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ABSTRACT

Elliptical Hollow Sections (EHSs) have been utilized in construction recently because of their visual appearance as well
as the potential structural efficiency owing to the presence of the two principle axes. However, little information
currently exists for the design of beam to elliptical column connections, which is an essential part of a building structure.
Thus, to ensure the safe and economic application of EHSs, a new research project has been initiated. Rotation
behaviour of simply bolted beam to concrete-filled elliptical steel column connections was investigated experimentally.
Various joint types were considered and the benefits of adopting core concrete and stiffeners were highlighted. This
paper covers the experimental studies and simulation of the connections using the ABAQUS standard solver.
Comparisons of failure modes and moment vs. rotation relationships of the connections between numerical and
experimental results were given. Good agreement has been obtained and the developed finite element model was
therefore adopted to conduct a preliminary parametric study to explore the effect of critical parameters on the structural
behaviour of beam to concrete-filled elliptical column connections.

Keywords: Concrete-filled columns; Elliptical hollow section; Beam to column connections; Finite element modeling.

1 Introduction

Concrete-Filled Steel Tubular (CFST) columns are well-known for their superior structural properties due to the
mutual complementation of the steel tube and the concrete core. The most common cross-sectional shapes of CFST
columns are circular, square and rectangular. A new range of Elliptical Hollow Sections (EHSs) has been made
available recently by the manufacturing industry, which adds diversity to the sectional shape and fulfils the aesthetics
demand by designers. However, limited information exists to enable safe and economic design of EHS
components/connections in structures, which might limit its widespread application. Efforts have been made on
investigating the structural behaviour of elliptical columns [1, 2], beams [3], welded truss EHS connections [4, 5]. Zhao
and Packer [1] experimentally investigated both unfilled and concrete-filled EHS stub columns filled with normal
concrete and self-consolidating concrete. According to the obtained results, they drived the yield slenderness limit
which is used to identify occurrence of local buckling of steel hollow sections subjected to axial compressive force for

carbon steel EHS based on the equivalent rectangular hollow sections (RHS). They also extended the above concept and
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mehod to predict the load carrying capacity of concrete-filled EHS stub columns and good prediction was generated by
using procedures in Eurocode 4. Dai and Lam [2] investigated the axial compressive behaviour of short concrete-filled
EHS columns by using ABAQUS finite element analysing (FEA) software and an improved confined concrete
stress-strain model was proposed for concrete-filled EHS stub columns. Typical failure modes, static bearing capacities
and load versus end shortening relationships of the composite stub columns obtained by the finite element analysis were
verified against experimental observations. The comparison and analysis indicated the FEA method was reliable in
prediction the basic structural behaviour of concrete-filled EHS stub columns under compression. Static strength of
axially loaded EHS X-joints with brace members welded to the narrow sides of the EHSs has been studied
experimentally and numerically by Shen et al [4]. In their study, both brace member compression tests and tension tests
were performed. They found that this type of EHS X-joint could be related to relevant circular hollow section X-joints.
Despite the above mentioned attempts of investigation on EHS and those not specified provided herein, large gaps still
exist in research. Beam to concrete-filled elliptical column connections, which are essential in framed structures, remain
unfamiliar to designers. The fabrication of such connections could be complicated and cumbersome owing to the curved
face of the column. Fin plate connections have been widely adopted owing to the merits of easier erection, rapid
construction and lower cost. Jones [6] studied the behaviour of single-sided fin plate to steel tubular columns loaded by
tensile and shear force. Parameters including column cross-section shape (CHS and RHS), column and fin plate
thickness, concrete infill, elevated temperatures and lever arm were considered. In this study, failure modes including
fracture of the fin plate and tearing out of the tube around the welds were observed, deformation limit of 3% of the tube
width for hollow tubes in CIDECT Guide was re-evaluated and proved to be inadequate to extract the ultimate strength
of the connections. In addition, concrete infill was observed to significantly increase the capacity of connections over
empty ones and specimens with CHS were found to have greater strength than similarly proportioned RHS ones.
However, this study only focus on isolated fin plate with column connections regardless of bolts that linking beams to
the connections and also the moment behaviour of the connections was not explored especially when large beam
rotation occurred. A series of double-sided fin plate beam-column connections considering different joint assemblies
was investigated by Lam & Dai [7] through a numerical modelling technique, aiming to investigate their
moment-rotation behaviour. Connections with and without concrete core and stiffener plates were studied. The studied
joint types are illustrated in Figure 1, from type-AC to DC. An experimental study [8] was carried out to verify the
obtained preliminary findings and also to provide better understanding of the structural behaviour of these joints,
including an additional joint type-EC (Fig. 1, EC) which considered an embedded stiffener plate in the major axis
direction of the EHS column. Corresponding connections with EHS columns, i.e. without concrete in-fill, were also

tested to highlight the benefit of using the concrete infill. This paper herein presents the experimental program and
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details of a Finite Element (FE) model for the simulation of the experiments on concrete-filled joints. Preliminary
parametric numerical results based on the verified FE model are given to highlight the effect of critical parameters on

the structural behaviour of beam to concrete-filled elliptical column connections.
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Figure 1. Joint types.

2 Description of experimental program

2.1 Test arrangements

Details of the experiments can be found in the previous paper [8], so only a brief summary is given in this section. A
total of ten specimens (of which five are connections with a concrete core in the column and the other five are
corresponding to hollow connections) were tested to failure with the column under a constant downward compressive
force and the beams subjected to upward concentrated forces at the beam ends, replacing the slab-floor load that would
occur in a real structure. Three hydraulic actuators were employed to exert these forces. Test arrangement and a typical
beam to elliptical column specimen is shown in Figure 2 in which some dimensions of the connection are also
illustrated. All EHS columns (200 x 100 x 5mm, 1500 mm in length, mean measured dimensions are listed in Table 1)
were made of S355 steel with a tested average yield strength of 355.3 MPa and an ultimate strength of 522.1 MPa,
respectively; fin plates and stiffener plates were made of S275 steel with tested yield strength and ultimate strength of
333.1 MPa and 444.5 MPa, respectively; elastic modulus was 205 GPa. Steel coupon tests were conducted in
accordance with BS EN 6892-1 [9]. The unconfined average cube strengths of the infilled concrete (C30) were 37 MPa
on 28 days and 42 MPa on the test dates. M20 Gr. 8.8 bolts (for type-D, DC, E, EC connections, where “type-D”, for
example, means type-DC connection without infilled concrete) or Gr. 10.9 bolts (for type-A, AC, B, BC, C, CC
connections) were used to connect the beams (305 x 127 x 48 UB, 900 mm in length) to the fin plates (220 x 110 x 10
mm), while the fin plates were welded to the external faces of the EHS columns using 6mm fillet welds. Bolt holes in
both fin plates and through plate had a diameter of 22 mm. Stiffener plates/through plates (10 mm in thickness) ran
through either the minor or major axes of the EHS columns with an extended length of 20 mm on each side. Vertical
deflections of the beams and lateral deflections at the positions of the top and bottom bolts were measured by LVDTs

during tests, to calculate rotations of each connection.
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Figure 2. Test arrangements & Planed connection dimensions (e:=50, e,=50, p1=60; mm).

Table 1. Mean measured dimensions of EHS columns (mm).

Specimen 1D 2ax2bxt -
mm x mm x mm mm

Joint-A 198.43 x 99.52 x 5.05 1500
Joint-AC 198.60 x 101.89 x 4.97 1499
Joint-B 200.01 x 101.51 x 4.92 1487
Joint-BC 198.47 x 101.57 x 5.01 1498
Joint-C 198.50 x 100.50 x 4.88 1498
Joint-CC 198.21 x 101.42 x 5.02 1498
Joint-D 197.78 x 102.03 x 4.54 1497
Joint-DC 198.50 x 101.62 x 5.05 1500
Joint-E 197.82 x 102.10 x 4.75 1495
Joint-EC 198.11 x 101.58 x 5.17 1495

2.2 Test results

Summarized moment vs. rotation curves were illustrated in Figure 3, where the moment of each fin-plate connection
is equal to the force at the beam end (recorded automatically by a data logger) multiplied by the functional distance (0.8
m) from the loading point to the rotation center. Curve “ECR” represents the result of a repeat test of concrete-filled
type-EC connection, replacing M20 Gr. 8.8 bolts by M20 Gr. 10.9 bolts after the bolts fractured in the initial test. To
improve the clarity of the comparison between the curves, only the phases before the failure points were plotted in this
figure. The initial stage of the curves was found to be linear, and the slope was determined by the friction force that
existed between the fin plates, beam webs and bolts. Slippage occurred in all cases before the bolt shanks touched the
edges of bolt holes. The duration of this phase varied owing to the 2 mm clearance between the bolt shanks and holes.
With the increase of rotation, slopes of the curves increased especially for concrete-filled column connections. The
reason is that the top flange of each beam touched the EHS column face at some stage during the tests, while the

transverse stiffness of the EHS was significantly enhanced by the core concrete. Summarized failure moment and the
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corresponding rotations are listed in Table 2. The main findings in regards to the moment capacity are: 1) the moment
resistance of simply bolted fin plate connections can be improved considerably by infilling concrete to the EHS column,
enhancing moment resistance by a factor ranging from 1.91 to 5.19; 2) the minor axis through plate connection,
type-CC, had much higher stiffness and better moment capacity and is thus to be recommended for minor axis beam to
EHS column connections.

Typical failure modes of connections with hollow columns and concrete-filled columns are illustrated in Figure 4 (a)
and (b), respectively. For all joint assemblies, connections with hollow EHS columns failed by inward local buckling
although stiffeners were used in some cases. However, this phenomenon was eliminated by using core concrete. Large
concave (in the upper portion of the connection, caused by direct compression of beam flange) or convex (in the lower
portion, caused by tensile force transferred from fin plates) deformations that had occurred in the hollow columns were
prevented when concrete infill was employed. Consequently, bolts fractured (shear failure) at the final stage of the tests.
In contrast to the other hollow column specimens, the through plate connection, type-C, failed by bolt shear failure

owing to the contribution of the through plate to the transverse stiffness of the connection.
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Figure 3. Summarized moment vs. rotation relationships.
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Table 2. Failure moment and corresponding rotation.

Failure moment  Rotation  Miyijed

Specimen 1D
kN.m rad /Mholiow

Joint-A 22.3 0.20 /
Joint-AC 43.8 0.11 1.96
Joint-B 16.0 0.10 /
Joint-BC 49.6 0.12 3.10
Joint-C 30.0 0.11 /
Joint-CC 57.2 0.11 1.91
Joint-D 8.4 0.12 /
Joint-DC 43.6 0.11 5.19
Joint-E 13.3 0.18 /
Joint-EC 33.8 0.13 2.54
Joint-ECR 41.4 0.13 3.11

Figure 4. Typical failure modes: (a) hollow connection (Joint-A); (b) concrete-filled connection (Joint-AC)

3 Finite element modeling method

3.1 Geometric model

To achieve computational efficiency, only half of each specimen was modelled by defining appropriate symmetry in the
boundary conditions. The geometric model with mesh is shown in Figure 5, including the symmetry plane and the
applied loads. Mean measured dimensions of EHS columns illustrated in Table 1 were used. Bolt hole positions of both
beam web and fin plates are shown in Figure 2. Note that the actual gap between end of the beam flange and the EHS
column face was not exactly equal to the design value of 10 mm after assembling the connection, owing to the
imperfections of the bolt hole positions and the 2 mm clearance between the bolts and the holes. Therefore, the actual
gap was considered in the FE Model accordingly. The bolts were positioned in accordance to the test setup, in order to
provide a more accurate simulation to the test; adopted positions were illustrated in Figure 6 as an example. Hexagonal

bolt heads and nuts were simplified as cylinders in the models. This simplification was also adopted by other
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researchers [10, 11]. A pre-tightening load of 20 kN was applied to each bolt of the BC, CC, DC and EC connections.

Note that fillet weld and washers were not included in the FE models.

I:beam

(a) Central position (b) Off center (Joint-AC)
Figure 6 Bolt positions in FE models

3.2 Material properties

A four part stress-strain model described by Dai & Lam [2] was adopted for the EHS confined concrete, and the
calculated compressive stress-strain curve is shown in Figure 7; key parameters are listed below: maximum unconfined
compressive cylinder strength was 33.2 MPa; initial elastic modulus was 30826 MPa; maximum confined compressive
strength was 43 MPa. A fracture energy based option was selected to define the tensile behaviour of the concrete, with

the failure stress approximately equals to 0.1 times the corresponding compressive stress and a fracture energy of 0.08
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N/mm which was obtained through linear interpolation between 0.04 N/mm for C20 concrete and 0.12 N/mm for C40
concrete [12].

The stress-strain model of steel is illustrated in Figure 8 where the vertical and horizontal axes represent the true
stress and strain converted from the tested nominal values via the following recognized expressions based on the
principle of constant-volume:
gt =1+ ") (a)

' =l + &™) (b)
where ¢' and &' denote the true stress and true strain, respectively; ¢" and &" refer to the nominal stress and strain. The

true stress and strain at fracture are obtained by using the following equations:

Ffrac

g; = = x 100%

A_f'r LTS

(©

Ap
g = ln{;j
j
(d)
where Fiac and Asrac are the load and smallest cross-sectional area when the coupon is fully fractured; As is the smallest
cross-sectional area after fracture. Tested orand erare 940.5 MPa and 96.4% for S355 steel; 943.7 MPa and 102.9% for
S275 steel. As material tests for bolts were not conducted, the minimum nominal yield and ultimate strength were used

in this paper.

50
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[ o]
[e=]

0 1 1 1 1

0 0.02 0.04 0.06 008 0.1
Strain

Figure 7. Stress-strain curves of EHS confined concrete (Dai & Lam, 2010).
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Figure 8. Stress-strain model of steel (Fernandez-Ceniceros et al, 2015).

3.3 Mesh type and size

C3D8, an 8-node linear brick element, was adopted for the FE model. Incompatible mode was selected for steel
component elements to avoid possible hourglass phenomena while ‘reduced integration” was used for the concrete core
elements to reduce computational cost.

For the tested specimens, failure normally occurred around the connection, thus a finer mesh was used to obtain
accurate simulation while a coarser mesh was adopted further away from the connection area to save computational
time. No global buckling of the EHS column was observed during the tests, therefore the following mesh size
recommendations for elliptical stub concrete-filled columns could be followed: 5-10 mm for EHS and 10-20 mm for
concrete; the concrete element size could be set as twice the element size of the EHS column where applicable [2].
Also, a mesh size of 20 mm was employed for both steel and column of the through-plate concrete-filled connection
[13], which gave sufficiently accurate results with quick convergence and reasonable computational time. Taking the
above findings into consideration, global mesh sizes of 20mm were adopted for both the EHS and concrete core while
mesh sizes of 10 mm and 5 mm were used in the connection area for concrete and EHS, respectively. The hoop
direction of the EHS column was meshed using a single bias meshing method with a minimum mesh size of 10 mm
(curved side of EHS) and maximum of 20 mm (flat side, this value may be reduced accordingly); the same technique
was used in the longitudinal direction of the EHS column. The steel components had two layers of mesh in their
thickness directions. A bolt mesh size of 3 mm was recommended by Yu et al. [14] and was thus adopted as the global
size for the bolts in this paper. In particular, mesh size was minimized to 2 mm along part of the bolt shank longitudinal
edges where the surface was defined as ‘slave surface’ in one of the contact pairs. In the circumferential direction of the
bolts/bolt holes, 32 elements were adopted. Mesh sensitivity analysis was conducted in terms of this element quantity
by increasing the number to 48 and 60. As shown in Figure 9 (a), the moment-rotation curves obtained are nearly
identical and this proves that the FE model could adopt the 32 elements as the optimum option regarding computational

efficiency and result convergence. Further evidence is given in Figure 9 (b) where the equivalent plastic strain
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distribution along the critical bolt hole in fin plate (Joint AC-4mm-Fin, model details can be found in the following

parametric study) was illustrated. The x-axis represents the angle initiating from 0° to 360°.

0 30 60 90 120 150 180 210 240 270 300 330 360 hole
Angle (°)

32 elements 48 elements = = = 60 elements
70
60
g 50
£ 1
5 30
=}
= 20
10
0
0 0.020.040.060.08 0.1 0.120.140.16 0.18 0.2
Rotation (rad)
(a) Moment-rotation curves (Joint-AC)
—— 32 ¢clements = = = 48 elements
~ 120
S
< 100 0°
£ 80 v
o 60 \ \ 90°
£ 40 h
S 20
13 0 - / Bolt
=
=
3|

(b) Equivalent plastic strain distribution (Joint AC-4mm-Fin)
Figure 9. Mesh sensitivity analysis.

3.4 Contact

Contact interaction is complicated when conducting the nonlinear analysis of concrete-filled bolted connections by
using the ABAQUS standard solver. Proper definitions of master and slave surfaces in contact pairs (in accordance with
the below two criteria: 1) stiffer material is normally set as the master surfaces; 2) a surface should not be used as slave
surface in two or more different interactions) and contact properties were essential to avoid possible convergence
problems and to successfully capture the moment-rotation behaviour of the connections. Surface-to-surface contact with
a finite sliding option was used in this paper for the following contact pairs: beam-fin plate, beam/fin plate-bolt,
stiffener plate/through plate-concrete, rigid plate/roller (described in the next section) -concrete, EHS-concrete. ‘Hard
contact’ in the normal direction was defined to fully transfer the load from beam to column through fins and bolts; a

friction coefficient of 0.3 was assumed for all of the contact surfaces in the tangential direction.
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3.5 Failure criteria

The strain based failure criterion for bolted connections adopted by Salih et al [15] were employed to define the bolt
shear and plate failure in the numerical studies. In this paper, bolt failure is deemed to occur when the equivalent plastic
strain over the full critical cross-section of the bolt exceeds 1%. The plates bearing failure and net section failure are
adopted with the criterion that the localized equivalent plastic strain reaches the true fracture strain [15] to identify the
failure modes and the failure moment of the bolted connections regardless of the deformation limit of bolt holes. For the
true fracture strain, experiments have been carried out by Khoo et al. [16], Dowling [17], Huns et al [18] and Nip et al
[19] and an average value of 100% was obtained for structural carbon steels [15]. Based on the uniaxial tension test
results of 96.4% for S355 steel and 102.9% for S275 steel obtained by authors, this value 100% is reasonable and

therefore was used in the parametric studies conducted in this paper.

4 Verification of developed FE model

Based on the above described FE simulating method, moment vs. rotation relationships of concrete-filled
connections were obtained and compared with the corresponding test results, see Figure 10 (a)-(e), where dotted lines
with hollow circles represent the test results while solid lines denote the corresponding FE results; the dotted line with
filled circular data points and the thicker dashed line in Figure 10 (e) refer to test result and FE result of the repeat
experiment of Joint-EC (replacing Gr. 8.8 bolts by Gr. 10.9 bolts), respectively.

In general, the whole experimental moment vs. rotation curves before the maximum point (caused by bolt shear
failure) can be well captured by the FE modeling with the exception of Joint-EC. The EC connection underwent
yielding, along the intersection between the fin plate and the EHS column during the initial testing (see Fig. 11),
however this is not considered in the FE modeling. The friction and slippage between beam and fin plate can be
predicted reasonably in all specimens based on the initial stages of these moment vs. rotation curves from the FE
simulation and experimental result. Nevertheless, there was a gentle transition phase in the experimental curve before
the bolt shanks fully contacted the surface of the bolt holes, which was governed by bolt positions. The positions of
bolts in the holes could not always locate in the center and thus real positions were used, e.g. Joint-AC (see Figure 6).
Good agreement of the transition phase could be obtained for Joint-AC which means the actual bolt positions were
correctly assumed. However, the bolt positions could have a number of combinations and thus leads to the differences
on the moment-rotation curves at around 0.04 rad to 0.06 rad for the rest of connections. But this phenomenon will not
affect the subsequent stage of the moment behaviour of the connections nor the ultimate moment capacities after beam
end touching the column sides. The gap between beam end and column face affected the slope of the curve in the later
stage: a smaller gap caused the slope to change at an earlier stage. The gaps used in the FE models are listed as follows:

AC, 9.1 mm; BC, 9 mm; CC, 8.5 mm; DC, 7 mm; EC, 12mm, ECR, 11mm.
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Figure 12 shows the equivalent plastic strain distribution along the critical bolt hole in both the fin plate and the
beam web of Joint-AC when bolt failure occurred. The data points were extracted in a clockwise direction with the
angle initiating from 0° to 360°. It indicates that the connection did not fail by plate failure since the maximum

equivalent plastic strain (around 40%) is below the limit of 100%.
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Figure 13 (a)-(c) shows the comparisons of typical failure modes of concrete-filled connections between

experimental result and FE result, e.g. Joint-BC. As can be seen from these comparisons, the obtained FE models could

reasonably replicate the failure of the connections which proves the validity of the described FE modeling method.
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Figure 13. Comparison of failures (Joint-BC): (a) connection rotation; (b) bolt hole bearing failure in fin plate; (c) bolt

shear failure (bolt deformation scale: 1.5).

Table 3 shows a comparison of ultimate moment between those extracted from experiments and FE simulation,

where Mrest represents the ultimate moment obtained from the experiments and Meem refers to the failure moment

provided by FE simulation based on the bolt failure criteria. The failure point in the FE result was illustrated in Figure

10 with a red circle. Good agreement within a satisfied accuracy of 7% has been obtained for Joint-AC, BC and CC

which utilized the Gr. 10.9 bolts which means that the developed FE model, adopted material properties and failure
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criteria could reasonably determine the moment capacities of the concrete-filled connections adopting Gr. 10.9 bolts.
For the cases of Joint-DC and EC in which Gr. 8.8 bolts were utilized, the simulation results are in the safe side which
means the adopted bolt nominal properties and the equivalent plastic strain limit of 1% underestimated the connection

capacities based on the comparison in Table 3.

Table 3. Comparison of ultimate moments from experiments and FE simulations.

Mtest  Mrem  MyesT

Specimen ID

kN.m kN.m /MFEM
Joint-AC 43.8 44.5 0.98
Joint-BC 49.6 48.5 1.02
Joint-CC 57.2 53.3 1.07
Joint-DC 43.6 32.8 1.33
Joint-EC 33.8 27.6 1.23

Joint-ECR 41.4 50.6 0.82

5 Parametric studies

5.1 Key parameters

Parametric studies were performed based on the joint types-AC (major axis fin plate connection with stiffener), BC
(major axis fin plate connection without stiffener) and CC (minor axis through plate connection). The key parameters
selected are: end distance e1 (1.5d, 2.0d, 2.5d, 3.0d, 3.5d), end distance e, (1.5d, 2.0d, 2.5d, 3.0d, 3.5d), bolt spacing p:
(2.0d, 2.5d, 3.0d, 3.5d, 4.0d), fin plate thickness t, (4mm, 6mm, 8mm); d is the diameter of the bolt which equals to 20mm.
Symbols are illustrated in Figure 2. Dimensions of the beams, EHS column are identical with those adopted in the
experiments. The column end was fixed on the bottom while only axial shortening was allowed at the top end. Three Gr.
10.9 bolts were adopted with a constant diameter of 20mm. The beam flange and fin plate/through plate was tightened
with bolt load of 20 kN. No weld and washers are included in the FE models.

S355 steel was adopted for the EHS columns and beams with a nominal yield strength of 355MPa and a nominal
minimum ultimate strength of 470MPa [20] while S275 steel was selected for the fin plates which has a nominal yield
strength of 275MPa and nominal minimum ultimate strength of 410MPa. True stress-strain relationships were converted
using the equations where E;=c, was assumed [21]. The three-part linear stress-strain curve was adopted for steel. C30
concrete was used in the EHS columns.

5.2 Effect of fin plate thickness

To evaluate the influence of fin plate thickness on the moment-rotation behaviour and failure modes of the beam to
concrete-filled elliptical column connections, a set of thickness values of 4mm, 6mm and 8mm was selected for Joint
types-AC, BC and CC. Bolt arrangement and fin plate profile can be found in Figure 2. The maximum moment with

corresponding joint rotation at failure were extracted from the numerical results and are listed in Table 4. Figure 14 shows
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the equivalent plastic strain distribution along the critical bolt hole in both fin plate and beam web where the x-axis
represents the angle initiating from 0° to 360°. This figure indicates that the critical position along bolt hole in the beam
web and fin plate is around 120°-135°. Note that the connections with fin plate thickness of 4mm and 6mm failed in fin
plate failure since the equivalent plastic strain at the critical position reached the limit of 100% (highlighted with a red
dash line in the graph) while the bolts did not fail as the shear resistance of M20 Grade 10.9 bolts was larger than the fin
plate bearing resistance. In contrast, bolt shear failure occurred prior to the fin plate failure in the connection with 8mm fin
plate and evidence was shown in the Figure 14 that the critical equivalent plastic strain is lower that the strain limit of
100%. An equivalent plastic strain contour was illustrated in Figure 15, showing that local failure in the fin plate occurred
in this case and thus the stiffener plate inserted into the concrete-filled column of type-AC connection could not provide
obvious enhancement to the resistance on the connection level. Thus there would be no significant difference in the
moment response between the stiffened type-AC connections and type-BC connections. The moment vs. rotation curves
of the connections considered in this section are illustrated in Figure 16 where the curves were cut at the failure points to
clarify the comparisons within the graph. Obviously, the fin plate thickness plays important role in the structural
performance of these types of connections. The stiffness and ultimate moment of the connections increase with the
increasing of fin plate thickness even through failure mode might change. The connections analyzed in this section was
summarized in Table 4 with the failure moment, corresponding rotation and failure mode; failure points are given in

Figure 16 with circles for type-CC connections and triangles for both AC and BC connections.
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Figure 14. Equivalent plastic strain distribution along the side bolt hole at failure (AC).
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Figure 15. Equivalent plastic strain contour in fin plate (AC-4mm-Fin).
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Figure 16. Moment vs. rotation relationships.
Table 4. List of beam to elliptical connections analyzed in section 5.2.
Connection ID n tp Failure moment  Rotation at failure ~ Failure mode
mm mm  kN.m Rad
AC-4mm-Fin 0.4 4 26.08 0.120 PF
AC-6mm-Fin 0.4 6 39.63 0.148 PF
AC-8mm-Fin 0.4 8 47.66 0.150 BF
BC-4mm-Fin 0.4 4 26.11 0.118 PF
BC-6mm-Fin 0.4 6 39.95 0.146 PF
BC-8mm-Fin 0.4 8 48.58 0.151 BF
CC-4mm-Fin 0.4 4 26.72 0.114 PF
CC-6mm-Fin 0.4 6 41.70 0.134 PF
CC-8mm-Fin 0.4 8 50.78 0.131 BF

Note: Connection ID, e.g. AC-4mm-Fin denotes type-AC connection with a 4mm fin plate;
BF - bolt failure and PF - fin/through plate failure.

5.3 Effect of end distance-e; and bolt spacing-p:

Optimum arrangement of the bolts in the fin plate (110mm in width and 220 mm in length) was investigated by
changing the end distance e; and vertical bolt spacing p:. Considered combinations of e; and pi are given as follows:
1.5d & 4.0d; 2.0d & 3.5d; 2.5d & 3.0d; 3.0d & 2.5d; 3.5d & 2.0d. Ultimate moment capacities obtained from type-BC
and CC FE models are presented in Figure 17 and are also summarized in Table 5. It is shown that bolt spacing p: is
more influential than the end distance e; on the moment capacities of the connections. Based on the comparison within
and between graphs, vertical bolt spacing is suggested to be at least 2.5d; the minimum e; could be 1.5d in type-BC
connection but this value should be increased to 2.0d in type-CC connection; and the combination of e;=2.0d and

p:1=3.5d may be the optimum option for the bolts arrangement in the cases studied.



Yang et al.

BC > CC //’ri T o
//// = - = _
AN =

BT .7, - )
[l e 1 f
¥l

2y 29

Q9 7, 2:.\

¥ 7 0

2 ,

7 A

/ é\t‘

9 7

< #

G
© < e ~
77

Figure 17. Effect of end distance e; and bolt spacing p: (type-BC and CC)

Table 5. List of beam to elliptical connections analyzed in section 5.3 (e,=2.5d)

Connection ID ni tp Failure moment  Rotation at failure ~ Failure mode
mm mm  kN.m Rad
BC-6-E1-15-P1-40 04 6 39.63 0.125 PF
BC-6-E1-20-P1-35 04 6 40.81 0.135 PF
BC-6-E1-25-P1-30 04 6 39.95 0.146 PF
BC-6-E1-30-P1-25 04 6 37.36 0.146 PF
BC-6-E1-35-P1-20 04 6 30.85 0.130 PF
CC-6-E1-15-P1-40 04 6 32.67 0.111 PF
CC-6-E1-20-P1-35 04 6 41.32 0.116 PF
CC-6-E1-25-P1-30 04 6 41.84 0.134 PF
CC-6-E1-30-P1-25 04 6 38.31 0.134 PF
CC-6-E1-35-P1-20 04 6 31.79 0.124 PF

5.4 Effect of edge distance-e;

Figure 18 presents the moment capacities of analyzed BC and CC connections in terms of edge distance e;. The
studied e, values were equal to 1.5d, 2.0d, 2.5d, 3.0d and 3.5d, respectively, and the corresponding fin plate width was
(60 + e2) mm while the length is kept as 220 mm. Table 6 lists the corresponding FE results the connections. As shown
from the results, the moment capacities increased with the increasing of the edge distance e, while the increment was
not obvious after e, reaching 3d; the difference between the ultimate moments between connection types BC and CC is

not significant but the capacity of the CC connection is always slightly bigger than that of the BC connection. The

minimum value of e is suggested to be at least 2.5d in both cases.
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Figure 18. Effect of end distance e,

Table 6. List of beam to elliptical connections analyzed in section 5.4 (e;=2.5d; p1=3d).

Connection ID  n tp Failure moment  Rotation at failure ~ Failure mode
mm mm  kN.m Rad
BC-6-E2-15 04 6 30.30 0.119 PF
BC-6-E2-20 04 6 36.75 0.135 PF
BC-6-E2-25 04 6 39.95 0.146 PF
BC-6-E2-30 04 6 41.33 0.148 PF
BC-6-E2-35 04 6 42.03 0.147 PF
CC-6-E2-15 04 6 31.13 0.111 PF
CC-6-E2-20 04 6 37.6 0.122 PF
CC-6-E2-25 04 6 41.84 0.134 PF
CC-6-E2-30 04 6 42.96 0.134 PF
CC-6-E2-35 04 6 43.55 0.132 PF

6 Conclusions
To enable better understanding of the moment-rotation behaviour and failure mechanism of fin plate connections to
elliptical column, limited experimental work has been conducted by authors. Due to experiment is costly and time
consuming, a finite element modelling method was develped via ABAQUS and was adopted to conduct further
investigation. After the developed numerical model was validated against the experimental results, a preliminary
parametric study is then performed to evaluate the influence of several main parameters to the behaviour of the
prescribed connections. The following conclusions are made based on the research work presented in the paper.
e The concrete core increased the moment capacity significantly due to it restrained the column wall buckling at the
vicinity of the joint. The moment enhancement ratio ranging from 1.91 to 5.19 (compared with corresponding

hollow connections);
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e Typical failure of the concrete-filled connections was observed as bolt shear failure while that of the hollow
connections was inwards local buckling, which occurred in compression zone of the EHS column face near the
connection area.

e Based on the comparisons between experimental result and FE analysis prediction, the described simulation
method/FE model could predict the ultimate moment capacity of concrete-filled connections adopting M20 Gr.
10.9 bolts within a satisfactory error value of 7 % and could also capture the typical failure mode of these
connections.

e  The numerical results obtained from the parametric studies indicates that the fin plate thickness affects the moment
capacity of the connections significantly. Normally, the ultimate moment increases with the increasing of the fin
plate thickness although the failure mode may change when the thickness reaches a certain value, e.g. 8 mm.

e Vertical bolt spacing is suggested to be at least 2.5d for both type-BC and CC connections; the minimum e; could
be 1.5d in type-BC connection and 2.0d in type-CC connection. The minimum value of e; is suggested to be at least

2.5d in both cases.
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