gusset plates. In the last five decades of research on structural hollow sections, CIDECT has
provided significant knowledge base and conceptual understanding in the field of stability, fire protection,
wind loading, composite construction, and the static and fatigue behaviour of several different types of open-
to-hollow section joint connections. Several design guides and research papers have been documented by
CIDECT for efficient yet safe application of structural hollow sections and their connections [6-12] based on
successful identification of the force-transfer mechanics.

Significant drawbacks were however noticed in some research studies. For most of these connections,
the failure was dominated by a localized yielding of the CHS column [13], thus disturbing the stability of the
whole structure. Moreover, adoption of local stiffeners and gusset plates, produced excessive welding quantity
[14-17] damaging the economic and constructional balance of the global system along with its aesthetic
appeal. Therefore, to further improve the behaviour of such open-to-hollow connections and avoid isolated
local distortions, several researches implemented the “passing-through” concept. Detailed analytical studies
were performed by Alostaz and Schneider [18] on the moment-rotation behaviour of six different open
section-to-CHS column connection types, where the through connection provided the most favorable inelastic
connection behaviour as it minimized the local distortions occurring in the CHS column wall. Kosteski and
Packer [19, 20] and Kosteski [21] investigated longitudinal “through” plate-to-RHS connections and compared
their behaviour to similar branch plate-to-RHS connections using experimental as well as numerical
prototypes. The through plate-to-RHS connections were built by slotting the plate through the RHS chord and
welding the former to both the top and the bottom face of the later. The authors concluded that the design
equation for chord plastification of a conventional (branch) plate-to-RHS connection against
tensile/compressive forces could be doubled for a through plate-to-RHS connection. This design equation was
therefore incorporated in the CIDECT Design guides [9]. A preliminary experimental campaign was conducted
by Willibald et al. [22] and Zhao [23] to study the behaviour of longitudinal and transverse through plate-to-
elliptical hollow section (EHS) connections. These authors also compared different types of through
connections with similar branch type connections and obtained almost 1.65-1.96 times greater connection
capacity using the “passing-through” approach. Mirghaderi et al. [24] depicted the force transfer mechanism
of connections constructed by a vertical plate passing through a RHS (box) column and welded to the column
flanges. The authors also suggested a design approach to determine the dimensions of the through plate and
other pertinent parts based on an effective load transfer between the beam and column by in-plane actions of
the passing plate. Voth [25, 26] conducted a comparison study between the conventional (branch) plate-to-
CHS connections and “passing through” connections (Fig. 1) against transverse tensile/compressive forces
with experimental as well as numerical investigations. Hoang et al. [27] studied a through plate-to-CHS
column connection where a through vertical plate was used to support the primary beams. Two horizontal
plates, one at each side of the CHS, were welded to the upper side of the through-plate to facilitate the
connection. The through-plate component was investigated under hogging moment and shear force through
experimental and numerical programs. Finally the authors proposed a standard design guide for the
aforementioned component. The state of the art research studies were summarized in a review article in a

more detailed manner [28].
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Fig. 1. Different connection configurations studied by Voth [26]

Although these studies show promising results regarding the “passing-through” concept, most of
them are dealing with the behavior of the joint loaded by pure axial forces i.e. resistance of the chord face
when a tensile/compressive force is applied on the through member. As a result, the possibility to design a
moment resisting open-to-CHS connection using a combination of through plates remains an open issue. In
this case, a comprehensive study is needed to understand the global behaviour of such connections. This
research article aims at filling this gap. Furthermore, practical difficulties regarding the mechanical cutting
process, fabrication as well as control of the tolerance also seems to remain an open question [28]*. This study
therefore aims at solving this practical limitation in the implementation of “passing-through” design solutions
by using the Laser Cutting Technology (LCT), which offers several advantages compared to the conventional
mechanical cutting procedure like increasing the fatigue strength [29], reducing the welding quantities,
minimizing human errors with computer-programmed automation and offering a swift fabrication process,
hence providing an efficient framework to further investigate the “passing-through” connections [30]. The
advantages offered by the LCT, the aforementioned potential of the “passing-through” connections and the
possibility to design moment-resisting connections with through plates constitutes the bases of the present
research study.

In order to achieve a better moment resistance than the conventional open-to-CHS connections,
several types of two-way and four-way rigid connections were investigated in the “LASTEICON” research
project using the “passing-through” approach, funded by the European Commission [31]. Primarily, the two-
way moment resisting connection was constructed with a steel I-beam stub passing through a steel CHS
column via LCT slots (Fig. 2a). “Main” load carrying beams were connected to the through I-beam via flange
and web connector plates. Local distortions in the CHS column as well as unnecessary use of gusset plates (or
stiffeners) were efficiently avoided as encouraging results were found through extensive parametric
investigations. Standard design guidelines were therefore developed and recommended for practical
implementation of such connections. However, possible areas were noticed for further improvement.
Constructing the four-way connections were deemed almost impossible only with through I-beams, as a
proficient connection could not be obtained by passing one I-beam stub through another [31]. In these cases,
individual flange (horizontal) and web (vertical) plates seemed to be a far better solution where the “main”
beams are connected to a through I-beam in one-direction and individual plates in the other (Fig. 2b) i.e. the
orthogonal direction. Easy positioning and better precision in terms of tolerances could be obtained for the
through plates compared to the second through I-beam stub. Relevant details regarding the complete
fabrication process applied to the different types of LASTEICON joints were discussed in a first study [30].
However, using through plates from two orthogonal directions might cause instability issues and are
therefore not recommended.

Horizontal [— Through I-beam with -
connection plates Vertical connection laser cut slot for LCT slot for through
) lates through web plate \ L~ flange plates
T ) |~ plates \ B I
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I-beam I-beam |
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LCT slot for through A
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CHS CHS |;
(@) il ) =

Fig. 2. (a) two-way connection with I-beam passing through the CHS, (b) four-way connection with I-beam
passing through the CHS on one direction and individual plates on another

Constructional costs can also be minimized by using steel plates instead of a steel I-beam. Therefore,
due to these added benefits, an alternative moment resisting connection configuration has been proposed in
the LASTEICON research project and is discussed in this present study. This connection consists of three
individual plates (two horizontal flange plates and a vertical web plate) passing through the CHS column via
LCT slots made on the CHS column, where the “main” I-beams are connected to both ends of the passing
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through members (named as “through” members) as shown in Fig. 3. The applied moment is effectively
transferred by the through plates to the CHS column, whereas, the CHS column contributes significantly in
resisting it through its resistance against transverse tensile/compressive forces. This study investigates the
proposed LASTEICON connection through several design calculations further validated by experimentally
calibrated numerical FE models with a primary objective to identify and characterize their behavioral aspects
and thus propose a constructive design approach for future designers to determine their ultimate resistance.
As a detailed perspective for such connections is still not available with complete details, this present
investigation can be identified as the first step to develop preliminary design guidelines for such “passing-
through” plate-to-CHS connections with experimental studies planned in the near future to provide necessary
real life evidences.
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Fig. 3. Schematic diagram of the proposed LASTEICON connection showing (a) frontal view and (b) top view

2. DESIGN APPROACH FOR THE LASTEICON MOMENT RESISTING CONNECTION WITH STEEL PLATES
PASSING THROUGH A CHS COLUMN

A new design approach was proposed for this LASTEICON connection, based on the available literature [1, 12]
and the numerical parametric studies validated through experimental tests. As this study primarily focused
upon deriving the “passing-through” joint, the bolting connections between the “through” plates and “main”
beams were assumed to be overstrengthened to avoid any secondary connection failure occurring due to their
breakage and were thus modified into a perfectly welded plate connection (further discussed in Section 3).
Two different load cases, a gravitational loading scenario, LC1 (Fig. 4a); and an opposite bending loading, LC2
(Fig. 4b); were considered to gather a detailed understanding of the moment connection behaviour. Therefore,
two different design procedures were derived for two different loading scenarios. Fig. 5 shows a schematic
diagram of the proposed LASTEICON connection with the entitled parameters used in the design procedures.

v A v v
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Fig. 4. Loading Conditions: (a) LC1-Monotonic gravitational and (b) LC2-Monotonic opposite bending loading

2.1. Design flexural resistance of the LASTEICON connection

In an unstiffened and conventionally welded Plate-to-CHS connections, the steel tube is subjected to high local
distortions adjacent to the connected region and generally fails due to chord face yielding independent of the
loading conditions. Whereas, in the through connections, different force-transfer mechanisms were identified
depending upon the loading conditions.
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Fig. 5. Schematic diagram of the proposed LASTEICON connection with important design parameters

2.1.1 Monotonic gravitational loading, LC1
Under a gravitational or symmetric loading condition LC1, the moment (Mysm) at the “passing-through” joint
can be resolved into tensile (Ty) and compressive forces (Cy) on the flange plates as shown in Fig. 6a. These
forces are primarily resisted by the through flange plates. As the flange plates are rather vulnerable towards
compressive stresses, a severe chance of buckling was recognized and was thus validated by the numerical
studies. Hence, the design procedure under LC1 was developed based on the buckling resistance of the
through flange plate under compression as indicated in Fig. 6b.

Ty d A Tr= Mysym/h
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Fig 6. (a) Free body diagram of forces at joint panel boundaries under symmetric loading (LC1), (b) Free body
diagram of forces indicating the assumption of minimum through flange plate length, (c) assumed fixed-fixed
boundary condition to determine the critical buckling length of the through flange plate

According to a “column type buckling behaviour” proposed by EN 1993-1-5, Clause 4.5.3 [32], the elastic
critical buckling stress of the through flange plate can be derived as,
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_ TL’ZEiff2 1
Ocre = 12(1-v2)a? (1)

Where, E is the Young’s modulus, v is the Poisson’s ration, tris the thickness of the flange plate, a is the critical
buckling length. The proposed connections are designed in such a way that the through flange plates are
perfectly welded to the CHS column surface. So, both sides of the plate can be assumed as fixed and the critical
buckling length, a, can therefore be derived as,

Lpin Z.J{O.S(dc—ztc)}z—{O.Sbf}z
0o @

Where, I;in is the minimum length of the through flange plate inside the CHS (Fig. 6b), by is the width of the
through flange plate, d. is the diameter of the CHS column and ¢, is the thickness of the CHS column as shown
in Fig 5. After 0. is calculated from Eq. 1, the relative column slenderness (A.) can be calculated according to
the EN 1993-1-5 guidelines for unstiffened plates,

Iy

Ocr,c

Ae =

(3)

Where f; is the material yield strength. The reduction factor (x) should then be calculated according to Clause
6.3.1.2 of EN 1993-1-1 [33] with a = 0.21 as recommended by EN 1993-1-5, Clause 4.5.3(5).

1
X=—F— (4)
o+ /qbz—acz

Where, @ = 0.5[1 + a(A, — 0.2) + A2]. Therefore, the design buckling resistance (Nyrq) of the through flange
plate can be finally determined according to EN 1993-1-1, Clause 6.3.1(3) as follows,

Xbrtrfy
YM1

(5)

Npra =

Therefore, assuming that the maximum allowable tensile force (T7) is equal to the maximum allowable
compressive force (Cr= Nyrq) and the bending moment is carried entirely by the flanges, the flexural resistance
of the joint under a symmetric loading can be calculated as,

My, ra,sym = Nprah (6)

Where his the distance between the centers of the top and bottom through flange plates (Fig. 5).

2.1.2 Monotonic opposite bending loading, LC2

Under an opposite bending or antisymmetric loading condition (Fig. 4b), the force-transfer mechanism can be
visualized from the free body diagram illustrated in Fig. 7a. The beam moments are similarly resolved into
flange forces, Trand Cr Based on the extensive numerical parametric studies, the transverse shear resistance
of the through web plate and the transverse tensile/compressive resistance of the CHS column wall were
recognized as the primary resistances against Trand Crunder an opposite bending loading scenario. Therefore,
this newly proposed design procedure was developed accordingly to determine the flexural strength of the
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joint under opposite bending. Assuming that the beam bending moment is carried by the whole sections of
flanges, the tensile and compressive forces in the beam flange, Trand Cy, can be estimated as:

Mp o

Where, Mj,opp is the moment demand at either side of the connection. The column shear transferred through
the joint increases the joint shear strength by reducing the beam flange forces transferred to the joint.

Therefore, referring to Fig. 7b, the effective horizontal shear force acting on the joint panel, V,, can thus be
written as,

_ 2Mpopp

, = 2o _y, )
Vi
—
Ty { ) C‘.f = Mb.r)p‘u/f‘? / /
— T— A— " fp—
A y 7= G-
.'Mr:_n.vb Q/bj.upp l I Vb).ap;:) Mn‘)_{lﬂp "m’-"’m’ﬁ? "w'i’-”f’!/h
G > 4 Ty= Mo/
Ve
(a) (b)

Fig 7. (a) Free body diagram of forces at joint panel boundaries under antisymmetric loading (LC2), (b) 3D view
of the joint panel cut in half

This horizontal shear force acting on the joint is resisted by the shear strength of the through web plate, Vi»;
and the in-plane moment resistance of the CHS column wall, My 1,rs. The My, 1,rq is defined as the design in-
plane moment resistance of the CHS column wall according to EN 1993-1-8, Table 7.4 for X-type joints [34]
and is derived from the transverse tensile/compressive resistance of the CHS chord face, Nizs. However,
contrary to the conventional connections, both the inner as well as the outer wall of the CHS column offers
resistance thanks to the passing through elements (Fig. 8a) and thus doubles the resistance. Therefore, the
Mip,1,ra value suggested for the Branch-type (conventional) connections were doubled to associate the
increased resistance according to the guidelines for passing though connections provided by the latest draft of
EN 1993-1-8, Table 7.4 [35].

Thavg = Tvmax

(LT
4—

— Sy —
Nira I = EEE = l
Nira —
Vi T
- : ) (I

Fig 8. (a) Equilibrium of horizontal forces at the joint panel under antisymmetric loading (LCZ2), (b) 2D view of
the shear stress distribution in the through web plate inside the CHS column

The complete joint capacity is achieved when all contributing mechanisms have reached their individual shear
strengths. Thus, the total resistance, V;, can be calculated as expressed in Eq. 9.
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Where,
Vrn = Tomaxlw,intw (10)
Mip,1,Rd
Vi = =225 (11)
h
. _ Tvavg __ nyP . . .
Where maximum shear stress,Ty, gy = = fywp is the material yield stress of the through web

1.5 1.5v/3’

plate, ly,in is the minimum length of the through web plate inside the CHS column and t,, is the thickness of the
through web plate as shown in Fig. 5. As shown in Fig. 8b, the stress distribution along the vertical axis of the
through web plate was identified to be a parabolic distribution rather than a uniform rectangular one. This
phenomenon limited the shear resistance of the through web plate in the longitudinal direction and therefore
Tavg Was realized to be too optimistic in determining the strength of such LASTEICON connections. Therefore,
the shear resistance provided by the through web plate is calculated based on the maximum shear stress, Tmax
acting over the web area within the joint panel to recommend a safe and reliable design. This assumption is
further discussed in Section 4.4 with FE simulation results. Therefore, the flexural resistance of the
LASTEICON joint can be calculated as,

Mb,Rd,opp = (Vn + Vc) (12)

2.1.3 Checks for additional failure modes

Other than the failure of the joint, three additional failure modes can occur due to the bending forces. To
ensure safety against such undesired failure, three checks are needed as described below. However, as
discussed earlier, two different force-transfer mechanisms were identified depending upon the loading
scenarios. As a result, the checks also depend upon the loading scenario. Based upon the comprehensive
parametric study discussed in the later sections, it was seen that only Check 1 is necessary for the
gravitational loading, LC1, while Check 1, 2 and 3 are necessary for the opposite bending loading, LC2.

Check 1: Check for flexural failure of main beams:

When the joint offers a higher resistance than the main beams, possibility rises for a second type of failure due
to flexural plasticity in the main beams. Therefore, the flexural resistance of the main beams (Mp;rdzeam)
should be calculated according to EN 1993-1-1 [33] and checked at the center of the through plate-to-main
beam connection i.e. at a distance of 0.5{l.+(l¢- I,)/2} from the central axis of the CHS column (Fig. 5).

Check 2: Check for local buckling of the CHS column:
Although, CHS members are not deemed to be vulnerable against lateral instability, certain conditions should
be followed to avoid premature local buckling. Firstly, the CHS should be classified according to Table 5.2 of
EN 1993-1-1 based on the diameter-to-thickness ratio. Furthermore, if a CHS is found to be a Class 3 or Class 4
type hollow section, their flexural resistance, Mrqcuns, should be checked to avoid any possibility of local
buckling [36],

Wel,CHSfyc

For Class 3 sections: Mgicys = ——— (13)
’ Ymo
w
For Class 4 sections: Mga chs = M (14)
mo

Where, Weicns and Wegcns are respectively defined as the elastic section modulus and effective section modulus
of the CHS and can be calculated according to EN 1993-1-1. To avoid such a failure, the flexural resistance of
the CHS columns (Mgq4cus) should be checked at the connection level. Furthermore, it is recommended to avoid
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slender CHS columns (Class 3 and Class 4 hollow sections) in such LASTEICON joints. This can be done simply
by using the first step of this design check i.e. classification according to the EN 1993-1-1.

Check 3: Check for punching shear failure:

A further check is also suggested in accordance with the EN 1993-1-8 [34] and CIDECT guidelines [12] to
avoid punching shear failure of the CHS column wall. According to the available design guidelines, the check is
only needed if,

bf <d.,—2t, (15)
And if required, the following restriction should be respected.

fotr < 1.16f,ct, (16)

Where, br is the width and ¢t is the thickness of the through flange plate, dc and t. are the diameter and
thickness of the CHS column and f; is the stress at which the punching shear occurs on the CHS column wall.
So, if Myp is the bending moment produced due to f;, then,

Mbp = beel,sec (17)

Where Wee is the elastic section modulus of the section formed by the three passing through plates.
Therefore, to avoid such a failure, the joint strength M}, .., should be greater than or at least equal to M.

2.1.4 Correlation to the global configuration

The abovementioned design procedures determine the resistance of the passing through joint from a local
perspective. However, in order to correlate the design procedure to the numerical and experimental
prototypes and further compare the analytical results with the numerical simulations, the joint strengths
should be calculated in terms of the shear force developed due to the vertical loads acting at the extremities of
the “main” beams. Therefore, if P is the vertical load at the free end of the “main” beam and Vj; is the
corresponding shear developed on the beam at the location of the CHS column face (Fig. 6 and 7),

Mp

P=Voj = azaor

(18)

Where, Vi and M}, are respectively equal to Vijgm and Mpgm under a symmetric loading; Vijopp and Mp,opp under
an opposite bending loading scenario. In the through beam connection detail, it is reasonable to consider that
the entire column shear is effective in reducing joint shear forces since the column is continuous through the
joint and is directly attached to the beam through proper welds. This makes the joint strength dependent on
the global configuration and the column shear (V) can be calculated from,

Lp My 2Ly
V,=pt=_"b = 19
¢ LC (Lb_dc) Lc ( )
Therefore, the joint flexural resistance derived in Eq. 12 can be rewritten as,
_ (Vwn+Vep)/1.1
Mb,Rd,opp - zwanb Cnl (20)
[E_I(Lb—dc)]
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Where, a safety factor of 1.1 is suggested by comparison with the American Institute of Steel Construction
(AISC) LRFD approaches for similar types of connections [30]. Furthermore, Mj,op, can be derived in terms of
Vi; following Eq. 18. Similar expressions were also derived in terms of shear corresponding to the moments
for all checks under LC1 and LC2. To avoid such undesired failures mentioned in the previous sections,

Check for flexure failure of the main beams:

Vb jsym or opp (: Mb'(lzczs_ydn:—;/rzopp) <V | = [Lb A{/Ilplfgz?ilzl;n)}]/ (21)
(2 /
2

Check for local buckling of the CHS column:

. _ Mb,Rd,opp) __ Mpgacus (ﬁ)
Vijonp (= Gyzacs) < Voe (‘ (Le-m/2 \L (22)
Check 3: Check for punching shear failure:
: = M) (_ &)
Vojovw (_ wy-a0/2) < Vo0 \= @maor (23)

As a detailed parametric study is carried over in this present investigation, the minimum value of all relevant
Vi values for a given loading condition is considered as the shear force corresponding to the ultimate strength
of the LASTEICON joint. Therefore, to identify the probable failure mode, Viy (Viusym under LC1 and Vi opp under
LC2) is considered as,

Vbu,sym = min(Vbj,sym; Vbb) (24)
Vbu,opp = min(Vbj,opp' Vi Vbes pr) (25)
Table 1 and 2 lists all the parametric variations along with their ultimate joint strengths calculated according

to the proposed design procedures for LC1 and LC2 respectively. Values corresponding to the relevant checks
are also provided to show the failure predictions made by the corresponding design procedures.

2.2 Design shear strength of the LASTEICON connection
The shear strength of the “passing-through” joint can be simply determined from the shear strength of the

through web plate. As mentioned earlier, this is calculated assuming a parabolic distribution of shear stresses
along the vertical axis of the through web plate,

fyb hwt
V]'oint ~ Tv,maxhwtw = 15v3 ;:n: (26)

Where, hy, is the depth and t,, is the thickness of the through web plate. However, as the shear strength of the
configurations were obtained to be much higher than the flexural strength of the connections under both
loading conditions, these values were not listed further.
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Table 1: Analytical values corresponding to the ultimate joint strength under LC1, Vbu,sym,z

Through Flange | Check: “Main” beam | Joint Ultimate

Varying Plate buckling flexural failure Strength .
Parameters a X Nbri  MbRrasym Vijsym MpiRd Beam Veb Viu,sym Failure Mode

(mm) (kN)  (kNm) (kN) (kNm) (kN) (kN)
For CHS Thickness variation, t.
4.0 148.7 0.896 813.1 3350 144.3 548.9 258.9 144.3 | Plate Buckling in Compression
6.0 1463 0900 816.2 3363 144.8 548.9 258.9 144.8 | Plate Buckling in Compression
8.0 144.0 0903 819.1 3375 1453 548.9 258.9 145.3 | Plate Buckling in Compression
10.0 141.6 0906  822.1 3387 145.9 548.9 258.9 145.9 | Plate Buckling in Compression
12.5 138.7 0910 8257 340.2 146.5 548.9 258.9 146.5 | Plate Buckling in Compression
For CHS Diameter variation, d.
273.0 88.9 0.966 876.2 361.0 152.7 548.9 258.9 152.7 | Plate Buckling in Compression
323.9 1224 0.930 844.0 347.7 148.7 548.9 258.9 148.7 | Plate Buckling in Compression
355.6 141.6 0.906 822.1 338.7 145.9 548.9 258.9 145.9 | Plate Buckling in Compression
375.0 153.0 0.890 807.4 332.7 143.9 548.9 258.9 143.9 | Plate Buckling in Compression
406.4 171.0 0.861 781.3 321.9 140.2 548.9 258.9 140.2 | Plate Buckling in Compression
For Flange Plate thickness variation, ¢
12.0 141.6 0906 822.1 338.7 145.9 548.9 2589 145.9 | Plate Buckling in Compression
14.0 141.6 0.932 986.0 408.2 175.8 548.9 258.9 175.8 | Plate Buckling in Compression
16.0 141.6 0948 1147.2 477.2 205.5 548.9 258.9 205.5 | Plate Buckling in Compression
18.0 141.6 0960 1307.0 546.3 235.3 548.9 258.9 235.3 | Plate Buckling in Compression
20.0 141.6 0970 1466.0 615.8 265.2 548.9 258.9 258.9 | Main Beam flexure
For Web Plate thickness variation, t» with Low Flange Thickness (LFT) (¢=12mm)
10.0 141.6 0906 822.1 338.7 145.9 548.9 2589 145.9 | Plate Buckling in Compression
12.0 141.6 0.906 822.1 338.7 145.9 548.9 258.9 145.9 | Plate Buckling in Compression
14.0 141.6 0.906 822.1 338.7 145.9 548.9 258.9 145.9 | Plate Buckling in Compression
16.0 141.6 0.906 822.1 338.7 145.9 548.9 258.9 145.9 | Plate Buckling in Compression
18.0 141.6 0.906 822.1 338.7 145.9 548.9 258.9 145.9 | Plate Buckling in Compression
For Web Plate thickness variation, t,, with High Flange Thickness (HFT) (=20mm)
10.0 141.6 0970 1466.0 615.8 265.2 548.9 258.9 258.9 | Main Beam flexure
12.0 141.6 0970 1466.0 615.8 265.2 548.9 258.9 258.9 | Main Beam flexure
14.0 141.6 0970 1466.0 615.8 265.2 548.9 258.9 258.9 | Main Beam flexure
16.0 141.6 0970 1466.0 615.8 265.2 548.9 258.9 258.9 | Main Beam flexure
18.0 141.6 0970 1466.0 615.8 265.2 548.9 258.9 258.9 | Main Beam flexure
For varying Moment-to-shear (M/V) ratio by varying beam length (L) with LFT (t=12mm
2500.0 141.6 0906 822.1 338.7 315.9 548.9 631.0 315.9 | Plate Buckling in Compression
3400.0 141.6 0906 822.1 338.7 222.5 548.9 415.9 222.5 | Plate Buckling in Compression
5000.0 141.6 0906 822.1 338.7 145.9 548.9 258.9 145.9 | Plate Buckling in Compression
6600.0 141.6 0906 822.1 338.7 108.5 548.9 188.0 108.5 | Plate Buckling in Compression
7500.0 141.6 0.906 822.1 338.7 94.8 548.9 162.9 94.8 | Plate Buckling in Compression
For varying Moment-to-shear (M/V) ratio by varying beam length (L) with HFT (¢t=20mm)
2500.0 141.6 0970 1466.0 615.8 574.3 548.9 631.0 574.3 | Plate Buckling in Compression
3400.0 141.6 0970 1466.0 615.8 404.5 548.9 415.9 404.5 | Plate Buckling in Compression
5000.0 141.6 0970 1466.0 615.8 265.2 548.9 258.9 258.9 | Main Beam flexure
6600.0 141.6 0970 1466.0 615.8 197.2 548.9 188.0 188.0 | Main Beam flexure
7500.0 141.6 0970 1466.0 615.8 172.4 548.9 162.9 162.9 | Main Beam flexure
For Material variation (fp & f;c)
275.0 &275.0 | 141.6 0.939 557.9 229.9 99.0 359.4 169.5 99.0 | Plate Buckling in Compression
355.0 &355.0 | 141.6 0.921 706.2 291.0 125.3 464.0 218.9 125.3 | Plate Buckling in Compression
440.0 & 440.0 | 141.6 0.902 856.9 353.1 152.0 575.1 271.3 152.0 | Plate Buckling in Compression
420.0&377.0 | 141.6 0.906 822.1 338.7 145.9 548.9 258.9 145.9 | Plate Buckling in Compression
355.0 &440.0 | 141.6 0.921 706.2 291.0 125.3 464.0 218.9 125.3 | Plate Buckling in Compression
440.0 &355.0 | 141.6 0.902 856.9 353.1 152.0 575.1 271.3 152.0 | Plate Buckling in Compression
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Table 2: Analytical values corresponding to the ultimate joint strength under LC2, Vbu,gppz

Joint Check 1: Check 2: Check 3: Joint

Varying Flexural Strength | Beam flexure | Local buckling Punching Shear | Ultimate Strength .
Parameters Vion Ven — Vijopp Vb Ve f My Vi Viwopp Failure mode

(kN) (kN) (kN) (kN) (kN) | (N/mm?) (kNm) (kN) (kN)
For CHS Thickness variation, t.
4.0 582.0 102.2 67.4 258.9 70.3 1458  162.2 69.8 67.4 | Joint Panel Shear
6.0 575.2  230.0 79.3 258.9 103.7 218.7 2433 | 104.8 79.3 | Joint Panel Shear
8.0 568.5 409.0 96.3 258.9 135.9 2915 3244 1397 96.3 | Joint Panel Shear
10.0 561.8 639.0 1183 2589 218.7 3644 4054 @ 174.6 118.3 | Joint Panel Shear
12.5 553.3 9984 1529 258.9 269.4 4555 506.8 @ 2182 152.9 | Joint Panel Shear
For CHS Diameter variation, d.
273.0 4223 809.1 1187 258.9 126.7 3644 4054 1715 118.7 | Joint Panel Shear
323.9 508.3 685.6 116.6 258.9 180.4 3644 4054 1734 116.6 | Joint Panel Shear
355.6 561.8 639.0 1183 2589 218.7 3644 4054 @ 174.6 118.3 | Joint Panel Shear
375.0 5945 6168 1199 2589 2439 3644 4054 @ 175.3 119.9 | Joint Panel Shear
406.4 647.4 5879 1234 2589 287.7 3644 4054 @ 176.5 123.4 | Joint Panel Shear
For Flange Plate thickness variation, t¢
12.0 561.8 639.0 1183 2589 218.7 3644 4054 @ 174.6 118.3 | Joint Panel Shear
14.0 561.8 639.0 119.0 2589 2189 3124  392.0 168.8 119.0 | Joint Panel Shear
16.0 561.8 639.0 119.7 2589 219.1 2733 3819 @ 164.5 119.7 | Joint Panel Shear
18.0 561.8 639.0 120.4 2589 219.3 243.0 3741 @ 161.1 120.4 | Joint Panel Shear
20.0 561.8 639.0 121.1 258.9 219.6 218.7  368.0 @ 158.5 121.1 | Joint Panel Shear
For Web Plate thickness variation, t» with Low Flange Thickness (LFT) (¢=12mm)
10.0 561.8 639.0 1183 258.9 218.7 3644 4054 @ 174.6 118.3 | Joint Panel Shear
12.0 673.4 639.0 129.3 258.9 218.7 3644 4235 1824 129.3 | Joint Panel Shear
14.0 784.6 639.0 140.2 2589 218.7 3644 4415 @ 190.1 140.2 | Joint Panel Shear
16.0 895.5 639.0 151.2 258.9 218.7 3644  459.6 @ 1979 151.2 | Joint Panel Shear
18.0 10059 639.0 162.0 258.9 218.7 3644  477.6 @ 205.7 162.0 | Joint Panel Shear
For Web Plate thickness variation, t» with High Flange Thickness (HFT) (t=20mm)
10.0 561.8 639.0 121.1 258.9 219.6 218.7  368.0 = 158.5 121.1 | Joint Panel Shear
12.0 6734 639.0 1324 258.9 219.6 218.7 3784 | 163.0 132.4 | Joint Panel Shear
14.0 784.6 639.0 143.6 258.9 219.6 218.7 3888 | 167.4 143.6 | Joint Panel Shear
16.0 8955 639.0 154.8 258.9 219.6 218.7 3993 @ 1719 154.8 | Joint Panel Shear
18.0 10059 639.0 165.9 2589 219.6 218.7  409.7 @ 176.4 165.9 | Joint Panel Shear
For varying Moment-to-shear (M/V) ratio by varying beam length (L) with LFT (t=12mm)
2500.0 561.8 639.0 261.3 631.0 437.3 3644 4054 @ 378.1 261.3 | Joint Panel Shear
3400.0 561.8 639.0 182.0 415.9 321.6 3644 4054 @ 266.4 182.0 | Joint Panel Shear
5000.0 561.8 639.0 1183 2589 218.7 3644 4054 @ 174.6 118.3 | Joint Panel Shear
6600.0 561.8 639.0 87.6 188.0 165.7 3644 4054 @ 1299 87.6 | Joint Panel Shear
7500.0 561.8 639.0 76.5 162.9 145.8 3644 4054 @ 113.5 76.5 | Joint Panel Shear
For Material variation (f;, & fic)
275.0 &275.0 367.8 466.1 82.2 169.5 159.5 265.8 295.7 | 1274 82.2 | Joint Panel Shear
355.0 & 355.0 4748 601.7 106.0 2189 205.9 3432 3818 1644 106.0 | Joint Panel Shear
440.0 & 440.0 588.5 7458 131.4 271.3 255.2 4253 4732 2038 131.4 | Joint Panel Shear
420.0 &377.0 561.8 639.0 1183 258.9 218.7 3644 4054  174.6 118.3 | Joint Panel Shear
355.0 & 440.0 4748 7458 120.2 2189 255.2 4253 4732 2038 120.2 | Joint Panel Shear
440.0 & 355.0 588.5 601.7 117.2 271.3 205.9 3432 3818 @ 1644 117.2 | Joint Panel Shear

2 Reference configuration chosen for parametric studies: two through flange plates with by = 180 mm, tf= 12 and 20 mm; through web
plate with hy = 320 mm, tw = 10 mm; CHS column with d. =355.6 mm, t. = 10 mm, L. = 2340 mm; overall beam length L, = 5000 mm,
material yield strength for the plates and beams, f;, = 420 Mpa, and CHS columns, f,c = 377 Mpa, and IPE 400 as the “main” I-beam
sections.
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3. MODELLING APPROACH AND EXPERIMENTAL VALIDATION OF THE NUMERICAL MODELS

This section presents the modelling techniques adopted to build the numerical prototypes, which are used to
characterize and design the proposed LASTEICON configuration through detailed parametric studies. These
numerical prototypes were modelled in the finite element software DIANA 10.2 [37] and were validated with
respect to relevant experimental investigations obtained in the frame of project LASTEICON.

Modelling assumptions and Finite Element (FE) models

The CHS column, through plates and the main beams were modelled using 3D geometries and were later
meshed with solid elements such as CHX60, CTP45, and CTE30. Detailed information regarding the foretold
elements can be found in the in-built element library [38] of DIANA 10.2. The element meshing for the CHS
column and through members were kept approximately uniform for all models in order to maintain
consistency and have a reliable comparison study with the parametric variations. Slots were considered in the
CHS column surface to allocate the through plates and allow for the reduction in CHS stiffness. To avoid any
secondary connection failure and rather focus on the Plates-to-CHS “passing-through” zone, the slots in these
numerical models were defined assuming a zero tolerance, thus perfectly connecting the CHS column with the
through plates with a perfectly welded connection. To avoid complicated numerical models and convergence
issues and save more computation time, bolts and welds were not modelled explicitly and the members were
connected through common nodes. Fig. 9 shows some examples for the numerical models and their meshing.
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through” joint panel
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Fig. 9. Examples of numerical model meshed in DIANA 10.2, (a) isometric view of the “passing-through”
connection configuration, (b) slots on the CHS column.

Two different load cases, a gravitational loading scenario, LC1 (Fig. 4a); and an opposite bending loading, LC2
(Fig. 4b); were considered for the numerical parametric studies. Pinned boundary conditions were used both
at the top and bottom of the CHS column. The nominal stress-strain relationships obtained from the
experimental prototypes were transformed into real stress-strain relationships. These real stress-strain
curves were used to introduce nonlinear plasticity in the numerical models (Fig. 12). However, the real stress-
strain data obtained from the tests were further approximated to reduce computational time and avoid
heavier post processing files. Although a S355 material was chosen for all members, four different material
yield strength were obtained for each member such as: for the through flange and web plates, main beams and
the CHS column (see Fig. 12). The material yield strength for the through flange plates (FP in Fig. 12), f,rp, for
the through web plates (WP in Fig. 12), fywp, for the main I-beam, f;» and for the CHS column, f;., was found to
be 420MPa, 300MPa, 355 MPa and 377MPa respectively. However, using four different material properties in
one numerical model produced several convergence issues and were therefore modified in the parametric
studies to avoid unnecessary complications.
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Experimental Validation of the Numerical FE Models

A preliminary experimental campaign was carried over by INSA, Rennes [39] to validate the numerical models
for both load cases. Two additional solid circular plates, with 30mm thickness and 520mm diameter, were
connected to each extremity of the CHS column (see Fig. 10) and was pinned by rollers following the boundary
conditions shown in Fig. 4. The bottom roller was fixed by cleats bolted to the slab, whereas the upper one
was fixed by cleats bolted to a HEB 400 beam. This beam was further bolted to two HEA 300 columns and
fixed by four lateral bracings composed of HEA 200, as shown in Fig. 10. Lateral-torsional bracings were
placed (see Fig. 10) to limit the lateral torsional buckling of the beam. Additional stiffener plates were welded
to the beam flanges at the connection zones to limit any local flexural buckling. All of these additional
members used, such as the solid circular plates used to fix the rollers as well as the aforementioned stiffener
plates to limit local buckling, were also considered in the numerical models to have an identical replica of the
experimental specimens and thus provide an appropriate validation (Fig. 9). Two load-jacks of 1500 KN
capacity, was applied at each extremity of the beam at a distance of 2500 mm from the axis of the CHS column
for LC1. This distance was reduced to 1700mm for LC2 to allow for a larger rotation of the node at failure. The
loadings were applied in three steps: (i) Applications of 50 % of the design resistance evaluated with nominal
mechanical characteristics and unloading, (ii) Application of 100 % of the design resistance and unloading,
and (iii) Loading until failure of the joint or the beam. Two inclinometers, I and I;, were placed at the end of
the connection and LVDTs (V1 V14...) were placed at relevant positions to measure the vertical and horizontal
displacements [39].
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Fig. 10. Description of the Test set-up used in INSA, Rennes
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Three specific connection configurations were investigated in the preliminary experimental stage: two
different LASTEICON connection configurations (one for each load case, LC1 and LC2) and one conventional
Plates-to-CHS connection configuration under LC1 without any “passing-through” mechanism (Fig. 11). The
plates were directly welded to the CHS column surface for the third test. Geometrical specifications regarding
the through plates, main beam and CHS column specimens are provided in Table 3. IPE400 sections were
adopted as the main beams in all cases. Results obtained from these three experiments were thus compared
with the numerical results through force-displacement curves and detected failure modes. The vertical loads
were applied at both the extremities of the “main” beams and were increased simultaneously step-by-step.
However, due to similar results, the force-displacement curves (i.e. vertical load and beam deflection values at
the loading point) obtained from the numerical and experimental results (Fig. 13) were compared for only one
extremity of the “main” beam. To have an appropriate comparison between the numerical and experimental
models in terms of the elastic stiffness, the experimental force-displacement curve under LC1 was further
refined by removing the relative displacement occurring due to bolts sliding which could be calculated from
the relevant LVDTs [39]. To identify “failure” in the numerical FE-models, the accumulated plastic strains
were compared to a limit value which was calibrated with respect to the test results. For each tested specimen
and its corresponding FE-model, the location and the values of the accumulated plastic strains were compared
at the deformation stage of the tested specimens corresponding to the first visually detected failure (i.e. flange
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plate buckling in LASTEICON_LC1, CHS wall tearing in LASTEICON_LC2 and CHS wall crushing in

Conventional_LC1).
Table 3: Specimens tested in the Preliminary Experimental Campaign

Configuration  Loading Specimen Name Ly h b hw tw tr de te
Type Scenario P (mm) (mm) (mm) (mm) (mm) (mm) | (mm) (mm)
LASTEICON LC1 LASTEICON_LC1 5000.0 | 424 180 320 10.0 12.0 355.6 10.0
LASTEICON LC2 LASTEICON_LC2 3400.0 | 424 180 320 10.0 12.0 355.6 125
Conventional LC1 Conventional_LC1 5000.0 | 424 180 320 08.0 10.0 355.6 08.8
d.
No passing ¢z .
through plates = e
e
Mai S 0 i
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z Plates welded to
L CHS column face
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u L
(@) | ’ 1 (b)
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S 300
[72]
g 200 FP_yield - (0.002, 420 Mpa) CHS_yield - (0.0018, 377 MPa)
& FP_ultimate - (0.2, 500 MPa) CHS_ultimate - (0.2, 500 Mpa)
100 WP_yield - (0.002, 300 Mpa) Beam_yield - (0.0017, 355 MPa)
WP_ultimate - (0.2, 420 MPa) Beam_ultimate - (0.02, 510 MPa)
0
0 0,05 0,1 0,15 0,2
Strain (ratio)
FP_Exp_Data =-=- WP_Exp_Data e CHS_Exp_Data — = = - Beam_Exp_Data

Fig. 12. Real stress-strain relationship obtained from the experimental tests
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Fig. 13. Comparison of force-displacement curves between numerical and experimental results
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Fig. 14. LASTEICON_LC1 Failure: (a) flange and web plate buckling inside the CHS column observed from the
experiments, (b) flange and web plate buckling inside the CHS column and, (c) Von mises equivalent plastic
strains obtained from the numerical model

(a) (b)

Fig. 15. LASTEICON_LCZ Failure: (a) CHS column wall tearing at the flange plate-to-column connection zone
observed from the experiments and (b) Von mises equivalent plastic strains concentrated at the CHS-to-flange
connection zone obtained from the numerical model
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Fig. 16. Conventional LC1 Failure: (a) CHS chord crushing observed from experiments and (b) Von mises
equivalent plastic strains obtained from the numerical model

A good agreement was found between the experimental (_Exp.) and numerical (_Num.) results in terms of
initial stiffness and ultimate resistance of the LASTEICON as well as the conventional joints as shown by the
force displacement curves plotted in Fig. 13. Furthermore, the failure modes obtained from the numerical
models also agreed with the experimental prototypes as shown in Fig. 14, 15 and 16 respectively for
LASTEICON_LC1, LASTEICON_LC2 and Conventional_LC1. Failure in LASTEICON_LC1 occurred due to the
through flange plate buckling (Fig. 14a) inside the CHS column at a similar load level (190 kN) for both the
numerical and the experimental prototype. This is clearly visible from the concentrated deformation (Fig.
14b) and plastic strains (Fig. 14c) obtained at the relevant zones of the flange and web plates inside the CHS
column. Failure in the LASTEICON_LC2 specimen occurred due to a tearing of the CHS column surface at the
CHS-to-through flange plate connection zone (Fig. 15a). Although such a brittle failure could not be predicted
by the numerical prototype, a similar trend was observed in terms of strains concentration (Fig. 15b) in the
CHS-to-through flange plate connection zone. Failure in both the numerical and experimental LASTEICON_LC2
was also recorded to occur at a similar load level (*280kN). A sudden decrease was noticed in the
experimental force-displacement curve for LASTEICON_LC2. It occurred due to weld tearing in the through
plates-to-CHS connection zone. However, as this research study solely focuses on the “passing-through” zone,
the welds were not explicitly modelled in the numerical prototypes and is based on the assumption that the
plates are perfectly welded to the CHS, as mentioned earlier in this section. As a consequence, the numerical
prototypes are unable to predict any weld tearing and hence showed a smoother force-displacement behavior.
The experimental observations also showed that the initial weld tearing phenomenon did not have much
impact on the ultimate behavior of the “passing-through” joint strength and could therefore be disregarded
for the assessment of the joint zone. This phenomenon however occurred due to a shear failure of the through
web plate and transverse tensile failure of the CHS column wall. It is explained in section 4.3 and 4.4 with
more details. Failure mode in the conventional joint configuration under LC1, also agreed with each other as
high plastic strains developed on the CHS column wall at the Plate-to-CHS welded connection zones due to
transverse compressive stresses at a load level of approximately 70 kN (Fig. 16).

4. PARAMETRIC STUDY ON THE LASTEICON CONFIGURATION BASED ON NONLINEAR STATIC ANALYSIS

A detailed parametric study was carried over to examine and validate the analytical design guidelines. Six
major parameters were principally identified to have a significant effect on the ultimate joint strength (as
illustrated in Fig. 17): (1) CHS column thickness (t;) (2) CHS column diameter (d.) (3) Through flange plate
thickness (t7) (4) Through web plate thickness (tw) (5) Material properties for both CHS and through plates (f;.
and f,p) (6) Moment-to-shear (M/V) ratio. A reference configuration was chosen throughout the parametric
variations, which constituted of two IPE400 sections as the main beams connected at each side of the CHS
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column connection via two 180mm wide and 12mm thick through flange plates and a 320mm deep and 10mm
thick through web plate. The CHS column had a diameter (d;) of 355.6mm and a thickness (t;) of 10mm with
an overall beam length (Ly) of 5000mm. As mentioned earlier, to avoid heavy complicated models and
numerous convergence issues, only two material models were considered for the parametric studies. While
the CHS column was modelled with its material model (f,c = 377Mpa) obtained from the experiments, the
through flange plates, web plates as well as the main beams were modelled with the material properties
obtained for the through plates (f;rr = 420Mpa) shown in Fig. 12. The material used for both the through flange
and web plates is denoted as f;, in this section. Configurations were studied under both loading conditions,
LC1 (Fig. 4a) and LC2 (Fig. 4b), for each parametric variation and the corresponding joint behaviours are
discussed below. The loads were applied to the relevant extremities and were incremented to obtain the full
force-displacement curves. The monitored displacement corresponds to the loaded point. Investigated
parametric variations are listed in Table 1 and 2 in blue columns with their ultimate joint strengths under
symmetric and opposite loading scenario. All analytical design calculations were thus compared with the
numerical results in terms of resistance and failure mode. The dotted horizontal lines in the force-
displacement curves under LC1 and LC2 corresponds to the Viysm and Viyepp values listed in Table 1 and 2
respectively.
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Fig. 17. Parametric dimensions for the LASTEICON configuration highlighting the unchanged dimensions used
throughout the parametric study

4.1 CHS column thickness (t)

The CHS column thickness was varied from a smallest of 4 mm to a largest 12.5 mm as listed in Table 1 and 2
to understand all possible failure sequences occurring due to failure in the CHS column under LC1 and LC2.
Although t. had a significant effect under LC2 in terms of strength, it produced a comparatively smaller
difference in the force-displacement curves under LC1. Force-displacement curves for LC1 and LC2 for CHS
thickness variation are shown in Fig. 18 and 19 respectively.
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In the numerical parametric study, failure was assumed to be reached when the plastic strain reached the
limiting value of the equivalent plastic strain obtained from the experiments failing in a similar way (strain
limit generally around 5%). In all cases under LC1, the numerical models agreed with the design calculations
as a through flange plate buckling under compression was observed for all prototypes (see Table 1). The first
peak obtained from the force-displacement curves represents the through flange plate buckling (Fig. 20a)
whereas the second peak denotes the buckling of the through web plate (Fig. 20b) followed by a compressive
crushing of the CHS wall. Although the ultimate failure of the numerical models under LC1 was obtained due
to a compressive crushing of the CHS wall, the first failure point i.e. the through flange plate buckling in
compression was defined to be the critical failure to develop the design procedure. Corresponding analytical
values were thus compared in Fig. 18. As the failure was governed by the through flange plates, which were
kept constant throughout this parametric investigation, similar stiffness was obtained from the force-
displacement curves. However, small differences were noticed in terms of strength and also the
corresponding safety margin between the analytical and numerical values. Although a fixed-fixed boundary
condition was assumed to calculate the effective buckling length (a) of the through plate under compression,
and was taken as half of the actual length (I), it did not hold true for the Class 4 CHS sections (4mm and 6mm
thick CHS column). So, a linear eigenvalue buckling analysis was done and compared with the design
assumptions. The 4 mm and 6 mm thick CHS column connection models were observed to offer a smaller
degree of fixity than the other three models. As a consequence, the proposed design procedure strongly
recommends against using Class 4 type CHS column sections in the “passing-through” LASTEICON
connections. Furthermore, among the remaining numerical models (¢t; = 8, 10, 12.5mm), a thicker CHS column
connection was clearly observed to provide a bit more resistance even after the through flange plate buckling
(Fig. 18). This happened because a thicker CHS column can transfer larger forces to the through web plate
after the compressive buckling of the through flange plate. This clarifies the post-flange-plate-buckling
behaviour shown by the force-displacement curves in Fig. 18.
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Fig. 20. (a) First occurrence of through flange plate buckling under compression, (b) through web plate buckling
due to failure progression (c) Von mises equivalent strains obtained at the failure under LC1 for the connection
with 10mm thick CHS column

The CHS column thickness was observed to have a substantial effect in determining the joint strength under
LC2. The 4mm thick CHS column (Class 4 section) was observed to be vulnerable against punching shear.
Although the punching shear resistance was obtained to be marginally higher than the actual joint strength
according to the analytical calculations (Table 2), the joint indicated towards a punching shear failure rather
than a joint panel failure, giving a prediction error of 2%. Nevertheless, the remaining numerical prototypes
with 6, 8, 10 and 12.5 mm CHS column thickness displayed a joint panel failure without any local distortions,
thus supporting the analytical calculations. The ultimate joint strengths calculated as per Table 2 were further
compared in Fig. 19 to highlight the safe agreement shared between the analytical and numerical solutions.
The force transfer mechanism active under LC2 is further discussed in Section 4.4 for added relevance. As
suggested by the analytical calculations in Section 2, slender CHS columns, specifically of Class 4 type, are
susceptible to local buckling as well as punching shear failure. Although local buckling of the CHS columns was
not observed in any cases, the slender column indicated towards a localised punching shear failure, thus
highlighting the importance of the design checks. In this case, yielding occurred on the CHS column surface
prior to substantial yielding in the through web plate (Fig. 21a). Ultimate stress concentration was observed
on the CHS column surface above the flange connection zones (Fig. 22a) prior to development of failure
stresses in the through web plate. On the other hand, yielding (Fig. 21b and Fig. 21c) and failure (Fig. 22b and
Fig. 22c) stresses in other configurations, with a thicker CHS column, were clearly noticed to develop
simultaneously in the through web plate (under shear) and the CHS column surface (under transverse tensile
forces) and therefore the joint panel as a whole.
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Fig. 21. Von mises equivalent stresses (N/mm?2) at yield under LC2 for (a) connection with 4mm thick CHS, (b)
connection with 6mm thick CHS, (c) connection with 12.5mm thick CHS
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Fig. 22. Von mises equivalent stresses (N/mm?Z) at failure under LC2 for (a) connection with 4mm thick CHS, (b)
connection with 6mm thick CHS, (c) connection with 12.5mm thick CHS

4.2 CHS column diameter (d.)

The CHS column diameter was varied from 273 mm to 457 mm (as listed in Table 1 and 2) which were chosen
based on their availability in the steel construction industry. Force-displacement curves in Fig. 23 and 24
describes the effect of diameter variation under LC1 and LC2 respectively.
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The CHS column diameter had a significant influence on the vertical force-displacement curves for LC1. By
decreasing the diameter of the CHS column, the critical buckling length of the through flange plate decreased,
hence increasing its buckling resistance under compressive stresses. Therefore, the LASTEICON configuration
with the smallest diameter (dc = 273mm) offered the highest resistance and the configuration with the largest
diameter (dc = 406.4mm) produced the lowest resistance (Fig. 23). A small yet significant inconsistency was
however noticed as the configuration with 273 mm diameter offered a much larger safety margin compared to
the other configurations. As shown in Fig. 23, the peak denoting the through flange (bottom) buckling under
compression occurred quite late than expected and a plastic deformation before that was also noticed in the
force-displacement curve. This happened due to the fact that the through flange under tension (top) reached
its yield limit and offered flexural plasticity, thus delaying the buckling failure and increasing the joint
resistance. The vertical load corresponding to the flexural resistance provided by the passing through section
(assumed to be built by three individual through plates) was calculated to be 207kN, which was significantly
more than the vertical load corresponding to the buckling resistance. The Von mises equivalent stresses,
strains as well as the through flange plate buckling is shown in Fig. 25a, 25b and 25c respectively, where the
through flange plate under tension is noticed to reach high stresses due to bending while the other through
plates (flange and web) buckle under compression. As a result, the predicted resistance obtained from the
calculations proved to be quite conservative compared to the numerical result. However, as no pertinent
solution was found to foresee this kind of behaviour, it was not discussed in this study and thus can be argued
as a limitation of the proposed design approach. However, the other connection configurations behaved as
expected. Vertical and transverse deformations in the passing through zone are shown in Fig. 26a and 26b
respectively for the connection with 406.4mm diameter to highlight the buckled flange and web plates with
more clarity.
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Fig. 25. (a) Von mises equivalent stresses (N/mm?Z) (b) Von mises equivalent strains, (b) through flange and web
plate buckling in the deformed structure for the connection with 273mm diameter CHS column at failure under
LC1

(a) (b)
Fig. 26. Concentrated deformations (a) in the through flange plate, and (b) the through web plate for the
connection with 406.4mm diameter CHS column at failure under LC1

Contrary to the significant effects observed under LC1, the diameter variation failed to show any significant
variation in the force-displacement curves under LC2. As shown in Fig. 24, the force-displacement curves
were noticed to be almost similar along with the values predicted by the design approach. This, however, can
be easily explained through the analytical values listed in Table 2. In this table, the column under “Resisting
Components” shows us that, the configuration with the smallest diameter (d. = 273.0 mm) should offer the
smallest resistance via the through web plate but should produce the maximum resistance via the CHS column
wall against transverse tension/compression and vice versa for the configuration with the largest diameter (d.
=406mm). Therefore, it can be established that the similarity in the force-displacement curves were obtained
due to the inverse relationship shared between the through web plate and the CHS column wall (in terms of
resistance) rather than any misconception that the diameter does not play any major role under LC2.
Successful arguments were observed in the FE models compared to the analytical calculations for all Classes
of CHS. The through web plate and the CHS column surface failed simultaneously (a complete joint panel
failure) for both, a Class 1 type CHS (d. = 273.0 mm) and a Class 3 type CHS (dc = 406.4 mm) column
connection as shown in Fig. 27a fmd Fig. 27b respectively).
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Fig. 27. Von mises equivalent stresses (N/mm?) in the through web plate for (a) connection with 273.0mm
diameter CHS, and (b) connection with 406.4mm diameter CHS column at failure under LC2

4.3 Through flange plate thickness (ty)

The smallest through flange plate thickness considered in this study was tr= 12 mm and was further increased
to 20 mm. Vertical force-displacement curves under LC1 and LC2 are plotted in Fig. 28 and 29 respectively.
The force transfer mechanism for LC1 (discussed in Section 2.1) clearly assumed that the vertical loads
applied at extremities of the main beams create a flexural action on the joint panel, developing compressive
stresses on the bottom flange and tensile stresses on the top flange, therefore primarily effecting the through
flange plates. So, the through flange plate thickness played a crucial role in determining the joint strength
under LC1. The connection with tf = 12mm failed due to through flange plate buckling inside the CHS (Fig.
30a). tr was therefore increased by 2mm at each step to analyse the strengthening of the joint panel and
search for a suitable through flange plate thickness which could ensure a sufficient joint strength and avoid
the local buckling phenomenon.
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The numerical models showed that the connection with an 18mm thick through flange plate was able to
provide sufficient joint strength as the model failed due to flexural plasticity of the main beams at both sides
(Fig. 30b). However, according to Table 1, the design approach predicted a failure due to through flange plate
buckling inside the CHS column for this specific connection. As the Vp, and Vi;sm values were really close to
each other for this particular case study, the design approach can be safely accepted as the relative prediction
error was only 8%. The tr was further increased to 20mm to recheck the design values and this connection
provided good agreement between the analytical and numerical results as in both cases the global prototype
failed due to flexural plasticity in the main beams and avoided any through flange plate buckling (Fig. 30c).
Identical force-displacement curves were obtained for the configurations with 18mm and 20mm thick
through flange plates because failure occurred due to plastic bending in the main beams, which were kept
unchanged throughout this parametric variation. Thicker plates were also observed to increase the stiffness of
the numerical models as expected. The ultimate joint strengths calculated as per Table 1 are further compared
in Fig. 28 to highlight the agreement between the analytical and numerical results. The proposed design
approach was also found to provide enough safety thanks to the material strain hardening as well as the
considered safety factors.

Two types of failure were noticed under LC1: (1) through flange plate buckling under compression,
and (2) flexure failure of the main I-beams with eventual plastic flange buckling near the connection zone (the
furthest connection line shared between the through flange plate under compression and the main beam
flange). A clear force transfer mechanism can therefore be identified under LC1: Failure type (1) occurs as a
localised failure in the joint panel when the through flange plate fails to provide sufficient resistance to the
joint panel, and therefore buckles inside the CHS column (first break in the force-displacement curves). After
this, the forces are redistributed to the through web plate via the CHS column. When the web plate loses its
capacity, it buckles under compressive stresses due to bending (second break in the force-displacement
curves). Stresses are again redistributed along the CHS column wall and finally, the ultimate failure occurs due
to the compressive crushing of the CHS column wall (end of the force-displacement curve). On the other hand,
Failure type (2) occurs if the through flange plates are strong enough to provide the necessary resistance
against buckling. In this case, the main beams eventually fail due to flexural plasticity just outside the main
beam-to-through flange plate connection zone and consequently no breaks are observed in the curves thus
providing a smooth force-displacement behaviour indicating a ductile connection.
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Fig. 30. Von mises equivalent strains showing (a) through flange plate buckling for tr= 12mm, (b) plastic flange
buckling due to flexural failure of main beams for t = 18mm, (c) plastic flange buckling due to flexural failure of
main beams for ty= 20mm, at failure under LC1

The force transfer mechanism assumed to determine the analytical joint strength under LC2 was also
apparent from the numerical models. As already anticipated from the analytical calculations (Table 2), the
through flange plate thickness had minimal contribution towards developing the joint strength under LC2 as
shown in Fig. 29. However, a small yet visible increase in resistance was noticed, which occurred due to an
increased lever arm distance (h) between the top and bottom through flange plates. In all cases, yielding
occurred simultaneously in both the through web plate as well as the CHS column surface.
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Fig. 31. Von mises equivalent stresses (N/mm?Z) for (a) connection with ty= 12mm, (b) connection with ty= 20mm,
at failure under LC2

This again validates the previously proposed design approach as effective transmission of bending moments
occurred through a combination of the shear resistance provided by the through web plate and the transverse
tensile/compressive resistance of the CHS chord face. Maximum stresses at failure were observed at the faces
of the CHS column at the flange connection zones (in tension) as well as the through web plate as shown in
Fig. 31. These failure stresses at the connection zone of the CHS column clearly explains the tearing observed
in the experimental prototype as shown in Fig. 15 and hence proves that it occurred due to an ultimate joint
failure rather than any localized distortion of the CHS column wall.

4.4 Through web plate thickness (t.)

The through web plate thickness, t., was varied from 10mm to 18mm for two different through flange plate
thickness, t; as mentioned in Table 1 and 2. This was done to check the consistency of the design approach
and examine the predicted failure types obtained from the analytical calculations. The first through web plate
thickness variation was done for the thinnest through flange plate (= 12mm) and the latter was done for the
thickest one (¢r= 20mm) considered in this study.

4.4.1. Through web plate thickness (t.) for Low Flange Thickness (LFT)

Under LC1, all configurations failed due to the through flange plate buckling (Table 1 and Fig. 32). As the
through flange plate thickness was kept constant (=12 mm) and the web plate was assumed to carry zero
moment, the analytically calculated joint strengths were found to be exactly equal for all configurations (Table
1). However, in reality, small moments are also carried by the web plate which somewhat contributes to the
joint resistance. As a result, very small differences were noticed in the first peak obtained from the numerical
force-displacement curves of all configurations (Fig. 32). Major differences were observed in the post-through
flange plate-buckling phase (second peak) where the thickest web plate (= 18mm) provided approximately
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9% more safety (analytical vs numerical) in terms of maximum resistance compared to the thinnest one (=
10mm). However, as mentioned in section 4.1, to keep a consistent safety margin, the through flange plate
buckling was defined as the critical failure mode in the design approach rather than the ultimate resistance
obtained from the combination of both the through flange and web plates. The stress distributions, force-
displacement behaviour as well as the failure modes under LC2 also agreed with the corresponding analytical
predictions as shown in Table 2. The force-displacement curves are plotted in Fig. 32 and 33 for the models
under LC1 and LC2 respectively.
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Fig. 32. Vertical force-displacement curve Fig. 33. Vertical force-displacement curve
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The force transfer mechanism assumed in the design applications under LC2 was studied in a detailed
manner via understanding the stress distributions on the through web plate as well as the CHS column
surface. Although the CHS column wall did not provide any noticeable irregularities, the shear stress
distribution along the vertical direction of the through web plate was observed to be non-uniform. This
happened due to significant flexural stresses developing at the four corners of the through web plate therefore
limiting a uniform shear stress distribution along its vertical axis. Multiple prototypes were modelled with
elastic-perfectly-plastic S355 material properties to avoid any confusion occurring due to the material stain
hardening characteristics to solely validate such an assumption. The shear stress distribution along the depth
and length of the through web plate are illustrated in Fig. 34 and Fig. 35 respectively for one of these
numerical prototypes. Due to a symmetrical stress distribution on either side of the central longitudinal axis,
the shear stresses are plotted only for the top half of the through web plate.
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Fig. 34. Shear stress distribution along the depth of the through web plate at failure under LC2

In Fig. 34, hw,in denotes the depth of the through web plate inside the CHS column starting from its central
longitudinal axis (hw,n =0) to the topmost fibre (hw,in = hw/2 =160mm). Although nineteen vertical cuts were
made to understand the stress distribution along the depth of the web plate, only five of them (A1-Al, B1-
B1....) are plotted in Fig. 34 to avoid overcrowding of data. As shown in Fig. 34, for each and every vertical cut
(i.e. a vertical element layer), minimum shear stresses were observed at the outermost fibre of the through

web plate (hw,» =160mm). However, the shear stresses increased as the elements moved closer to the central

longitudinal axis of the through web plate and eventually reached the maximum value (%=%=

0.2 kN/mmz) at hy,in =0. Therefore, an approximate parabolic distribution of shear stresses was obtained

along the depth of the through web plate rather than a uniform rectangular distribution.

Similarly, longitudinal cuts were also made on the through web plate (A2-A2, B2-B2...). The shear
stress distributions obtained from these cuts are plotted in Fig. 35, along the length of the through web plate.
ly,in denotes the length of the through web plate inside the CHS column (connecting outer faces) where the
central vertical axis of the web is denoted by Iy,;» = 0. Minimum shear stress values were again obtained at the
longitudinal element “layers” near the outermost fibre of the through web plate (A2-A2). However, the shear

stresses increased as the element layers got closer to the centre of the through web plate and eventually
reached the maximum value (% = % =0.2 kN/mmz) at the central longitudinal axis of the through web
plate. Furthermore, the shear stress values obtained at each longitudinal cut were averaged w.r.t their
distance from the longitudinal axis of the through web plate and has been plotted in Fig. 35 to highlight that,
due to such a non-uniform stress distribution, the shear stresses acting through the longitudinal direction of

the web plate (zpavyy in Fig. 8b) was reduced from the actual value of 74y (= 0.2 kN/mm?) to 0.15 kN/mm?.
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Fig. 35. Shear stress distribution along the length of the through web plate at failure under LC2

According to the basic plastic design principles, an average shear stress, 7, , is equal to f—3; , where f, is the

material yield strength. However, this 7.,y can only be used if the section allows a uniform distribution of
shear stresses throughout its cross section, which was rather limited for the proposed LASTEICON
configuration. As mentioned earlier, although the shear stresses redistributed efficiently along the
longitudinal direction of the through web plate, it could not do so in the vertical direction. As a consequence,

the Tnavyg, shear stress along the longitudinal direction of the web plate, was limited to a reduced value of %
So, the basic concepts of maximum shear stress (tmax) Was considered to derive the shear strength of the
through web plate assuming a parabolic distribution of the shear stresses, where Tymax = Tv,avg/1.5 = Thavg. All
the numerical models indicated a similar stress distribution and thus confirmed that although the assumption
of Tme could prove to be a conservative approach, it certainly offers a significant safety in designing the
proposed LASTEICON configuration. Fig. 36 presents the shear stresses distributed in the through web plate

for different numerical models studied with actual material characteristics.
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Fig. 36. Shear stress (N/mm?) distribution for (a) 10mm thick through web plate with ty= 12mm, (b) 14mm thick
through web plate with ty= 12mm, (c) 18mm thick through web plate with ty= 12mm at failure under LC2

4.4.2. Through web plate thickness (t.) for High Flange Thickness (HFT)

Under LC1, the joint panel provided sufficient amount of resistance in all the configurations with a 20mm
thick through flange plate. As a result, failure occurred due to flexural plasticity in the main beam flanges (as
anticipated earlier from Table 1). As the main beams were kept unchanged throughout this parametric
variation, all configurations provided identical force-displacement curves without any noticeable difference
(Fig. 37). The force-displacement behaviour (Fig. 38) and the failure modes (ultimate joint failure shown in
Fig. 39) under LC2 also agreed with the corresponding analytical predictions hence validating the consistency
of the proposed design approach. The shear stresses were similarly noticed to be distributed in a parabolic
manner along the depth of the through web. Due to qualitative similarity, these distributions are not discussed
further.
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Fig. 39. Von mises equivalent stresses (N/mm?) for models with (a) 10mm thick through web plate with tr =
20mm, (b) 18mm thick through web plate with tr= 20mm, at failure, under LC2
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4.5 Material properties for both CHS and through plates (f,c and f;;)

Different material properties or steel grades were also chosen for the proposed LASTEICON configuration, to
identify the failure sequences in the joint panel and also have a consistent verification of the design approach.
Primarily, three nominal material properties were chosen for steel grades S275 (f, = 275Mpa), S355 (f, =
355Mpa), and S450 (f, = 440Mpa) for all members in the joint configuration (f;, = f,c) as shown in Table 1 and
2. f, stands for the yield strength of a steel grade. In Fig. 40 and 41; “S275N”, “S355N” and “S450N” denote the
configurations where the aforementioned nominal material properties were adopted according to Table 3.1
(EN 10025-2), EN 1993-1-1. “S355Experiment” denotes the configuration where the real material stress strain
curves were used (f,, = 420Mpa for the through plates and main beams and f,c = 377Mpa for the CHS column).
Two more material combinations were also used as shown in Fig. 40 and Fig. 41 where “S355N-S450N (B-T)”
defines a model with plates and main beams modelled with S355N and the CHS column modelled with S450N,
and “S450N-S355N (B-T)” denotes the opposite combination.

As shown in Fig. 40, the force-displacement curves for “S355N” and “S355N-S450N (B-T)” overlapped
more or less perfectly with each other till the through flange plate buckling under LC1. The post buckling
behaviour of the latter showed some increased resistance due to the strengthening of the CHS column as
discussed in Section 4.1. Almost identical yield strengths were yet again observed for “S450N” and “S450N-
S355N (B-T)”, therefore, validating that under LC1, the failure is solely dominated by the through flange plate
buckling without any significant contribution of the CHS column. This can also be noticed from the Vjyeym
values calculated in Table 1. However, no such overlapping was noticed in the force-displacement curves
under LC2 as shown in Fig. 41. This justified the design interpretation that both the through web plate as well
as the CHS column contributes to the ultimate joint resistance, Vyy,opp. Furthermore, as observed in Table 2 and
Fig. 41 respectively, the analytical values and the force-displacement curve for “S355N-S450N (B-T)” was
closer to “S450N” compared to “S355N” and similarly, “S450N-S355N (B-T)” was closer to “S355N” than
“S450N”. This observation possibly highlights a slightly larger contribution offered by the CHS column
compared to the through web plate under LC2. Von mises equivalent stresses are not further shown as
similar qualitative results were obtained for both LC1 and LC2.
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4.6 Moment-to-Shear (M/V) Ratio
In order to check the consistency of the design approach for different Moment-to-Shear (M/V) ratios, the lever
arm distance between the CHS column wall face and the point of load application was varied through the
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overall length of the beam, L;. The lengths of the through plates were kept constant as per Fig. 17 throughout
all the models. Decreasing the beam length decreased the lever arm and thus produced a smaller moment on
the joint panel. As a result, configurations withstood a larger vertical load, whereas, the contrary happened for
an increased beam length. The force-displacement curves were compared with relevant analytical calculations
in Fig. 42 and 43 respectively for LC1 and LC2 to highlight the consistent agreements found between the
analytical calculations listed in Table 1 and 2 and the FE simulations. Von mises equivalent stresses were not
further shown due to qualitative similarity.
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Although the proposed design approach under LC1 was successfully verified through the abovementioned
force-displacement behaviour, all numerical models with such low flange plate thickness (tf =12mm) failed
due to through flange plate buckling in compression as predicted in Table 1. Therefore, as a further
verification, an additional parametric variation was also conducted where L, was varied for connections
having a high flange plate thickness (tr=20mm). Good agreements were again obtained between the analytical
calculations and numerical results as the successful predictions were obtained in terms of resistance (Fig. 44)
as well as failure modes for all configurations.
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Fig. 44. Vertical force-displacement curve comparisons for varying beam length with t=20mm under LC1
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4.7 Comparison with Conventional Plate-to-CHS joint connections

As discussed in Section 1 and 3, the conventional connection configurations involving flange and web plates
directly welded to a CHS column is not completely capable of exploiting the advantages provided by the
hollow sections. Therefore, a short comparison study was done in order to see the advantages of the proposed
LASTEICON “passing-through” plate-to-CHS connections in terms of strength and stiffness.

As the CHS column governs the failure modes for such conventional connections, only the CHS column
thickness was varied to check the minimum thickness required for such connections to match a particular
LASTEICON plate-to-CHS configuration. The reference LASTEICON configuration constituted of two IPE400
sections as the main beams connected at each side of the CHS column connection via two 180mm wide 20mm
thick through flange plates and a 320mm deep 10mm thick through web plate. The CHS column had a
diameter (dc) of 355.6mm and a thickness (t;) of 10mm with an overall beam length (L) of 5000mm. Thick
flange plates were deliberately used to avoid the brittle failure due to through flange plate buckling inside the
CHS column under LC1. The conventional joints were modelled by simply removing the “passing-through”
parts of the inserted flange and web plates as well as the slots in the CHS column. The force-displacement
curve comparisons are illustrated in Fig. 45 and 46 for LC1 and LC2 respectively. As the through flange plates
contribute significantly to the joint resistance of the LASTEICON “passing-through” configuration under LC1,
noteworthy advantages were observed in the force-displacement curve comparisons shown in Fig. 45. A
conventional connection with 22 mm thick CHS column proved to be nearly sufficient to provide as much
resistance as a LASTEICON configuration with a 10 mm thick CHS column under LC1. A significant decrease in
the stiffness is also observed for the conventional connections due to the removal of the “passing-through”
part. Under LC2, a 14 mm thick CHS column in the conventional connection was observed to be enough
resisting as the LASTEICON joint with 10 mm CHS thickness (Fig. 46). This provides sufficient evidence
towards stating that the proposed LASTEICON configuration can serve as an improved alternative to the
existing open-to-CHS column connections.
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5. DISCUSSIONS AND REMARKS

A parametric study was done based on a series of nonlinear static analyses on several connection models to
construct a conservative design method for the LASTEICON “passing-through” Plate-to-CHS connections
under two different loading scenarios in accordance with the EN 1993-1 prescriptions. Both design hypothesis
was implemented on the proposed configuration to validate the preliminary assumptions regarding the force-
transfer mechanism shared between the through plates and the CHS column and further characterize their
contributions towards an efficient connection. This newly proposed LASTEICON connection as well as the
design procedures can thus be distinguished as an efficient upgrade to the conventional connections.

e A preliminary experimental campaign was conducted to justify the modelling assumptions.
Encouraging agreements obtained in terms of the force-displacement behaviour and the failure
modes of the connection configuration provided enough support to the nonlinear numerical
simulations.

e A detailed parametric study was conducted by altering six different parameters under both, LC1 and
LC2, to validate the corresponding design approaches and the resulting analytical calculations.

e In the monotonic gravitational loading, LC1, two types of failure were noticed: (1) through flange
plate buckling under compression followed by through web plate buckling and (2) flexure failure of
the main I-beams with eventual plastic flange buckling near the connection zone. A straightforward
force-transfer mechanism was identified. Failure type (1) occurs as a localised failure in the joint
panel when the through flange plate fails to provide sufficient resistance to the joint panel, and
therefore buckles inside the CHS column. After this, the forces are redistributed to the through web
plate via the CHS column. When the web plate loses its capacity, it buckles under compressive
stresses due to bending. Stresses are again redistributed along the CHS column wall and finally, the
ultimate failure occurs due to the compressive crushing of the CHS column wall. On the other hand, if
the through flange plates are strong enough to provide necessary resistance against compression
Failure type (2) occurs as the main beams fail due to flexural plasticity.

e A fixed-fixed boundary condition was assumed in the design procedure to calculate the critical
buckling length of the through flange plate under LC1. Although connections with Class 1, 2 and 3 CHS
columns provided good evidence towards the foretold assumption, Class 4 sections were observed to
provide a lesser amount of fixity at both ends therefore decreasing the safety margin between the
analytical calculations and the numerical results. Therefore, it is strongly recommended to avoid such
Class 4 CHS columns in the proposed connections. Furthermore, a thicker CHS column transferred
larger amount of forces to the through web plate after the flange plate buckling under LC1. However,
the through flange plate buckling was defined as the critical failure mode in the proposed design
procedure to prioritize a safe design rather than an optimized prediction technique.

e Decreasing the diameter (d.) of the CHS decreased the through flange plate length inside the CHS
column (), which therefore increased the buckling resistance of the joint under LC1.

e The through flange plate thickness governed the failure mode under LC1. Thicker flange plates were
able to resist local buckling due to compressive stresses and therefore triggered the flexural failure of
the main beams. The through web plate however influenced the post flange plate buckling behaviour
of the joint. Thicker web plates were able to offer a larger resistance even after the through flange
plate buckling thus delaying the ultimate failure of the joint panel.

e The load-transfer mechanism as well as the design assumptions under LC2 were similarly
investigated and validated through the numerical simulations. For a properly designed configuration
(safe from all checks) the joint strength was developed by a combined effort of the through web plate
(via transverse shear resistance) and the CHS column wall (via transverse tensile/compressive
resistance).
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e Under LC2, the configuration with a 4 mm thick Class 4 type CHS column indicated its vulnerability
against punching shear and thus justified the importance of the corresponding Design Check.

e As the diameter decreased, the through web plate offered a smaller shear resistance but the CHS
column wall produced a larger resistance against transverse tension/compression. Due to such an
inverse relationship shared between the through web plate and the CHS column resistance, a clear
difference could not be illustrated by the force-displacement curves.

e Substantial flexural stresses were noticed to develop at the four corners of the through web plate
under LC2. These flexural stresses somewhat prevented a uniform rectangular distribution of shear
stresses along the vertical direction of the web plate and consequently reduced the average yield
stress in its longitudinal direction. As a consequence, the concept of maximum shear stress (Tmax) was
assumed where to calculate the shear resistance provided by the through web plate.

e Inreal life structures, as the CHS column would be axially loaded rather than being an unloaded part
of the joint configuration, axial loads would be present and can eventually make the CHS columns
vulnerable towards local buckling failure. So, although a local buckling failure was not observed in the
present range of investigations under LC2, Design Check 2 is recommended.

e The detailed parametric study based on the numerical simulations validated the analytical approach.
Parametric studies with different material combinations and different moment-to-shear ratios
specifically highlighted the desired consistency of the proposed design guidelines for both loading
scenarios. The importance of the three different Design Checks were also discussed and therefore
should not be ignored. However, to avoid such irregular failures, Class 3 and 4 type CHS sections are
recommended to avoid while constructing such “passing-through” connections.

e A short comparison study was also conducted between the conventional and the LASTEICON
configuration to examine the advantages provided by the proposed “passing-through” connections in
terms of strength and stiffness. In a conventional connection under LC1, the CHS column had to be
made at least 2.2 times thicker to acquire an equal resistance as a LASTEICON connection with similar
geometric/sectional properties. However, under LC2, a 1.4 times thicker CHS column proved to be
adequate. Therefore, the newly proposed LASTEICON solution can be comprehended as an improved
alternative to the conventional Plate-to-CHS column connections.

However, a certain lack of knowledge remains regarding the deformation properties of such “passing-
through” connections. So, studies are currently being conducted on the relevant joint components to assess
their stiffness and deformation capacity. Detailed experimental studies under monotonic and cyclic loading
are investigating these aspects. These additional tests are considering different types of welding - fillet welds
and full penetration welds - in order to quantify the LCT/welding interaction.

6. CONCLUSION

This paper introduces a new type of open-to-hollow section connection through a LASTEIICON solution, which
consists of main beams connected to each side of the CHS column via two transverse and one longitudinal
plate passing through the CHS column via Laser Cut slots. The force-transfer mechanism is identified through
a detailed parametric study of numerical models initially calibrated with experimental prototypes and a
design procedure is therefore proposed accordingly to calculate the ultimate resistance offered by these new
LASTEICON connections. For a monotonic gravitational loading, the joint strength is determined based on the
elastic buckling theory of plates, whereas, under a opposite bending loading scenario, the axial forces in the
beam flanges are transferred as horizontal shear forces through the joint and are resisted by the shear
strength of the through longitudinal (web) plate as well as the CHS chord resistance against transverse
tensile/compressive forces. However, due to non-uniform shear stress distribution in the through web plate,
the shear strength is calculated based on Tmex instead of 7ay. Although it might suppose that the proposed
design procedure is rather conservative, it provides significant reliability in terms of deriving the ultimate
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resistance of the LASTEICON connections. Good agreements are obtained between the studied design models
and the numerical simulations. A brief comparison study between the LASTEICON connection and
conventional plate-to-CHS column connection is also presented to highlight the advantages gained from the
passing through concept.

However, to further justify and standardize the proposed LASTEICON “passing-through” connection
and its design procedure, a detailed experimental campaign with monotonic as well as cyclic loading
conditions is planned in the near future. Emphasis will be provided to the ductile capacity of the plate-to-CHS
connection, refinement of the proposed design procedure for different welding techniques and influence of
the heat effected zone resulting from LCT.
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