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Abstract - Most of internationally representative design standards have forbidden or restricted the application of high-strength
steel to tubular structures. Moreover, interactive strength equation under combined axial force and bending moment (P — M) is
not yet available for plate-to-circular hollow section (CHS) joints, although such combined loading conditions are frequently en-
countered in practice. In this study, test-validated numerical analyses were conducted to investigate the behavior and strength of
plate-to-CHS X-joints with including 600 MPa tensile strength steel. The analysis results showed that the structural performance
of the 600 MPa high-strength steel joints was comparable to that of mild steel joints, indicating the current high-strength steel
limitations may be relaxed. From the perspective of the interaction strength, plate-to-CHS joints were shown to be inferior to
CHS-to-CHS joints, and a new P — M interaction equation was proposed for plate-to-CHS X-joints.
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Table 1. Applicable range of steel material properties for plate-to-circular hollow section connections

Property KBC 2016, AISC 2016 CIDECT design guide prEN®
Nominal The strength reduction factor The strength reduction factor
to :}11 <360 MPa should be multiplied as follows: should be multiplied as follows:
streng| = (1) 1.0 for f, < 355 MPa (1) 1.0 for f, <355 MPa
f (2) 0.9 for 355 < f, <460 MPa (2) 0.9 for 355 < f, <460 MPa
. . <0.80 <0.80
Y“;fd/;a“" <0.80 (when yield ratio exceeds 0.8, (when yield ratio exceeds 0.8,
yiSu f; should be taken as 0.8f,) /5 should be taken as 0.8f,)
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Fig. 1. Examples of plate-to-CHS joints
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Table 2. Joint strength equation for longitudinal XP joints
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Fig. 2. Geometrical configuration and definition of
symbols for longitudinal XP Joints
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Chord Axial Ni = 5.5f0t5 (1 + 0.25n) Ni = 5f085 (1 + 0.417) Ni = 4.4f,085 (1 + 0.4n)
plastification | 1 plane bending M,y = 0.8N1h My = 0.8Nih M, =0.7Nih,
N M;
Chord punching il + vl < 1,16fv0—0
shear - Ar - Weipa T

where W,,,.1: elastic section modulus of plate

fyo: yield strength of chord, #,: thickness of chord, 4;: width of plate, #,: thickness of plate
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Table 3. Applicable range of geometric parameters for longitudinal XP joints

Property | KBC 2016, AISC 2016 CIDECT design guide prEN®
n="mld - 1<np<4 0.6<n<4
Chord in Chord class 1 or 2 and Chord in Chord class 1 or 2 and
compression 2y <40 compression 2y <40
2]/ =dolty 2]’ <40 R .
Chorq in 2y <40 Chorfi in 2y <40
tension tension
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Fig. 3. FE model analyzed and applied loading
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Fig. 4. Validation of FE modeling
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Table 4. FE analysis models

Geometry Non-dimensional
Model (mm) parameter
to h n 2y

X-3-21.9 16.0 1,050 3.0 21.9
X-4-21.9 16.0 1,400 4.0 21.9
X-2-29.2 12.0 700 2.0 29.2
X-3-29.2 12.0 1,050 3.0 29.2
X-4-29.2 12.0 1,400 4.0 29.2
X-1-40.0 8.8 350 1.0 40.0
X-2-40.0 8.8 700 2.0 40.0
X-3-40.0 8.8 1,050 3.0 40.0
X-4-40.0 8.8 1,400 4.0 40.0

do =350 mm, #; =24 mm, L, = 3,500 mm, throat thickness of reinforcing
fillet weld = 6 mm

Table 5. Material properties used in FE analysis

Nominal .
Material f Nﬁ’ 1\/{;’ Ylte.ld
(MPa) (MPa) (MPa) ratio
SS400 235 356 497 0.72
HSB600 450 478 630 0.76
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Fig. 6. Variation of joints strength ratio under axial load

Table 6. Required material factor for HSB600 under axial load

n
2y
1.0 2.0 3.0 4.0
21.9 - - 0.99 1.00
29.2 - 0.95 0.96 0.97
40.0 0.89 0.91 0.92 0.94
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Fig. 9. Variation of joints strength ratio under in-plane bending according to 0.1 rad joint rotation limit
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Table 7. Required material factor for HSB600 under in-plane

bending
n
2y
1.0 2.0 3.0 4.0
21.9 - - 1.00 0.99
29.2 - 0.99 1.00 1.00
40.0 0.99 0.98 0.99 1.00
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Fig. 10. Symbols to define combined indentation
and rotation-based deformation limit
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Fig. 11. Analysis results of model X-3-29.2 under combined P — M loading
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Table 8. Summary of parametric analysis results for 2y = 40.0

Non-dimensional parameter Applied load ratio Results

Model Material P My,
n 2y P M (kN) (KN“m) Piin /P, My /M,
P, 0 255.4 0.0 1.00 0.00
0.75P," | 0.25M," | 212.5 16.9 0.83 0.27
SS400 0.50P, | 0.50M, 142677 343" 0.56 0.55
0.25P, | 0.75M, 68.17" 49.5™ 0.27 0.79
X.1.40.0 0 40,0 0 M, 0.0 62.6 0.00 1.00
P, 0 304.7 0.0 1.00 0.00
0.75P, | 0.25M, 2527 23.3 0.83 0.28
HSB600 | 0.50P, | 0.50M, 172.7 46.6 0.57 0.56
0.25P, | 0.75M, 82.4™ | 6687 | 027 0.80
0 M, 0.0 83.7 0.00 1.00
P, 0 315.8 0.0 1.00 0.00
0.75P, | 0.25M, 274.8 39.9 0.87 0.25
SS400 0.50P, | 0.50M, 188.9 85.3 0.60 0.54
0.25P, | 0.75M, 91.7 122.9 0.29 0.78
X240.0 20 40,0 0 M, 0.0 158.5 0.00 1.00
P, 0 385.1 0.0 1.00 0.00
0.75P, | 0.25M, 334.0 51.4 0.89 0.25
HSB600 | 0.50P, | 0.50M, 2342 106.6 0.61 0.51
0.25P, | 0.75M, 115.2 158.8 0.20 0.76
0 M, 0.0 209.3 0.00 1.00
P, 0 383.4 0.0 1.00 0.00
0.75P, | 0.25M, 332.4 58.4 0.87 0.22
SS400 0.50P, | 0.50M, 233.5 129.5 0.61 0.48
0.25P, | 0.75M, 116.9 195.0 0.31 0.73
X3.40.0 30 40,0 0 M, 0.0 267.4 0.00 1.00
P, 0 474.3 0.0 1.00 0.00
0.75P, | 0.25M, 421.1 73.5 0.89 0.21
HSB600 | 0.50P, | 0.50M, 296.6 158.5 0.63 0.45
0.25P, | 0.75M, 153.2 2449 0.32 0.69
0 M, 0.0 354.2 0.00 1.00
P, 0 458.2 0.0 1.00 0.00
0.75P, | 0.25M, 396.8 82.3 0.87 0.21
SS400 0.50P, | 0.50M, 282.3 176.5 0.62 0.44
0.25P, | 0.75M, 143.6 271.8 0.31 0.68
4400 0 400 0 M, 0.0 401.7 0.00 1.00
P, 0 575.5 0.0 1.00 0.00
0.75P, | 0.25M, 510.8 99.4 0.89 0.18
HSB600 | 0.50P, | 0.50M, 367.7 2149 0.64 0.40
0.25P, | 0.75M, 194.9 341.0 0.34 0.63
0 M, 0.0 539.8 0.00 1.00

*P, and M, are the joint strength under axial compression or in-plane bending alone.
**P/,-,,, and M;,, are the preceding load between the deformation-limit load per Eq. (7) and the peak load.
" The case that the peak load preceded the deformation-limit load.
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Fig. 12. Interactive strength of XP joints
under combined P — M loading
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Fig. 13. Comparison of joint strengths
and interaction equations
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