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The flexural behaviour of two types of asymmetric bolted square hollow section (SHS) splices is investigated in
this paper. The asymmetric bolted SHS splices are derived from the traditional bolted end plate SHS joints but
with the end plate flushed to the SHS surface on one side or two adjacent sides, where a cover plate connects two
SHSs. Firstly, four-point bending tests are conducted for two configurations under different loading conditions.
Next, finite element (FE) analysis is carried out to simulate the experiments. To reduce the computational time, a

simplified FE model is developed, which is further employed for a parametric study. Finally, the component
method, which was extended for the asymmetric bolted SHS splices under tensile load, is verified against the FE
models in the parametric study. The results show that the extended component method could effectively predict
the stiffness and the resistance of bolted asymmetric SHS splices under different bending loads.

1. Introduction

Bolted connections and welded connections are two main technolo-
gies for connections in steel structures, e.g., column bases, beam-to-
column joints, beam splices, and column splices. The construction
cost, in terms of price and time, may be reduced using off-site pre-
fabricated structures, where the structure members are prefabricated in
workshops and assembled on-site. Significant research has been con-
ducted on bolted connections from different perspectives, such as the
mechanical behaviour of innovative joints [1-5], design models for
bolted connections [6-10], and steel-to-concrete connections [11,12].

Hollow sections are typical structural profiles with light self-weight,
excellent torsional resistance, and a visually attractive appearance.
Different types of bolted connections [13-20] have been proposed for
hollow sections, which provide alternative solutions for traditional
joints and splices to enable quick and simple assembly. For example, the
traditional solution for square hollow section (SHS) column splices is to
connect two members by end plates. Kato and Mukai [21] propose a
two-dimensional yield line model to design the tensile resistance of SHS
splices with bolts on four sides. For the rectangular hollow section (RHS)
splices with bolts on two opposite sides, a one-dimensional design model
with six failure modes is proposed by Packer et al. [22]. The design
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models are based on the assumption of the plastic hinge on the end plate,
represented by the yield lines. The length of the yield line is essential for
calculating the resistance of the connection. Steige and Weynand [23]
propose an equation to calculate the effective length of the yield line at
the corner of the end plate, based on a two-dimensional yield line model
for RHS splices developed by Willibald [24]. For the RHS splices with
bolts only at four corners, Heinisuo et al. [25] define three failure modes
with different yield line patterns. Regarding the stiffness of the RHS
splices, Karlsen and Aalberg [26] find that the existing T-stub model,
which is used in FprEN 1993-1-8 [27] for open cross-sections, is not
suitable for RHS splices. A new stiffness model is proposed considering
the effect of the two-dimensional bending interaction of the end plate
inside the tube.

The traditional configurations require an installation gap between
the column surface and the facade panel for columns at the outer corner
or along the facade of a building. To address this issue, two new
asymmetric configurations, as shown in Fig. 1, were proposed for the
column splices at the corner (Corner column splice, CCS) and along the
facade (Wall column splice, WCS) [2].

The proposed splices consist of cold-formed SHS tubes, end plates,
cover plates, M24 bolts for connecting end plates, and M20 bolts for
connecting cover plates. The end plate is welded to SHS1 and SHS2 on
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Fig. 1. Two new configurations of asymmetric column splices. [2].
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Table 1
Thickness of plates and welds [mm].
Configuration ~ NO.  Measured FE End Cover SHS
weld weld plate plate
WCS-CPT-6 A 7.6 7.5 6.0 6.0 7.7
B 7.3
WCS-CPC-6 A 7.5 7.5
B 8.0
WCS-CPB-6 A 7.2 7.5
B 7.3
CCS-CPT-6 A 8.7 9.1
B 9.4
CCS-CPC-6 A 9.2 9.1
B 8.9
WCS-CPT-8 A 8.5 8.7 8.5 7.9
B 9.0
WCS-CPC-8 A 8.5 8.7
B 8.9
WCS-CPB-8 A 9.3 9.4
B 9.4
CCS-CPT-8 A 9.0 9.0
B 9.2
CCS-CPC-8 A 8.9 9.0
B 9.0

Distribution beam=""
e

Support

Fig. 2. Experimental setup.

the sides without the cover plate. The cover plate is welded to the SHS1
on three sides around the cover plate. Under the framework of the
component method in FprEN 1993-1-8 [27], the behaviour of the indi-
vidual components and the interaction between different components
are studied by Yan et al. [10]. The proposed component method can
accurately predict the tensile behaviour of the two asymmetric splices.

RP3:

Uy= Uy=0
URy=URz=0
RP1,RP2:
Uyx= Uy= Uz=0
URy=URz=0

RP.J. UZ

Surface 1

Y
X9
VA
Surface 2

Fig. 3. Finite element model.

This paper, which is a continuation of the previous two studies [2,10],
presents the experimental, numerical, and analytical studies on the
bending behaviour of asymmetric splices. The extended component
method is used to predict the resistance and stiffness of two types of
asymmetric bolted SHS splices under different types of bending load.

2. Experiments and finite element (FE) analysis
2.1. Specimens and test setup

Considering the asymmetric feature of the splices, five loading con-
ditions are characterised for the two configurations, as follows: WCS
with cover plate in tension (WCS-CPT), WCS with cover plate in
compression (WCS-CPC), WCS with cover plate in bending (WCS-CPB),
CCS with cover plate in tension (CCS-CPT), and CCS with cover plate in
compression (CCS-CPC). Two nominal thicknesses (6 mm and 8 mm) of
the end plate and the cover plate are tested in the experiments. The
column of the tested specimens is 200 x 200 x 8 square hollow section
(SHS). Both M24 and M20 bolts are grade 10.9 hexagonal head bolts.
Note that the M20 bolts should be replaced by blind bolts in real
structures. It is worth mentioning that replacing the blind bolt with the
normal bolt results in a limited difference in resistance, while the stiff-
ness might deviate slightly depending on the type of the blind bolt.
Swierczyna [28] compares the initial stiffness of lap joints using the
normal bolt and the blind bolts with a sleeve. It is found that using the
blind bolt leads to a relatively high initial stiffness, resulting from the
lack of slip in the blind bolt joint where the fastener sleeve tightly fills
the bolt hole during installation. It is also argued that the difference
would be smaller if the tolerance of the bolt hole is 1 mm. In addition, for
the blind bolt without a sleeve and requiring standard bolt hole
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Fig. 5. Engineering stress-strain relationships. [2].

Table 2

Material properties of plates. [2].
Thickness E fy ey fu &y fulfy e
[mm] [GPa] [MPa] [%] [MPa] [%] [%]
6.0 193 404 0.209 574 14.07 1.42 28.9
7.7 194 479 0.447 583 8.56 1.28 23.7
7.9 197 361 0.183 551 16.11 1.53 27.1
8.5 200 391 0.196 562 14.08 1.44 30.8

tolerance [29], the stiffness difference compared to the normal bolt
should be very limited. Hence, the component method presented in this
paper also suits the joint using blind bolts with 1 mm bolt hole tolerance
and blind bolts without a sleeve.

The nominal dimensions of the splices are shown in Appendix A. The
measured thicknesses of the plate, SHS, and the throat thickness of the
weld on the end plate are presented in Table 1, where the last number of
the specimen name is the plate nominal thickness. Each test was per-
formed in two repetitions, resulting in 20 tests in total. Note that the
tested splices are intentionally designed weaker than the column
because the study aims to develop and verify the component method for
the involved components. Hence, the failure of the specimen was gov-
erned by the investigated components. In real applications, the joint is
often designed to be stronger than the column, especially for structures
with the seismic design. The present study provides a solution to eval-
uate the resistance of the joint. A joint stronger than the column can be
designed using the proposed method, while the possibility of designing a

Thin-Walled Structures 204 (2024) 112282

b) End plate.

Fig. 4. Mesh details. [2].

¢) Column.

more economical joint, where the bending failure is not critical, e.g., the
column which is dominated by compression load, remains.

A four-point bending setup is used to test all specimens, as shown in
Fig. 2. A distribution beam, which is pinned to the jack, is used to ensure
the same load at two loading points. The load is spread from rollers to
the specimen in a broader range through two thick plates to avoid po-
tential local buckling failure of the tube. The specimens are simply
supported at two ends of the specimen (with a 1730 mm distance) and
loaded by a pair of round rollers. The distances between the two rollers
are 700 mm and 800 mm for specimens with 8 mm and 6 mm plates,
respectively. All tests are executed in displacement control with a con-
stant loading rate of 0.012 mm/s.

Eight or six laser ranging sensors are employed to measure the ver-
tical displacements of specimens with the end plate or the cover plate at
the bottom side during testing, respectively. Two pairs of lasers (L1-2
and L3-4) are positioned at the loading cross-sections. For specimens
with an end plate at the bottom, two pairs of lasers (L5-6 and L7-8)
measure the deformation of the cross-sections with a 50 mm distance to
the surface of the end plate, as shown in Fig. 2. For the specimen with a
cover plate at the bottom, one pair of lasers (L5-6) are pointed on the
cover plate at the cross-section where two end plates meet.

2.2. Finite element (FE) models

The commercial software ABAQUS 6.14 [30] is used to simulate the
four-point bending tests. Fig. 3 depicts the details of the FE model. A
distribution beam is created using a B31 linear beam element to reduce
the number of elements and save computational time. The load is applied
via a vertical displacement at Reference Point 3 (RP3) which is at the
middle point of the distribution beam. Two reference points on the dis-
tribution beam, RP4 and RP5, are connected to the corresponding Central
Lines 4 and 5 (CL4 and CL5) in the half-circular rollers. CL4 and CL5 could
freely rotate around the X axis while the corresponding reference point
constrains the rest degrees of freedom. The bottom surfaces of the support
roller (Surface 1 and Surface 2) are slaved by RP1 and RP2 in all six de-
grees of freedom, respectively. The detailed boundary conditions of RP1,
RP2, and RP3 are given in Fig. 3. The property of contact pairs was set as
the hard contact in the normal direction and penalty friction with the
friction coefficient of 0.2 for the tangential behaviour.

The mesh sensitivity is evaluated in the companion study [2], where
the tensile behaviour of the asymmetric joints is investigated. It is
concluded that a 3 mm mesh size is sufficient to predict the mechanical
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Fig. 6. Comparison of load-displacement relationships.
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Table 3
Comparison of the maximum resistance [kN].

PEEQ
(Avg: 75%)

Load case NO. 6mm 8mm

EXP FEA ERR[%] EXP FEA ERR[%]

WCS-CPT A 548 562 2.5 673 693 3.0
B 518 8.4 665 4.2
WCS-CPC A 424 404 —46 672 657 —2.3
B 377 7.2 635 3.5
WCS-CPB A 483 502 4.1 663 712 2.6
B 495 1.6 670 15
CCS-CPT A 634 662 4.3 780 715 -84 o
B 635 4.2 787 -9.2
CCS-CPC A 479 545 13.9 619 654 5.7 &
B 520 5.0 543 20.4 £
%

where ERR is (FEA/EXP-1) x 100.

behaviour of the critical region. In this study, a 3 mm mesh size is used in
the potential fracture region, and the mesh size is gradually increased to
9 mm elsewhere. The mesh is the same as in [2], see Fig. 4.

2.3. Material mechanical properties

The mechanical properties of different materials obtained from
tensile coupon tests are employed in the FE models. The engineering
stress-strain relationships for each thickness of the material are plotted
in Fig. 5, and the characterised mechanical properties are summarised in
Table 2, where E, fy, &y, fu, £y, and ¢ are the measured Young’s modulus,
yield strength, yield strain, ultimate strength, ultimate strain, and frac-
ture at elongation, respectively. Note that ¢y is calculated by f; /E for
plates (6 mm, 7.9 mm, and 8.5 mm) with yield plateau. For the 7.7 mm
plate without a yield plateau, &y equals 0.002+ f; /E. Fracture is not
observed in the weld in all specimens. Hence, the weld is not critical for
the joint. The same material model is assumed for the end plate and the
weld. The throat thickness of the weld is presented in Table 1. Mises
yield criterion is employed in the FE analysis.

(Avg: 75%)

418
I +5

2.4. Validation of FE models

SLELEINLNLLL,

The FE models are validated against the experiments in terms of
load-deformation relationships and failure modes. Fig. 6 compares the
load-deformation relationships of each type of specimen. Since the laser
sensors are symmetrically positioned around the interface of two end
plates, the measured deformations at symmetric positions are averaged,
i.e., L1-L4 at loading points are averaged as L1-4. The letters A and B
represent the two repetitions, and FEA is the result of the FE model.
Table 3 shows that FEMs could well predict the ultimate resistance with
a 6 % average deviation. The resistance of CCS-CPC-8-B is significantly
lower than the FE prediction due to the fabrication deficiency. The
typical failure mode of CCS-CPC is a fracture in the side cover plate and
fracture cutting through the end plate, as shown in Fig. 6. However,
fracture occurred beneath the weld on the end plate but not in the cover
plate in specimen CCS-CPC-8-B, indicating that the weak heat-affected
zone (HAZ) results in premature failure. The weld thickness at the
corner of the SHS near the cover plate side is very small, and the welding
process resulted in a weak HAZ. Due to the tolerance of the bolt hole, the
small gap between two end plates, and the representativeness of the
measured size of the fillet weld, the stiffness of the FEM is slightly higher
than the experimental results in some cases.

PEEQ contour plots of FE models are compared to the most repre-
sentative failure modes for each configuration under different loading
conditions in Fig. 7. Two typical failure modes can be identified from the €¢) CCS-CPC: Fracture in the cover plate and end plate.
experiments, including the fracture at the net section of the cover plate
and the fracture at the toe of the weld in the end plate. Fig. 7 demon-
strates that high PEEQ appears at the position where the fracture occurs
in experiments, indicating that FE models could successfully predict the
failure modes.

8auRaRBLLISRST

<

r

d) CCS-CPT: Fracture in the cover plate.

2

2220888888813

Fig. 7. Comparison of experimental and FE failure modes.
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2.6. Parametric study

UR, The nominal material properties for S355 according to prEN
1993-1-1 [31] and for the grade 10.9 bolt according to FprEN 1993-1-8
RP2: [27] are employed in the parametric study. The Young’s modulus (E) of
U= U.,=0 both materials is 200 GPa. The engineering stress-strain relationships
X vz are shown in Fig. 10.
URy= URy= 0
RP1:
Ux=Uy=Uz=0 -+--EC3-8355 - - Grade 10.9 bolt
URy= URy= 0 1200
1000 oo
UR, n;; 800 |
‘:{. Surface 1 PR
S 400 ¢ - ,
Z X 200 |
04 s
Fig. 8. Simplified FE model (CCS-CPT). 0 0.05 0.1 0.15 0.2
Strain [-]
2.5. Simplified FE models
Fig. 10. Stress-strain relationships.
It is quite time-consuming to conduct a parametric study using the
validated four-point bending FE model, considering the complicated
contacting surfaces in the load and support rollers and the large number
of elements. Hence, a simplified FE model is generated based on the A
four-point bending model. The length of the column is reduced from
1000 mm to 500 mm. The load is modified from the vertical displace- p
ment of the roller to a rotation angle at the end cross-section (surface) of —_—
the column, as shown in Fig. 8. Two reference points (RP1 and RP2) are m ‘© @ > Row6 )
created at the centre of the top and bottom cross-sections (surfaces), T — m
Surface 1 and Surface 2. Surface 1 and Surface 2 are constrained by RP1 o jﬁg::; ’|—'
and RP2 via the Rigid Body constraint. All degrees of freedom at RP1 are » —L U
constrained except for the rotation around the Z axis. All degrees of H-—»Row3 =~ T: é’ @ @ H
freedom at RP2 are constrained except for the rotation around the Z axis @ E—»Row?2 =
and the displacement in the Y direction. The same magnitude of cross- —r = » Rowl @ @ 5 R
section rotation deformation is applied to RP1 and RP2 but in the
opposite direction. Fig. 8 depicts an example of a corner splice under the @ @ i
load case of the cover plate in tension (CCS-CPT). ¢
The moment-rotation relationships of the simplified models are H—
compared to that of all the four-point bending models. In the four-point A
bending model, the rotation angle of the splice is calculated based on the
horizontal displacement (Y direction in Fig. 3) of the elements at the Fig. 11. Parameters used in the analysis.
loading cross-sections. The moment is a half of the total load times the
lever arm. In the simplified model, the moment and rotation angle could Table 4
be directly extracted from two reference points RP1 and RP2. The Range of investigated parameters.
comparison is made for all ten types of tests. Good agreements are - -
observed between the two models. Due to the page limit, the results of Parameters Dimensions
WCS with 6 mm plates are presented in Fig. 9. Hence, the simplified m* [mm] 35 50 65
models are validated and used further in the parametric study. ¢ [mm] 6 8 10 12
p [mm] 130 100 70
R 3 2 1
—Four-point bending model ~ —Simplified model —Four-point bending model —Simplified model —Four-point bending model  —Simplified model
150 150 150
2120 2120 z120
Z 9 Z 9 Z 90
é 60 :;: 60 2 60
Z 5 Z 5 .
0 0 0
0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1 0 0.03 0.06 0.09 0.12 0.15
Rotation [rad] Rotation [rad] Rotation [rad]
a) WCS-CPT-6 b) WCS-CPC-6 c) WCS-CPB-6

Fig. 9. Comparison of the four-point bending model and the simplified model.
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Table 5
Active components for various load cases of asymmetric splices.
Load case Resistance model Stiffness model
Compression centre
Compression Compression M M
WCS-CPT ( l(EP.side X2 )
Tension Tension Keppott
1)-12) 2),4),5),8),9)
Compression centre
Compression Compression M M
WCS-CPC ( Kepae %2 )
Tension Tension Keppotr
8) — 10), 12) 8),9)
Compression centre
Compression Compression
WCS-CPB
Tension Tension
1) — 12) 2)9 4)7 5)9 8)9 9)
Compression centre
Compression Compression M M
Ny (Ees D
CP.side
CCS-CPT ) K
EPsidel
Tension Tension
1)-12)
Compression centre M
Compression Compression
M M )
CCS-CPC )
Tension Tension
1)-12) 2),4),5),8),9)
Four parameters are investigated in this study: the thickness of the 2) Bolts in bearing (cover plate)
end plate and the cover plate (t), the distance from the tube outside wall 3) Block tearing failure of the cover plate
to the centre of the bolt hole (m*), the bolt pitch on the end plate (p), and 4) Bolts in shear
the number of bolt rows on the cover plate (R). The meaning of each 5) Bolts in bearing (column)
parameter is depicted in Fig. 11. The range of each parameter is listed in 6) Block tearing failure of the column
Table 4. 7) Welds (cover plate)
e Three components are related to the end plate:
3. Component method 8) End plate in bending
9) Bolts in tension
The component method is used to predict the resistance and stiffness 10) Welds (end plate)
of bolted joints based on the behaviour of individual components, as e Two components are related to the column:
stipulated in FprEN 1993-1-8 [27]. The following 12 components are 11) Plate in tension (column)
identified in the five load cases investigated: 12) Column flange and web in compression
e Seven components are related to the cover plate: The active components in each load case are summarised in Table 5.
1) Plate in tension (cover plate) The design formulas for 11 components are available in FprEN 1993-1-8
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b) Edge T-stub.

Fig. 12. Two types of T-stubs [10].

end plate 8) - 10)
Tension zone —

Bolts in the Components

Bolts in the Components

cover plate 1)-7), 11)
Determine the
internal force zones
. Component
Compression zone 12)

f—

Rep
Sum of tensile Reduce the tensile

—resistance of <—— force from the top
each bolt row bolt row

Rcp R A

-

No

Yes

! !

COHIpI‘CSSlOIl resistance Calculate the

R. and lever arm .
¢ moment resistance

Fig. 13. Flow chart for the resistance calculation.

[27]. The Component 8) — end plate in bending with a hollow section is
derived in [10] for two types of T-stubs shown in Fig. 12. The Corner
T-stub (CT) and the Edge T-stub (ET) are suitable for the bolted end plate
connection with bolts on four sides and two sides of the square hollow
section, respectively. The proposed prediction model in [10] was suc-
cessfully validated against experiments of the two asymmetric splices
loaded in tension. In the present study, the prediction models for CT and
ET are adopted for the T-stub away from and adjacent to the cover plate,
respectively. The design formulas for the resistance and stiffness calcu-
lations are presented in Appendix B and Appendix C, respectively.

3.1. Resistance prediction results

The basic concept of the component method is to sum up the moment
resistances of each bolt row, e.g., the tensile resistance multiply the
corresponding lever arm. The compression force is transferred directly
through the top wall of the tubular profile, referring to figures in Table 5.
Hence, the lever arm for each bolt row is determined as the distance
from the bolt row to the compression centre, indicated by a red point in
Table 5. As bolt rows close to the compression centre have limited
contribution to the moment resistance, only bolt rows below the
centroid of the column (red dash-dot line) are considered in the
calculation.

Take CCS-CPT presented in Table 5, for instance. Bolt rows 1, 2, and
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Table 6
Resistance predictions [kKNm].
WCS-CPT WCS-CPC WCS-CPB CCS-CPT CCS-CPC
CM FE ERR CM FE ERR CM FE ERR CM FE ERR CM FE ERR
[%] [%] [%] [%] [%]
t6RM 92 95 -3 62 66 -5 71 66 7 103 104 -1 70 67 5
t8RM 124 129 —4 91 99 -8 100 105 —4 134 132 2 100 101 -1
tém35 68 73 -8 55 60 -9 57 60 —4 73 72 1 57 56 3
t6m50 61 60 2 43 40 7 48 54 -11 70 66 5 48 53 -9
t6m65 56 54 4 26 29 -11 36 43 -17 67 66 2 36 42 -16
t6P70 64 70 -8 48 60 -20 54 55 -2 71 73 -2 56 52 6
t6P100 66 73 -9 52 60 -14 56 59 —4 72 74 -3 57 58 -2
t8P70 90 93 —4 76 86 -11 83 97 -15 97 94 3 83 88 -5
t8P100 94 96 -3 82 91 -9 86 96 -11 99 96 3 87 88 -1
t6 68 73 -8 55 60 -8 57 59 -2 73 73 1 57 56 3
t8 95 98 -3 83 88 -6 85 94 -10 99 96 4 85 88 -3
t10 114 117 -2 101 102 -1 103 109 -5 120 115 4 103 111 -7
t12 124 125 -1 128 122 4 123 124 -1 125 120 4 123 128 —4
t8R2 68 74 -9 55 60 -8 57 54 7 73 68 7 57 51 13
t8R1 54 63 —14 55 60 -8 53 47 13 55 52 6 53 45 18
t6R2 95 100 -5 83 88 —6 85 80 6 99 92 8 85 77 11
t6R1 69 75 -9 83 88 -6 77 73 5 64 59 9 77 69 10

Rotation centre

S, Mises
(Avg: 75%)

+9.573e+02
. +8.775e+02
f +7.977e+02
- +7.180e+02
+6.382e+02
+5.585e+02
+4.787e+02
+3.990e+02
+3.192e+02
+2.395e+02
+1.597e+02
+7.994e+01
+1.860e-01
cp

M

)

Fig. 14. Number of activated bolts in the cover plate in bending.
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Calculate the
bending stiffhess

Lever arm

Fig. 15. Flow chart for the stiffness calculation.

3 (see Fig. 11) are considered in the resistance calculation. The bolt rows
1 and 3 refer to Components 1) — 7) and 11). The bolt row 2 refers to
Components 8) — 10), where the model for ET should be used. In the case
of CCS-CPC, bolt rows 4, 5, and 6 are assumed active. The difference
compared to CCS-CPT is that bolt row 5 uses the CT model while bolt
row 6 employs both CT and ET models. Fig. 13 shows a flow chart of the
resistance calculation steps.

The predicted resistances of the FE parametric study are summarised
in Table 6. The resistance of the FE model (symbol FE) is determined
based on the stress level of the component in the tension zone. For WCS-
CPT and CCS-CPT where a cover plate is loaded in tension, the moment
resistance is determined when the resultant force in the cover plate,

extracted from the FE results, reaches the designed resistance on the
cover plate side based on Components 1) — 7) and 11). For WCS-CPC,
CCS-CPC, and CCS-CPB with an end plate connection loaded in ten-
sion, the determined resistance corresponds to the stage when 5 %
equivalent plastic strain (PEEQ) is reached in the end plate. These two
criteria are the same as those in [10] where the design model is derived.

Regarding the failure modes obtained in the parametric study, in
addition to the failure mode in Fig. 6, high plastic strain concentration at
the net cross-section of the column is observed in models using 12 mm
plates. The failure mode of the FE model is not presented, as high strain
concentration can be observed at different parts of the model, which
makes the exact failure mode difficult to distinguish using our FE model.



R. Yan et al.

Thin-Walled Structures 204 (2024) 112282

Table 7
Stiffness prediction [kNm/rad].
WCS-CPT WCS-CPC WCS-CPB CCS-CPT CCS-CPC
CM FE ERR CM FE ERR CM FE ERR CM FE ERR CM FE ERR
t6RM 14 13 7 9 8 17 7 6 16 14 14 2 7 6 8
t8RM 16 13 20 12 11 11 10 8 17 17 17 -2 10 9 11
t6m35 13 12 6 9 9 5 7 7 6 11 11 -2 7 7 4
tém50 11 11 -3 4 4 -6 3 3 -3 10 10 2 3 3 -5
t6m65 10 10 5 2 2 -7 2 2 4 10 10 -2 1 1 -1
t6P70 11 11 6 6 6 0 6 5 6 11 11 1 6 5 16
t6P100 12 12 2 8 8 0 6 6 4 11 11 3 7 6 13
t8P70 14 12 12 9 8 7 8 7 14 12 12 0 8 7 14
t8P100 15 13 13 11 10 11 9 8 17 13 13 1 9 8 16
t6 13 12 8 9 9 6 7 7 6 11 11 -3 7 7 3
t8 16 13 19 12 11 16 10 8 17 13 13 1 10 8 18
t10 18 15 22 14 12 17 11 10 13 15 15 3 11 10 12
t12 21 15 38 16 14 19 13 11 15 18 15 19 13 11 16
t6R2 8 8 -3 9 9 6 7 7 7 6 7 —14 7 7 3
t6R1 5 5 -7 9 9 6 7 7 6 3 5 —44 7 7 3
t8R2 10 10 2 12 11 17 10 8 17 7 9 —-13 10 8 18
t8R1 7 6 6 12 11 17 10 8 18 4 6 -20 10 8 19

Moreover, the component method can predict the maximum resistance
of different components. The governing component for one side of the
model can be identified, but a single failure mode for the joints cannot be
predicted. Therefore, the failure mode of the parametric study is not
presented in the paper.

The resistance predicted by the component method is presented in
the CM column. For each model, an error in percentage is calculated by
(CM/FE-1) x 100, as presented in the "error" (ERR) column. The devi-
ation of CM prediction varies in a range of —20 % to 13 %. It is worth
mentioning that the model t8R1-CCS-CPC with the highest ERR (18 %) is
out of the applicable range of the derived component method, as the
stiffness difference between the cover plate side and the end plate side is
almost three times, leading to bi-axial bending behaviour of the splice.
The predicted resistance is 2 % lower than the FE resistance on average.
Note that t6RM and t8RM are the simplified models with experimental
dimensions and material properties. The comparison of moment-
rotation relationships is plotted in Appendix D. The CM curves for the
CPT loading condition are offset by a 0.007 radius for an easy compar-
ison between CM and FE results.

3.2. Stiffness prediction results

The components, except for components 2), 4), 5), 8), and 9), have
either an infinite stiffness or are not relevant for the splice stiffness
calculation. The active components for each loading case are listed in
Table 5. The stiffness model presented in Table 5 contains three springs
(symbol * x 2’ means two springs with the same lever arm), which are
the equivalent components based on several individual components. The
subscript EP means the equivalent stiffness on the End Plate side, con-
sisting of components 8) and 9). The abbreviation CP stands for Cover
Plate side, indicating that the equivalent spring is based on the com-
ponents 2), 4), and 5). In addition, depending on the position of the
equivalent component, a second subscript, "bott" or "side", indicates if
the bolt row is at the bottom or on the side of the hollow section.

In general, the same formulas are used for the same type of equiva-
lent components regardless of the "bott" or "side" position. An interesting
finding is that the equivalent stiffness of the cover plate in bending on
the side wall is different from that under pure tension on the bottom
side. Hence, a symbol ’ is used in superscript to distinguish two situa-
tions, k’¢p side and kep potr- Although the cover plate below the centroid of
the column is considered under tension in the resistance calculation, the
stiffness of the cover plate in bending cannot be considered in the same
way. The reason is that only the bolt furthest from the rotation centre is
activated at the elastic stage, indicating that the stiffness model for the
cover plate in tension is unsuitable for the cover plate in bending. Fig. 14

10

depicts a Mises stress contour plot of the cover plate at the end of the
elastic stage. It demonstrates that only the furthest bolt contributes to
the splice stiffness. In addition, the calculated equivalent stiffness kcp
based on Components 2), 4), and 5) is in the direction perpendicular to
the red dash line between the rotation centre and the bolt centre in
Fig. 14. Hence, the projected stiffness k’cp is used to represent the
stiffness of the cover plate in bending. Besides, all bolts of the cover plate
in tension at the bottom of the specimen are activated at the elastic
stage, indicating that the activation factor proposed in [10] for asym-
metric splice in tension is not required.

The equivalent component on the cover plate side and the end plate
side consists of three individual components connected in a row. Hence,
Eq. (1) and Eq. (2) are employed to calculate the equivalent stiffness for
the cover plate and the end plate, respectively. The equations for each
individual component are presented in Appendix C. Fig. 15 shows a flow
chart for calculating the joint stiffness.

1
1 1 1
Tk TR

K @

vasideorkcp‘bott =

1
kep.sideorkep‘bott =3 ;1,1 &)
kep kbt kel’

The CM predicted stiffness of experiments and FE models in the
parametric study are shown in Table 7. The CM predictions match the FE
results well. Note that the predicted stiffness for models with one bolt
row in the cover plate might deviate profoundly from FE results, as the
equivalent stiffness of the cover plate in bending is very low, leading to a
bi-axial bending behaviour. Regardless of models with one bolt row in
the cover plate, the maximum, minimum, and average deviations are 38
%, —14 %, and 8 %, respectively.

4. Conclusions

The flexural behaviour of two types of asymmetric bolted square
hollow section (SHS) splices under five loading conditions is studied
through experiments and FE analysis in this paper. The extended
component method, validated for asymmetric bolted SHS splices in
tension, is verified successfully against the asymmetric splices in
bending. Based on the presented results, the following conclusions are
drawn.

Twelve components are active in the resistance prediction.
Comparing the resistance predicted by the extended component method
(CM) to the FE results, the difference varies from —20 % to 13 %, with
—2 % on average.

Five stiffness models are proposed for two configurations under
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different loading conditions. The extended component method could
satisfactorily predict the stiffness of the asymmetric SHS splices. The
maximum, minimum, and average deviations of the CM stiffness pre-
dictions are 38 %, —14 %, and 8 %, respectively.

The significant difference in stiffness between the two opposite side
walls of the splice may lead to an overestimated resistance and stiffness.
It is recommended that the stiffness difference should be less than three
times.
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Appendix B Design formulas for the resistance of components

e Plate in tension prEN 1993-1-1:2020 [31], Clause 8.2.3
A&fy Anetf\l)

Mo = in (5
Mo  Ym2

where Ag and Ay are the gross area and the net area of the cross-section, respectively. fy and f, are the yield and ultimate resistance of the plate,
respectively. yyo and yu2 are the partial factors equal to 1.0 and 1.25, respectively.

e Bolts in bearing prEN 1993-1-8:2021 [27], Clause 5.7
kmanfudt

Ym2

Fyra =
—forendbolts : a;, = min (ei; 3@; 3)
do' fu
1 1 fw 3)

—fori bolts : @, = min| 5~ — ;3
orinnerbolts : a; mm(d0 23

kn = 1forsteelgradelowerthanS460, otherwise, k,, = 0.9

where f,, is the ultimate resistance of the bolt. e; is the distance from the bolt centre to the edge of the plate. dj is the diameter of the bolt hole. p; is the
bolt pitch along the loading direction.

e Block tearing failure of the cover plate prEN 1993-1-8:2021 [27], Clause 5.10

Vefr,1ra = |:Antfu +min (A%Y;A\‘;gu) } /T

where Ay and Agy are the net area and the gross area subjected to tension, respectively.

e Bolts in shear prEN 1993-1-8:2021 [27], Clause 5.7
avfubAs

™2

Fyra =

—forpropertyclasses4.6, 5.6and8.8 :a, = 0.6
—forpropertyclasses4.8,5.8,6.8and10.9 :a, = 0.5

where Ag is the tensile stress area of the bolt.

e End plate in bending Yan et al. [10]
4Mp11 ra
m

M1 ra = 0.25 Z Lee1fy /7o

Frira =

where ) L is the effective length of the equivalent T-stub, fy is the yield strength of the material.
For Corner T-stub:

12
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lefcor = am+bn +cex L para = min{ [f(e * / g) + g] m, p}

a:70‘69%+ 1.86 f=-1.33
b:1.61g—2.64 g:0.95%+2.00
c=1.42

For Edge T-stub:

leftedge = am +bn + cex  legs para = min [f(e * / g) + g] m, p}

a= —0.26%—&—0.50 f=-1.64
b:1.16%72.65 g:1.20£t1+2.03
c=197

where n is min(1.25 m, e); d is the diameter of the bolt; a, b, ¢, f, and g are coefficients; the rest of the dimensions are visible in Fig. 12.
For Corner T-stub:
e Bolts in tension prEN 1993-1-8:2021 [27], Clause 5.7

0.9f,pAs

Ym2

Ft,Rd =

e Column flange and web in compression prEN 1993-1-8:2021 [27], Clause A.10

M. rd
Fc.fb.Rd :h o

—tp

where Mg, h, and tg, are the design moment resistance of the cross-section, depth of the column, and the thickness of the tube, respectively.
Appendix C Design formulas for the stiffness of employed components

e Bolts in bearing prEN 1993-1-8:2021 [27], Clause A.15.2

Synt; _ F,
Ky = 22 EJU Oprd = —d:;;d
u
- 0 126u/d
Sp = u Tb.ad op = U/

d (65 = Bp.0) (1 + \/30—11/(1)2

where n is the number of bolts; f,, is the ultimate tensile strength of the steel plate to which the bolt bears; t; is the thickness of the plate component; Spis
the relative bearing stiffness; 6}, gq is the non-dimensional average bearing stress; u/d (Eb = Eb‘Ed) is the non-dimensional bolt hole elongation at non-
dimensional design bearing stress; u is the bolt hole elongation; d is the bolt diameter; 6y, is the non-dimensional average bearing stress; F, gq is the
design shear force per bolt which equals to the design resistance on the cover plate side divided by the number of bolts.

e Bolts in shear prEN 1993-1-8:2021 [27], Clause A.14.2

k. — 16nbd2fub
Y EdMl(:

13
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where dy6 is the nominal diameter of an M16 bolt and ny, is the number of bolt rows (with two bolts per row).

e End plate in bending Karlsen and Aalberg [26] and Yan et al. [10]

F/2

o E El

0000000

>

o]
Av QC—D
AT ) _>D_

2(3a + 3ma + na)-Le ini -t
m?(3m?a + 4nma + 12am + 12an)

kep =

Leftini = R X Lt
m
R=h———+j
vm? + e? !

where a is the distance from the sidewall of the tube to the symmetry line inside the tube; a reflects the 2D bending effect, which increases the stiffness
of the end plate inside the tube; Ly in; is @ modified effective length. The parameters a and a are 100 mm and 1 in the studied cases, respectively.
For Corner T-stub:

h=0.21 % +0.24

j= 0.26$ —0.36
For Edge T-stub:
h=0.81
d

j= 0.36? —0.62

e Bolts in tension Karlsen and Aalberg [26]

4n(3a + 3ma + na) Ap
6am + 6an + 3m?a + 2n%a + 6nma) L,

kbt:(

where Ly, is the bolt elongation length.

14
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Appendix D Moment-rotation relationships
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