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Abstract: Experimental and numerical investigations on seven cold-formed steel square hollow
section (SHS) T-joints with concrete-filled chords were conducted for the determination of stress
concentration factors (SCFs). The SCFs were experimentally determined using strain gauges and then
numerically determined using Abaqus finite element analysis (FEA) software under static in-plane
brace bending. Good agreement was observed between the two investigations. After validating the
FEA results, a parametric study was conducted on the SCFs of concrete-filled SHS-SHS T-joints using
Abaqus FEA to evaluate the effects of the non-dimensional parameters on the SCFs. Subsequently,
design formulae for predicting the SCF of concrete-filled SHS-SHS T-joints subjected to in-plane
bending were proposed. Comparable results were obtained between the numerical SCFs with SCFs
calculated from the proposed design equations. The maximum SCF of concrete-filled SHS T-joints
under in-plane brace bending occurred at different locations. The overall mean of the experimental
reduction percentage in peak SCF due to concrete infill is 22% and the overall mean of the numerical
reduction percentage in peak SCF due to concrete infill is 19%. The determination of SCFs in concrete-
filled SHS-SHS T-joints under in-plane bending has been the subject of little research, and more
information regarding the behavior of concrete-filled T-joints with SHS under in-plane bending needs
to be provided to practicing engineers.

Keywords: concrete-filled chords; design equations; in-plane bending; SHS T-joints; stress concentration
factor

1. Introduction

Cold-formed welded tubular T-joints made up of square hollow sections (SHSs) are
extensively used in onshore and offshore structures such as bridges, cranes, and towers.
This is because SHS T-joints provide a higher strength-to-weight ratio compared to conven-
tional sections and are easily fabricated and welded due to their flat faces, which are cost
and time effective. The SHS T-joints used in engineering structures are generally subjected
to cyclic loading such as repeated in-plane bending from permanent loads, for example,
the weight of a deck located on top of a truss, or imposed loads such as vehicles and wind
loads. When cyclic loads are applied to a structure, initiation and propagation of cracks at
the hot spot locations and subsequent fatigue failure may occur. Therefore, filling the chord
of the SHS T-joints with concrete generally reduces the SCFs and improves the fatigue
behavior of joints as concrete infill prevents inward buckling.

Previous research on SHS joints under in-plane bending was carried out by [1-5].
CIDECT Design Guide 8 [6] proposed SCF equations for empty SHS-SHS T-joint connections
under in-plane brace bending but it does not provide SCF equations for concrete-filled SHS-
SHS T-joint connections under in-plane brace bending. Ref. [7] conducted experimental and
numerical investigations on SCFs of empty SHS-SHS T-joints under static in-plane brace
bending and focused on reporting the experimental investigation and model validation.
Results showed a similar trend of the variation of SCF with the non-dimensional parameter
(B) from experiments and numerical analysis. In addition, previous research on circular
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hollow section (CHS) joints under in-plane bending were carried out by [8-10]. These
researchers proved that the concrete filling of the chord joints generally reduced the SCFs
at the hot spot locations.

In this paper, more SCF results at the hot spot locations of SHS-SHS concrete-filled
T-joint connections will be reported to provide more information on the behavior of concrete-
filled SHS T-joint specimens and enable the authors to propose design formulae. This is
achieved by testing T-joints with smaller 3 values (3 < 0.35) and larger 3 values (3 > 0.67)
than those previously reported by [1]. Currently, there are no design formulae for calculat-
ing the SCFs at the hot spot locations of cold-formed welded tubular SHS-SHS T-joints with
concrete-filled chords under in-plane brace bending. This is due to limited results relating
to the concrete grades, size range, and non-dimensional parameters of hollow structural
steel sections and joint types.

The current paper focuses on parametric studies and the determination of design
graphs and predictive equations for determining the SCFs in SHS-SHS T-joints with
concrete-filled chords under in-plane brace bending. Therefore, this paper provides new
results on SCFs of concrete-filled SHS T-joints under in-plane bending which will contribute
to the fatigue design and performance evaluation of existing and new tubular structures
to prevent possible collapse or fatigue failure of structures with concrete-filled SHS-SHS
T-joints. Another benefit of this research is that the design formulae proposed in this paper
will allow researchers and engineers to easily determine the life of welded composite tubu-
lar structures. This will save time and cost as experimental and numerical investigations
will not be required to evaluate the life of welded composite tubular structures. Finite
element modeling of concrete-filled SHS-SHS T-joints using Abaqus software provides a
low-cost solution within a relatively short time [11] and human error in the experimental
lab is prevented because the study is conducted in a computer program.

2. Experimental Program
2.1. Specimens and Material Properties

A total of seven cold-formed welded tubular SHS-SHS T-joints, listed in Table 1, were
tested experimentally to determine the stress concentration factor (SCF) at the hot spot
locations and to validate the FE results. Each T-joint specimen is made up of an empty SHS
brace welded to a concrete-filled SHS chord. As shown in Table 1, the non-dimensional
parameters of the 7 SHS-SHS concrete-filled SHS T-joints are as follows: 0.25 < < 1;
25.00 < 2y < 33.3;and 0.75 < 1 < 1. For each T-joint connection, 3 was calculated using
the ratio of the brace width and the chord width (b; /by), 2y was calculated using the ratio
of the chord width to chord wall thickness (b /tg), and T was calculated using the ratio of
brace wall thickness and the chord wall thickness (t; /tp). The brace and chord lengths of
each specimen are 500 mm and 600 mm, respectively. The T-joint specimens are made up
of a SHS brace welded to a concrete-filled SHS chord. The dimensions of the weld were
determined in accordance to AS 4100-1998 [12]. The weld leg length is 6 mm, and the weld
throat thickness is 4.24 mm. The nominal tensile strength of the weld metal is 480 MPa,
in accordance with AS 4100-1998 [12]. Since the non-dimensional parameters of the SHS
T-joints are the same as other research by [4,7], further details about the specimens can be
found in their papers. Ref. [4] conducted tensile coupon tests and found that the average
value of the Young’s Modulus of the steel SHSs is approximately 200,000 MPa; Ref. [4] also
found that the average values of the yield stress are greater than the specified minimum
yield stress of 350 MPa. The average values of the ultimate tensile strength are also greater
than the minimum specified ultimate tensile strength of 430 MPa. Concrete cylinder tests
were carried out to determine the compressive strength of the concrete at 14, 28, 42, 70,
and 77 days. Before applying the compression loads to the concrete cylinders, the concrete
cylinders’ finished end was ground AS 1012.9-2014 [13]. Three concrete cylinder tests were
conducted to determine the 28-day compressive strength. The compressive strength of the
concrete after 28 days was 33.17 MPa, 35.40 MPa, and 43.04 MPa. The average compressive
strength of the concrete increases after 28 days and is greater than 37 MPa.
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Table 1. SHS T-joint specimens used in the experimental investigation.

Chord Brace Non-Dimensional Parameters

Series do X by X to d; xb; xty ﬁ—h 7y < bo —
(mm X mm X mm) (mm X mm X mm) ~ b, Y=5 to

5651 100 x 100 x 4 SHS 25 x 25 x 3 SHS 0.25 25.00 0.75
S551 100 x 100 x 3 SHS 25 x 25 x 3 SHS 0.25 33.33 1.00
5652 100 x 100 x 4 SHS 40 x 40 x 3 SHS 0.40 25.00 0.75
5653 100 x 100 x 4 SHS 50 x 50 x 3 SHS 0.50 25.00 0.75
5654 100 x 100 x 4 SHS 75 x 75 x 3 SHS 0.75 25.00 0.75
5655 100 x 100 x 4SHS 100 x 100 x 3 SHS 1.00 25.00 0.75
S5S5 100 x 100 x 3SHS 100 x 100 x 3 SHS 1.00 33.33 1.00

2.2. Instrumentation, Test Setup, and Loading

As shown in Figure 1, each T-joint specimen consisted of three single strain gauges
installed on the tension side of the brace. Five strip strain gauges were installed on the
brace-chord intersection as shown in Figure 2. The strip strain gauge is a parallel-axis
strip gauge. The strip strain gauges comprise 5-element single strain gauges which are
2 mm apart. Strip strain gauges were installed at the hot spot locations (lines A-E). As
recommended by CIDECT Design Guide 8 [6]; the distance of the strain gauge from the
weld toe is at least 0.4 t or 4 mm but a minimum of 4 mm.

~__Empty Brace

Concrete-Filled Chord

Figure 2. Hot spot locations.
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The T-joint specimens were connected to the test rig through grade 8.8 M12 bolts
under in-plane brace bending, as shown in Figure 3. The test setup was used to measure
the strain distribution. The end plates were bolted to the end brackets to support the
T-joint connection. The test rigs used for the experiments are from Construction Technology
Laboratory Western Sydney University, a NATA accredited Laboratory with connection
testing capabilities in compliance with Australian and ISO standards. All the equipment
was calibrated through reliable test results. In-plane bending moment loads were applied
to each specimen’s brace in the direction of the longitudinal axis of the chord. The loads
applied to each concrete-filled T-joint are within the elastic response range of the load-
deformation curve of the connection. Post-elastic behavior was ignored to allow the
researcher to carry out the fatigue testing correctly, as exceeding the plastic limit load will
result in specimen failure. The increased values of the in-plane bending loads applied to
each specimen are shown in Table 4.

Figure 3. Test setup.

2.3. Experimental SCF

The experimental SCFs were determined using the ratio of the hot spot strain and
nominal strain, as expressed by Equation (1). As recommended by CIDECT Design Guide
8 [6], hot spot strains were determined using the quadratic extrapolation method; see
Figure 4 for a typical example of this method for determining the hot spot strains of
specimen 5654 along line A. Hot spot strains were calculated using the strip strain gauges
on the chord member. The nominal strains were calculated by linearly extrapolating the
measured strains using the single strain gauges on the brace member; see Figure 1 for the
extrapolation points. The ratio of the hot spot strain and the nominal strain expressed in
Equation (1) is multiplied by the safety factor of 1.1, as recommended by CIDECT Design
Guide 8 [6]. Table 2 shows the values of the nominal strains for specimen S654.

Hot Spot Strain (HSSN)
Nominal Strain

SCFrest = 1.1 X (1)

To validate the experimental nominal strains, the experimental nominal strains were
converted to experimental nominal stresses. In addition, nominal stresses using simple
beam theory were determined using the ratio of the bending moment and the elastic
section modulus of the brace. Table 3 shows that there is a good agreement between the
experimental nominal stresses and the nominal stresses from simple beam theory. The
experimental SCFs along lines A-E of the seven concrete-filled SHS-SHS T-joint specimens
under in-plane brace bending are shown in Table 4.
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S654: Line A
800 ——0.50 kN
700 —A—0.71kN
600
— ——0.92 kN
W 500
£ 400 k— 1.21 kN
©
e
& 300 #--- 0.50 kN (Quadratic
200 Extrapolation)
100 ®---0.71 kN (Quadratlc
Extrapolation)
0 \ \ \ \ \ \ \ ++eée22- 0.92 kN (Quadratic
0O 2 4 6 8 10 12 14 Extrapolation)
Distance from the weld toe (mm) =~ ~++1.21 kN (Quadratm
Extrapolation)
Figure 4. Determination of hot spot strains using quadratic extrapolation.
Table 2. Experimental nominal strains of specimen 5654 under in-plane bending.
In-Plane Bending Load
Extrapolation Points from the (kN)
Load’s Location 0.50 0.71 0.92 121
(mm)
Strain (ue)
575 0 0 0 0
375 21.35 31.85 41.28 53.08
250 37.60 54.89 70.60 92.09
125 58.41 83.17 105.34 135.96
Nominal strain 71.83 103.11 131.24 169.84
Table 3. Nominal stresses from experiment and simple beam theory.
Elastic . ,
Test Load, Height, H Section Noml'nal Young's Onomexp = E&,  Onom.BT = E % Ratio
Series (mm) Modulus, Z Strain, Modulus, E (MPa) (MPa) Jnomerp
(N) N (ne) (MPa) G rom BT
(mm?)
193.003 575 1470 325.05 222,576.5 72.35 7549 0.96
S6s1 214.451 575 1470 358.85 222,576.5 79.87 83.88 0.95
238.82 575 1470 394.34 222,576.5 87.77 93.42 0.94
256.133 575 1470 420.40 222,576.5 93.57 100.19 0.93
98.647 575 1470 168.61 189,604.0 31.97 38.59 0.83
S5s1 109.655 575 1470 187.59 189,604.0 35.57 42.89 0.83
129.065 575 1470 224.31 189,604.0 42.53 50.48 0.84
139.687 575 1470 265.59 189,604.0 50.36 54.64 0.92
150.842 575 4660 85.02 214,680.5 18.25 18.61 0.98
5652 195.461 575 4660 109.95 214,680.5 23.60 24.12 0.98
295.729 575 4660 163.90 214,680.5 35.19 36.49 0.96
397.128 575 4660 219.79 214,680.5 47.18 49.00 0.96
192.021 575 7790 63.349 215,207.0 13.63 14.17 0.96
5633 298.084 575 7790 97.66 215,207.0 21.02 22.00 0.96
394.009 575 7790 129.23 215,207.0 27.81 29.08 0.96
494.863 575 7790 160.4 215,207.0 34.52 36.53 0.95
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Table 3. Cont.

Load Elastic Nominal Young’s

Test ’  Height, H Section ) & Onom.exp = E&,  Onom.BT = ExH  Ratio
Series F (mm) Modulus, Z Strain, Modulus, E (MPa) (MPa) ‘ Onom.exp
(N) 3y (ne) (MPa) a G rom BT

(mm>®)

495.543 575 19,100 71.83 205,234.0 14.74 14.92 0.99

654 714.112 575 19,100 103.11 205,234.0 21.16 21.50 0.98

915.075 575 19,100 131.24 205,234.0 26.93 27.55 0.98

1208.042 575 19,100 169.84 205,234.0 34.86 36.37 0.96

847.142 575 35,400 70.80 207,907.0 14.72 13.76 1.07

5655 2040.564 575 35,400 157.98 207,907.0 32.85 33.14 0.99

3140.656 575 35,400 245.20 207,907.0 50.98 51.01 1.00

3585.205 575 35,400 281.57 207,907.0 58.54 58.23 1.01

1021.493 575 35,400 81.43 207,907.0 16.93 16.59 1.02

595 1473.567 575 35,400 114.38 207,907.0 23.78 23.94 0.99

2004.407 575 35,400 152.98 207,907.0 31.81 32.56 0.98

2500.394 575 35,400 190.08 207,907.0 39.52 40.61 0.97

Average 0.96

Ccov 0.06

Note: Onom.exp = experimental nominal stress; and opom BT = Simple beam theory nominal stress.

Table 4. Experimental SCFs of concrete-filled SHS-SHS T-joints under in-plane brace bending.

Hot Spot Load HSSN  Nominal Strain

Series Locations (KN) (e) (e) SNCF SNCFgys SCFrest
019  181.29 325.05 0.56
, 021 210.59 358.85 0.59
Line A 024 24377 394.34 0.62 0.60 0.66
026  265.62 420.40 0.63
019 36072 325.05 111
, 021 413.09 358.85 1.15
Line B 024 47259 394.34 1.20 117 1.29
026 51554 420.40 123
019 63329 325.05 1.95
S651 . 021  703.03 358.85 1.96
Line C 024 78115 394.34 1.98 1.97 217
026 83523 420.40 1.99
019 7171 325.05 221
, 021 78254 358.85 218
Line D 024  853.59 394.34 2.16 218 2.39
026  903.73 42040 215
019 59690 325.05 1.84
, 021 65227 358.85 1.82
Line E 024 71326 394.34 1.81 1.82 2.00

0.26 756.48 420.40 1.80
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Table 4. Cont.
. Hot Spot Load HSSN Nominal Strain
Series Locations (KN) (e) (ue) SNCF SNCFgsys SCFrest
010  147.89 168.61 0.88
, 011  166.99 187.59 0.89
Line A 013 20593 22431 0.92 0.88 0.97
014 22610 265.59 0.85
010  197.44 168.61 117
, 011 22915 187.59 1.22
Line B 013 289.46 22431 1.29 1.23 1.35
014  324.06 265.59 1.22
010 57974 168.61 3.44
s551 . 011  657.33 187.59 3.50
Line C 013 80335 22431 3.58 346 381
014 88163 265.59 3.32
010 54285 168.61 322
, 011 59807 187.59 3.19
Line D 013  701.28 22431 313 3.09 5340
014 75393 265.59 2.84
010 21830 168.61 1.29
, 011  239.16 187.59 127
Line E 013 280.99 22431 125 1.24 1.36
014 30175 265.59 1.14
015  236.00 85.02 278
. 020 30572 109.95 278
Line A 030  466.53 163.90 285 282 1
040 63596 219.79 2.89
015 28842 85.02 3.39
, 020  376.60 109.95 343
Line B 030  582.69 163.90 3.56 350 3.85
040  794.84 219.79 3.62
015 28638 85.02 337
5652 . 020 36693 109.95 334
Line C 030  547.33 163.90 334 3.34 3.67
040 72663 219.79 331
015 23579 85.02 277
_ 020 29944 109.95 272
Line D 030  437.11 163.90 2.67 2.70 2.96
040  575.04 219.79 2.62
015 25957 85.02 3.05
, 020 33201 109.95 3.02
Line E 030 49374 163.90 3.01 3.02 S
040  657.13 219.79 2.99
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Table 4. Cont.
. Hot Spot Load HSSN Nominal Strain
Series Locations (KN) (e) (ue) SNCF SNCFgsys SCFrest
019 14320 63.35 226
, 030  265.00 97.66 271
Line A 039 37847 129.23 293 275 3.02
049 49532 160.40 3.09
019  135.02 63.35 213
, 030  263.59 97.66 2.70
Line B 039 38487 129.23 298 2.75 3.03
049 51440 160.40 321
sess 019 18121 63.35 2.86
. 030 32117 97.66 3.9
Line C 039 44486 129.23 3.44 329 3.62
049  574.99 160.40 3.58
019 14627 63.35 231
, 030 23530 97.66 241
Line D 039 31326 129.23 242 240 2.64
049 39408 160.40 2.46
019 19477 63.35 3.07
, 030 29258 97.66 3.00
Line E 039  379.70 129.23 2.94 2.98 328
049  469.41 160.40 293
050  305.66 71.83 426
. 071 43390 103.11 421
Line A 092 54625 131.24 416 420 4.62
121 707.35 169.84 416
050  114.60 71.83 1.60
, 071  166.95 103.11 1.62
Line B 092 21670 131.24 1.65 1.64 1.80
121 28661 169.84 1.69
ey 050  312.58 71.83 435
, 071 43208 103.11 419
Line C 092 53578 131.24 408 415 4.57
121 67522 169.84 3.98
050 12356 71.83 1.72
_ 071 17094 103.11 1.66
Line D 092 21024 131.24 1.60 le4 1.80
121 26628 169.84 1.57
050 16033 71.83 223
, 071 22615 103.11 219
Line E 092  287.16 131.24 219 221 243
121 376.02 169.84 221
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Table 4. Cont.
. Hot Spot Load HSSN Nominal Strain
Series Locations (KN) (e) (ue) SNCF SNCFgsys SCFrest
085 16091 70.80 227
, 204 31598 157.98 2.00
Line A 314 46298 245.20 1.89 2.00 220
359 52255 281.57 1.86
085  49.08 70.80 0.69
, 204 7223 157.98 0.46
Line B 314 9248 245.20 0.38 0.47 0.52
359  103.11 281.57 0.37
085  67.69 70.80 0.96
5655 . 204 12380 157.98 0.78
Line C 314 17483 245.20 0.71 0.73 0.86
359  193.81 281.57 0.69
085  59.96 70.80 0.85
, 204 11829 157.98 0.75
Line D 314 179.67 245.20 0.73 0.76 0.84
359  203.50 281.57 0.72
085  209.33 70.80 2.96
, 204 46846 157.98 297
Line E 314 719.99 245.20 2.94 2.95 3.24
359  824.00 281.57 293
102 15138 81.43 1.86
. 147 22419 114.38 1.96
Line A 200  308.05 152.98 2,01 1.96 216
250  385.17 190.08 2.03
102 7822 81.43 0.96
, 147  101.00 114.38 0.88
Line B 200  128.69 152.98 0.84 0.87 0.96
250  151.66 190.08 0.80
102 5821 81.43 0.71
S555 . 147 7585 114.38 0.66
Line C 2.00 8831 152.98 0.58 0.61 0.67
250  93.03 190.08 0.49
102 3811 81.43 0.47
_ 147 5852 11438 0.51
Line D 2.00 80.84 152.98 0.53 0.51 0.56
250 10163 190.08 0.53
102 16007 8143 1.97
, 147 23858 114.38 2.09
Line E 200  329.62 152.98 215 214 2.36
250 44844 190.08 236

3. Finite Element Analysis (FEA)

3.1. General

Finite element analysis was carried out using Abaqus software to capture the distribu-
tion of the numerical SCFs of welded tubular SHS-SHS T-joints with concrete-filled chords.
Three-dimensional (3D) 8-noded liner hexahedral brick elements with reduced integration
(C3D8R) were used to model sixty (60) SHS-SHS concrete-filled Tjoints under in-plane
bending. The 3D 8-node hexahedral solid finite element is widely used for the FEA of
solids in engineering practice. The element can be used to model many three-dimensional
solids and performs considerably better than the 4-node tetrahedral element [14]. Ref. [15]
stated that eight-node hexahedrons are known as bricks, which lead to more accurate
results and reliable FEA solutions. Meshes consisting of hexahedrons are easier to visualize
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than meshes consisting of tetrahedrons, and the reaction of hexahedral elements to the
application of body loads more precisely corresponds to loads under real-world conditions.
In total, 7 T-joints identical to the experimental T-joints were created and a further 54
SHS-SHS T-joints with concrete-filled chords were modeled and analyzed under in-plane
brace bending. The non-dimensional parameters of the 60 concrete-filled SHS-SHS T-joints
are as follows: 0.25 < 3 < 1;16.67 <2y <333;and 04 <1t < 1.

3.2. Material Properties, Interaction, and Loading

The design yield stress, tensile strength, Young’s Modulus, and Poisson’s ratio incor-
porated in the FEA are 350 MPa, 430 MPa, 200 GPa, and 0.3, respectively. The stress-strain
distribution of both concrete and steel is displayed in Figure 5. The use of design values
for the material properties produced results that were comparable to the experimental
SCFs. The SCFs and the structural durability of the structures depend on the boundary
conditions, welding size, loading cases, and geometry of the joints [16-18]. Ref. [19] also
stated that the distribution of the SCF is dependent on the geometrical parameters of the
joints. The brace-chord intersection was tied with the weld. For the interaction between
the concrete and the SHS steel chord, the coefficient of friction between concrete and steel
is 0.35 until the two surfaces are separated. This value was adopted based on previous
research by [20-22]. The interface element allows the contact surfaces to slide and separate
when the load is applied. A static in-plane bending load of 0.60 kN was applied to each of
the 60 T-joint models using the Static, General procedure available in the ABAQUS library.
The hot spot locations and the direction of the in-plane bending load in a typical meshed
model are shown in Figure 6. Mesh convergence analysis was carried out by [2], and the
details of the mesh size are reported by [4]. A finer element edge was used in the region
around the chord-brace intersection; 1 mm in length at the locations of interest (lines A-E)
or less than 1 mm along lines B and C for 3 = 1.

et COmpressive 500
- Behavior —_
5 56 == Tensile £ 400 -
= Behavior =3
2 30 \ z 300
& / Z 200
1 =
310 2 100
>" r T T 1 >.‘
10 0@ T T : )
- 0 001 0.02 0.03 0.04
0.002 0'OOQStrainO'006 0.01 Plastic Strain
(a) (b)

Figure 5. Stress—strain relationship used in the FEA simulation: (a) Concrete and (b) Steel.

3.3. Numerical SCF

The numerical SCFs at the hot spot locations (lines A-E) are determined using the
ratio of the hot spot stress and the nominal stress as expressed in Equation (2).

hot spot stress

SCFpga = E
nominal stress

@)

Quadratic extrapolation was used to calculate the hot spot stresses and the linear
extrapolation method was used to determine the nominal stresses. Nominal stresses were
also determined using simple beam theory which expresses nominal stress as the ratio of
the bending moment and the elastic section modulus of the brace. Table 5 and Figure 7
show that the numerical nominal stresses agree with the values determined from the simple
beam theory. The nominal stresses of the T-joints with concrete-filled chords are the same as
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those for the corresponding empty T-joints reported by [7]. Table 6 summarizes the process
for determining the SCFs from FEA of concrete-filled SHS-SHS T-joints under in-plane
brace bending.

gl
il

%

)
4

i

Figure 6. Hot spot locations of a typical FE mesh model.

Table 5. Numerical and simple beam theory nominal stresses.

Onom.FEA Onom.BT

Series Dg.MiD OB.MID Dg.oTrR OB.QTR Dg.enD Numerical (FEA)  Beam Theory E::;
Name (mm) (MPa) (mm) (MPa) (mm) Toama
(MPa) (MPa) -
S6S1 250 99.39 375 51.27 0 195.62 208.16 1.06
5551 250 99.39 375 51.27 0 195.62 208.16 1.06
5652 250 32.10 375 16.56 0 63.19 65.67 1.04
5653 250 19.36 375 9.99 0 38.11 39.28 1.03
5654 250 7.97 375 4.11 0 15.70 16.02 1.02
5655 250 4.32 375 2.23 0 8.51 8.64 1.02
5555 250 4.32 375 2.23 0 8.51 8.64 1.02
Average 1.04
COov 0.02

Note: Dpmip = distance brace middle; opmip = stress brace middle; Dggrr = distance brace quarter;
OB.QTR = stress brace quarter; Dg gnp = distance brace end; opom Bt = simple beam theory nominal stress; and
Onom.FEA = humerical nominal stress.

Table 6. Numerical SCFs of SHS-SHS T-joint specimens under out-of-plane bending.

Series Hot Spot Load Hot Spot Stress ~ Nominal Stress SCF
Locations (kN) (MPa) (MPa) FEA
Line A 223.14 195.62 1.14
Line B 300.91 195.62 1.54
5651 Line C 0.6 440.38 195.62 2.25
Line D 393.94 195.62 2.01

Line E 336.25 195.62 1.72
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Table 6. Cont.

Series Hot Spot Load Hot Spot Stress ~ Nominal Stress SCE
Locations (kN) (MPa) (MPa) FEA
Line A 264.40 195.62 1.35
Line B 365.44 195.62 1.87
5551 Line C 0.6 372.70 195.62 1.91
Line D 445.60 195.62 2.28
Line E 356.02 195.62 1.82
Line A 160.18 63.19 2.53
Line B 232.19 63.19 3.67
5652 Line C 0.6 290.24 63.19 4.59
Line D 192.33 63.19 3.04
Line E 181.97 63.19 2.88
Line A 132.17 38.11 3.47
Line B 188.55 38.11 495
5653 Line C 0.6 188.74 38.11 495
Line D 123.95 38.11 3.25
Line E 134.57 38.11 3.53
Line A 63.24 15.69 4.03
Line B 39.85 15.69 2.54
5654 Line C 0.6 37.88 15.69 241
Line D 51.63 15.69 3.29
Line E 48.61 15.69 3.10
Line A 2471 8.51 291
Line B 13.13 8.51 1.54
5655 Line C 0.6 19.26 8.51 2.26
Line D 9.71 8.51 1.14
Line E 34.30 8.51 4.03
Line A 24.10 8.51 2.83
Line B 18.23 8.51 2.14
5555 Line C 0.6 22.71 8.51 2.67
Line D 18.53 8.51 2.18
Line E 36.12 8.51 425
250
'g 200
>
@ 150
g
&
< 100
£
€
2 50 II

S651 S551 S6S2 S6S3 5654 S6S5 S5S5
SHS-SHS T-joint

B Empty T-joints: FEA  ® Concrete-Filled T-joints: FEA Simple Beam Theory

Figure 7. Nominal stresses.
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4. Results
4.1. SCFs

The experimental SCFs of the seven concrete-filled SHS-SHS T-joint under in-plane
bending are shown in Table 7. The SCFs of the T-joints with concrete-filled chords were
compared with the empty T-joints reported by [7]. The peak experimental SCFs of the
empty and concrete-filled SHS T-joints occurred on the cord, with 3 ranging from 0.25
to 0.50. The peak SCF occurred on the brace for T-joint specimens, with (3 ranging from
0.75 to 1.00. Table 7 shows that the peak SCF of each specimen reduced due to the concrete
infill of the chord. The experimental reduction percentages in peak SCFs due to concrete
infill for 5651, S551, 5652, S653, S654, S6S5, and S5S5 are 11.48, 10.77, 28.44, 37.15, 20.62,
11.48, and 35.16, respectively. The overall mean of the experimental reduction percentage
in peak SCF due to concrete infill is 22.16%.

Table 7. Experimental SCFs of concrete-filled T-joints under in-plane bending.

Non-Dimensional

Experimental SCF (Quadratic)

Series Parameters Empty/ Peak Reduction % in
Name Concrete Chord Brace SCF Peak SCF
B 2y T
B C D A E
Empty 207 258 270 028 222 270
sest 025 25 0.75 Concrete 129 217 239 066 200 2.39 11.48
Empty 137 427 355 090 237 427
S551 025 3333 1.00 Concrete 135 381 340 097 136  3.81 10.77
Empty 338 465 538 241  3.06 5.38
Ses2 040 25 0.75 Concrete 385 367 296 311 332 3.85 28.44
Empty 445 504 576 357 354 576
5683 050 25 0.75 Concrete 303 362 264 302 328 3.62 37.15
Empty 119 490 280 582 307 582
Ses¢ 075 25 075 Concrete 180 457 180 462 243 462 20.62
Empty 112 125 116 234 366  3.66
56s5  1.00 25 0.75 Concrete 052 086 084 220 324 3.24 11.48
Empty 308 229 149 364 290  3.64
§585 100 3333  1.00 Concrete 096 067 056 216 236 2.36 35.16
Mean 22.16

The SCFs determined from the FEA of the seven concrete-filled Tjoint models under
in-plane bending are shown in Table 8. These values were compared with the empty
T-joint models reported by [7]. The peak numerical SCFs of the concrete-filled SHS T-joints
occurred on the chord, with 3 ranging from 0.25 to 0.50. The peak numerical SCF of the
concrete-filled T-joints occurred on the brace member, with 3 ranging from 0.75 to 1.00.
There are different locations of maximum SCF due to the variation of the non-dimensional
parameters 2y and T which relate to the differences in slenderness and rigidity between
specimens. The numerical results showed that the peak SCF of each specimen reduced due
to the concrete infill of the chord. The numerical reduction percentage in peak SCFs ranges
from 4.26 to 43.64. The overall mean of the numerical reduction percentage in peak SCF
due to concrete infill is 18.89%.
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Table 8. Numerical SCFs of concrete-filled T-joints under in-plane bending.

Stress Concentration Factor (SCF)

Series Empty SHS T-Joints s s Reduction % in
Name Matti and Mashiri [7] Concrete-Filled SHS T-Joints Peak SCE
B C D A E B C D A E
5651 1.16 2.35 2.28 0.92 1.82 1.54 2.25 2.01 1.14 1.72 4.26
5551 2.18 2.50 3.11 1.03 1.98 1.87 1.91 2.28 1.35 1.82 26.69
5652 3.34 5.43 4.02 237 3.17 3.67 4.59 3.04 2.53 2.88 15.47
56S3 5.00 6.02 4.55 3.61 4.03 4.95 4.95 3.25 3.47 3.53 17.77
5654 7.15 5.06 4.92 524 3.89 2.54 241 3.29 4.03 3.10 43.64
5655 1.55 2.31 1.23 3.82 4.58 1.54 2.26 1.14 291 4.03 12.01
5555 2.30 3.24 2.19 4.29 4.85 2.14 2.67 2.18 2.83 4.25 12.37
Average 18.89
Table 9 shows that there is a good agreement between the peak SCF in the FEA model
and that obtained experimentally. The ratios of peak SCFs in the FEA model to that in the
experiment for 5651, 5551, S652, and S654 are 0.94, 0.60, 1.19, and 0.87, respectively. The
ratios of the peak SCF in FEA model to that in the experiment for S6S3, S655, and S555
are 1.37, 1.24, and 1.80, respectively. These ratios show that the peak numerical SCF is
higher than the corresponding experimental SCFs. As the maximum numerical SCFs for
56S3, 5655, and S5S5 are higher than the corresponding experimental SCFs, a safer design
formula for predicting the maximum SCFs was proposed. As shown in Table 9, the peak
experimental and corresponding numerical SCFs generally occurred in the same location.
Table 9. Experimental and numerical SCFs of concrete-filled T-joints under in-plane bending.
Non-Dimensional . Ratio of
Parameters SCF (Quadratic) Maximum SCFs
Series FEA/ Chord B Maximum
or race SCF
Name g-= %1] 2y = lt)T, T= % Test SCF ﬁ
B C D A E
FEA 1.54 2.25 2.01 1.14 1.72 2.25
SeSt 025 25 07 et 120 217 239 066 2.00 2.39 054
FEA 1.87 191 2.28 1.35 1.82 2.28
S551 025 3333 L0 et 135 381 340 097 136 3.81 060
FEA 3.67 4.59 3.04 2.53 2.88 4.59
S5z 040 25 0 et 385 367 296 311 332 3.85 119
FEA 4.95 4.95 3.25 3.47 3.53 4.95
653 03025075 et 303 362 264 302 328 3.62 137
FEA 2.54 241 3.29 4.03 3.10 4.03
S654 075 25 07 gt 180 457 180 462 243 462 087
FEA 1.54 2.26 1.14 291 4.03 4.03
5655 1002507 e 05 08 084 220 3.24 3.24 124
FEA 2.14 2.67 2.18 2.83 4.25 4.25
555 100 3333 100 e 096 067 056 216 236 236 1.80
Average 115

After validating the FE models, a parametric study was conducted on SCFs of concrete-
filled SHS-SHS T-joints under in-plane bending using Abaqus FEA software. The aim of the
parametric study was to evaluate the effects of the non-dimensional parameters on the SCFs.
The SCFs at the hot spot locations of the 60 concrete-filled SHS-SHS T-joints determined
from the FEA are shown in Table 10. As shown in Table 10, maximum SCFs of the concrete-
filled T-joints generally occurred along line C. Experimental investigation on 7 cold-formed
SHS T+joints with concrete-filled chords under in-plane bending loads was conducted to
determine SCFs and validate the FEA results. However, an experimental investigation is a
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long process, costly, and often has human errors. Finite element modeling of concrete-filled
SHS T+joints using Abaqus FEA software provides a low-cost solution within a relatively
short time and prevents human error in the experimental lab. Researchers and engineers
can easily determine the life of welded composite tubular structures with concrete-filled
chord T+joints using the design graphs and formulae proposed in this paper. This will save
time and cost as experimental and numerical investigations will not be required to evaluate
the life of welded composite tubular structures. Fatigue tests on SHS-SHS T-joints with
concrete-filled chords under axial loading, in-plane bending, and out-of-plane bending on
the brace will be recommended for future research studies.

Table 10. SCFs obtained from FEA.

SHS Chord SHS Brace Non-Dimensional
Series Parameters SCFcrsus.re
Name do X by X to dy x by xtg
mm X mm X mm mm X mm X mm B 2y T A B C D E

S21S1 100 x 100 x 3 SHS 25 x 25 x 3 SHS 0.25 33.33 1.0 1.35 1.87 191 2.28 1.82
52152 100 x 100 x 3 SHS 25 x 25 x 2.5 SHS 0.25 33.33 0.83 1.59 1.59 1.65 1.95 1.98
S21S3 100 x 100 x 3 SHS 25 x 25 x 2 SHS 0.25 33.33 0.67 1.32 1.33 1.35 1.58 1.39
52154 100 x 100 x 3 SHS 25 x 25 x 1.6 SHS 0.25 33.33 0.53 0.95 1.10 1.11 1.30 1.23
S521S5 100 x 100 x 3 SHS 35 x 35 x 3 SHS 0.35 33.33 1.0 2.36 6.17 6.40 5.45 2.77
52156 100 x 100 x 3 SHS 35 x 35 x 2.5 SHS 0.35 33.33 0.83 2.66 5.62 5.70 4.96 3.21
52157 100 x 100 x 3 SHS 35 x 35 x 2 SHS 0.35 33.33 0.67 1.87 4.80 4.85 4.32 2.49
521S8 100 x 100 x 3 SHS 35 x 35 x 1.6 SHS 0.35 33.33 0.53 2.06 4.02 4.06 3.70 241
52159 100 x 100 x 3 SHS 40 x 40 x 3 SHS 04 33.33 1.0 2.95 7.73 8.25 5.73 3.25
521510 100 x 100 x 3 SHS 40 x 40 x 2.5 SHS 0.4 33.33 0.83 3.34 6.86 7.31 5.22 3.79
521511 100 x 100 x 3 SHS 40 x 40 x 2 SHS 0.4 33.33 0.67 2.31 5.83 6.17 4.57 2.94
521512 100 x 100 x 3 SHS 40 x 40 x 1.6 SHS 04 33.33 0.53 2.60 4.88 5.16 3.93 3.09
521513 100 x 100 x 3 SHS 50 x 50 x 3 SHS 0.5 33.33 1.0 4.12 9.29 10.59 5.73 4.00
521514 100 x 100 x 3 SHS 50 x 50 x 2.5 SHS 0.5 33.33 0.83 4.59 8.23 9.39 5.19 4.71
S21515 100 x 100 x 3 SHS 50 x 50 x 2 SHS 0.5 33.33 0.67 3.14 6.99 7.93 4.50 3.62
521516 100 x 100 x 3 SHS 50 x 50 x 1.6 SHS 0.5 33.33 0.53 3.52 5.87 6.61 3.84 4.09
521517 100 x 100 x 3 SHS 75 x 75 x 3 SHS 0.75 33.33 1.0 5.98 0.11 1.06 3.87 4.47
521518 100 x 100 x 3 SHS 75 x 75 x 2.5 SHS 0.75 33.33 0.83 6.37 0.08 1.06 3.61 5.29
521519 100 x 100 x 3 SHS 75 x 75 x 2 SHS 0.75 33.33 0.67 4.26 0.06 1.01 3.13 4.14
521520 100 x 100 x 3 SHS 75 x 75 x 1.6 SHS 0.75 33.33 0.53 4.55 0.04 0.92 2.49 4.69
521521 100 x 100 x 3 SHS 100 x 100 x 3 SHS 1 33.33 1.0 2.83 2.14 2.67 2.18 4.25
521522 100 x 100 x 3SHS 100 x 100 x 2.5 SHS 1 33.33 0.83 2.90 1.79 2.21 1.76 4.26
521523 100 x 100 x 3 SHS 100 x 100 x 2 SHS 1 33.33 0.67 2.05 1.41 1.73 1.30 3.08
521524 100 x 100 x 3SHS 100 x 100 x 1.6 SHS 1 33.33 0.53 2.09 1.12 1.38 1.01 3.06
52551 100 x 100 x 4 SHS 25 x 25 x 3 SHS 0.25 25 0.75 1.14 1.54 2.25 2.01 1.72
52552 100 x 100 x 4 SHS 25 x 25 x 2.5 SHS 0.25 25 0.63 1.34 1.44 2.06 1.84 1.92
52552 100 x 100 x 4 SHS 25 x 25 x 2 SHS 0.25 25 0.5 1.02 1.29 1.77 1.60 1.34
52554 100 x 100 x 4 SHS 25 x 25 x 1.6 SHS 0.25 25 04 1.03 1.11 1.51 1.39 1.28
52555 100 x 100 x 4 SHS 35 x 35 x 3 SHS 0.35 25 0.75 2.05 2.98 3.97 2.78 2.49
52556 100 x 100 x 4 SHS 35 x 35 x 2.5 SHS 0.35 25 0.63 2.33 2.67 3.52 2.50 2.83
52557 100 x 100 x 4 SHS 35 x 35 x 2 SHS 0.35 25 0.5 1.66 2.30 2.98 2.16 2.23
52558 100 x 100 x 4 SHS 35 x 35 x 1.6 SHS 0.35 25 04 1.87 1.94 2.48 1.84 2.33
52559 100 x 100 x 4 SHS 40 x 40 x 3 SHS 04 25 0.75 2.53 3.67 4.59 3.04 2.88
525510 100 x 100 x 4 SHS 40 x 40 x 2.5 SHS 0.4 25 0.63 2.87 3.26 4.05 2.73 3.30
525511 100 x 100 x 4 SHS 40 x 40 x 2 SHS 0.4 25 0.5 2.02 2.78 341 2.34 2.57
525512 100 x 100 x 4 SHS 40 x 40 x 1.6 SHS 04 25 04 2.26 2.32 2.84 1.98 2.79
525513 100 x 100 x 4 SHS 50 x 50 x 3 SHS 0.5 25 0.75 347 4.95 4.95 3.25 3.53
525514 100 x 100 x 4 SHS 50 x 50 x 2.5 SHS 0.5 25 0.63 3.85 4.31 4.39 2.89 4.06
525515 100 x 100 x 4 SHS 50 x 50 x 2 SHS 0.5 25 0.5 2.69 3.59 3.70 246 3.14
525516 100 x 100 x 4 SHS 50 x 50 x 1.6 SHS 0.5 25 04 2.96 2.93 3.05 2.05 3.45
525517 100 x 100 x 4 SHS 75 x 75 x 3 SHS 0.75 25 0.75 4.03 2.54 241 3.29 3.10
525518 100 x 100 x 4 SHS 75 x 75 x 2.5 SHS 0.75 25 0.63 4.28 222 247 2.88 3.54

525519

100 x 100 x 4 SHS

75 x 75 x 2 SHS 0.75 25 0.5 3.10 1.90 2.16 2.36 2.95
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SHS Chord SHS Brace Non-Dimensional
Series Parameters SCFcrsus Fe
Name do X bo X to d; x by xtg
mm X mm X mm mm X mm X mm B 2y T A B C D E

525520 100 x 100 x 4 SHS 75 x 75 x 1.6 SHS 0.75 25 0.4 3.27 1.60 1.79 1.89 3.26
525521 100 x 100 x 4 SHS 100 x 100 x 3 SHS 1 25 0.75 291 1.54 2.26 1.14 4.03
525522 100 x 100 x 4 SHS 100 x 100 x 2.5 SHS 1 25 0.63 3.51 0.83 1.22 0.91 4.33
525523 100 x 100 x 4 SHS 100 x 100 x 2 SHS 1 25 0.5 2.43 0.62 0.91 0.69 3.10
525524 100 x 100 x 4 SHS 100 x 100 x 1.6 SHS 1 25 0.4 2.42 0.44 0.65 0.52 3.06
52652 100 x 100 x 5SHS 25 x 25 x 2.5 SHS 0.25 20 0.5 1.18 0.85 1.35 1.21 1.78
52656 100 x 100 x 5SHS 35 x 35 x 2.5 SHS 0.35 20 0.5 2.03 1.56 2.17 1.68 2.49
526510 100 x 100 x 5SHS 40 x 40 x 2.5 SHS 0.4 20 0.5 2.48 1.90 2.52 1.83 2.89
526514 100 x 100 x 5SHS 50 x 50 x 2.5 SHS 0.5 20 0.5 3.33 2.43 2.82 1.95 3.58
526518 100 x 100 x 5SHS 75 x 75 x 2.5 SHS 0.75 20 0.5 3.82 1.24 1.62 1.94 3.32
526522 100 x 100 x 5SHS 100 x 100 x 2.5 SHS 1 20 0.5 2.26 0.36 0.51 0.82 2.85
52751 100 x 100 x 6SHS 25 x 25 x 3 SHS 0.25 16.67 0.5 0.92 0.59 1.01 0.99 1.39
52755 100 x 100 x 6SHS 35 x 35 x 3 SHS 0.35 16.67 0.5 1.60 1.12 1.67 1.39 2.03
52759 100 x 100 x 6SHS 40 x 40 x 3 SHS 0.4 16.67 0.5 1.95 1.37 1.96 1.52 2.32
527513 100 x 100 x 6SHS 50 x 50 x 3 SHS 0.5 16.67 0.5 2.65 1.75 2.21 1.64 2.86
S27517 100 x 100 x 6SHS 75 x 75 x 3 SHS 0.75 16.67 0.5 3.26 0.95 1.18 1.77 2.82
527521 100 x 100 x 6SHS 100 x 100 x 3 SHS 1 16.67 0.5 2.06 0.34 0.48 0.66 2.67

4.2. Influence of p on SCFs

The influence of the non-dimensional parameter 3 on peak SCFs of concrete-filled
SHS-SHS T-joints under in-plane brace bending is shown in Figure 8 and Table 11. The
peak SCFs in concrete-filled SHS T-joints (with 2y = 25, 33) occurred when 3 = 0.5. For
T-oints with 2y = 25 and 33, the maximum SCFs increased with the increase in value of 3
and decreased when (3 = 0.75. The peak SCFs in concrete-filled SHS T-joints (with 2y = 20,
16.67) occurred when 3 = 0.75. Furthermore, Figure 9 shows the influence of 3 on SCFs
along lines A-E. Figure 9 shows that SCF trends along lines A and E located on the brace
are similar and non-linear. In general, the SCFs trends along lines B, C, and D, which are
located on the chord, are comparable.

——2y=33.33, 1=1

= 2y=33.33, 1=0.8

—— 2=33.33, 1=0.67

=——27v=33.33, 1=0.5

Maximum SCF

= l= 2vy=25, 1=0.75
= A= 2v=25, 7=0.63

OFRLNWRh_UIONOOO

T T T T ! -— = 2’Y=25, 1=0.5
== 2v=25,1=0.4

Figure 8. Influence of 3 on peak SCFs.
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Table 11. Influence of 3 on peak SCFs.

6 2y=33.33 2y=3333 2y=3333 2y=3333 2y=20 2y=16.67 2y=25 2y =25 2y =25 2y =25
T=1 T=0.8 T =0.67 =05 =05 T=0.5 T=0.75 T=0.63 T=0.5 =04
0.25 2.28 1.98 1.58 13 1.78 1.39 2.25 2.06 1.77 1.51
0.35 6.4 5.7 4.85 4.06 2.49 2.03 3.97 3.52 2.98 248
04 8.25 7.31 6.17 5.16 2.89 2.32 4.59 4.05 3.41 2.84
0.5 10.59 9.39 7.93 6.61 3.58 2.86 4.95 4.39 3.7 3.45
0.75 5.98 6.37 4.26 4.69 3.82 3.26 4.03 4.28 3.1 3.27
1 4.25 4.26 3.08 3.06 2.85 2.67 4.03 433 3.1 3.06
Line A —8—2y=33.33, t=1
7 ——27y=33.33, 1=0.8
6 e 2y=33.33, 1=0.67
[T
g5 —0— 2y=33.33, 1=0.5
E4 — - 2y=25, 1=0.75
£3
< = @=— 2y=25, 1=0.63
(1] ’
s 2
1 = A= 2y=25, 1=0.5
0 . || = 2y=25,1=0.4
0 0"35 L P 2y=20, 1=0.5
e 27=16.67, T=0.5
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10 10
S
w 8 »w 8
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Figure 9. Influence of 3 on SCFs along lines: (a) A; (b) B; (c) C; (d) D; and (e) E.
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4.3. Influence of T on SCFs

The influence of the non-dimensional parameter T on the peak SCFs of concrete-filled
SHS-SHS Tjoint connections is shown in Figure 10 and Table 12. The peak SCFs generally
increased with the increase in value of . The influence of T on the SCFs along lines A-E is
shown in Figure 11. The trends of the SCFs along lines A and E, which are located on the
brace, are similar and both are non-linear. In general, the SCFs on the chord along lines B,
C, and D generally increased linearly with the increase in value of 7.

ﬁ —8— =025, 2y=33.33

10 _ =B —po035. 23333
L9 _ - —0— B=0.4, 2y=33.33
G 8 > Ii — = B=0.5, 2y=33.33
E 7 - - — A= B=0.75, 2y=33.33
g6 —0— [=1,2y=33.33
. - —8— (=025, 2y=25
Z 3 —i— B=0.35, 2y=25

2 .&._g. =@ (3=0.4, 2y=25

1 —m— B=0.5, 2y=25

0 : : : : | = A= B=0.75, 2y=25

0 0.2 0.4 0.6 0.8 1 == B=1,2y=25
T

Figure 10. Influence of T on peak SCFs.

Table 12. Influence of T on peak SCFs.

t=0.53 T =0.67 T=0.83 T=1
3 =0.25,2y =33.33 1.3 1.58 1.98 2.28
3 =0.35 2y =33.33 4.06 4.85 5.7 6.4
=042y =3333 5.16 6.17 7.31 8.25
=052y =33.33 6.61 7.93 9.39 10.59
B =0.75 2y =33.33 4.69 4.26 6.37 5.98
B=1,2y=3333 3.06 3.08 4.26 425
T=0.40 T =0.50 T=0.63 T=0.75
3=0252y=25 1.51 1.77 2.06 2.25
$=0352y=25 248 2.98 3.52 3.97
3=04,2y=25 2.84 341 4.05 4.59
$=052y=25 3.45 3.7 4.39 4.95
=0752y=25 327 3.1 428 4.03
B=12y=25 3.06 3.1 4.33 4.03

4.4. Influence of 2y on SCFs

The non-dimensional parameter 2y is defined as the ratio of the chord width to chord
wall thickness (by/tg). The influence of the non-dimensional parameter 2y on peak SCFs of
concrete-filled SHS-SHS T-joints is shown in Figure 12 and Table 13. The influence of 2y on
SCFs along lines A-E under in-plane brace bending is shown in Figure 13. The trends of
the SCFs are both linear and non-linear.
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Figure 11. Influence of T on SCFs along lines: (a) A; (b) B; (c) C; (d) D; and (e) E.
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Figure 12. Influence of 2y on maximum SCFs.
Table 13. Influence of 2y on maximum SCFs.
) B =0.25 B =0.35 B =04 B =05 B =0.75 B=1
Y =05 =05 =05 =05 T=0.5 T=0.5
33.33 1.3 4.06 5.16 6.61 4.69 3.06
25 1.77 2.98 341 3.7 3.1 3.1
20 1.78 2.49 2.89 3.58 3.82 2.85
16.67 1.39 2.03 2.32 2.86 3.26 2.67
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Figure 13. Cont.
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Figure 13. Influence of 2y on SCFs along lines: (a) A; (b) B; (c) C; (d) D; and (e) E.

5. Proposed Design Equations

Design equations for predicting the SCFs of SHS-SHS T-joints with concrete-filled
chords under in-plane bending on the brace are proposed. The design equations for SCFs at
lines A—E were proposed based on Equation (3) by CIDECT Design Guide 8 [6]. Equation (3)
is based on the work of [23]. Non-linear multiple regression analysis was carried out to
determine the values of the constants a—h. Table 14 shows the values of the constants a—h
for lines A-E and for peak SCFs. Using Equation (4), the predicted peak SCF of concrete-
filled SHS T+oints under in-plane bending were calculated; see Table 15. There is a good
agreement between the peak SCFs determined from the predicted formula and FEA. As
shown in Table 15, the coefficient of variation of the overall ratio is 0.17.

SCFsps = (a +bp +cp?+ dZ'y> (2y)(e+ff5+g[32),th 3

SCFpey = (0.23326 — 0.46734p + 0.25852p2 — 0.00060(2y)) (2y)(0.09625+3.97770B ~2.1046767) 070022 ()
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SCFy = (5.68385 —11.16130B + 5.66213p2 — 0.00410(2y)) (2y)(~0-85699-+2.7605( ~0.73792g ) 1045556 (5)
SCFp = (0.00667 — 0.01483p + 0.00997p2 — 0.00003(2y)) (2y) (0-46519+7.32706B —5.509648%) 10.73617 (6)
SCFc = (0.06907 — 015705 + 0.10148p2 — 0.00023(2y) ) (2y) (700171 +65718B—4795708%) 1075048 @)
SCFp = (0.06796 —0.17959B + 0.13975p2 — 0.00023(2y)) (2y)(0.02716-+6.55388p —5.285175) 0.68201 8)
SCFg = (4.58425 —9.54630B + 5.07597p2 — o.oozzs(zy)) (2y)(~0.63085+229810 ~0.338634%) 1024647 )
Table 14. Constants a—h.
Constants Line A Line B Line C Line D Line E Peak SCF
a 5683849 0006668  0.069071 0067958  4.584246  0.233257
b —11.161296 —0.014833  —0.157049  —0.179585 —9.546303  —0.467340
c 5.662125 0.009966 0.101481 0.139751 5.075972 0.258524
d —0.004096  —0.000034  —0.000232  —0.000231  —0.002281  —0.000598
e —0.856986 0465188  —0.051707  0.027163  —0.630846  0.096247
f 2.760551 7.327060 6.575175 6.553876 2.298098 3.977695
g —0.737920  —5.509643  —4.793702 —5285170 —0.338629  —2.104667
h 0.455557 0.736167 0.750481 0.682011 0.246473 0.700215
Table 15. Peak SCFs from predicted design equation with FEA.
. Non-Dimensional SCFgg of Concrete-Filled T-Joints under In-Plane Peak SCF
Series Parameters Bending SClpregicted
Name SCFre
B 2y T A B C D E FE Predicted
S21S1 0.25 33.33 1 1.35 1.87 1.91 2.28 1.82 2.28 3.25 143
S21S2 0.25 33.33 0.83 1.59 1.59 1.65 1.95 1.98 1.98 2.86 1.44
S21S3 025 3333 067 1.32 1.33 1.35 1.58 1.39 1.58 2.46 1.56
S2154 0.25 33.33 0.53 0.95 1.1 1.11 1.3 1.23 1.3 2.09 1.60
S21S5 0.35 33.33 1 2.36 6.17 6.4 5.45 2.77 6.4 6.09 0.95
S2186 035 3333 083 2.66 5.62 5.7 496 321 57 5.35 0.94
S21S7 0.35 33.33 0.67 1.87 4.8 4.85 4.32 2.49 4.85 4.60 0.95
S21S8 0.35 33.33 0.53 2.06 4.02 4.06 3.7 2.41 4.06 3.91 0.96
52159 0.4 33.33 1 2.95 7.73 8.25 5.73 3.25 8.25 7.72 0.94
S21S10 0.4 33.33 0.83 3.34 6.86 7.31 5.22 3.79 7.31 6.78 0.93
S21S11 0.4 33.33 0.67 2.31 5.83 6.17 4.57 2.94 6.17 5.83 0.95
S21S12 04 3333 053 2.6 4.88 5.16 3.93 3.09 5.16 495 0.96
S21S513 0.5 33.33 1 4.12 9.29 10.59 5.73 4 10.59 10.48 0.99
S21514 0.5 33.33 0.83 4.59 8.23 9.39 5.19 4.71 9.39 9.20 0.98
S21S815 05 3333 067 3.14 6.99 7.93 45 3.62 7.93 7.92 1.00
S21S16 0.5 33.33 0.53 3.52 5.87 6.61 3.84 4.09 6.61 6.72 1.02
S21517 0.75 33.33 1 5.98 0.11 1.06 3.87 4.47 5.98 6.35 1.06
S21S18 075 3333 0.83 6.37 0.08 1.06 3.61 5.29 6.37 5.57 0.87
S21S19 0.75 33.33 0.67 4.26 0.06 1.01 3.13 4.14 4.26 4.80 1.13
521520 0.75 33.33 0.53 4.55 0.04 0.92 2.49 4.69 4.69 4.07 0.87
S21S21 1 33.33 1 2.83 2.14 2.67 2.18 4.25 4.25 4.50 1.06
521522 1 33.33 0.83 2.9 1.79 2.21 1.76 4.26 4.26 3.95 0.93
521523 1 33.33 0.67 2.05 141 1.73 1.3 3.08 3.08 3.40 1.10
521524 1 33.33 0.53 2.09 1.12 1.38 1.01 3.06 3.06 2.88 0.94
52551 0.25 25 0.75 1.14 1.54 2.25 2.01 1.72 2.25 2.11 0.94
52552 0.25 25 0.63 1.34 1.44 2.06 1.84 1.92 2.06 1.87 0.91
52552 0.25 25 0.5 1.02 1.29 1.77 1.6 1.34 1.77 1.59 0.90
52554 0.25 25 0.4 1.03 1.11 1.51 1.39 1.28 151 1.36 0.90
52555 0.35 25 0.75 2.05 2.98 3.97 2.78 2.49 3.97 3.71 0.93
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Table 15. Cont.
. Non-Dimensional SCFgg of Concrete-Filled T-Joints under In-Plane Peak SCF
Series Parameters Bending SCFpregicted
Name SCFer
B 2y T A B C D E FE Predicted
52556 0.35 25 0.63 2.33 2.67 3.52 25 2.83 3.52 3.28 0.93
52557 0.35 25 0.5 1.66 23 2.98 2.16 2.23 2.98 2.79 0.94
52558 0.35 25 0.4 1.87 1.94 2.48 1.84 2.33 2.48 2.39 0.96
52559 0.4 25 0.75 2.53 3.67 4.59 3.04 2.88 4.59 4.60 1.00
525510 0.4 25 0.63 2.87 3.26 4.05 2.73 3.3 4.05 4.07 1.00
525511 0.4 25 0.5 2.02 2.78 3.41 2.34 2.57 3.41 3.46 1.01
525512 0.4 25 0.4 2.26 2.32 2.84 1.98 2.79 2.84 2.96 1.04
525513 0.5 25 0.75 3.47 4.95 4.95 3.25 3.53 4.95 6.09 1.23
525514 0.5 25 0.63 3.85 431 4.39 2.89 4.06 4.39 5.39 1.23
525515 0.5 25 0.5 2.69 3.59 3.7 2.46 3.14 3.7 4.58 1.24
525516 0.5 25 04 2.96 293 3.05 2.05 3.45 3.45 3.92 1.14
525517 0.75 25 0.75 4.03 2.54 241 3.29 3.1 4.03 4.83 1.20
525518 0.75 25 0.63 4.28 222 2.47 2.88 3.54 4.28 427 1.00
525519 0.75 25 0.5 3.1 1.9 2.16 2.36 2.95 3.1 3.63 1.17
525520 0.75 25 0.4 3.27 1.6 1.79 1.89 3.26 3.27 3.11 0.95
525521 1 25 0.75 291 1.54 2.26 1.14 4.03 4.03 4.39 1.09
525522 1 25 0.63 3.51 0.83 1.22 0.91 4.33 4.33 3.89 0.90
525523 1 25 0.5 243 0.62 091 0.69 3.1 3.1 3.31 1.07
525524 1 25 0.4 242 0.44 0.65 0.52 3.06 3.06 2.83 0.92
52652 0.25 20 0.5 1.18 0.85 1.35 1.21 1.78 1.78 1.31 0.74
52656 0.35 20 0.5 2.03 1.56 2.17 1.68 2.49 2.49 220 0.88
526510 0.4 20 0.5 2.48 1.9 2.52 1.83 2.89 2.89 2.66 0.92
526514 0.5 20 0.5 3.33 243 2.82 1.95 3.58 3.58 3.43 0.96
526518 0.75 20 0.5 3.82 1.24 1.62 1.94 3.32 3.82 292 0.76
526522 1 20 0.5 2.26 0.36 0.51 0.82 2.85 2.85 2.80 0.98
52751 0.25 16.67 0.5 0.92 0.59 1.01 0.99 1.39 1.39 1.12 0.81
527S5 0.35 16.67 0.5 1.6 1.12 1.67 1.39 2.03 2.03 1.79 0.88
52759 0.4 16.67 0.5 1.95 1.37 1.96 1.52 2.32 2.32 2.14 0.92
527513 0.5 16.67 0.5 2.65 1.75 2.21 1.64 2.86 2.86 2.68 0.94
527517 0.75 16.67 0.5 3.26 0.95 1.18 1.77 2.82 3.26 2.32 0.71
527521 1 16.67 0.5 2.06 0.34 0.48 0.66 2.67 2.67 227 0.85
STDEV 0.17
Mean 1.01
COov 0.17
Based on Equations (5)—(9), the predicted SCFs at lines A-E of SHS-SHS T-joints with
concrete-filled chords under in-plane bending are shown in Table 16. From Table 16 and
Figure 14, it can be observed that there is a good agreement between the SCFs determined
from the predicted design equations and the FEA. Some high ratios of the predicted SCF to
that in FE can be observed along line B, as the predicted SCF and corresponding FE SCF are
relatively small (less than 1). As shown in Table 16, the acceptable coefficient of variation
(COV) of predicted SCF to FE SCF for each line is observed.
Table 16. SCFs from predicted design equations and FEA at lines A-E.
Series SCFrg SCPFpredicted SCFpredicted/ SCFrE
Name A B C D E A B C D E A B C D E
52151 1.35 1.87 1.91 2.28 1.82 147 230 2.64 2.60 1.86 1.09 1.23 1.38 1.14 1.02
52152 1.59 1.59 1.65 1.95 1.98 1.35 2.01 2.30 2.29 1.78 0.85 1.26 1.39 1.18 0.90
521S3 1.32 1.33 1.35 1.58 1.39 1.23 1.72 1.96 1.98 1.68 0.93 1.29 1.45 1.25 1.21
52154 0.95 1.1 1.11 1.3 1.23 1.10 1.44 1.64 1.69 1.59 1.16 1.31 1.48 1.30 1.29
52155 2.36 6.17 6.4 5.45 277 249 6.03 6.39 514  2.84 1.06 0.98 1.00 0.94 1.03
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Table 16. Cont.

Series SCFrg SCPFpredicted SCFpredicted/ SCFrE

Name A B C D E A B C D E A B C D E
S21S6 2.66 5.62 5.7 4.96 3.21 2.29 5.25 5.56 4.52 2.71 0.86 0.93 0.98 0.91 0.85
S21S7 1.87 4.8 4.85 4.32 2.49 2.08 4.49 4.73 3.91 2.57 1.11 0.94 0.98 0.90 1.03
S21S8 2.06 4.02 4.06 3.7 2.41 1.87 3.78 3.97 3.33 2.43 0.91 0.94 0.98 0.90 1.01
52159 2.95 7.73 8.25 5.73 3.25 3.13 8.07 8.46 6.01 3.41 1.06 1.04 1.03 1.05 1.05
521510 3.34 6.86 7.31 5.22 3.79 2.87 7.04 7.36 5.29 3.26 0.86 1.03 1.01 1.01 0.86
521511 2.31 5.83 6.17 4.57 2.94 2.61 6.01 6.26 457 3.09 1.13 1.03 1.02 1.00 1.05
521512 2.6 4.88 5.16 3.93 3.09 2.34 5.06 5.25 3.90 2.92 0.90 1.04 1.02 0.99 0.94
521513 4.12 929 10.59 5.73 4 453 944 1037 5.65 4.59 1.10 1.02 0.98 0.99 1.15
521514 4.59 8.23 9.39 5.19 4.71 4.17 8.23 9.01 4.98 4.39 0.91 1.00 0.96 0.96 0.93
521515 3.14 6.99 7.93 45 3.62 3.78 7.03 7.68 4.30 4.16 1.20 1.01 0.97 0.96 1.15
S21S16 3.52 5.87 6.61 3.84 4.09 3.40 5.92 6.44 3.67 3.93 0.96 1.01 0.97 0.95 0.96
521517 5.98 0.11 1.06 3.87 447 5.94 0.36 1.34 4.17 4.82 0.99 3.29 1.26 1.08 1.08
521518 6.37 0.08 1.06 3.61 5.29 5.45 0.32 1.17 3.68 4.60 0.86 3.95 1.10 1.02 0.87
521519 4.26 0.06 1.01 3.13 4.14 495 0.27 0.99 3.18 4.37 1.16 4.49 0.98 1.02 1.05
521520 4.55 0.04 0.92 2.49 4.69 4.45 0.23 0.83 2.71 4.12 0.98 5.67 0.90 1.09 0.88
521521 2.83 2.14 2.67 2.18 4.25 2.87 2.00 2.49 1.92 4.00 1.01 0.93 0.93 0.88 0.94
521522 29 1.79 2.21 1.76 4.26 2.64 1.74 2.16 1.69 3.82 0.91 0.97 0.98 0.96 0.90
521523 2.05 141 1.73 1.3 3.08 2.39 1.49 1.84 1.46 3.62 1.17 1.06 1.06 1.12 1.18
521524 2.09 1.12 1.38 1.01 3.06 2.15 1.25 1.54 1.25 3.42 1.03 1.12 1.12 1.23 1.12
S2551 1.14 1.54 2.25 2.01 1.72 1.39 1.19 1.57 1.57 1.78 1.22 0.77 0.70 0.78 1.04
S2552 1.34 1.44 2.06 1.84 1.92 1.28 1.04 1.38 1.40 1.71 0.96 0.72 0.67 0.76 0.89
52552 1.02 1.29 1.77 1.6 1.34 1.16 0.88 1.16 1.19 1.61 1.13 0.68 0.65 0.75 1.20
52554 1.03 1.11 1.51 1.39 1.28 1.04 0.75 0.98 1.02 1.53 1.01 0.67 0.65 0.74 1.19
S2555 2.05 2.98 3.97 2.78 2.49 2.21 2.93 3.52 2.95 2.58 1.08 0.98 0.89 1.06 1.03
52556 2.33 2.67 3.52 2.5 2.83 2.04 2.57 3.09 2.62 247 0.88 0.96 0.88 1.05 0.87
S2557 1.66 2.3 2.98 2.16 2.23 1.84 2.17 2.60 2.24 2.33 1.11 0.94 0.87 1.04 1.05
52558 1.87 1.94 2.48 1.84 2.33 1.66 1.84 2.20 1.92 2.21 0.89 0.95 0.89 1.05 0.95
52559 2.53 3.67 4.59 3.04 2.88 2.69 3.92 4.58 3.46 3.01 1.06 1.07 1.00 1.14 1.05
525510 2.87 3.26 4.05 2.73 3.3 2.48 3.45 4.02 3.08 2.88 0.87 1.06 0.99 1.13 0.87
525511 2.02 2.78 3.41 2.34 2.57 2.24 291 3.38 2.63 2.72 1.11 1.05 0.99 1.12 1.06
525512 2.26 2.32 2.84 1.98 2.79 2.02 247 2.86 2.26 2.58 0.89 1.06 1.01 1.14 0.92
525513 3.47 4.95 4.95 3.25 3.53 3.70 5.07 5.75 3.56 3.85 1.07 1.02 1.16 1.10 1.09
525514 3.85 431 4.39 2.89 4.06 3.41 4.46 5.04 3.16 3.69 0.89 1.03 1.15 1.09 0.91
S25515 2.69 3.59 3.7 2.46 3.14 3.07 3.76 4.24 2.70 3.48 1.14 1.05 1.15 1.10 1.11
525516 2.96 2.93 3.05 2.05 3.45 2.78 3.19 3.59 2.32 3.30 0.94 1.09 1.18 1.13 0.96
525517 4.03 2.54 2.41 3.29 3.1 4.53 242 2.33 2.84 3.79 1.12 0.95 0.97 0.86 1.22
525518 4.28 2.22 247 2.88 3.54 4.18 2.13 2.05 2.52 3.63 0.98 0.96 0.83 0.88 1.02
525519 3.1 1.9 2.16 2.36 2.95 3.77 1.80 1.72 2.16 3.43 1.22 0.94 0.80 0.91 1.16
525520 3.27 1.6 1.79 1.89 3.26 3.40 1.52 1.45 1.85 3.24 1.04 0.95 0.81 0.98 0.99
525521 291 1.54 2.26 1.14 4.03 3.08 1.19 1.63 1.19 3.82 1.06 0.78 0.72 1.04 0.95
525522 3.51 0.83 1.22 0.91 4.33 2.84 1.05 143 1.06 3.66 0.81 1.27 1.17 1.16 0.84
525523 243 0.62 0.91 0.69 3.1 2.56 0.89 1.20 0.90 3.45 1.05 143 1.32 1.31 1.11
525524 2.42 0.44 0.65 0.52 3.06 2.31 0.75 1.01 0.78 3.27 0.95 1.71 1.56 1.49 1.07
52652 1.18 0.85 1.35 1.21 1.78 1.22 0.60 0.90 0.93 1.65 1.03 0.71 0.67 0.76 0.93
52656 2.03 1.56 2.17 1.68 2.49 1.84 1.40 1.89 1.65 2.28 0.91 0.90 0.87 0.98 0.91
526510 2.48 1.9 2.52 1.83 2.89 2.19 1.85 241 1.92 2.61 0.88 0.97 0.96 1.05 0.90
526514 3.33 2.43 2.82 1.95 3.58 2.89 2.42 3.00 2.01 3.20 0.87 1.00 1.06 1.03 0.89
526518 3.82 1.24 1.62 1.94 3.32 3.32 1.49 1.53 1.65 2.95 0.87 1.20 0.95 0.85 0.89
526522 2.26 0.36 0.51 0.82 2.85 2.46 0.63 0.94 0.71 3.08 1.09 1.74 1.84 0.87 1.08
S27S1 0.92 0.59 1.01 0.99 1.39 1.27 0.44 0.73 0.75 1.68 1.38 0.75 0.72 0.75 1.21
S2755 1.6 1.12 1.67 1.39 2.03 1.85 0.96 1.45 1.27 2.23 1.15 0.86 0.87 0.91 1.10
S2759 1.95 1.37 1.96 1.52 2.32 2.16 1.25 1.81 1.46 2.51 1.11 0.91 0.92 0.96 1.08
527513 2.65 1.75 2.21 1.64 2.86 2.74 1.62 2.21 1.53 2.97 1.04 0.93 1.00 0.93 1.04
527517 3.26 0.95 1.18 1.77 2.82 2.96 1.10 1.24 1.28 2.58 0.91 1.15 1.05 0.72 0.91
527521 2.06 0.34 0.48 0.66 2.67 2.26 0.46 0.74 0.58 2.69 1.09 1.34 1.55 0.88 1.01
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Table 16. Cont.

Series SCFrg SCFpredicted SCFpredicted/ SCFrE
Name A B C D E A B C D E A B C D E
STDEV 0.12 0.89 0.24 0.15 0.11
Mean 1.02 1.25 1.02 1.01 1.02
COoVv 0.12 0.71 0.23 0.15 0.11
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Figure 14. Comparison of SCFs from the predicted design equations and FEA.

Figure 15 shows the SCFs of concrete-filled SHS-SHS T-joint specimens determined
from FEA, test, and predicted design equations. Comparable SCF results were obtained be-
tween the numerical SCFs, with SCFs calculated from the test and proposed design equations.

S6S1 S5S51 S6S2 S6S3 S6S4 S6S5 S5S5
Concrete-filled SHS-SHS T-joint

SCF
O R, N WA U O N

B FEA mTest M Predicted

Figure 15. Comparison of SCFs from the FEA, test, and predicted design equations.

6. Conclusions

In total, seven cold-formed SHS-SHS T-joints with concrete-filled chords were tested
experimentally using strain gauges and then numerically determined using Abaqus FEA
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software. The experimental and numerical SCFs were determined at the hot spot locations
(lines A-E) under static in-plane brace bending. After validating the FEA results, a paramet-
ric study was conducted on 60 concrete-filled welded tubular SHS-SHS T-joints to study the
effects of the non-dimensional parameters on the SCFs. The non-dimensional parameters of
the 60 concrete-filled SHS-SHS T-joints are as follows: 0.25 < 3 < 1;16.67 < 2y < 33.3; and
0.4 <t < 1. These non-dimensional parameters extend the non-dimensional parameters
previously reported by [1]. The T-joints models were subjected to static in-plane bending on
the brace. The distribution of the SCFs at the hot spot locations (lines A-E) was determined
and the effect of the non-dimensional parameters (3, 2y and ) on the SCFs was discussed.
Design formulae for predicting the SCF at the hot spot locations of concrete-filled SHS-SHS
T-oints under in-plane brace bending were proposed. Based on the work carried out in
this research, the following conclusion was made, there is good agreement between the
experimental nominal stresses and the nominal stresses from the simple beam theory are
observed. The numerical nominal stresses agree with the values determined from the
simple beam theory. The peak experimental and FE SCFs of the concrete-filled SHS T-joints
occurred on the chord, with 3 ranging from 0.25 to 0.50. The peak experimental and FE
SCFs occurred on the brace for T-joints, with 3 ranging from 0.75 to 1.00.

The SCF of the 7 T-joint specimens with concrete-filled chords were compared with
the empty T-joints reported by [7]. The peak experimental SCFs of the empty and concrete-
filled SHS T-joints occurred on the chord, with 3 ranging from 0.25 to 0.50. The peak
SCF occurred on the brace for T-joints, with 3 ranging from 0.75 to 1.00. The peak SCF
of each specimen was reduced due to the concrete infill of the chord. The experimental
reduction percentage in peak SCFs ranged from 10.77% to 37.15%. The overall mean of the
experimental reduction percentage in peak SCF due to concrete infill was 22.16%.

The SCFs determined from the Abaqus FEA software of the 7 concrete-filled T-joint
models under in-plane bending were compared with the empty T-joint models reported
by [7]. The peak numerical SCFs of the concrete-filled SHS T-joints occurred on the chord,
with 3 ranging from 0.25 to 0.50. The peak numerical SCFs of the concrete-filled T-joints
occurred on the brace member, with 3 ranging from 0.75 to 1.00. The FE results showed
that the peak SCF of each specimen was reduced due to the concrete infill of the chord. The
numerical reduction percentage in peak SCFs ranged from 4.26% to 43.64%. The overall
mean of the numerical reduction percentage in peak SCF due to concrete infill was 18.89%.
These observations are similar to the experimental results. Good agreement is observed
between the FE SCFs with SCFs calculated from the test.

The non-dimensional parameters have a significant effect on SCFs. The maximum
SCFs in concrete-filled SHS-SHS T-joints under in-plane bending occurred when 3 = 0.5 and
0.75. The peak SCFs generally increased with the increase value of t. This paper proposed
design graphs and design formulae for predicting the SCF of concrete-filled SHS-SHS
T-joints subject to in-plane brace bending. Comparable results were obtained between the
FE SCFs with SCFs calculated from the proposed design equations.

The results of this research will contribute to the fatigue design and performance
evaluation of existing and new tubular structures with concrete-filled SHS-SHS T-joints.
This paper will allow researchers and engineers to determine the life of welded composite
tubular structures using the proposed design formulae.
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