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Abstract - Internationally representative steel design standards have forbidden or limited the application of high-strength steels to
tubular joints, partly because of concerns about their unique material characteristics such as high yield ratio. Most of design standards
stipulate that for steels whose yield strengths exceed 355 or 360 MPa, the strength equations cannot be utilized or strength reduction
factor below 1.0 should be multiplied. However, the mechanical background behind these limitations is not clear. Experimental
testing of high-strength steel CHS (circular hollow section) X-joints recently conducted by the authors also clearly indicated that the
current limitations might be unduly conservative. As a continuing work, extensive, test-validated numerical analyses were made to
investigate the behavior of high-strength steel CHS X-joint under axial compression. Three steel grades covering ordinary to very
high strength steels were considered in the analysis. Again it was found that the high strength penalty to the joint strength in current
standards is too severe and needs to be relaxed. The high-strength steel joints under the effects of chord stress generally showed
higher strength than the ordinary steel joints and their strengths were conservatively predicted by current standards. It is also
emphasized that current format of the CHS X-joint strength equation does not reflect observed behavior and needs to be recast.
Keywords - High strength steel, CHS (circular hollow section), X-joint, Numerical, Chord stress effect
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Fig. 1. General configuration and definition of symbols of CHS
X-joints
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Table 1. Joint strength equation for CHS X-joints: chord plastification limit state
Joint strength equation for chord plastification limit state
Standard 0, Or
Eurocode 3 5.2 Chord in compression: 1 - 0.3n,(14n,) < 1.0;
1-0.818 Chord in tension: 1.0
Jp‘l‘)i
n = —"—, where
n, fy() w.
0,, E;: maximum compressive stress in the chord at a joint.
Fyo: yield strength of a chord member.
ISO 14346 26( 1+ ) 0.15 Chord in compression: (1-|n)s®***#; Chord in tension: (1-|n|)**°
Ai=075 Ao e face)
n= in connecting face), where
F pl.0 A[p](] &
Fy, My: chord axial force and bending moment.
Fyi0, Mpi0: chord axial capacity and plastic moment capacity.
Range of applicability
Standard Yield strength (F)) Yield ratio (F\/F.) Section class Geometry
Eurocode 3 |< 355 MPa 0.91 Class 1 or 2 02 <5< 1.0
355-460 MPa: strength reduced by 0.9|460-700 MPa (S460-S700): 10 =24=< 40
460-700 MPa (5460-S700): 0.95 30° =6=< 90°
strength reduced by 0.8
ISO 14346 |< 355 MPa 0.80 Class 1 or 2 02 =<8< 1.0
355-460 MPa: strength reduced by 0.9|When yield ratio exceeds 0.80, 2y < 40
F, shoud be taken as 0.80F, 30° =9=< 90°
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Fig. 4. Stress-strain relationship of three steel grades
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Fig. 2. Validation of numerical modeling scheme
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Table 2. FE analysis models used for parametric study phase 1

Steel grade

SM490 (Fy = 324 MPa, F, = 518 MPa),
SM570 (Fy = 478 MPa, F, = 586 MPa), and
HSA800 (Fy = 798 MPa, F, = 914 MPa)
Geometric properties

d, 650 mm

« 20

Jé; 0.20, 0.40, 0.62, and 0.80
2y 20, 26, and 40

t, 25 mm

0 90°

Model identification

X90S-(steel grade)-(53)-(2)

The first character X represents CHS X-joint, and is
followed by the brace to chord angle 6 (90°), the letter S
indicating saturation of chord length, and subsequently /3
and 2~.

(e.g.) X90S-SM490-0.62-26

Table 3. FE analysis models used for parametric study phase 2

Steel grade

SM490 (Fy, = 324 MPa, F, = 518 MPa),
SM570 (Fy = 478 MPa, F, = 586 MPa), and
HSA800 (Fy, = 798 MPa, F, = 914 MPa)

Geometric properties

d, 650 mm
o 20
3 0.62 (for SM490 and SM570)
‘ 0.20, 0.40, 0.62, and 0.80 (for HSA800)
2 26 (for SM490 and SM570)
20, 26, and 40 (for HSA800)
t, 25 mm
0 90°
n -0.9, -0.6, -0.3, 0, +0.3, +0.6, and +0.9

Model identification

X90S-(steel grade)-(3)-(27) (n)

The first character X represents CHS X-joint, and is
followed by the brace to chord angle 6 (90°), the letter S
indicating saturation of chord length, and subsequently 3, 2+
and n.

(e.g.) X90S-SM490-0.62-26 (-0.6)
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Fig. 5. Definition of joint ductility
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Table 4. Summary of numerical study phase 1
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Steel Numerical joint strength N (kN) Joint
Model identification 3 27 At 3%d, At peak N/Necs* | N/wiso N/Npeak .

grade ductility

(N 3 %) (N peak)

X90S-SM490-0.20-20 20 2347 2368 (4.26)" 1.11 1.34 0.99 N.A.C
X90S-SM490-0.20-26 0.20 26 1457 1458 (3.23) 1.16 1.35 1.00 N.A.
X90S-SM490-0.20-40 40 642 642 (2.94) 1.21 1.32 1.00 2.50
X90S-SM490-0.40-20 20 3446 3491 (4.30) 1.31 141 0.99 3.42
X90S-SM490-0.40-26 0.40 26 2187 2220 (4.21) 1.40 1.45 0.99 3.19
X90S-SM490-0.40-40 SMA490 40 1000 1019 (4.08) 1.52 1.48 0.98 2.71
X90S-SM490-0.62-20 20 4702 4764 (4.30) 1.32 1.31 0.99 3.66
X90S-SM490-0.62-26 0.62 26 2957 2998 (4.39) 1.40 1.34 0.99 3.64
X90S-SM490-0.62-40 40 1344 1364 (4.35) 1.50 1.35 0.99 3.80
X90S-SM490-0.80-20 20 6515 6555 (3.93) 1.29 1.27 0.99 3.87
X90S-SM490-0.80-26 0.80 26 4045 4070 (3.86) 1.35 1.28 0.99 4.03
X90S-SM490-0.80-40 40 1805 1823 (4.40) 1.43 1.27 0.99 4.85
X90S-SM570-0.20-20 20 3264 3290 (3.66) 1.04 1.26 0.99 N.A.
X90S-SM570-0.20-26 0.20 26 1998 2013 (3.50) 1.08 1.25 0.99 2.83
X90S-SM570-0.20-40 40 854 869 (3.56) 1.09 1.19 0.98 222
X90S-SM570-0.40-20 20 4805 4919 (4.45) 1.24 1.33 0.98 3.08
X90S-SM570-0.40-26 0.40 26 2991 3085 (4.52) 1.30 1.35 0.97 2.80
X90S-SM570-0.40-40 SM570 40 1305 1386 (4.56) 1.34 1.30 0.94 2.33
X90S-SM570-0.62-20 20 6631 6734 (4.29) 1.26 1.25 0.98 3.26
X90S-SM570-0.62-26 0.62 26 4110 4208 (4.50) 1.32 1.26 0.98 3.17
X90S-SM570-0.62-40 40 1800 1889 (5.01) 1.37 1.22 0.95 3.32
X90S-SM570-0.80-20 20 9096 9109 (3.33) 1.22 1.20 1.00 3.46
X90S-SM570-0.80-26 0.80 26 5604 5625 (3.54) 1.27 1.20 1.00 3.73
X90S-SM570-0.80-40 40 2453 2506 (5.08) 1.32 1.17 0.98 4.40
X90S-HSA800-0.20-20 20 4699 4970 (4.77) 0.90 1.09 0.95 N.A.
X90S-HSA800-0.20-26 0.20 26 2740 2976 (4.70) 0.89 1.03 0.92 2.56
X90S-HSA800-0.20-40 40 1061 1230 (4.83) 0.81 0.89 0.86 2.18
X90S-HSA800-0.40-20 20 6968 7453 (5.33) 1.07 1.16 0.93 2.73
X90S-HSA800-0.40-26 0.40 26 4129 4584 (5.29) 1.08 1.11 0.90 244
X90S-HSA800-0.40-40 HSAS00 40 1607 1982 (5.71) 0.99 0.96 0.81 2.13
X90S-HSA800-0.62-20 20 9818 10261 (5.03) 1.12 1.11 0.96 2.93
X90S-HSA800-0.62-26 0.62 26 5884 6321 (5.44) 1.13 1.08 0.93 2.93
X90S-HSA800-0.62-40 40 2400 2760 (6.51) 1.09 0.98 0.87 2.96
X90S-HSA800-0.80-20 20 13664 13776 (3.92) 1.10 1.08 0.99 3.31
X90S-HSA800-0.80-26 0.80 26 8258 8394 (4.33) 1.12 1.06 0.98 3.50
X90S-HSA800-0.80-40 40 3450 3702 (7.82) 1.11 0.98 0.93 3.80

“Necs and Mo are joint nominal strengths according to EC3 and ISO 14346 standard, respectively, without strength reduction factor.
"The out-of-plane deformation of the crown point in terms of %d, at peak load.

“When & and &, (see Fig. 5) cannot be found, because after the peak and short decreasing part, the load increases again by
membrane action (see the load-deformation relationship of X90S-HSA800-0.20-20/26/40 from Fig. 7(a).
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Table S. Difference between peak load and joint strength in experimental database of high-strength steel CHS X-joints
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