<]
TUDelft

Delft University of Technology

Design of chord sidewall failure in RHS joints using steel grades up to S960

Lan, Xiaoyi; Wardenier, Jaap; Packer, Jeffrey A.

DOI
10.1016/j.tws.2021.107605

Publication date
2021

Document Version
Accepted author manuscript

Published in
Thin-Walled Structures

Citation (APA)

Lan, X., Wardenier, J., & Packer, J. A. (2021). Design of chord sidewall failure in RHS joints using steel
grades up to S960. Thin-Walled Structures, 163, 1-24. Article 107605.
https://doi.org/10.1016/j.tws.2021.107605

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1016/j.tws.2021.107605
https://doi.org/10.1016/j.tws.2021.107605

Highlights

e Up-to-date reported test and numerical results of chord sidewall failure in RHS joints were collated.
e  Effects of brace-to-chord height ratio, brace angle, steel grade and chord stress ratio were evaluated.
e  Two design methods were proposed for chord sidewall failure in RHS joints under brace axial compression.

e Design of chord sidewall failure in RHS joints under brace axial tension and brace bending was discussed.

© 2021 Manuscript version made available under CC-BY-NC-ND 4.0 license
https://creativecommons.org/licenses/by-nc-nd/4.0/

H1/1



© 0o N oo o b~ w DN

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

Design of chord sidewall failure in RHS joints using steel grades up to S960

Xiaoyi Lan ", Jaap Wardenier ®, Jeffrey A. Packer ¢

2 School of Civil and Environmental Engineering, Nanyang Technological University, Singapore
® Department of Engineering Structures, Delft University of Technology, The Netherlands

¢ Department of Civil & Mineral Engineering, University of Toronto, Canada

*Corresponding author, Email address: xiaoyi.lan@ntu.edu.sg

Abstract: It is well known that the current design rules adopted by international design codes such as 1SO 14346
and design guides, e.g., the CIDECT design guide No. 3, for chord sidewall failure in mild steel RHS joints under
brace axial compression are considerably conservative, if the RHS joints are adequately supported out-of-plane.
This paper presents an investigation into chord sidewall failure in rectangular hollow section (RHS) joints using
steel grades up to S960. Representative existing design methods for chord sidewall failure in RHS joints are
reviewed, and two alternative design methods, i.e., the modified bearing-buckling method and the Lan-Kuhn
method, are proposed. Up-to-date test and numerical results reported in the literature are compiled. A wide range
of geometric parameters, steel grades up to S960 and loading cases of brace axial loading, brace in-plane bending
and brace out-of-plane bending are covered. The existing and proposed design methods are assessed against the
collated results. The effects of brace-to-chord height ratio, brace angle, steel grade and chord stress ratio are
evaluated. It is shown that the proposed design methods can provide more consistent resistance predictions for
chord sidewall failure in mild steel and high-strength steel RHS joints under brace axial compression.
Corresponding user-friendly design rules are suggested. The design of chord sidewall failure in RHS joints under
brace axial tension, brace in-plane bending and brace out-of-plane bending is discussed. Further required research

on, in particular, high-strength steel RHS joints is highlighted.

Keywords: Rectangular hollow section; X joints; T joints; Y joints; Chord sidewall failure; Design rules

1. Introduction

Rectangular hollow sections (RHS) exhibit an aesthetic appearance and feature excellent structural efficiency
especially with regard to loading of compression and torsion because of the closed shape. The evident advantages
of RHS result in wide applications in structural, mechanical, transport and offshore fields. The connection of RHS
members is vitally crucial for the structural integrity, and direct welding of the intersecting brace to the through
chord is the simplest and cleanest solution for the connection. Design rules are needed for such welded RHS joints

to facilitate structural applications.
Fig. 1 shows the configurations and notations of RHS-to-RHS X, T and Y joints. Chord sidewall failure is a typical

failure mode in full-width RHS joints with brace-to-chord width ratio (5) of 1.0. In the 1970s, test data for chord

sidewall failure in RHS X joints became available from Czechowski and Brodka [1] and Barentse [2]. Czechowski
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and Brodka [1] developed an empirical equation based on their data which showed a large scatter. This is probably
because in the Polish tests the brace and chord of the X joints were fabricated from cold-formed channel sections
with fabrication tolerances. Furthermore, distortion of the chord cross-section resulted in a sway-type failure mode
because of the pinned-end support at the brace ends and the inadequate out-of-plane support at the chord ends.
Barentse [2] assessed various local buckling models against his test results. Brodka and Szlendak [3] and Kato and
Nishiyama [4] proposed analytical models which appear to be too complicated for design. Later, Wardenier and
Davies [5] developed a simpler combined bearing-buckling model based on a conservative lower bound of the
aforementioned Polish and Dutch test results. It adopts a combined check for the bearing resistance using the steel
yield stress of the chord (fyo) and the local buckling capacity employing a local buckling stress of the chord sidewall
(fo). The value of fx can be determined using the relevant Eurocode buckling curves [6] or equivalent buckling
curves. The bearing-buckling method is adopted by various design codes, e.g., EN 1993-1-8 [7] and 1SO 14346
[8], and design guides such as the CIDECT design guide No. 3 [9-10] and the 1IW recommendations [11-13] for
chord sidewall failure.

Extensive research on chord sidewall failure has been conducted since the mid-1980s. Davies et al. [14]
summarised various design methods and the influence of different joint parameters for chord sidewall failure in
RHS X joints. Packer [15] conducted tests on 31 full-width RHS X joints to supplement the existing test database
of 40 RHS X joints reported in the literature, and concluded that the codified bearing-buckling method for chord
sidewall failure was too conservative. Giddings and Wardenier [16] compiled CIDECT Monograph No. 6 in which
various state-of-the-art theories at that time for chord sidewall failure were summarised. Davies and Roodbaraky
[17] examined the effect of brace angle (61) on the resistances of various failure modes in RHS X joints using the
results of tests as well as elastic and elastic-plastic numerical analyses reported by Platt [18]. It was found that the
average resistance enhancement for decreasing brace angles could be quantified by the brace angle function of
(1/sing1)°® for chord sidewall failure in RHS X joints under brace axial compression and tension. Yu [19] proposed
a four-hinge yield line model and assumed that the chord sidewall was fully clamped for chord sidewall failure in
RHS-to-RHS X and T joints subjected to brace axial compression, brace in-plane bending and brace out-of-plane
bending. Becque and Cheng [20] conservatively assumed that the chord sidewall is pinned along the chord length
direction, and proposed a plate buckling model to predict the buckling initiation of the chord sidewall in RHS-to-
RHS X joints. Kuhn et al. [21] proposed an equation of the buckling reduction factor which is linearized against
chord height to wall thickness ratio (2y*=hg/to) for chord sidewall failure in RHS X joints under brace axial
compression. This simplifies the determination of fi values without using the buckling curves. Wardenier [22]
proposed to modify the codified resistance equation to consider the effect of brace-to-chord height ratio (77*=h/ho).
Lan et al. [23-24] developed an analytical model for plate buckling to properly consider the beneficial restraint of
the chord face and brace for the chord sidewall in RHS-to-RHS X and T joints. Comprehensive assessment of the

design methods remains limited, and more suitable design rules for chord sidewall failure in RHS joints are needed.

This study aims to evaluate existing design methods and to propose suitable design methods and design rules for
chord sidewall failure in mild steel and high-strength steel RHS joints. Test and numerical results of RHS X and
T joints reported in the literature have been collated. A wide range of geometric parameters, steel grades up to

S960 and loading cases of brace axial loading, brace in-plane bending and brace out-of-plane bending were
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covered. Existing design methods and proposed design methods in this study were assessed against the compiled
results. The effects of brace-to-chord height ratio, brace angle, steel grade and chord stress were evaluated. Design
rules were proposed for chord sidewall failure in mild steel and high-strength steel RHS joints under brace axial
compression. The design of chord sidewall failure in RHS joints under brace axial tension, brace in-plane bending
and brace out-of-plane bending was discussed. Further research on, in particular, high-strength steel RHS joints

was highlighted.
2. Design methods for chord sidewall failure
2.1. General

This section elaborates the representative design methods in the literature and the proposed design methods in this
study for chord sidewall failure in RHS joints. The bearing-buckling model proposed by Wardenier and Davies [5]
is widely adopted by international design codes, e.g., EN 1993-1-8 [7] and 1SO 14346 [8], and design guides such
as the CIDECT design guide No. 3 [9-10] and the 1IW recommendations [11-13]. The design rules specified in
these design codes and design guides are nearly the same for chord sidewall failure in mild steel RHS joints. Kuhn
et al. [21] and Wardenier [22], among others, proposed modifications to the codified design method in order to
reduce the conservatism and scatter of the resistance predictions. Other analytical models were also proposed for
chord sidewall failure, e.g., the four-hinge yield line model in combination with a reduced chord sidewall buckling
length proposed by Yu [19], and the plate buckling models proposed by Becque and Cheng [20] and Lan et al.
[23-24]. Two alternative design methods, i.e., a modified bearing-buckling method and a so-called “Lan-Kuhn
method” are proposed herein. These design proposals are summarised in the subsequent sections. It is noted that

steel with a grade up to S355 is defined as mild steel in this study.
2.2. Codified bearing-buckling model

Fig. 2 shows the codified bearing-buckling model for chord sidewall failure in RHS joints under brace axial loading
[7, 8, 25]. It is based on a combined check for the bearing resistance using the steel yield stress of the chord (fyo)
and the local buckling capacity employing the local buckling stress of the chord sidewall (fi). The fi values can be
obtained using the relevant Eurocode buckling curves [6] or equivalent buckling curves. Chord sidewall failure is
conservatively considered as the buckling of a pinned-end strut with a buckling length of ho-2t,. The spreading of
the normal component of the brace load (Nisiné:) is assumed to be over a length of hi/sin6:+5t, at each chord
sidewall with a dispersion slope of 2.5 to 1 through the chord thickness. This results in the following basic
resistance equation for chord sidewall failure in mild steel RHS joints under brace axial loading:

N, gy = 2 (ﬂmto}q o)

“sing, | sing,

where tg is the chord sidewall thickness, h; is the brace height, 6: is the brace angle (see Fig. 2) and Qs is a chord
stress function which accounts for the effect of longitudinal chord stresses. The term fi, which equals fyo for brace

axial tension, is the buckling stress of the chord sidewall for brace axial compression, and is taken as [7, 8, 25]:
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0.8y fosing, for X joints
Zcfo for T and Y joints

where yc is a buckling reduction factor for column buckling according to EN 1993-1-1 [6], or a comparable design

code, for a normalized slenderness (Ac) defined by [7, 8, 25]:

3.46 &-2 _1
P t, sin 6,

o=
. [E ®)
fro
The Eurocode buckling reduction factor (yc) can be obtained from tables as a function of the normalized
slenderness or by substituting Eq. (3) into Egs. (4-5) where a is an imperfection factor. For cold-formed steel cross-

sections, a buckling curve ¢ with ¢=0.49 is used, and a buckling curve a with «=0.21 is adopted for hot-finished

steel cross-sections using steel grades up to S420.

7=— 1 <10 ()
q)+\/(p2-—ﬂz
@ =05(1+a(2-0.2)+A%) (5)

It is noted that the fx value is reduced by including siné; in the fi function for X joints (see Eq. (2)) and by
incorporating the term of (1/sind;)®° in the Ac equation (see Eq. (3)). This is because the research conducted by
Platt [18] showed that the effect of 61 on the resistance of a chord sidewall, in an RHS X joint with 6:<90°, is
considerably smaller than being proportional to 1/sinf1. Furthermore, a reduction factor of 0.8 (see Eq. (2)) (i.e., a
safety factor of 1.25) was adopted for RHS X joints to increase the safety margin for the X joints with higher chord

sidewall slenderness (ho/to) which exhibit less-ductile failure.

Initially, no chord stress function (Qr) was included for chord sidewall failure because the influence of small chord
stresses is insignificant. Later on, based on the research by Wardenier et al. [26], the following Qs functions, which
are the same for =1.0, were adopted for RHS T, Y and X joints [8, 25]:

Q =(~|n])**®  for chord compression stress (n<0) (6)

Q =(-|np* for chord tension stress (n>0) (7)

where n is the normal (longitudinal) stress ratio in the chord connecting face. The n value is taken as the sum of
the ratio of the chord axial force (Noeq) to the chord axial yield capacity (Npio,rd) and the ratio of the chord bending
moment (Moged) to the chord plastic moment capacity (Mpiord). Negative and positive n values denote chord

compression and tension stresses, respectively.

The resistance equations for chord sidewall failure in mild steel RHS X, T and Y joints under brace axial loading
have been extended for brace in-plane bending (see Eq. (8)) and for brace out-of-plane bending (see Eq. (9)) as
follows [8, 10, 25 ]:

My 1ra = 0-52¢ Foto (, +5t )" Q 8)
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Mop,l,Rd =Xc fyoto (bo -t )(hl +5t, )Qf 9
which are conservative for 6:<90°. For brace out-of-plane bending, it is presumed that the chord distortion failure

mode is prevented.

The aforementioned developments resulted in the resistance equations summarized in Table 1, which have been
adopted by recent international design codes and design guides [8, 10, 13, 25]. Up to 2013, the design
recommendations applied to a nominal yield stress (fyo) of the finished hollow section up to 460 MPa, with the fyo
value for design not exceeding 0.8 times the ultimate stress of the chord (fuo). The stipulated joint resistances in
the design recommendations [8, 10, 13] were to be multiplied by a material factor (Cs) of 0.90 for 355 MPa < fyo <
460 MPa. The most recent prEN 1993-1-8 [25] has proposed: Cs= 1.00 for fyo < 355 MPa, C¢= 0.90 for 355 MPa
< fy0 <460 MPa, C¢=0.86 for 460 MPa < f, <550 MPa, and Cs= 0.80 for 550 MPa < fyq < 700 MPa.

2.3. Modifications to codified bearing-buckling model
2.3.1. Linearized buckling reduction factor proposed by Kuhn et al. [21]

Kuhn et al. [21] showed that the column buckling reduction factor (yo.s) for mild steel cold-formed RHS decreases
in an approximately linear manner with increasing /o/f ratio up to 50. The yos value was obtained using a reduced

chord sidewall slenderness (Aos), which was first suggested by Yu [19]:
Aps =0.54; (10)

It is assumed that the chord sidewall is fixed along the longitudinal edges, and thus the Ao s value is taken as half
of that adopted in Table 1. Kuhn et al. [21] proposed to express the buckling reduction factor as a linear function
of the Ao/to ratio and also to include empirical terms of (1/sind1)%® and (f,0/350)%° to consider the effects of brace

angle and steel grade. These proposals resulted in the following linearized equation of the buckling reduction factor

for RHS X joints having h1/(hosind;) > 0.25 [21]:

h 1 f
=1.15-0.013-2 X <10 11
Ao t, \sing, V350 (11)

For plate-to-RHS X joints and RHS-to-RHS X joints with h1/(hosing1)<0.25, ykunn=1.0 is proposed to be used

within the general validity range given in Table 1, and the resistance for chord sidewall failure in RHS X joints

under brace axial compression can be obtained from [21]:

2h,
Ny = fot,| ——=+10t
Kunn = Xkun Tyo 0[5“’16’ OJ Q& (12)

1

It is noted that the term of fito/sind1 in Eq. (1) becomes yfyoto When substituting fu=yfyosiné: for RHS X joints.

The moment capacities for chord sidewall failure in RHS X joints under brace in-plane bending (Mip kunn) and

brace out-of-plane bending (Mop kuhn) may be obtained from Eqgs. (8-9), but replacing yc with ykum in Eq. (11).

2.3.2. n* correction proposed by Wardenier [22]
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Apart from using the reduced chord sidewall slenderness (1os) for RHS joints that are sufficiently restrained
against out-of-plane movements, Wardenier [22] proposed to reconsider the effect of brace-to-chord height ratio
(r7*=h1/ho). This is because the numerical results of Yu [19] and Lan et al. [23-24] show that full-width RHS X
and T joints with higher 7* and 2y* (=ho/to) ratios have a more-abrupt chord sidewall failure mode, i.e., the load-
deformation curve exhibits a sharp drop in load after the peak load. Thus, it would be logical to increase at least

the safety margin for RHS joints with a less-ductile failure mode.

Wardenier [22] proposed to include a correction function of (hi/ho)®*® in the resistance equation (see Eq. (1)) in
order to increase the safety margin for full-width RHS joints with a less-ductile failure mode. The modified

resistance equations for RHS X joints with 8:=90° and under brace axial compression then become:
h 0.15
NWard = fk,WardtO (2h1 +10t0 )(EOJ Qf (13)

fewars = Xwaa Tyo (14)
where yward is the buckling reduction factor obtained using the Eurocode buckling curve ¢ and the chord sidewall
slenderness (Ao.s) or the linearized approximation, e.g., as proposed by Kuhn et al. [21] (see Eg. (11)). Using Eqg.
(13) would result in an equal or higher safety margin for the less-ductile RHS joints when compared with the more-

ductile joints with low 7* and 2y* ratios.

The moment capacities for chord sidewall failure in RHS X joints under brace in-plane bending and brace out-of-
plane bending may be obtained using Egs. (8-9), but replacing yc with ywara. It is also worth noting that the initial

analyses conducted by Wardenier [22] indicate that the brace angle effect needs to be reconsidered.
2.4. Representative analytical models
2.4.1. Four-hinge yield line model proposed by Yu [19]

In the 1990s, Yu [19] conducted an extensive study on uniplanar and multiplanar RHS joints. A four-hinge yield
line model (see Fig. 3) was proposed for chord sidewall failure in RHS-to-RHS X and T joints under brace axial
compression, brace in-plane bending and brace out-of-plane bending. The corresponding resistance equation for

mild steel RHS-to-RHS X and T joints, with 1=90° and under brace axial compression, is as follows:
Ny, =4%0s (\/;"'777) fyo té (15)
where y (=bo/2to) is the chord width to twice chord wall thickness ratio, 5 (=hi/bg) is the brace height to chord

width ratio, and yos is the buckling reduction factor determined by substituting 4o s (see Eq. (10)) into Egs. (4-5).

The four-hinge yield line model assumes that the chord sidewalls are fixed along the longitudinal edges.

The moment capacity of chord sidewall failure in mild steel RHS-to-RHS T and X joints, with §,=90° and loaded

under brace in-plane bending, is given by:
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M inyu — Xip05 (2 y+yn+ Zj fyotghl (16)

where yip,05 is the buckling reduction factor which equals 1.0 for #<1 and for 1<#<2, is determined by:

(17

1
Xipos =1+ (n-1)| —F—==-1
( )[W\/cf-%_sz j

The moment capacity of chord sidewall failure in mild steel RHS-to-RHS T and X joints, with 6:=90° and loaded
under brace out-of-plane bending, is given by:

Mop,vu = Xos (\/ 21+2y) + 2777) fyt)t(?bl (18)
2.4.2. Plate buckling model proposed by Becque and Cheng [20]

Becque and Cheng [20] proposed a plate buckling model conservatively assuming that the chord sidewall is pinned
along the longitudinal edges for chord sidewall failure in RHS-to-RHS X joints under brace axial compression.

The corresponding resistance equation is as follows:
NBecque = 2'4;{Becque fyO hltO (19)
where ygecque 1S the buckling reduction factor obtained using the relevant buckling curve, e.g., according to Egs.

(4-5); however, a modified imperfection factor ¢=0.08 is recommended and the proposed chord sidewall

slenderness is as follows:

= [B_ [2H N
eoae Pcr 2 fcr,Bi-ECqUe hlto
ZE tz
F g = 13460
cr,Becque 12(1'V2) hOh1 (21)

where E is the steel elastic modulus and v is the Poisson ratio taken as 0.3.

It is noted that this design method is proposed to predict the initiation of buckling of the chord sidewall. This
buckling load can be considerably lower than the joint resistance determined by the peak load or the load at an
indentation limit of 3%ho, whichever occurs at a smaller deformation, which is commonly adopted in other studies.

This design method is therefore not included in the subsequent evaluation.

2.4.3. Plate buckling model proposed by Lan et al. [23-24]

The restraint from the chord face and the brace to the chord sidewall is stronger than that of a pinned-end boundary
condition, but weaker than that of fixed edges. Lan et al. [23] proposed an analytical model of plate buckling for
chord sidewall failure in RHS-to-RHS X joints which can properly consider the restraint and utilize the strain
hardening of steel materials by using the continuous strength method. Later, Lan et al. [24] simplified the resistance
equations without considering the strain hardening for RHS-to-RHS X and T joints to reduce the computational
effort. It is noted that the strain hardening in high-strength steel is not pronounced. Fig. 4 shows the proposed plate
buckling model for RHS-to-RHS X and T joints with §,=90°.
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The elastic buckling stress equation proposed for RHS-to-RHS T and X joints with 8,=90°, which can properly

consider the restraint from the chord face and the brace to the chord sidewall, is as follows [23-24]:

f _ 3 2 ﬂ-ZE t_o 1.96 & 0.66 (22)
cr,Lan ' 12(1-V2) h0 r&

The overall cross-section slenderness of the chord sidewall is defined by [23-24]:

b (23)

cr,Lan

tan —
f

which can be obtained by substituting Eq. (22), E=210000 MPa and v=0.3 into Eq. (23):

0.98 0.33
f
A = 0()24[&} {ﬂ} n (24)
. hy 355
which can be conservatively approximated by rounding off the exponents:
0.3
f
A = 0024 [ L] [l (25)
t,\ h, ) \355

The plate buckling reduction factor (yLan) neglecting the strain hardening, which is based on the base curves
proposed by Lan et al. [23], is as follows [24]:
1.0 for 4, <0.6

Lan —

_ 26
A o.stl-ﬂjL fori_ >06 (26)
L

1.6 1.6 Lan
Lan an

The curve of the yi., equation is relatively linear for y.,>0.6 and is herein suggested to be approximated by:
X =1.39-0.674,,, <1.0 (27)

which can be obtained by substituting Eq. (25) into Eq. (27) for steel grades up to S960 and ratios of bo/to and ho/to
up to 40:

0.3
[
Zian —130-00160 [ ] D0 <0 (28)
t, Lh, 355

The linearized buckling reduction factor (see Eq. (28)) can produce conservative resistance prediction for RHS
joints using higher steel grades in combination with ratios of bo/to and ho/to larger than 35, and thus the original

Egs. (25-26) are suggested for such cases.
The joint resistance (NLan) for chord sidewall failure in RHS-to-RHS T and X joints with 6;=90° can be obtained
from [24]:

NLan = ZLan fy()to (2hl +10t0 )Qf (29)

The joint resistance for chord sidewall failure in RHS-to-RHS T, Y and X joints under brace in-plane bending and
brace out-of-plane bending may be obtained from Eqgs. (8-9), but replacing yc with yianin Eq. (28). The linearized

Lan method using Egs. (28-29) will be examined in the subsequent analyses.
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2.5. Proposed design methods
2.5.1. General

Lan et al. [23-24, 27-28] evaluated the material effect on the resistance of fabricated RHS and CHS X and T joints
under brace axial compression and proposed the following equation for the material factor (Cs) to quantify the

resistance reduction, which was resulted from the material effect:

C,=11-62f,/E<10 (30)

An equivalent Cs equation as a function of only fyo is proposed in this study to maintain a uniform format for

equations:

C, =11-0.1f,/355<1.0 (31)

The differences between the calculated Cs values using Egs. (30-31) are found to be marginal. The derived Cs
values are 1.00, 0.97, 0.90, 0.85 and 0.83 for steel grades of S355, S460, S700, S900 and S960, respectively. The
corresponding rounded-off Cs values of 1.00, 0.95, 0.90, 0.85 and 0.80 may be used for chord sidewall failure
under brace compression loading, which are more optimistic than the general Cs values stipulated in prEN 1993-
1-8 [25]. Eq. (31) is incorporated in the proposed design methods mainly because significant material softening in
the heat-affected zone of high-strength steel can occur in practice and the effect of fabrication imperfections can

be more pronounced for chord sidewall failure in high-strength steel RHS joints (see Section 5).

The codified bearing-buckling method adopts various compensations for the brace angle effect in RHS X joints
by including siné in fc and (1/sin61)°® in Ac (see Section 2.2). It is noted that the correction of sing; and safety
factor of 0.8 in fi are not adopted for RHS T and Y joints (see Eg. (2)). This leads to inconsistences for the design
of RHS X and T/Y joints. The brace angle effect for RHS X, T and Y joints is herein recommended to be
approximated by only using a function of (1/sin:)°® in the final resistance equation, which is in line with Davies
and Roodbaraky [17].

Wardenier [22] proposed to adopt a correction function of (hi/hg)1® for the design joint resistance (see Eq. (13)).
However, it is more suitable, e.g., for the loading case of brace axial tension, to include the term of (hi/hg)*® in
the fi function and to impose an upper limit of fyo for fx values, and thus the design joint resistance can be limited

by the yield resistance.

The aforementioned proposed modifications result in the basic resistance equation for chord sidewall failure in

RHS X, T and Y joints under brace axial compression as follows:

[1
N, =C, ot (2h, +10t;) wa (32)
1

h 0.5
fk,P =X (hjj fyO < fyO (33)
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where Cs is the proposed material factor (see Eq. (31)), to(2h1+10to) is the bearing area taken in line with the
bearing-buckling model, Qs is the chord stress function (see Egs. (6-7)), (1/sind:)°% is the brace angle function, fip
is the buckling stress of the chord sidewall and yp is the proposed buckling reduction factor. Two alternative

methods are proposed to derive the ye values in this study.

2.5.2. Modified bearing-buckling method

Some code committees prefer, as currently used, a design method for chord sidewall failure which adopts the
column buckling curve, in order to maintain consistency between the design of RHS joints and that of members.
A format similar to the current set-up in the design codes and design guides was thus employed. The proposed
modified bearing-buckling method in this study adopts a buckling curve ¢ with ¢=0.49 in EN 1993-1-1 [6] and a
reduced chord sidewall slenderness of Aos (see Eq. (10)). The buckling reduction factor (yem) can therefore be
obtained from:

o 1 <10 (34)
PM T o =

Pwm +\)¢1\2/| '155
P =0.5(1+0.49(45-0.2) + A3 ) (35)

where ypm is the proposed modified buckling reduction factor. It is noted that the codified bearing-buckling method
and the four-hinge yield line model adopt different buckling curves according to the fabrication methods of cross-
sections (e.g., cold-formed or hot-finished). However, a buckling curve c is herein suggested for all cross-sections

to simplify the design process and to produce resistance predictions on the conservative side.
2.5.3. Lan-Kuhn method

The linearized Kuhn method is based on the combined bearing-buckling model with the chord sidewall assumed
to be fixed along the longitudinal edges and local buckling covered by the strut buckling coefficient [5,29], whereas
the linearized Lan method is based on a plate local buckling model. In reality, bearing governs for low ho/to ratios
and local buckling dominates for higher ho/to ratios. Therefore, the Lan-Kuhn method using a linearized function

of buckling reduction factor is proposed in this study.

The effect of hy/ho ratio is not considered in the Kuhn method. The Lan method adopts a term of (hi/hg)°2 in the
buckling reduction factor (see Eq. (28)) to quantify the effect, and this approach was initially considered for the
Lan-Kuhn method. However, it was found that this could result in large deviations of the predicted resistances
especially for 7*21.0 when compared with the proposed modified bearing-buckling method. It is noted that two
alternative design methods should give comparable resistances. More detailed discussions can be found in
Wardenier et al. [30]. Therefore, the influence of hi/ho ratio is included in the buckling stress equation (see Eq.
(33)), and the effect of 6, is considered in the basic resistance equation (see Eq. (32)) in this study. Only the effects

of the holto ratio and fyo are quantified in the proposed equation for the buckling reduction factor (ye,.«):

h [f
=1.12-0.012-2, -2 <10 36
ek t, 355 (36)
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The joint resistance for chord sidewall failure in RHS X, T and Y joints under brace in-plane bending and brace

out-of-plane bending may be obtained from Egs. (8-9), but replacing ycfyo with fp in Eqg. (33).

2.5.4. Comparison of the buckling reduction factors

Table 2 shows a comparison of yp,Lk, ykunn and yiLan With ypm for o/2<40, hi/hy=1.0, 235 MPa < f,0 < 960 MPa and
61=90°. The ypk/xpM, yxunn/ypm, and yran/ypm ratios equal the corresponding resistance ratios because /1/h=1.0
and the same basic resistance equation (Eq. (1)) is adopted. It is shown that the differences between yp 1k and ypm
are minor with a maximum deviation of 4%. These two proposed design methods therefore give almost equivalent
resistances. The ykunn €quation also produces excellent approximations of ypm values for lower steel grades;
however, it is observed that the ykun Value deviates from the ypm value for steel grades of S700 and higher in
combination with a high ho/to ratio. The maximum deviation is 4% for steel grades up to S700 and becomes 16%
for S960 which is on the conservative side. It is also shown that yan values are generally higher than ypm values
with a maximum discrepancy of 20% because the Lan method is based on a plate buckling model and is not related
to the column buckling curves. It should be noted that the deviations of ykunn and yian values from yp m values could
be larger for h1/ho<1.0 and /1/ho>1.0 because the effect of the /1/h ratio is not considered in ykunn for the Kuhn
method; however, it is considered in yian for the Lan method and in fi p for the proposed modified bearing-buckling

method. More detailed information can be found in Wardenier et al. [30].

3. Evaluation of design methods for full-width RHS X and T joints under brace axial compression

3.1. General

A database of test and numerical results totalling 248 full-width RHS X joints under brace axial compression

reported in the literature was established. Results of plate-to-RHS X joints were analysed by Kuhn et al. [21] and

are not further considered in this study. The compiled results were adopted to evaluate the following six design

methods:

(1) The bearing-buckling method, but using the Eurocode buckling curve ¢ and Ao s with Ncm defined by Egs. (1)
and (10)

(2) The Kuhn linearized method in Section 2.3.1 with Nkunn defined by Eqgs. (11-12)

(3) The Yu four-hinge yield line method in Section 2.4.1 with Ny, defined by Eqgs. (10) and (15)

(4) The Lan plate buckling method using the linearized approach in Section 2.4.3 with N s, defined by Eqs. (28-
29)

(5) The bearing-buckling method, but using the Eurocode buckling curve ¢, Aos and (77%)%%5 correction in Section
2.5.2 with NMpym defined by Egs. (32-35)

(6) The Lan-Kuhn method using the linearized approach in Section 2.5.3 with Npyk defined by Eqs. (32-33) and
(36)

The original equations in Section 2 are used in this study unless specified. The corresponding joint resistances

obtained using the six design methods (Nc,m, Nkunn, Nvu, Nian, Ne.m @nd Np,L) will be compared with the test and
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numerical resistances (N1) in the subsequent sections. It should be noted that Nc m=Npm for 77%=1.0, and the effect

of the #* correction could be evaluated by comparing Ncm with Npy for %<1 and 77*>1.

It should be noted that the safety factor of 1.25 for RHS X joints, adopted by the aforementioned design codes and
design guides, was set to be unity in the assessment of the design methods. The Eurocode buckling curve ¢ was
conservatively used for all RHS joints, regardless of whether tests or numerical models used hot-finished or cold-
formed hollow sections. In addition, RHS joints with N1./N,>1.1, where Ny is the joint yield resistance, were
excluded from the analyses because such data may not be realistic and could lead to a large scatter for the

subsequent statistical analyses. The Ny values for all the design methods in this study is obtained from:

1
N, = f oty (2h, +10t,) | —
o = fbo (24100 ) 200 (37)

where the term (1/sinf,)° is adopted to consider the brace angle effect, in line with Davies and Roodbaraky [17],
and the Qs function is not incorporated. For this comparison, the omission of Qs function is conservative, especially

for large absolute values of chord stress ratio (n), as it leads to lower N1u/Ny ratios.
3.2. Test results of RHS-to-RHS X joints

Table 3 summarises the compiled test results totalling 51 full-width RHS-to-RHS X-joints under brace axial
compression. Source references for most tests are given in Kuhn et al. [21] and Fan [31]. Additional test results of
high-strength steel RHS-to-RHS X joints reported by Feldmann et al. [32] and Pandey and Young [33] were also
collated. It is shown that five RHS joints have resistances exceeding 1.1Ny and therefore only the remaining 46
RHS-to-RHS X joints will be included in the subsequent analyses. The parameter ranges for the screened test
database were $=1.0, 12.6<2y<42.2, 12.6<2y*<56.9, 0.50<#1<2.47, 0.60<#*<1.00, -0.87<n<0, 44°<0:<90° and 228
MPa<fy,,<1080 MPa. Cold-formed and hot-finished RHS were covered.

The brace angle effect is re-evaluated against the test results of RHS-to-RHS X joints with varying brace angles
in this study. Davies et al. [14] and Packer [15] found that the effect of brace angle on the resistance of full-width
RHS X joints is smaller than being proportional to 1/sinf;. Davies and Roodbaraky [17] reported that, for brace
axial compression and tension, the enhancement of resistance for decreasing the brace angle could be more
accurately quantified by a function of (1/sin6;)*°. Therefore, in the current codified design rules (see Table 1), the
brace angle effect is, based on the initial investigations by Platt [18], minimised by various compensations in the
chord sidewall slenderness (4c) and the buckling stress (fi) for the X joints. It is noted that the term of fito/siné; in

Eq. (1) becomes yfyoto when substituting fi=yfysiné: for RHS X joints. The following two options are assessed

against test results of 19 selected RHS-to-RHS X joints with §:<90°:

(1) Using the codified term of hi/sing; in the final resistance equation for N¢m, Nkunn, Nian, Npv @and N, k, and
also including a term of (1/sin#1)%% in A5 for Ncm and Npw and in ykunn for Nkunn (see Table 4). Including a
1/sind; term in the final resistance equation for Ny.

(2) Only incorporating a term of (1/sin1)°® in the final resistance equation for Nc,m, Nkunn, Nyu, Nian, Nev, and
Np, k (see Table 5).
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The material factor (Cr) was not used for all the statistical analyses summarised in Tables 4-5 because the variation
in yield stresses is small. The mean values of N1y/Ncm, Nio/Nyu, N1w/Nkunn, N1u/Nian, N1o/Npm and Nio/Np Lk ratios
are1.11,1.02,1.13,0.89, 1.11 and 1.05, respectively, with corresponding coefficients of variation (CoVs) of 0.103,
0.103, 0.105, 0.101, 0.103 and 0.104 for the first approach (Table 4). However, for the second option, the mean
values of Niw/Ncm, Niw/Nvy, N1w/Nkunn, Niw/Nian, N1w/Nev and N1y/Np  « ratios are 1.12, 1.05, 1.13, 0.95, 1.12 and
1.12, respectively, with corresponding CoVs of 0.086, 0.079, 0.087, 0.082, 0.086 and 0.085 (Table 5). It is shown
that the CoV values of the various design methods for each option are close. The mean values for the second option
are slightly higher and the corresponding CoV values are about 20% lower when compared with those employing
the first solution. Therefore, only including a term of (1/sin61)%® in the final resistance equation, which is simpler

and yields more consistent resistance predictions, is recommended to account for the brace angle effect.

The chord stress effect was assessed against test results of eight available RHS-to-RHS X joints with ;=90° and
varying chord stress ratios (n) summarised in Table 6. The codified Qr function was adopted for all the design
methods in the statistical analyses and C¢ =1.0 was used for all the mild steel X joints. The mean values of N1y/Nc m,
N1u/Nvy, N1o/Nkunn, N1o/Nean, N1o/Npm and N1o/Npk ratios are 1.21, 1.13, 1.22, 1.03, 1.21 and 1.23, respectively,
with corresponding CoVs of 0.088, 0.088, 0.088, 0.089, 0.088 and 0.088. All the design methods yield almost the
same CoVs because only the chord stress ratio is different for each test series and all other parameters are nearly
the same. It is also observed that the resistance ratios, which generally exceed 1.0, increase with increasing absolute
value of n ratio because for high |n| values the Qs function adopts a conservative lower bound for the chord stress
effect.

The material effect was evaluated against the screened database of 46 RHS-to-RHS X joints in Tables 7-8. The
approach of only including a term of (1/sin@:)%® in the final resistance equation was adopted for all design methods
to reveal the best performance of these methods. For the design methods without using the proposed Cs factor (see
Table 7), the mean values of N1w/Ncm, N1w/Nyy, N1w/Nkunn, N1w/Nian, N1w/New and Niy/Np ik ratios are 1.13, 1.05,
1.15, 0.97, 1.12 and 1.13, respectively, with corresponding CoVs of 0.098, 0.096, 0.098, 0.097, 0.097 and 0.097.
For the design methods using the Cs factor (see Table 8), the mean values of N1uw/Ncm, N1u/Nyu, N1w/Nkunn, N1u/Nan,
N1u/Npm and N1u/Np Lk ratios are 1.17, 1.10, 1.20, 1.01, 1.17 and 1.17, respectively, with corresponding CoVs of
0.092, 0.086, 0.116, 0.116, 0.091 and 0.095. Thus, including the Cs factor reduces the CoVs except for the Kuhn
method and the Lan method, which both use the linearized approach. This is mainly because the Kuhn and Lan

methods are conservative for the S960 specimens tested by Pandey and Young [33].

The design methods without using the Cy factor often yield unconservative resistance predictions for the test
specimens with yield stresses higher than 900 MPa (see Table 7). In contrast, including the Cs factor in the design
methods leads to safe resistance predictions for all the high-strength steel test specimens (see Table 8). Thus, the
proposed Cs factor is suggested to consider the material effect. It is also shown that the Yu method and the proposed
modified bearing-buckling method give the lowest CoVs, and other design methods yield slightly higher CoVs. It
should be noted that the low resistance ratios of the X5-S960 specimen (see Table 7) may be attributed to the

material softening in the heat-affected zones and/or an insufficient weld size, as commented by Feldmann et al.
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[32]. The test evidence for high-strength steel RHS joints remains limited, and more related test and numerical

investigations are needed to assess the material effect comprehensively.

Most of the RHS-to-RHS X joints in Tables 7-8 have 5*~1.0 and there are only two X joints with small #* values
of 0.60 and 0.75. Thus, the effect of including the #* correction in the fi function cannot be fully revealed in the

overall statistical analyses and has been checked in Section 3.3 using the numerical data.

3.3. Numerical results of RHS-to-RHS X joints

Table 9 summarises the collated numerical results totalling 173 RHS-to-RHS X joints with §,=90° reported by Yu
[19] and Kuhn et al. [21]. It is shown that 42 RHS joints have resistances exceeding 1.1Ny and therefore only the
remaining 131 joints will be used in the analyses. The parameter ranges for the screened numerical database were
$=1.0, 10<2y<35, 10<2y*<35, 0.25<#=<2.00, 0.21<5*<2.50, -0.80<n<0.75, #1=90° and f,c=355 and 398 MPa. Cold-
formed and hot-finished RHS are included. It is noted that all the RHS-to-RHS X joints had 6:=90° and thus the
brace angle effect cannot be evaluated. The Cs values for f,,=355 and 398 MPa are 1.00 and 0.99, respectively,
thus the material effect is insignificant for these X joints. Nevertheless, the Cs factor was adopted for all the design

methods to allow for direct comparison.

The effect of the #* ratio was examined against the numerical results of 22 selected RHS-to-RHS X joints with
n=0 and 0.42<yp*<2.50 (see Table 10). The mean values of N1./Ncm, N1w/Nyy, N1o/Niunn, N1w/Nian, N1o/Npm and
N1u/Np Lk ratios are 1.19, 1.11, 1.20, 1.05, 1.20 and 1.20, respectively, with corresponding CoVs of 0.105, 0.080,
0.106, 0.051, 0.064 and 0.059. It is shown that including the term of (*) %% in the fip (see Eq. (33)) of proposed
design methods can reduce the CoV by about 40% when compared with the bearing-buckling method (Ncm) and
the Kuhn method (Nkunn) in which the #* effect is not considered. Incorporating the term of (*)°2 in the buckling
reduction factor (see Eq. (28)) of the Lan method can also significantly reduce the CoV and the improvement is
slightly better than that of the proposed design methods. For the Lan-Kuhn model, including the (4*)°2 term in
.k (see Eq. (36)), as used in the Lan method, instead of using the (5*)°° correction in fip (see Eq. (33)), slightly
increases the CoV for the joints in Table 10 from 0.059 to 0.062, and the deviations of Np,k from Npm become

larger up to 7%. Thus, including the proposed #* correction in fip is suggested.

The chord stress effect was assessed against numerical results of 10 selected RHS-to-RHS X joints with varying
n ratios (see Table 11) reported by Yu [19]. The codified chord stress function (Qr) was adopted for all the design
methods in the statistical analyses. The mean values of Ni/Ncm, Ni/Nvy, Niw/Nkuhn, Niw/Nian, Nio/Nem and
N1./Np K ratios are 1.34, 1.25, 1.34, 1.15, 1.34 and 1.34, respectively, with corresponding CoVs of 0.074, 0.063,
0.073, 0.073, 0.074 and 0.064. The Yu and Lan-Kuhn methods yield the lowest CoVs and provide the most
consistent strength predictions. It is also found that the resistance ratios, which all exceed 1.0, increase with
increasing absolute values of the n ratio because the codified Qr function employs a conservative lower bound for
the chord stress effect. It is noted that these conclusions also apply to the numerical data with varying n ratios
reported by Kuhn et al. [21] (see Table 12). Similar observations were reported by Kim et al. [34] for RHS X joints
with Sratio up to 1.0 and with f,,=324 MPa and 798 MPa, and also by Lan et al. [23] for fabricated RHS X joints
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with f,0=460, 690 and 960 MPa. Thus, the need for new chord stress functions is not apparent, and Egs. (6-7) can
be adopted.

Table 12 shows the results of statistical analyses for the evaluation of all the design methods against the screened
numerical database of 131 RHS-to-RHS X joints. The mean values of Ni/Ncm, Niw/Nyu, Niw/Nkuhn, Nio/Nian,
N1./Npm and Niy/Np Lk ratios are 1.24, 1.15, 1.25, 1.10, 1.23 and 1.24, respectively, with corresponding CoVs of
0.102, 0.082, 0.104, 0.061, 0.065 and 0.064. It is demonstrated that the Lan method and the proposed design

methods produce the lowest CoVs and thus most consistent resistance predictions.

3.4. Summary for RHS-to-RHS X joints

The overall statistical analyses for the test database (see Tables 7-8) show that the Yu method gives the lowest
CoVs; however, the differences with other design methods are small. The approach of only incorporating a term
of (1/sin@:)%® in the final resistance equation can more accurately quantify the brace angle effect and is preferred.
Including the Cs factor reduces the CoVs for all the design methods except for the Kuhn method and the Lan
method. Incorporating the Cs factor in all the desigh methods can yield safe resistance predictions for high-strength
steel test specimens and is preferred; however, more experimental and numerical studies on high-strength steel
joints are needed to further confirm the proposed Cs factor. The codified chord stress function (Qs) is more
conservative for larger absolute values of n ratio. It is noted that only two X joints had small 7* ratios in the test

database, and thus the evaluation of 7* effect is based on the numerical data.

The overall statistical analyses for the numerical database (see Table 12) show that the Lan method and the
proposed design methods (i.e., the proposed modified bearing-buckling method and the Lan-Kuhn method)
produce the lowest CoVs. It is demonstrated that the effect of the 7* ratio on the joint resistance is significant.
Including the #* correction in the buckling reduction factor or the buckling stress equation results in more
consistent resistance predictions. Similar to the analyses for the test database, the codified Qs function is observed
to be more conservative for large absolute values of the n ratio. The Qr function can be adopted to consider the
chord stress effect. It is noted that the numerical database only covers mild steel and 6:=90°; thus, the

corresponding effects of steel material and brace angle for RHS-to-RHS X joints cannot be examined.

It can be concluded that the proposed Lan-Kuhn method gives good correlations with the test data and excellent
correlations with the numerical results, and is better than the Kuhn and Lan methods. The proposed modified
bearing-buckling method produces nearly equivalent resistance predictions when compared with the proposed
Lan-Kuhn method. Thus, it can be adopted as an alternative design method which is in line with the current design
rules employing column buckling curves to determine the joint resistance. Although the Yu method is also very
accurate, the proposed design methods which give designers more insights into the structural behaviour of RHS
joints are easier to use and thus are recommended for RHS-to-RHS X joints. Figs. 5-6 illustrate the comparison of

the test and numerical resistances with those predicted by the proposed design methods, both using the Cs factor.

3.5. RHS X joints with only one RHS brace welded to the chord
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Table 13 summarises the collated test results totalling 22 RHS X joints with an RHS brace welded to one side of
the chord and with the support of a block, a flat plate or a rigid solid base at the opposite side of the chord. It should
be noted that although these test specimens have the physical appearance of RHS T joints, the load transfer was
comparable to that of an X joint without shear in the chord, and thus these specimens were classified as RHS X
joints in line with I1SO 14346 [8]. The experimental database consists of test results reported by Barentse [2] for a
welded flat plate support, plus Zhao [35], Pandey and Young [36] and Fan [31] for a rigid solid base. The smaller
brace width on either chord side was taken as h; in Table 13. It is noted that the test results of RHS X joints with
an unwelded block support reported by Poloni [37] were not included. This is because the chord cross-sections
used had large ho/to or bo/to ratios of 57, and hence were potentially sensitive to fabrication tolerances and deviations
in the test set-up. The chord wall slenderness is also out of the typical parameter ranges commonly adopted in

practice. The RHS X joints with N1w/Ny>1.1 were excluded from the statistical analyses.

For the compiled RHS X joints, Kuhn et al. [21] proposed three conditions of the chord sidewall end-restraint

along the chord length direction and corresponding chord sidewall slenderness as follows:

(a) Fixed-fixed: member or plate welded to two opposite chord sides, with a chord sidewall slenderness of Aos.

(b) Fixed-pinned: member or plate welded to one chord side and unwelded to the opposite chord side, with a
chord sidewall slenderness of 10.7=1.440s.

(c) Pinned-pinned: plates or supports unwelded to two opposite chord sides, with a chord sidewall slenderness of
A1.0=2A0s.

According to this classification, the RHS X joints with an RHS brace welded to one chord side and with a plate

support welded to the opposite chord side, tested by Barentse [2], can be categorized as class a. Table 14 shows

that the mean values of N1u,/Np M and Ni1y/Np k ratios are 1.07 and 1.08, respectively, with corresponding CoVs of

0.054 and 0.059. It is demonstrated that the proposed design methods are applicable for these RHS X joints.

The remaining RHS X joints investigated by Zhao [35], Pandey and Young [36], and Fan [31] using a rigid solid
base can be grouped as class b. Thus, a chord sidewall slenderness of 1.445 and a buckling curve c were used to
derive the buckling reduction factor (yem1) and the joint resistance for the proposed modified bearing-buckling

method. For the proposed Lan-Kuhn method, the buckling reduction factor may be obtained from:

f
:1.12-0.017& L

Xp k1 t \'355 with hoftg < 4(.')(355/fy0)0'5 but <40 (38)
0

It is noted that the buckling reduction factor for RHS X joints in class b decreases non-linearly with increasing
holto ratio, for high yield stress and large chord sidewall slenderness. Thus, the validity of the approach of using
1.4 and the proposed linearized yp,k1 function of Eq. (38) (which can become considerably conservative) has
to be limited by ho/to<40(355/f,0)*° but <40. The proposed ho/to limits are 40, 40, 35, 28, 25 and 24 for steel grades
of S235, S355, S460, S700, S900 and S960, respectively. Such limits are comparable to the class 3 limit specified
in the current EN 1993-1-1 [6], therefore the chord cross-section can be alternatively limited to class 3. This leaves
only one RHS X joint for S960, and the results of statistical analyses for the screened test database of class b are

shown in Table 15. The mean values of Ni/Nem and Niy/Np ik ratios are 1.16 and 1.18, respectively, with

corresponding CoVs of 0.130 and 0.141. It is shown that the proposed design methods provide conservative
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resistance predictions. “RHS X joints” with members unwelded to two opposite chord sides in class ¢ are not

examined in this study, but the chord sidewall slenderness of 41 suggested by Kuhn et al. [21] may be used.

3.6. RHS T and Y joints

Yu [19] conducted numerical simulations on chord sidewall failure in full-width RHS-to-RHS T joints. For the T
joints under brace axial compression, the global chord bending at the chord crown was eliminated by applying
compensating moments at the chord ends (i.e., Q=1.0). The resistance of one full-width RHS-to-RHS T joint with
2y=24 was 1% higher than that of the comparable x11a specimen (see Table 9), and the same design rules were
proposed to be applied to RHS-to-RHS X and T joints. The aforementioned design recommendations developed
for RHS X joints are thus suggested for RHS T joints, which is also line with the current design codes and design
guides. The approach of only including a term of (1/sin@:)%® in the final resistance equation is suggested for RHS

Y joints to consider the brace angle effect, which gives unified design rules for RHS X, T and Y joints.

Yu [19] also numerically examined the chord stress effect on RHS-to-RHS X and T joints with varying chord
sidewall slenderness and chord stress ratios. It was also shown that the effect of the bending moment could be
considered by the Qs function. The plastic moment resistance (Mpio,rg) for class 1 or 2 chord cross-sections and the
elastic moment resistance (Mel,0,rq) for class 3 chord cross-sections could be adopted to calculate the chord stress

ratio. Such recommendations will be incorporated in the subsequent proposed design rules in Section 7.

4. Discussion on full-width RHS X and T joints under brace axial tension

Test data of full-width RHS X and T joints subjected to brace axial tension are available for mild steel and high-
strength steel in the literature; however, reanalyses of the test results are required. De Koning and Wardenier [38]
summarised the up-to-date test results for mild steel up to 1984 and compared the test resistances with those
obtained from the resistance equations for chord sidewall failure and brace failure given by Wardenier [29], which
are nearly identical to those in the current design codes and design guides. These test results confirm the suitability

of the codified design rules for steel grades up to and including S355.

Contradictory research findings have been reported for RHS joints in higher steel grades. For example, for S450
RHS-to-RHS X and T joints, Becque and Wilkinson [39] recommended the use of material factors for RHS joints
with non-ductile fracture failure modes. For the full-width X joints, brittle chord corner fracture and brace failure
were observed, both with low deformation capacity. In contrast, Bjork and Saastamoinen [40] and Tuominen and
Bjork [41] concluded, based on an assessment of the design equations in EN 1993-1-8 [7], that no material factors
are required for RHS-to-RHS X joints using S420 and S460 and the joints could be considered as being ductile.
Feldmann et al. [32] suggested material factors of 1.0, 0.90 and 0.80 for steel grades of S500, S700 and S960,
respectively. It is noted that the analyses conducted by Feldmann et al. [32] are based on a comparison of the test
resistances with the Eurocode design resistances, and no separate statistical analyses per failure mode were
conducted. The failure modes observed in tests sometimes deviated from those predicted by EN 1993-1-8 [7],

which incorporates different safety factors in the design equations for various failure modes.
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It is noted that most of the tests have been carried out for RHS joints with square hollow section (SHS) brace and
chord having the same steel grade and wall thickness. Comparison of the resistance equations for the brace
effective width failure with those for chord sidewall failure in RHS joints with §,=90° shows that the equations
then become rather similar. Furthermore, the material softening in the brace and chord resulting from welding
could vary and thus may alter the failure location. These factors explain the observed change in failure modes for

higher-strength steel joints.

Therefore, more detailed analyses of the aforementioned test results are needed for chord sidewall failure in full-
width RHS joints under brace axial tension. The resistance and deformation capacity per failure mode need to be
re-evaluated to ascertain whether, for the proposed design methods, lower resistance factors (¢) or higher safety
factors (yu) have to be applied for RHS joints using higher steel grades. Further, it is important that the steel

materials used for tests are representative of those in production specifications.
5. Discussion on RHS X and T joints under brace in-plane bending

Table 16 shows the compiled numerical results totalling eight full-width RHS-to-RHS X joints under brace in-
plane bending reported by Yu [19]. The numerical resistances (Muy,ip) Were compared with the yield resistances

(My,ip) obtained from:

M,,;, = 0.5 ot (h, +5t,)° Q (39)
It is shown that all joints, except for the x12ie2 specimen, reach the yield resistance (My,ip), and the resistance

ratios (Muu,ip/My,ip) Of all joints exceed 1.1 except for the specimens of x11lie2 and x12ie2.

The collated numerical results were adopted to evaluate the six design methods described in Section 3.1. The
codified resistance equation (see Eq. (8)) was used. However, the yc in Eq. (8) was replaced with yo5 for the
modified bearing-buckling method (Mc mip), xxunn (Se€ Eq. (11)) for the Kuhn method (Mkunn,ip), xip,0.5 (Se€ EQ. (17))
for the Yu method (Myy,ip) and yian (See Eq. (28)) for the Lan method (Mpan,ip). The term of ycfyo in Eq. (8) was
replaced with fip (see Eq. (33)) for the proposed modified bearing-buckling method (Mem.ip) and the Lan-Kuhn
method (Mp Lk,ip). The Eurocode buckling curve ¢ was conservatively used for all the RHS joints using hot-finished

hollow sections.

Table 17 summarises the results of the statistical analyses. It is shown that the Yu method gives lowest CoV of
0.072, and the CoVs of all other design methods are relatively large. However, it would be currently difficult to
draw conclusions with respect to the design methods. This is because the My ip/My,ip ratios of most of the RHS-to-
RHS X joints are higher than 1.1. Additionally, for all the design methods, the plastic moment resistance, assuming
that the stress within the bearing length of (h1+5to) all reaches the yield stress (fyo), is used and the local buckling
effect is considered by the buckling reduction factor. This means that the strain at the outer part of the bearing
length would be considerably high, which may result in premature fracture failure for high-strength steel RHS
joints. More tests are needed to evaluate the suitability of these design methods for chord sidewall failure in higher-

strength steel RHS joints. It has to be examined whether the resistance of high-strength steel joints can be based
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on a plastic stress distribution.

Yu [19] also reported that the resistances of six full-width RHS-to-RHS T joints under brace in-plane bending
were close to those of comparable RHS-to-RHS X joints (i.e., specimens of x10ie05, x10ie, x10ie2, x11ie2, x12i
and x12ie2 in Table 16) with a maximum positive deviation of 5%. Thus, it is recommended to adopt the same

resistance equations for full-width RHS-to-RHS X and T joints under brace in-plane bending.

Nagui [42] numerically examined the effects of chord sidewall convexity and thickness tolerance on full-width
RHS-to-RHS T joints under brace in-plane bending. All the T joints had 7*=#7=1.0. Table 18 shows a comparison
of the numerical resistances (Muy,ip) With the predicted resistances (Mc,ip) obtained from Eq. (8) using yc =1.0. The
Mau,ip/Mc,ip ratio becomes smaller for higher steel grades indicating more significant effects of the fabrication
imperfections and more pronounced material effects. This further justifies the use of the material factor (Cr) which

could cover these effects for high-strength steel RHS joints.
6. Discussion on RHS X and T joints under brace out-of-plane bending

Table 19 tabulates the collated numerical results totalling eight full-width RHS-to-RHS X joints under brace out-
of-plane bending reported by Yu [19]. The numerical resistances (May,0p) Were compared with the yield resistances

(My,op) derived from:
My = Tyoto (B -to ) (y +5t,)Q; (40)
It is shown that six joints reach the yield resistance (My,qp), and the resistance ratios (Muyp/My,op) Of three joints

exceed 1.1.

The numerical results were adopted to evaluate the six design methods described in Section 3.1. The codified
resistance equation (see Eq. (9)) was used. However, the yc in Eq. (9) was replaced with yo5 for the modified
bearing-buckling method (Mcm,op), xxunn (€€ EQ. (11)) for the Kuhn method (Mkuhnop), xos for the Yu method
(Myuy,0p) and yian (See Eq. (28)) for the Lan method (Man,op). The term of ycfyo in Eq. (9) was replaced with fip (see
Eqg. (33)) for the proposed modified bearing-buckling method (Mpm,0p) and the Lan-Kuhn method (Mp .k 0p). The
Eurocode buckling curve ¢ was conservatively used for all the RHS joints using hot-finished hollow sections.
Table 20 shows that the proposed modified bearing-buckling method and the Lan-Kuhn method produce the lowest
CoVs of 0.054 and 0.046, respectively. However, similar to the discussion in Section 5, it is currently difficult to
draw generalised conclusions with respect to the design methods for the loading case of brace out-of-plane bending.
This is because the database is small with three X joints having Muy 0p/My,0p>1.1, and most of the X joints examined
reached the yield resistance. Fracture failure may occur due to the lower material ductility of high-strength steel.

More tests, in particular for chord sidewall failure in high-strength steel joints, are thus required.

Yu [19] also numerically studied full-width RHS-to-RHS T joints under brace out-of-plane bending. These joints
generally failed by distortion of the chord cross-section, and the corresponding joint resistance and stiffness largely
depend on the unstiffened chord length. If chord distortion is prevented, the same resistance equation can be

adopted for chord sidewall failure in RHS-to-RHS X and T joints under brace out-of-plane bending.
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7. Proposed design rules for RHS joints under brace axial compression

More investigations on chord sidewall failure in high-strength steel RHS joints under brace axial tension, brace
in-plane bending and brace out-of-plane bending are needed to assess the design methods comprehensively.
Therefore, only design rules for chord sidewall failure in RHS X, T and Y joints under brace axial compression
are proposed herein. The numerical study conducted by Yu [19] shows that the resistances of RHS-to-RHS T joints
with n=0 are slightly higher than those of comparable RHS-to-RHS X joints. The approach of only including a
term of (1/sing1)%® in the final resistance equation is suggested for RHS X, T and Y joints in this study because of
the similar structural behaviour of these joints. Thus, the results of statistical analyses for X joints can be
considered to be also representative for T and Y joints. The proposed design methods using the recommended Ct
factor can provide conservative resistance predictions for full-width RHS X joints with only one RHS brace welded
to one chord side. For such RHS joints, the ypm OF yp Lk are appropriate for a welded plate (or similar) on the other
chord side (class a joints), and the proposed ypm1 OF yp,Lk1 are suitable for an unwelded support on the other chord
side (class b joints). Hence, only the results of statistical analyses for RHS-to-RHS X joints under brace axial

compression were adopted to evaluate the mean resistance to the design resistance for the proposed design methods.

AISC 360-16 [43] stipulates a reliability index of 3.0 for ductile welded hollow section joints and often adopts the
simplified Eq. (41) from Ravindra and Galambos [44] to derive the resistance factor (¢). The beneficial overall

effects of variations of geometric parameters and material properties are neglected in the calibration.
¢ = ( Mean ) e(70.55)(3.0)(C0V) (41)

Table 8 shows that the mean values of the Niw/Npm and Niu/Np ik ratios are 1.17 and 1.17, respectively, with
corresponding CoVs of 0.091 and 0.095 for the evaluation against the test database. The corresponding obtained
¢ factors are 1.01 and 1.00. For the assessment against the numerical database (see Table 12), the mean values of
the N1uw/Npm and Niuw/Np Lk ratios are 1.23 and 1.24, respectively, with corresponding CoVs of 0.065 and 0.064.
The corresponding derived ¢ factors are 1.10 and 1.12. Thus, the smaller ¢ factors obtained from the evaluation
against the test results are governing and a rounded-off ¢ factor of 1.0 can be adopted for the two proposed design
methods. This indicates that the proposed modified bearing-buckling method and the Lan-Kuhn method produce

equivalent nominal and design resistances.

Both the proposed modified bearing-buckling method and the Lan-Kuhn method adopt chord sidewall slenderness
according to the conditions of chord sidewall end-resistant, an angle function of (1/sin6:)*® in the final resistance
equation, an (77*)% correction in the fx function and a buckling curve ¢ or equivalent. Tables 21-22 summarise
the design rules using the two proposed design methods. It should be noted that for plate-to-RHS X joints and
RHS-to-RHS X joints with hy/he<0.25, fi=fyo is suggested in line with Kuhn et al. [21]; however, the nominal fyo
values should not exceed 460 MPa due to the lack of test data for high-strength steel RHS joints.

8. Conclusions

This study deals with the design of chord sidewall failure in rectangular hollow section (RHS) X, T and Y joints.
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Test and numerical results reported in the literature for chord sidewall failure in RHS joints were collated. A wide
range of geometric parameters, steel grades up to S960 and loading cases of brace axial loading, brace in-plane
bending and brace out-of-plane bending were investigated. The effects of brace-to-chord height ratio (4*), brace
angle (1), chord stress ratio (n) and steel grade were evaluated. The representative existing design approaches and
two proposed design methods were evaluated against the compiled test and numerical results. Further required
research on, in particular, high-strength steel RHS joints under brace axial tension, brace in-plane bending and
brace out-of-plane bending, was discussed. The conclusions for the loading case of brace axial compression are

summarised as follows:

(1) The effect of the 77* ratio on the joint resistance is pronounced and incorporating a correction term of (77%) 15

in the buckling stress function (fi) significantly reduces the scatter of resistance predictions.

(2) The approach of only including a term of (1/sin61)®° in the final resistance equation can more accurately

quantify the effect of brace angles and is recommended.

(3) The current codified chord stress function (Qr) becomes more conservative for large absolute values of the n

ratio and can be used to provide lower bound predictions for the chord stress effect.

(4) An equation for the material factor (Cs) is suggested to consider the material effect; the rounded-off Cr values
are 1.0, 0.95, 0.90, 0.85 and 0.80 for steel grades of S355, S460, S700, S900 and S960, respectively.

(5) The proposed modified bearing-buckling method and the simpler Lan-Kuhn method provide more consistent

resistance predictions when compared with the existing design methods.

(6) Tables 21-22, which are based on the two proposed alternative design methods, summarise the proposed
design rules for chord sidewall failure, which consider varying conditions of the chord sidewall end-restraint,

with a resulting resistance factor (¢) of 1.0.
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Fig. 1. Configurations and notations of RHS-to-RHS X, T and Y joints
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Table 1

Codified design resistance for chord side wall failure in mild steel RHS joints with £=1.0 [8, 10, 13].

T, Y and X joints

Brace axial loading

ﬂ:bllbo
7’]=h1/b0
2y=b0/to
7’]*=h1/h0
Zy*:holto

Chord

Tension: f, = f,

Compression:
fe = xcf, for Tand Y joints

sing, | sing,

ft [ 2
Nl,Rd =0 [hl"'mto}Qf

f, =0.8xf,sing, for X joints

Brace in-plane bending

f, = f, for Tand Y joints

2
Mipans =05fiy (R +56)"Q f. =0.8y.f, for X joints
kK =V.0%c 1y

Brace out-of-plane bending

fo =xcf, for Tand Y joints
Moire = filo (by -t,) (h, +5t,) Q; .
f, =0.8%.f, for X joints

Parameters

SETERIRRN

—3 ey
0

) %
IS 7
%

V)

Not present for T and Y joints

where yc is the reduction factor for column buckling according to e.g., EN 1993-1-1
[6] using the relevant buckling curves and a normalised slenderness defined by:

3.46 (hﬂ-z} 1
A= ty - sin 6,
7=
fo

Q. = (1~|n])** with n in connecting chord face

_ NO,Ed Mo,Ed : :
n=————+——— for class 1 or 2 chord cross-sections under chord compression

N pl.ORd pl,O.Rd

stress and for chord cross-sections under chord tension stress

Validity ranges

steel grades up to S355; bo/to<40, ho/to<40, the chord cross-section shall be class 1 or 2
for the chord under compression stress; 0.5<ho/be<2.0; 6:>30°.
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Table 2

Comparison of buckling reduction factors for RHS joints with hi/ho=1.0 and 6:=90°.

fyo (MPa) ho/to XPM XP.LK XKuhn XLan xP.LK/yP.m JKuhn/yP.M Lan/yP.m
960 10 0.95 0.92 0.93 1.00 0.97 0.98 1.05
20 0.74 0.73 0.72 0.86 0.98 0.97 1.16
30 0.52 0.53 0.50 0.60 1.02 0.98 1.16
35 0.42 0.43 0.40 0.47 1.02 0.94 1.12
40 0.34 0.33 0.29 0.34 0.96 0.84 0.98
700 10 0.97 0.95 0.97 1.00 0.98 0.99 1.03
20 0.80 0.78 0.78 0.94 0.98 0.98 1.17
30 0.61 0.61 0.60 0.72 1.01 0.99 1.18
40 0.43 0.45 0.41 0.49 1.04 0.96 1.14
460 10 1.00 0.98 1.00 1.00 0.99 1.00 1.00
20 0.86 0.85 0.85 1.00 0.98 0.99 1.16
30 0.71 0.71 0.70 0.84 1.00 0.99 1.19
40 0.55 0.57 0.55 0.66 1.04 1.00 1.20
355 10 1.00 1.00 1.00 1.00 1.00 1.00 1.00
20 0.89 0.88 0.89 1.00 0.99 0.99 1.12
30 0.77 0.76 0.76 0.91 0.99 0.99 1.19
40 0.62 0.64 0.63 0.75 1.03 1.00 1.20
235 10 1.00 1.02 1.00 1.00 1.02 1.00 1.00
20 0.93 0.92 0.94 1.00 0.99 1.00 1.07
30 0.83 0.83 0.83 1.00 0.99 1.00 1.20
40 0.72 0.73 0.72 0.87 1.01 1.00 1.20
Max 1.04 1.00 1.20
Min 0.96 0.84 0.98
Mean 1.00 0.98 1.12
CoV 0.023 0.036 0.070
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Table 3
Collated test results totalling 51 RHS-to-RHS X joints under brace axial compression.

Researcher/year  Specimen bo ho to b1 h1 t1 fyo 61 n n* 2y* Nau N1u/Ny
(mm) (mm) (mm) (mm) (mm) (mm) (MPa) (%) (kN)
Davies/1982 X(3)RR90 100.0 100.0 3.97 100.0 100.0 4.00 320 90 0 1.00 25.2 353 1.16
X(4)RR45 100.0 100.0 3.93 1000 1000 4.00 320 45 0 1.00 254 372 1.04
Platt/1982 X-RR-90-A 100.0 100.2 4.20 100.0 100.0 4.00 432 90 0 1.00 23.9 391 0.89
X-RR-60-A 99.8 100.1 4.20 100.0 100.0 4.00 432 60 0 1.00 23.8 410 0.87
X-RR-45-A 100.1 100.0 4.20 100.0 100.0 4.00 432 45 0 1.00 238 450 0.86
X-RR-90-B 98.7 100.0 4.00 100.0 50.0 5.00 311 90 0 0.50 25.0 209 1.20
X-RR-60-B 989 1000 4.10 1000 500 5.00 311 60 0 0.50 244 218 1.13
X-RR-45-B 99.2 1000 4.00 1000 500 5.00 311 45 0 0.50 25.0 244 1.18
X-RR-90-C 250.0 2511 650 2500 2500 6.30 237 90 0 1.00 38.6 680 0.78
X-RR-60-C 2504 2507 650 250.0 250.0 6.30 237 60 0 1.00 38.6 672 0.72
X-RR-45-C 251.2 2504 6.70 250.0 2500 6.30 228 45 0 1.00 374 846 0.82
Peksa/1982 10P 99.2 99.2 400 99.2 99.2 4.00 304 90 0 1.00 24.8 276 0.95
11P 993 993 400 993 993 400 304 90 -0.43  1.00 24.8 271 0.93
12p 993 993 400 993 993 4.00 304 90 -0.87 1.00 24.8 275 0.95
13P 993 993 400 993 993 400 304 90 -0.87 1.00 24.8 280 0.97
14p 99.2 992 400 992 992 4.00 304 90 -0.65 1.00 24.8 271 0.93
15P 99.2 992 400 992 992 400 304 90 -0.22  1.00 24.8 263 0.91
Bettison/1982 5B 996 996 420 996 996 420 336 90 -0.71  1.00 23.7 313 0.92
6B 998 998 410 998 998 410 336 90 -0.76  1.00 243 284 0.86
Poloni/1985 PWLR 1024 2527 4.44 1024 2527 4.44 388 90 0 1.00 56.9 438 0.46
Dixon/1983 DD1121 101.7 77.6 5.08 101.7 77.6 5.08 301 90 0 1.00 15.3 403 1.28
DD1122 77.8 101.8 493 778 101.8 4.93 370 90 0 1.00 20.6 445 0.96
DD1222 778 1018 493 778 1018 4.93 370 45 0 1.00 20.6 476 0.87
DD1322 77.8 101.8 493 778 101.8 4.93 370 60 0 1.00 20.6 459 0.93
DD2121 3044 2041 721 3044 2041 721 406 90 0 1.00 28.3 1315 0.93
DD2122 2041 3044 721 2041 3044 721 406 90 0 1.00 42.2 1230 0.62
DD2222 204.1 3044 721 2041 3044 7.21 406 45 0 1.00 42.2 1675 0.71
DD3121 203.2 1536 483 2032 1536 4.83 392 90 0 1.00 31.8 649 0.97
DD3122 153.6 2032 4.83 1536 203.2 4.83 412 90 0 1.00 42.1 530 0.59
DD3221 203.2 1536 483 2032 1536 4.83 392 44 0 1.00 31.8 693 0.86
DD3222 153.6 203.2 4.83 153.6 2032 4.83 412 44 0 1.00 421 694 0.64
DD4123 2541 2541 935 2541 2541 935 406 90 0 1.00 27.2 2183 0.96
DD4223 2541 2541 935 2541 2541 935 406 45 0 1.00 27.2 2429  0.90
DD4323 2541 2541 935 2541 2541 935 406 60 0 1.00 27.2 2215 0.90
Cheng/2016 X1 100.5 100.3 2.92 100.2 1003 2.73 330 90 0 1.00 34.3 176 0.79
X2 1004 1001 3.84 1004 100.2 3.69 330 90 0 1.00 26.1 302 1.00
X3 100.3 998 489 1001 999 470 400 90 0 1.00 20.4 373 0.77
X4 99.6 99.6 580 99.8 99.7 546 370 90 0 1.00 17.2 560 1.01
X5 999 997 792 1001 996 7.68 345 90 0 1.00 12.6 783 1.03
X6 149.8 250.0 5.00 150.1 150.1 4.76 463 90 0 0.60 50.0 409 0.50
X7 150.2 150.2 5.86 1505 1504 5.86 451 90 0 1.00 25.6 828 0.87
X9 300.0 4000 792 3003 3003 7.97 481 90 0 0.75 50.5 1289 0.50
Pandey/2020 X-100x50%4- 100.6 50.5 3.97 100.6 50.6 3.97 952 90 0 1.00 12.7 482 0.91
100x50%4
X-120x120x4- 1216 121.7 3.93 1214 1218 3.92 971 90 0 1.00 31.0 567 0.53
120x120%4
X-140x140x4- 1404 1415 3.99 1416 1404 4.00 1008 90 0 0.99 35.5 484 0.37
140x140%4
X-120x120x3- 120.8 1204 3.12 120.7 1203 3.11 1038 90 0 1.00 38.6 317 0.36
120x120%3
X-80x80x4- 802 804 398 804 802 397 1004 90 0 1.00 20.2 595 0.74
80x80x4
X-120x120x4- 1204 120.8 3.09 1211 1214 3.95 1038 90 0 1.00 39.1 318 0.36
120x120%3
Bjork/2015 X5-S500 150.0 150.0 5.15 150.0 150.0 5.15 548 90 0 1.00 29.1 815 0.82
X5-S700 150.0 150.0 5.06 150.0 1500 5.06 762 90 0 1.00 29.6 935 0.69
X5-5960 150.0 150.0 4.97 1500 1500 4.97 1080 90 0 1.00 30.2 808 0.43
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Table 4

Evaluation of design methods with the angle functions in 4o, fk and the final resistance equations.

Specimen fyo 61 n* 2y* Niu Niw/Necm  Naw/Nyu N1uw/Nkuhn ~ Nauw/Nian Niw/Nem  Naw/Np ik
(MPa) ) (kN)

X(4)RR45 320 45 1.00 25.4 372 1.17 1.04 1.19 0.92 1.17 111
X-RR-90-A 432 90 1.00 23.9 391 1.09 1.02 111 0.92 1.09 111
X-RR-60-A 432 60 1.00 23.8 410 1.04 0.96 1.06 0.85 1.04 1.03
X-RR-45-A 432 45 1.00 23.8 450 1.01 0.90 1.03 0.79 1.01 0.95
X-RR-90-C 237 90 1.00 38.6 680 1.06 0.97 1.06 0.88 1.06 1.05
X-RR-60-C 237 60 1.00 38.6 672 0.96 0.87 0.96 0.77 0.96 0.92
X-RR-45-C 228 45 1.00 37.4 846 1.04 0.93 1.05 0.79 1.04 0.94
DD1122 370 90 1.00 20.6 445 1.10 1.07 1.10 0.96 1.10 111
DD1322 370 60 1.00 20.6 459 1.02 0.97 1.04 0.88 1.02 1.02
DD1222 370 45 1.00 20.6 476 0.93 0.85 0.94 0.77 0.93 0.89
DD4123 406 90 1.00 27.2 2183 1.23 1.14 1.24 1.03 1.23 1.24
DD4323 406 60 1.00 27.2 2215 1.14 1.04 1.16 0.93 1.14 111
DD4223 406 45 1.00 27.2 2429 1.11 0.99 1.13 0.85 111 1.02
DD3121 392 90 1.00 31.8 649 1.34 121 1.35 1.13 1.34 1.34
DD3221 392 44 1.00 318 693 1.18 1.02 1.19 0.87 1.18 1.04
DD2122 406 90 1.00 42.2 1230 111 1.06 1.10 0.92 111 1.07
DD2222 406 45 1.00 42.2 1675 1.35 1.24 1.37 0.92 1.35 1.06
DD3122 412 90 1.00 42.1 530 1.06 1.00 1.05 0.88 1.06 1.02
DD3222 412 44 1.00 42.1 694 123 112 1.26 0.83 1.23 0.96
Mean 111 1.02 1.13 0.89 111 1.05
CoV 0.103 0.103 0.105 0.101 0.103 0.104

Note: The material factor (Cr) was not used for all design methods.
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Table 5

Evaluation of design methods only including a function of (1/sin61)%% in the final resistance equation.

Specimen fyo 61 n* 2y* Niu Niw/Ncm  Naw/Nyu N1uw/Nkuhn ~ Nauw/Nran Niw/Nem  Naw/Np ik
(MPa) ) (kN)

X(4)RR45 320 45 1.00 25.4 372 1.24 1.16 1.25 1.04 1.24 1.25
X-RR-90-A 432 90 1.00 23.9 391 1.09 1.02 111 0.92 1.09 111
X-RR-60-A 432 60 1.00 23.8 410 1.06 1.00 1.08 0.90 1.06 1.08
X-RR-45-A 432 45 1.00 23.8 450 1.05 0.99 1.07 0.89 1.05 1.07
X-RR-90-C 237 90 1.00 38.6 680 1.06 0.97 1.06 0.88 1.06 1.05
X-RR-60-C 237 60 1.00 38.6 672 0.97 0.89 0.97 0.81 0.97 0.97
X-RR-45-C 228 45 1.00 37.4 846 1.08 0.99 1.08 0.90 1.08 1.08
DD1122 370 90 1.00 20.6 445 1.10 1.07 1.10 0.96 1.10 111
DD1322 370 60 1.00 20.6 459 1.05 1.03 1.06 0.93 1.05 1.07
DD1222 370 45 1.00 20.6 476 0.99 0.96 0.99 0.87 0.99 1.00
DD4123 406 90 1.00 27.2 2183 1.23 1.14 1.24 1.03 1.23 1.24
DD4323 406 60 1.00 27.2 2215 1.16 1.08 1.17 0.98 1.16 1.17
DD4223 406 45 1.00 27.2 2429 1.15 1.07 1.16 0.97 1.15 1.16
DD3121 392 90 1.00 31.8 649 1.34 121 1.35 1.13 1.34 1.34
DD3221 392 44 1.00 318 693 1.19 1.07 1.21 1.00 1.19 1.19
DD2122 406 90 1.00 42.2 1230 111 1.06 1.10 0.92 111 1.07
DD2222 406 45 1.00 42.2 1675 1.27 121 1.26 1.06 1.27 1.22
DD3122 412 90 1.00 42.1 530 1.06 1.00 1.05 0.88 1.06 1.02
DD3222 412 44 1.00 42.1 694 1.16 1.09 1.15 0.96 1.16 1.11
Mean 112 1.05 1.13 0.95 112 1.12
CoV 0.086 0.079 0.087 0.082 0.086 0.085

Note: The material factor (Cr) was not used for all design methods.
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Table 6

Evaluation of the chord stress effect against test results of eight RHS-to-RHS X joints.

Specimen  fyo 61 n n* Niu N1u/Ncm N1uw/Nvy N1uw/Nkuhn ~ N1u/Nian N1u/Np,m N1u/Np Lk
(MPa) ) (kN)

10P 304 90 0 1.00 276 111 1.04 1.12 0.95 111 1.13
11P 304 90 -0.43 1.00 271 1.16 1.08 1.16 0.99 1.16 1.17
12P 304 90 -0.87 1.00 275 1.36 1.27 1.36 1.16 1.36 1.37
13P 304 90 -0.87 1.00 280 1.38 1.29 1.39 1.18 1.38 1.40
14pP 304 90 -0.65 1.00 271 121 1.14 1.22 1.04 121 1.23
15P 304 90 -0.22 1.00 263 1.09 1.02 1.09 0.93 1.09 1.10
5B 336 90 -0.71 1.00 313 1.22 1.14 1.23 1.04 1.22 1.23
6B 336 90 -0.76 1.00 284 1.17 1.09 1.18 0.99 1.17 1.18
Mean 1.21 1.13 1.22 1.03 1.21 1.23
CoV 0.088 0.088 0.088 0.089 0.088 0.088

Note: The codified chord stress function (Qr) was adopted for all design methods and the material factor (Cr) equals 1.0 for all the joints.
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Table 7

Evaluation of design methods, without using the Cs factor, against test results of 46 screened RHS-to-RHS X joints under brace axial compression.

Specimen fyo 61 n n* Ny Niw/Ncm  Naw/Nvu  Niuw/Nkunn  Niw/Nean  Ni/Nem  Nuw/Ne ik
(MPa) ) (kN)
X(4)RR45 320 45 0 1.00 372 1.24 1.16 1.25 1.04 1.24 1.25
X-RR-90-A 432 90 0 1.00 391 1.09 1.02 111 0.92 1.09 111
X-RR-60-A 432 60 0 1.00 410 1.06 1.00 1.08 0.90 1.06 1.08
X-RR-45-A 432 45 0 1.00 450 1.05 0.99 1.07 0.89 1.05 1.07
X-RR-90-C 237 90 0 1.00 680 1.06 0.97 1.06 0.88 1.06 1.05
X-RR-60-C 237 60 0 1.00 672 0.97 0.89 0.97 0.81 0.97 0.97
X-RR-45-C 228 45 0 1.00 846 1.08 0.99 1.08 0.90 1.08 1.08
10P 304 90 0 1.00 276 111 1.04 1.12 0.95 111 1.13
11P 304 90 -0.43 1.00 271 1.16 1.08 1.16 0.99 1.16 117
12P 304 90 -0.87 1.00 275 1.36 1.27 1.36 1.16 1.36 1.37
13P 304 90 -0.87 1.00 280 1.38 1.29 1.39 1.18 1.38 1.40
14P 304 90 -0.65 1.00 271 1.21 1.14 1.22 1.04 1.21 1.23
15P 304 90 -0.22 1.00 263 1.09 1.02 1.09 0.93 1.09 1.10
5B 336 90 -0.71 1.00 313 122 1.14 1.23 1.04 1.22 1.23
6B 336 90 -0.76 1.00 284 1.17 1.09 1.18 0.99 1.17 1.18
PWLR 388 90 0 1.00 438 1.19 1.16 1.25 1.06 1.19 1.14
DD1122 370 90 0 1.00 445 1.09 1.07 1.10 0.96 1.09 111
DD1222 370 45 0 1.00 476 0.99 0.96 0.99 0.87 0.99 1.00
DD1322 370 60 0 1.00 459 1.05 1.03 1.06 0.93 1.05 1.07
DD2121 406 90 0 1.00 1315 1.23 1.09 1.24 1.03 1.23 1.24
DD2122 406 90 0 1.00 1230 1.11 1.06 1.10 0.92 111 1.07
DD2222 406 45 0 1.00 1675 1.27 121 1.26 1.06 1.27 1.22
DD3121 392 90 0 1.00 649 1.34 1.21 1.35 1.13 1.34 1.34
DD3122 412 90 0 1.00 530 1.06 1.00 1.05 0.88 1.06 1.02
DD3221 392 44 0 1.00 693 1.19 1.07 1.21 1.00 1.19 1.19
DD3222 412 44 0 1.00 694 1.16 1.09 1.15 0.96 1.16 111
DD4123 406 90 0 1.00 2183 1.23 1.14 1.24 1.03 1.23 1.24
DD4223 406 45 0 1.00 2429 1.15 1.07 1.16 0.97 1.15 1.16
DD4323 406 60 0 1.00 2215 1.16 1.08 1.17 0.98 1.16 117
X1 330 90 0 1.00 176 1.10 1.02 111 0.92 1.10 1.10
X2 330 90 0 1.00 302 1.20 1.12 1.22 1.01 1.20 1.22
X3 400 90 0 1.00 373 0.88 0.83 0.89 0.77 0.88 0.89
X4 370 90 0 1.00 560 1.10 1.06 1.10 1.01 1.10 111
X5 345 90 0 1.00 783 1.05 1.05 1.04 1.03 1.05 1.06
X6 463 90 0 0.60 409 1.22 1.13 1.25 0.83 1.13 1.07
X7 451 90 0 1.00 828 111 1.04 1.13 0.94 111 1.13
X9 481 90 0 0.75 1289 1.25 1.15 131 0.94 1.20 1.15
X-100%50%4- 952 90 0 1.00 482 1.01 0.90 1.03 0.91 1.01 1.04
100x50%4
X-120%120x4- 971 90 0 1.00 567 1.07 0.99 1.10 0.92 1.07 1.04
120%120x4
X-140%x140%4- 1008 90 0 0.99 484 0.94 0.87 1.02 0.86 0.94 0.93
140%140x4
X-120%120%3- 1038 90 0 1.00 317 1.05 0.97 1.26 1.08 1.05 1.10
120%120x3
X-80x80x4- 1004 90 0 1.00 595 1.02 0.97 1.05 0.88 1.02 1.04
80x80x4
X-120%120x4- 1038 90 0 1.00 318 1.07 0.99 131 1.13 1.07 1.13
120x120%3
X5-5500 548 90 0 1.00 815 1.20 111 121 1.01 1.20 1.20
X5-S700 762 90 0 1.00 935 1.17 1.09 1.19 1.00 1.17 1.16
X5-5960 1080 90 0 1.00 808 0.90 0.84 0.93 0.79 0.90 0.88
Mean 1.13 1.05 1.15 0.97 1.12 1.13
CoV 0.098 0.096 0.098 0.097 0.097 0.097

Note: The approach of only including a term of (1/sin61)°® in the final resistance equation was adopted for all design methods.
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Table 8

Evaluation of design methods, using the Cr factor, against test results of 46 screened RHS-to-RHS X joints under brace axial compression.

Specimen fyo 61 n n* Ny Niw/Ncm  Na/Nvu  Ni/Nkuhn  Niw/Nean  Nio/Nem  Nuw/Ne ik
(MPa) ) (kN)
X(4)RR45 320 45 0 1.00 372 1.24 1.16 1.25 1.04 1.24 1.25
X-RR-90-A 432 90 0 1.00 391 111 1.05 1.13 0.94 111 1.13
X-RR-60-A 432 60 0 1.00 410 1.09 1.02 1.10 0.92 1.09 1.10
X-RR-45-A 432 45 0 1.00 450 1.08 1.01 1.09 0.91 1.08 1.09
X-RR-90-C 237 90 0 1.00 680 1.06 0.97 1.06 0.88 1.06 1.05
X-RR-60-C 237 60 0 1.00 672 0.97 0.89 0.97 0.81 0.97 0.97
X-RR-45-C 228 45 0 1.00 846 1.08 0.99 1.08 0.90 1.08 1.08
10P 304 90 0 1.00 276 111 1.04 1.12 0.95 111 1.13
11P 304 90 -0.43 1.00 271 1.16 1.08 1.16 0.99 1.16 117
12P 304 90 -0.87 1.00 275 1.36 1.27 1.36 1.16 1.36 1.37
13P 304 90 -0.87 1.00 280 1.38 1.29 1.39 1.18 1.38 1.40
14P 304 90 -0.65 1.00 271 1.21 1.14 1.22 1.04 1.21 1.23
15P 304 90 -0.22 1.00 263 1.09 1.02 1.09 0.93 1.09 1.10
5B 336 90 -0.71 1.00 313 122 1.14 1.23 1.04 1.22 1.23
6B 336 90 -0.76 1.00 284 1.17 1.09 1.18 0.99 1.17 1.18
PWLR 388 90 0 1.00 438 1.20 1.17 1.26 1.07 1.20 1.15
DD1122 370 90 0 1.00 445 1.10 1.07 111 0.97 1.10 112
DD1222 370 45 0 1.00 476 0.99 0.97 1.00 0.87 0.99 1.00
DD1322 370 60 0 1.00 459 1.06 1.03 1.06 0.93 1.06 1.07
DD2121 406 90 0 1.00 1315 1.24 1.10 1.26 1.05 1.24 1.25
DD2122 406 90 0 1.00 1230 1.13 1.07 1.12 0.94 1.13 1.08
DD2222 406 45 0 1.00 1675 129 1.23 1.28 1.07 1.29 1.24
DD3121 392 90 0 1.00 649 1.36 1.22 1.37 1.14 1.36 1.36
DD3122 412 90 0 1.00 530 1.08 1.01 1.07 0.90 1.08 1.03
DD3221 392 44 0 1.00 693 1.21 1.08 1.22 1.01 1.21 1.21
DD3222 412 44 0 1.00 694 1.18 111 1.17 0.98 1.18 1.13
DD4123 406 90 0 1.00 2183 124 1.16 1.26 1.05 124 1.26
DD4223 406 45 0 1.00 2429 1.16 1.08 1.18 0.98 1.16 1.18
DD4323 406 60 0 1.00 2215 1.18 1.09 1.19 0.99 1.18 1.19
X1 330 90 0 1.00 176 1.10 1.02 111 0.92 1.10 1.10
X2 330 90 0 1.00 302 1.20 1.12 1.22 1.01 1.20 1.22
X3 400 90 0 1.00 373 0.89 0.84 0.90 0.78 0.89 0.90
X4 370 90 0 1.00 560 1.10 1.06 111 1.02 1.10 112
X5 345 90 0 1.00 783 1.05 1.05 1.04 1.03 1.05 1.06
X6 463 90 0 0.60 409 1.26 1.16 1.29 0.86 1.16 111
X7 451 90 0 1.00 828 1.14 1.07 1.16 0.97 1.14 1.16
X9 481 90 0 0.75 1289 1.30 1.19 1.36 0.98 1.24 1.19
X-100%50%4- 952 90 0 1.00 482 121 1.08 1.24 1.09 121 1.25
100x50%4
X-120%120x4- 971 90 0 1.00 567 1.29 1.20 1.32 111 1.29 1.26
120%120x4
X-140%140x4- 1008 90 0 0.99 484 1.15 1.06 1.25 1.05 1.15 1.14
140%140x4
X-120%120x%3- 1038 90 0 1.00 317 1.30 1.20 1.56 1.33 1.30 1.36
120%120x3
X-80x80x4- 1004 90 0 1.00 595 1.25 1.18 1.29 1.07 1.25 1.28
80x80x4
X-120%120x4- 1038 90 0 1.00 318 1.33 1.22 1.62 1.40 1.33 141
120x120%3
X5-5500 548 90 0 1.00 815 1.27 1.18 1.28 1.07 1.27 1.27
X5-S700 762 90 0 1.00 935 1.33 1.23 1.34 1.12 1.33 1.30
X5-5960 1080 90 0 1.00 808 1.13 1.05 1.17 0.99 1.13 1.11
Mean 1.17 1.10 1.20 1.01 1.17 117
CoV 0.092 0.086 0.116 0.116 0.091 0.095

Note: The approach of only including a term of (1/sin61)%® in the final resistance equation was adopted for all design methods.
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Table 9

Collated numerical results totalling 173 RHS-to-RHS X joints under brace axial compression.

Researcher/year  Specimen  bo ho to b1 h1 t1 fyo 61 n n* 2y* Nau N1u/Ny
(mm) (mm) (mm) (mm) (mm) (mm) (MPa) (°) (kN)

Yu/1997 x10ae05 150 150 10.00 150 75 10.00 355 90 0 0.50 15 1019 1.15
x10ae 150 150 10.00 150 150 10.00 355 90 0 1.00 15 1507  1.06
x10ae2 150 150 10.00 150 300 10.00 355 90 0 2.00 15 2498 1.01
x11ae05 150 150 6.25 150 75 6.25 355 90 0 0.50 24 509 1.08
x1la 150 150 6.25 150 150 6.25 355 90 0 1.00 24 776 0.96
x11ae? 150 150 6.25 150 300 6.25 355 90 0 2.00 24 1427 0.97
x12ae05 150 150 4.29 150 75 4.29 355 90 0 0.50 35 302 1.03
x12ae 150 150 4.29 150 150 4.29 355 90 0 1.00 35 482 0.92
x12ae? 150 150 4.29 150 300 4.29 355 90 0 2.00 35 816 0.83
x10a-0 150 150 10.00 150 150 10.00 355 90 0 1.00 15 1611 1.13
x10a-0.4 150 150 10.00 150 150 10.00 355 90 -0.40 1.00 15 1587 112
x10a-0.6 150 150 10.00 150 150 10.00 355 90 -0.60  1.00 15 1562  1.10
x10a-0.8 150 150 10.00 150 150 10.00 355 90 -0.80 1.00 15 1492 1.05
x11a-0 150 150 6.25 150 150 6.25 355 90 0 1.00 24 817 1.02
x11a-0.4 150 150 6.25 150 150 6.25 355 90 -0.40 1.00 24 803 1.00
x11a-0.6 150 150 6.25 150 150 6.25 355 90 -0.60  1.00 24 787 0.98
x11a-0.8 150 150 6.25 150 150 6.25 355 90 -0.80 1.00 24 757 0.94
x12a-0 150 150 4.29 150 150 4.29 355 90 0 1.00 35 502 0.96
x12a-0.4 150 150 4.29 150 150 4.29 355 90 -0.40 1.00 35 498 0.95
x12a-0.6 150 150 4.29 150 150 4.29 355 90 -0.60  1.00 35 484 0.93
x12a-0.8 150 150 4.29 150 150 4.29 355 90 -0.80  1.00 35 459 0.88

Kuhn/2019 Para_1 200 80 8.00 200 400 11.00 398 90 0 5.00 10 3239 116
Para_26 200 80 8.00 200 400 11.00 398 90 -0.25  5.00 10 3252 116
Para_51 200 80 8.00 200 400 11.00 398 90 -0.50  5.00 10 3252 116
Para_76 200 80 8.00 200 400 11.00 398 90 -0.75  5.00 10 3237 115
Para_101 200 80 8.00 200 400 11.00 398 90 0.25 5.00 10 3225 115
Para_126 200 80 8.00 200 400 11.00 398 90 0.50 5.00 10 3186 114
Para_151 200 80 8.00 200 400 11.00 398 90 0.75 5.00 10 3135 112
Para_2 200 160 8.00 200 400 11.00 398 90 0 2.50 20 2641 0.94
Para_27 200 160 8.00 200 400 11.00 398 90 -0.25 2.50 20 2676 0.95
Para_52 200 160 8.00 200 400 11.00 398 90 -0.50  2.50 20 2687  0.96
Para_77 200 160 8.00 200 400 11.00 398 90 -0.75 2.50 20 2673 0.95
Para_102 200 160 8.00 200 400 11.00 398 90 0.25 2.50 20 2608  0.93
Para_127 200 160 8.00 200 400 11.00 398 90 0.50 2.50 20 2530 0.90
Para_152 200 160 8.00 200 400 11.00 398 90 0.75 2.50 20 2392 0.85
Para_6 200 80 8.00 200 200 11.00 398 90 0 2.50 10 1742 1.14
Para_31 200 80 8.00 200 200 11.00 398 90 -0.25 2.50 10 1747 1.14
Para_56 200 80 8.00 200 200 11.00 398 90 -0.50 2.50 10 1747 114
Para_106 200 80 8.00 200 200 11.00 398 90 0.25 2.50 10 1737 1.14
Para_131 200 80 8.00 200 200 11.00 398 90 0.50 2.50 10 1720 113
Para_156 200 80 8.00 200 200 11.00 398 90 0.75 2.50 10 1694 111
P_1 80 80 8.00 80 160 11.00 398 90 0 2.00 10 1423 1.12
P_26 80 80 8.00 80 160 11.00 398 90 -0.25  2.00 10 1434 113
P_51 80 80 8.00 80 160 11.00 398 90 -0.50 2.00 10 1433 1.12
P_76 80 80 8.00 80 160 11.00 398 90 -0.75  2.00 10 1422 112
P_101 80 80 8.00 80 160 11.00 398 90 0.25 2.00 10 1401  1.10
P_126 80 80 8.00 80 160 11.00 398 90 0.50 2.00 10 1360 1.07
P_151 80 80 8.00 80 160 11.00 398 90 0.75 2.00 10 1292 1.01
P_2 160 160 8.00 160 320 11.00 398 90 0 2.00 20 2201 0.96
P_27 160 160 8.00 160 320 11.00 398 90 -0.25  2.00 20 2228  0.97
P_52 160 160 8.00 160 320 11.00 398 90 -0.50 2.00 20 2237 0.98
p_77 160 160 8.00 160 320 11.00 398 90 -0.75 2.00 20 2237 0.98
P_102 160 160 8.00 160 320 11.00 398 90 0.25 2.00 20 2170  0.95
pP_127 160 160 8.00 160 320 11.00 398 90 0.50 2.00 20 2088 0.91
P_152 160 160 8.00 160 320 11.00 398 90 0.75 2.00 20 1969  0.86
P_3 240 240 8.00 240 480 11.00 398 90 0 2.00 30 2504 0.76
P_28 240 240 8.00 240 480 11.00 398 90 -0.25  2.00 30 2549  0.77
P_53 240 240 8.00 240 480 11.00 398 90 -0.50  2.00 30 2561  0.77
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Table 10

Numerical results of 22 RHS-to-RHS X joints selected to examine the effect of #* ratio.

Specimen  fyo 61 n n* Niu N1u/Ncm N1uw/Nvuy Niuw/Nikunn ~ Naw/Nian N1u/Np,m Nau/Np Lk
(MPa) ) (kN)

x10ae 355 90 0 1.00 1019 111 1.09 111 1.06 111 1.13
x10ae2 355 90 0 2.00 1507 1.06 1.04 1.05 1.01 1.17 1.19
x11ae05 355 90 0 0.50 2498 1.28 1.15 1.29 1.08 1.15 117
x1lla 355 90 0 1.00 509 1.14 1.07 1.15 0.96 1.14 1.16
x1lae2 355 90 0 2.00 776 1.15 111 1.16 1.06 1.28 1.29
x12ae05 355 90 0 0.50 1427 1.48 1.29 1.49 1.10 1.33 1.32
x12ae 355 90 0 1.00 302 1.33 1.22 1.33 1.11 1.33 1.32
x12ae2 355 90 0 2.00 482 1.20 1.15 1.20 1.19 1.33 1.32
Para_2 398 90 0 2.50 1507 1.08 1.04 1.09 1.01 1.24 1.26
P2 398 90 0 2.00 2498 1.10 1.07 1.11 1.00 1.22 1.24
P_3 398 90 0 2.00 509 1.03 0.99 1.04 1.00 1.14 1.15
Para_3 398 90 0 1.67 776 1.07 1.03 1.08 1.00 1.16 1.16
Para_7 398 90 0 1.25 1427 1.14 1.06 1.15 1.00 1.18 1.20
P_6 398 90 0 1.00 302 1.09 1.13 1.09 1.09 1.09 1.10
P77 398 90 0 1.00 482 1.15 1.10 1.16 1.02 1.15 117
P_8 398 90 0 1.00 816 1.18 1.10 1.20 1.00 1.18 1.19
Para_8 398 90 0 0.83 2641 1.24 1.16 1.25 1.01 1.20 1.21
Para_12 398 90 0 0.63 2201 1.20 1.08 121 1.06 1.12 1.14
Para_16 398 90 0 0.63 2504 111 0.93 111 111 111 111
P 12 398 90 0 0.50 2198 1.24 1.14 1.25 1.09 1.12 1.14
P_13 398 90 0 0.50 1511 1.39 122 141 1.06 1.25 1.26
Para_13 398 90 0 0.42 823 1.45 1.30 1.47 1.08 1.27 1.28
Mean 1.19 111 1.20 1.05 1.20 1.20
CoV 0.105 0.080 0.106 0.051 0.064 0.059

Note: The material factor (Cr) was used for all the design methods.
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Table 11

Numerical results of 10 RHS-to-RHS X joints selected to examine the chord stress effect.

Specimen  fyo Z n n* Ny N1u/Ncm N1uw/Nvy N1u/Nkuhn N1u/NLan N1u/Np,m N1u/Np Lk
(MPa) (%) (kN)

x10a-0.6 355 90 -0.6 1.00 1562 1.27 1.24 1.26 1.21 1.27 1.28
x10a-0.8 355 90 -0.8 1.00 1492 1.30 1.27 1.29 1.23 1.30 131
x11a-0 355 90 0 1.00 817 1.20 1.13 1.21 1.02 1.20 1.22
x1la-0.4 355 90 -0.4 1.00 803 1.24 1.17 1.26 1.05 1.24 1.26
x11a-0.6 355 90 -0.6 1.00 787 1.27 1.19 1.28 1.07 1.27 1.29
x11a-0.8 355 90 -0.8 1.00 757 131 1.23 1.32 111 131 1.33
x12a-0 355 90 0 1.00 502 1.38 1.27 1.39 1.16 1.38 1.37
x12a-0.4 355 90 -0.4 1.00 498 1.44 1.33 1.45 1.21 144 143
x12a-0.6 355 90 -0.6 1.00 484 1.46 1.35 1.47 1.22 1.46 145
x12a-0.8 355 90 -0.8 1.00 459 1.48 1.37 1.49 1.24 1.48 1.47
Mean 1.34 1.25 1.34 1.15 1.34 1.34
CoV 0.074 0.063 0.073 0.073 0.074 0.064

Note: The material factor (Cr) equals 1.0 for all the joints.
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Table 12

Evaluation of design methods, using the Cr factor, against numerical results of 131 screened RHS-to-RHS X joints under brace axial compression.

Specimen  fyo Z n n* Niu N1u/Ncm N1uw/Nvy N1u/Nkuhn N1u/NLan N1u/Np,m N1u/Np Lk
(MPa) ) (kN)
x10ae 355 90 0 1.00 1507 111 1.09 111 1.06 111 1.13
x10ae2 355 90 0 2.00 2498 1.06 1.04 1.05 1.01 1.17 1.19
x11ae05 355 90 0 0.50 509 1.28 1.15 1.29 1.08 1.15 1.17
x1lla 355 90 0 1.00 776 1.14 1.07 1.15 0.96 1.14 1.16
x1lae2 355 90 0 2.00 1427 1.15 111 1.16 1.06 1.28 1.29
x12ae05 355 90 0 0.50 302 1.48 1.29 1.49 1.10 1.33 1.32
x12ae 355 90 0 1.00 482 1.33 1.22 1.33 1.11 1.33 1.32
x12ae2 355 90 0 2.00 816 1.20 1.15 1.20 1.19 1.33 1.32
x10a-0.6 355 90 0.60 1.00 1562 1.27 1.24 1.26 1.21 1.27 1.28
x10a-0.8 355 90 -0.80 1.00 1492 1.30 1.27 1.29 1.23 1.30 1.31
x11a-0 355 90 0 1.00 817 1.20 1.13 121 1.02 1.20 1.22
x11a-0.4 355 90 -0.40 1.00 803 1.24 1.17 1.26 1.05 1.24 1.26
x11a-0.6 355 90 -0.60 1.00 787 1.27 1.19 1.28 1.07 1.27 1.29
x11a-0.8 355 90 -0.80 1.00 757 1.31 1.23 1.32 1.11 1.31 1.33
x12a-0 355 90 0 1.00 502 1.38 1.27 1.39 1.16 1.38 1.37
x12a-0.4 355 90 -0.40 1.00 498 1.44 1.33 1.45 1.21 144 143
x12a-0.6 355 90 -0.60 1.00 484 1.46 1.35 1.47 1.22 1.46 145
x12a-0.8 355 90 -0.80 1.00 459 1.48 137 1.49 1.24 1.48 1.47
Para_2 398 90 0 2.50 2641 1.08 1.04 1.09 1.01 1.24 1.26
Para_27 398 90 -0.25 2.50 2676 1.13 1.09 1.14 1.05 1.30 1.32
Para_52 398 90 -0.50 2.50 2687 1.18 1.14 1.19 1.10 1.36 1.38
Para_77 398 90 -0.75 2.50 2673 1.26 121 1.27 1.17 1.45 1.47
Para_102 398 90 0.25 2.50 2608 1.10 1.06 1.11 1.03 1.26 1.28
Para_127 398 90 0.50 2.50 2530 111 1.07 1.12 1.04 1.28 1.30
Para_152 398 90 0.75 2.50 2392 1.13 1.09 1.14 1.05 1.29 1.31
P_101 398 90 0.25 2.00 1401 1.15 117 1.15 1.15 1.27 1.28
P_126 398 90 0.50 2.00 1360 1.16 1.18 1.16 1.16 1.29 1.29
P_151 398 90 0.75 2.00 1292 1.18 121 1.18 1.18 131 1.32
P2 398 90 0 2.00 2201 1.10 1.07 111 1.00 1.22 1.24
p_27 398 90 -0.25 2.00 2228 1.15 1.12 1.16 1.04 1.28 1.30
P_52 398 90 -0.50 2.00 2237 1.20 1.17 1.21 1.09 1.33 1.36
P 77 398 90 -0.75 2.00 2237 1.29 1.25 1.30 1.17 143 1.45
P_102 398 90 0.25 2.00 2170 1.12 1.09 1.13 1.01 1.24 1.26
P 127 398 90 0.50 2.00 2088 1.12 1.09 1.13 1.02 1.25 1.27
P 152 398 90 0.75 2.00 1969 1.13 1.10 1.14 1.03 1.26 1.28
P_3 398 90 0 2.00 2504 1.03 0.99 1.04 1.00 1.14 1.15
P 28 398 90 -0.25 2.00 2549 1.08 1.04 1.09 1.05 1.20 1.20
P_53 398 90 -0.50 2.00 2561 1.13 1.08 1.14 1.10 1.25 1.26
P 78 398 90 -0.75 2.00 2532 1.20 1.15 121 1.16 1.33 1.33
P_103 398 90 0.25 2.00 2465 1.04 1.00 1.06 1.01 1.16 1.16
P_128 398 90 0.50 2.00 2408 1.06 1.02 1.07 1.03 1.18 1.18
P 153 398 90 0.75 2.00 2257 1.07 1.02 1.08 1.04 1.18 1.19
Para_3 398 90 0 1.67 2198 1.07 1.03 1.08 1.00 1.16 1.16
Para_28 398 90 -0.25 1.67 2235 1.12 1.08 1.13 1.04 121 121
Para_53 398 90 -0.50 1.67 2236 1.17 112 1.18 1.09 1.26 1.26
Para_78 398 90 -0.75 1.67 2217 1.24 1.19 1.25 1.15 1.34 1.34
Para_103 398 90 0.25 1.67 2166 1.09 1.05 1.10 1.01 1.17 1.18
Para_128 398 90 0.50 1.67 2112 1.10 1.06 1.11 1.02 1.19 1.19
Para_153 398 90 0.75 1.67 1967 1.10 1.06 111 1.02 1.19 1.19
Para_7 398 90 0 1.25 1511 1.14 1.06 1.15 1.00 1.18 1.20
Para_32 398 90 -0.25 1.25 1526 1.18 1.10 1.19 1.04 1.22 1.24
Para_57 398 90 -0.50 1.25 1516 1.22 1.14 1.23 1.08 1.26 1.29
Para_82 398 90 -0.75 1.25 1502 1.30 121 131 1.14 1.34 1.36
Para_107 398 90 0.25 1.25 1498 1.16 1.09 1.17 1.02 1.20 1.22
Para_132 398 90 0.50 1.25 1456 1.17 1.10 1.18 1.03 1.21 1.23
Para_157 398 90 0.75 1.25 1384 1.20 1.12 121 1.05 1.24 1.26
Para_36 398 90 -0.25 1.25 984 1.15 1.03 1.15 1.15 1.19 1.20
Para_61 398 90 -0.50 1.25 974 1.19 1.06 1.19 1.19 1.23 1.23
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Para_86
Para_161
P_6
P_31
P_56
P_81
P_106
P_131
P_156
P_7
P_32
P_57
P_82
P_107
P_132
P_157
P_8
P_33
P_58
P_83
P_108
P_133
P_158
Para_8
Para_33
Para_58
Para_83
Para_108
Para_133
Para_158
Para_12
Para_37
Para_62
Para_87
Para_112
Para_137
Para_162
Para_16
Para_41
Para_66
Para_91
Para_116
Para_141
Para_166
P_86
P_136
P_161
P_12
p_37
P_62
pP_87
P_112
P_137
P_162
P_13
P_38
P_63
P_88
P_138
P_163
Para_13
Para_38
Para_63

398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398
398

90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90

-0.75
0.75

-0.25
-0.50
-0.75
0.25
0.50
0.75

-0.25
-0.50
-0.75
0.25
0.50
0.75

-0.25
-0.50
-0.75
0.25
0.50
0.75

-0.25
-0.50
-0.75
0.25
0.50
0.75

-0.25
-0.50
-0.75
0.25
0.50
0.75

-0.25
-0.50
-0.75
0.25
0.50
0.75
-0.75
0.50
0.75

-0.25
-0.50
-0.75
0.25
0.50
0.75

-0.25
-0.50
-0.75
0.50
0.75

-0.25
-0.50

1.25
1.25
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
0.83
0.83
0.83
0.83
0.83
0.83
0.83
0.63
0.63
0.63
0.63
0.63
0.63
0.63
0.63
0.63
0.63
0.63
0.63
0.63
0.63
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.42
0.42
0.42

957
975
823
826
817
795
810
775
706
1279
1287
1274
1250
1266
1223
1145
1547
1547
1530
1490
1551
1507
1418
1385
1380
1352
1302
1385
1340
1246
933
936
918
881
930
908
863
626
618
603
581
632
633
629
558
540
476
824
822
800
758
820
799
749
1039
1025
984
914
1020
964
949
936
892

1.25
1.27
1.09
1.13
1.16
1.21
1.10
1.10
1.07
1.15
1.20
1.23
1.30
1.18
1.18
1.19
1.18
1.22
1.25
131
1.22
1.24
1.25
1.24
1.27
1.29
1.33
1.27
1.28
1.28
1.20
1.24
1.27
1.30
1.23
1.25
1.28
1.11
1.12
1.14
1.18
1.15
1.20
1.27
1.27
1.15
1.09
1.24
1.27
1.29
131
1.27
1.29
1.29
1.39
1.41
1.41
1.41
1.46
1.48
1.45
1.47
1.46
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1.12
1.14
1.13
1.17
1.20
1.25
1.14
1.14
111
1.10
1.14
1.17
1.23
1.12
1.12
1.13
1.10
1.13
1.16
121
1.13
1.15
1.16
1.16
1.19
121
1.25
1.19
1.20
1.19
1.08
111
1.13
1.17
1.10
1.12
1.14
0.93
0.95
0.96
0.99
0.97
1.01
1.08
1.35
121
1.15
1.14
1.17
1.19
1.20
1.17
1.18
1.19
1.22
1.24
1.24
1.24
1.29
1.30
1.30
1.32
131

1.25
1.27
1.09
1.13
1.16
121
1.10
1.10
1.07
1.16
121
1.24
131
1.19
1.19
1.20
1.20
1.23
1.27
1.32
1.23
1.25
1.26
1.25
1.28
131
1.35
1.29
1.30
1.29
1.21
1.25
1.28
1.32
1.25
1.27
1.29
1.11
1.12
1.14
1.18
1.15
1.20
1.27
1.27
1.15
1.09
1.25
1.28
1.30
1.32
1.28
1.30
1.30
1.41
1.43
1.43
1.42
1.48
1.50
1.47
1.49
1.48

1.25
1.27
1.09
1.13
1.16
121
1.10
1.10
1.07
1.02
1.05
1.09
1.14
1.03
1.04
1.04
1.00
1.03
1.06
1.10
1.03
1.04
1.05
1.01
1.03
1.06
1.09
1.04
1.05
1.04
1.06
1.09
1.12
1.15
1.09
1.10
1.12
1.11
1.12
1.14
1.18
1.15
1.20
1.27
1.27
1.15
1.09
1.09
1.12
1.14
1.15
1.12
1.13
1.14
1.06
1.07
1.07
1.07
1.11
1.13
1.08
1.09
1.09

1.29
131
1.09
1.13
1.16
121
1.10
1.10
1.07
1.15
1.20
1.23
1.30
1.18
1.18
1.19
1.18
1.22
1.25
131
1.22
1.24
1.25
1.20
1.23
1.26
1.30
1.24
1.25
1.24
1.12
1.16
1.18
1.22
1.15
1.17
1.19
1.11
1.12
1.14
1.18
1.15
1.20
1.27
1.27
1.15
1.09
1.12
1.15
1.16
1.18
1.14
1.16
1.17
1.25
1.27
1.27
1.27
1.32
1.34
1.27
1.29
1.28

1.30
1.32
1.10
1.13
1.17
1.22
1.11
111
1.08
1.17
1.22
1.25
1.32
1.20
1.20
1.21
1.19
1.22
1.26
131
1.23
1.24
1.25
121
1.24
1.26
1.30
1.24
1.25
1.25
1.14
1.18
1.20
1.24
1.17
1.19
1.21
1.11
1.12
1.14
1.18
1.15
1.20
1.27
1.27
1.15
1.09
1.14
1.17
1.18
1.20
1.16
1.18
1.19
1.26
1.28
1.28
1.27
1.33
1.34
1.28
1.30
1.29



Para_88 398 90 -0.75 0.42 816 1.43 1.28 1.45 1.06 1.26 1.26
Para_113 398 90 0.25 0.42 958 1.51 1.35 1.52 1.12 1.32 1.33
Para_138 398 90 0.50 0.42 935 1.53 1.37 1.55 1.14 1.34 1.35
Para_163 398 90 0.75 0.42 878 1.54 1.38 1.56 1.15 1.35 1.36
Para_67 398 90 -0.50 0.31 610 131 111 1.32 1.15 1.15 1.15
Para_92 398 90 -0.75 0.31 569 131 111 1.32 1.15 1.15 1.15
Para_68 398 90 -0.50 0.21 609 1.55 131 1.57 1.15 1.23 1.23
Para_93 398 90 -0.75 0.21 551 151 1.27 1.52 1.12 1.19 1.20
P_68 398 90 -0.50 0.25 676 1.55 1.27 1.57 1.15 1.26 1.27
P_93 398 90 -0.75 0.25 613 1.51 1.24 1.52 1.12 1.23 1.23
Mean 1.24 1.15 1.25 1.10 1.23 1.24
CoV 0.102 0.082 0.104 0.061 0.065 0.064

Note: The material factor (Cr) was used for all the design methods.
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Table 13

Collated test results totalling 24 RHS X joints with only one RHS brace welded to the chord and under brace axial compression.

Researcher/year ~ Specimen bo ho to b1 h1 t fyo 61 n 2y* n* N1y N1u/Ny
(mm) (mm) (mm) (mm) (mm) (mm) (MPa) (°) (kN)

Barentse/1977 T-RR-A-A-1 1014 1014 6.23 1014 70.0 6.23 299 90 0 16.3 0.69 417 111
T-RR-A-A-7 101.3 1013 4.03 100.2 70.0 3.77 326 90 0 25.1 0.69 210 0.89
T-RR-A-A-10 1004 1004 2.88 1004 70.0 2.88 299 90 0 34.9 0.70 112 0.77
T-RR-E-A-91 101.3 50.9 6.27 101.3 50.9 6.27 322 90 0 8.1 1.00 453 1.36
T-RR-E-A-94 101.8 50.9 4.73 1016 50.8 4.90 338 90 0 10.8 1.00 298 1.25
T-RR-E-A-97 101.3 510 3.35 101.3 510 3.35 293 90 0 15.2 1.00 150 1.13
T-RR-E-A-112 1021 1513 6.23 1014 70.0 6.18 289 90 0 243 0.46 394 1.08
T-RR-E-A-119 101.2 1514 4.82 1014 70.0 6.23 293 90 0 314 046 256 0.96
T-RR-E-A-126 80.6 119.7 3.05 80.2 70.0 3.00 398 90 0 39.2 0.58 142 0.69
T-RR-C-A-46 100.2 1002 3.77 100.0 25.0 3.08 349 90 0 26.6 0.25 180 1.16
T-RR-C-A-50 100.8 100.8 3.36 100.0 25.0 3.02 290 90 0 30.0 0.25 152 1.37
T-RR-C-A-41 1014 1014 6.18 1009 70.0 3.92 298 90 0 16.4 0.69 394 1.06
T-RR-C-A-45 101.0 101.0 4.00 1009 70.0 3.92 343 90 0 25.3 0.69 248 1.00
T-RR-C-A-49 100.8 100.8 3.36 99.8 70.0 4.00 290 90 0 30.0 0.69 163 0.96

Zhao/2000 S1B1C11 51.0 102.0 4.90 51.0 51.0 4.90 409 90 0 20.8 0.50 316 1.04
S1B1C12 51.0 102.0 3.20 51.0 51.0 4.90 343 90 0 31.9 050 163 111
SiB2C21 102.0 1020 9.50 102.0 102.0 8.00 445 90 0 10.7 1.00 1207 0.95
S1B2C22 102.0 102.0 6.30 102.0 102.0 8.00 432 90 0 16.2 1.00 652 0.90

Pandey/2019 TF-100x50x4- 100.6  50.6 3.96 100.6  50.6 3.97 952 90 0 12.8 1.00 494 0.93
100x50x4
TF-120x120x4- 121.6 1216 3.91 1216 1217 391 971 90 0 311 1.00 558 0.52
120x120x4
TF-140x140x4- 1416 1403 3.97 1417 1404 4.00 1008 90 0 35.3 1.00 544 0.42
140x140x4
TF-120x120x3- 120.9 1203 3.12 120.8 1203 3.11 1038 90 0 385 1.00 369 0.42
120x120x3

Fan/2017 X-1.0-32-7000 203.6 203.6 5.96 204.0 2040 11.67 404 90 0 34.2 1.00 653 0.58
X-1.0-21-5500 2031 2031 8.85 2040 2040 1167 418 90 0 22.9 1.00 1264 0.69
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Table 14

Evaluation of proposed design methods, using the Ct factor, against test results of eight RHS X joints classified as class a.

Specimen fyo 61 n n* Nau N1u/Np,m N1uw/Np Lk
(MPa) ) (kN)

T-RR-A-A-7 326 90 0 0.69 210 1.00 1.01
T-RR-A-A-10 299 90 0 0.70 112 0.99 0.99
T-RR-E-A-112 289 90 0 0.46 394 1.11 1.12
T-RR-E-A-119 293 90 0 0.46 256 1.10 1.10
T-RR-E-A-126 398 90 0 0.58 142 1.06 1.03
T-RR-C-A-41 298 90 0 0.69 394 1.06 1.07
T-RR-C-A-45 343 90 0 0.69 248 1.14 1.16
T-RR-C-A-49 290 90 0 0.69 163 1.14 1.15
Mean 1.07 1.08
CoV 0.054 0.059
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Table 15

Evaluation of proposed design methods, using the Cs factor, against test results of six RHS X joints classified as class b.

Specimen fyo 61 n 2y* 2y* limit n* N1y N1u/Np,m N1u/Np Lk
(MPa) ©) (kN)

S1B1C11 409 90 0 20.8 37 0.50 316 1.26 1.29
SiB2C21 445 90 0 10.7 36 1.00 1207 1.04 1.07
S1B2C22 432 90 0 16.2 36 1.00 652 1.09 1.12
TF-100x50x4-100x50x4 952 90 0 12.8 24 1.00 494 1.39 147
X-1.0-32-7000 404 90 0 34.2 37 1.00 653 1.20 1.18
X-1.0-21-5500 418 90 0 22.9 37 1.00 1264 0.98 1.01
Mean 1.16 1.19
CoV 0.130 0.141
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Table 16

Collated numerical results totalling eight RHS-to-RHS X joints under brace in-plane bending, reported by Yu [19].

Specimen  ho ho to b1 h1 t1 fyo 61 n 2y* n* Mau,ip Moau,ip/My,ip
(mm) (mm) (mm) (mm) (mm) (mm) (MPa) ©) (kNm)
x10ie05 150 150 10.00 150 75 10.00 355 90 0 15 0.5 37.1 1.34
x10ie 150 150 10.00 150 150 10.00 355 90 0 15 1.0 89.7 1.26
x10ie2 150 150 10.00 150 300 10.00 355 90 0 15 2.0 259.7 1.19
x11i 150 150 6.25 150 150 6.25 355 90 0 24 1.0 50.0 1.37
x1lie2 150 150 6.25 150 300 6.25 355 90 0 24 2.0 128.7 1.06
x12ie05 150 150 4.29 150 75 4.29 355 90 0 35 0.5 12.2 1.72
x12i 150 150 4.29 150 150 4.29 355 90 0 35 1.0 28.6 1.28
x12ie2 150 150 4.29 150 300 4.29 355 90 0 35 2.0 76.5 0.97
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Table 17

Evaluation of design methods for the loading case of brace in-plane bending.

Specimen fyo 2y* 77* Mlu,ip Mlu,ip/MC,M,ip Mlu‘ip/MYu,ip Mlu,ip/MKuhn,ip Mlu,ip/MLan,ip Mlu,ip/MP,M,ip Mlu,ip/MP,LK,ip
(MPa) (KNm)

x10ie05 355 15 0.5 37.1 1.40 1.36 1.40 1.34 1.34 1.34
x10ie 355 15 1.0 89.7 1.33 1.25 1.32 1.26 1.33 1.34
x10ie2 355 15 2.0 259.7 1.25 1.24 1.25 1.19 1.39 141
x11i 355 24 1.0 50.0 1.63 1.24 1.64 1.37 1.63 1.65
x11lie2 355 24 2.0 128.7 1.25 1.18 1.26 1.15 1.39 141
x12ie05 355 35 0.5 12.2 2.48 1.38 2.48 1.84 2.23 2.22
x12i 355 35 1.0 28.6 1.84 111 1.84 1.54 1.84 1.82
x12ie2 355 35 2.0 76.5 1.40 1.29 1.40 1.40 1.55 1.54
Mean 1.57 1.25 1.57 1.39 1.59 1.59
CoV 0.265 0.072 0.265 0.159 0.198 0.191

Note: The material factor (Cr) equals 1.0 for all the joints.
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Table 18

Effects of chord sidewall convexity and thickness tolerance on the resistance of RHS-to-RHS T joints under brace in-plane bending (Nagui [42])

Specimen 2y Steel grade Mau,ip (KNm) Mc,ip (KNm) Mau,ip/Mc,ip
t12i (convexity: 1%) 35 S355 289 229 1.26
35 S460 345 29.7 1.16
35 S700 50.3 46.1 1.09
t12i* (convexity: 1% + thickness : -10%) 35 S355 24.7 229 1.08
35 S460 29.7 29.7 1.00
35 S700 43.2 46.1 0.94
t13i (convexity: 1%) 30 S355 37.2 27.2 1.37
30 S460 44.7 36.4 1.22
30 S700 64.8 55.4 1.17
t13i* (convexity: 1% + thickness : -10%) 30 S355 31.9 27.2 1.17
30 S460 384 36.4 1.05
30 S700 55.8 55.4 1.01
Mean 113
CoV 0.109
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Table 19

Collated numerical results totalling eight RHS-to-RHS X joints under brace out-of-plane bending, reported by Yu [19].

Specimen  bo ho to b1 h1 t1 fyo 61 n 2y* n* Muy,0p M1u,0p/My,op
(mm) (mm) (mm) (mm) (mm) (mm) (MPa) °) (KNm)
x100e05 150 150 10.00 150 75 10.00 355 90 0 15 0.5 80.4 1.29
x100e 150 150 10.00 150 150 10.00 355 90 0 15 1.0 1194 1.20
x100e2 150 150 10.00 150 300 10.00 355 90 0 15 2.0 1925 1.11
x110 150 150 6.25 150 150 6.25 355 90 0 24 1.0 59.4 1.03
x11loe2 150 150 6.25 150 300 6.25 355 90 0 24 2.0 108.6 1.03
x120e05 150 150 4.29 150 75 4.29 355 90 0 35 0.5 23.0 1.08
x120 150 150 4.29 150 150 4.29 355 90 0 35 1.0 37.2 0.98
x120e2 150 150 4.29 150 300 4.29 355 90 0 35 2.0 62.7 0.88
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Table 20

Evaluation of design methods for the loading case of brace out-of-plane bending.

Specimen fyo 2)/* 77* Mlu‘op Mlu,op/Mc‘M,op Mlu‘op/MYu,op Mlu,op/MKuhn,op Mlu,op/MLan,op Mlu,op/MP,M,op Mlu,op/MP,LK,op
(MPa) (kNm)

x100e05 355 15 0.5 80.4 1.36 121 1.36 1.29 1.29 1.29
x100e 355 15 1.0 119.4 1.26 1.14 1.26 1.20 1.26 1.28
x100e2 355 15 2.0 192.5 1.16 1.06 1.16 111 1.29 131
x1lo 355 24 1.0 59.4 1.22 1.09 1.23 1.03 1.22 1.23
x11loe2 355 24 2.0 108.6 1.22 1.12 1.23 1.12 1.35 1.37
x120e05 355 35 0.5 230 1.55 1.30 1.56 1.15 1.39 1.39
x120 355 35 1.0 37.2 1.41 1.26 141 1.18 141 1.40
x120e2 355 35 2.0 62.7 1.26 1.17 1.27 1.25 1.40 1.39
Mean 1.30 1.17 131 1.17 1.33 1.33
CoV 0.097 0.070 0.097 0.073 0.054 0.046

Note: The material factor (Cr) equals 1.0 for all the joints.

T24/26



Table 21

Recommended design resistance for chord sidewall failure in RHS joints under brace axial compression using the modified bearing-buckling method.

RHS-to-RHS X, T and Y joints (class a)

Brace axial compression loading

, 1 h 015
leRd = Cf fktO (2hl +10t0) sing Qf fo =205 (EO] fyO B fyo
1

Parameters

Cr=1.1-0.1f,0/355< 1.0

I
: =
e

2

Not present for T and Y joints

o5 is the reduction factor for column buckling according to e.g., EN 1993-1-1 [6] using
the buckling curve c, or an equivalent code/standard, and a normalised slenderness:

1.73 [h" - 2}
_ t

g = ——
- [E
fio

Q =(1~|n[)"" with n in the connecting chord face
N
N

and for chord cross-sections under chord tension stress; Melrd Should be used for class 3
chord cross-sections.

M . .
O0Bd | OB forclass 1 or 2 chord cross-sections under chord compression stress
pl,0,Rd pl.0,Rd

n=

Validity ranges

steel grades up to S960; 5=1.0; bo/to<40, ho/to<40; 0.25<h1/he<2.0; 0.5<ho/bo<2.0; 61>30°.

slenderness should not exceed class 3.

These recommendations may also be used for other X joints under brace axial compression:
(1) Plate-to-RHS X joints (use t1=h1) and RHS-to-RHS X joints both with nominal fy0<460 MPa, £=1.0 and h1/ho<0.25, but use fk=fyo.

(2) For X joints (class a) with an RHS brace welded to one side of the chord and supported by a flat plate or another profile welded to the opposite side
of the chord, the lower effective h1 on either side and Ao should be used for the determination of the resistance.

(3) For X joints (class b) with an RHS brace welded to one side of the chord and supported by a flat plate or another profile unwelded to the opposite side
of the chord, the lower effective h1 on either side and A0.7=1.4 405 should be used for the determination of the resistance. Here, the chord cross-section

(4) For other unspecified X joints (class c), the resistance should be determined using A1.0=2/os.

The cross-section slenderness of class 1, 2 and 3 is defined in national standards.
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Table 22
Recommended design resistance for chord sidewall failure in RHS joints under brace axial compression using the Lan-Kuhn method.

RHS-to-RHS X, T and Y joints (class a) Brace axial compression loading

, 1 h 015
leRd = Cf fktO (2hl +10t0) sing Qf fo =205 (EO] fyO B fyo
1

Parameters

Cr=1.1-0.1f,0/355< 1.0

705 is the buckling reduction factor obtained from:

h {f
=112-0.012-2,[-X
Xos t, 355

Q, =(1~|n[)”" with n in connecting chord face

‘ bo
)
=3
=
U
2

M . .
n= N +—28_ forclass 1 or 2 chord cross-sections under chord compression stress
pl.0,Rd pl.0,Rd

and for chord cross-sections under chord tension stress; Mei,rd Should be used for class 3
chord cross-sections.

Not present for T and Y joints N s o
~—— Validity ranges

steel grades up to S960; £=1.0; bo/to<40, ho/to<40; 0.25<h1/ho<2.0; 0.5<ho/bo<2.0; 61>30°.

These recommendations may also be used for other X joints under brace axial compression:
(1) Plate-to-RHS X joints (use ti=h1) and RHS-to-RHS X joints both with nominal fy0<460 MPa, £=1.0 and h1/ho<0.25, but use fi=fyo.

(2) For X joints (class a) with an RHS brace welded to one side of the chord and supported by a flat plate or another profile welded to the opposite side
of the chord, the lower effective h1 on either side and yo.s should be used for the determination of the resistance.

(3) For X joints (class b) with an RHS brace welded to one side of the chord and supported by a flat plate or another profile unwelded to the opposite side
of the chord, the lower effective hi on either side and yo.7 should be used for the determination of the resistance. The yo.7 value could be obtained from:

h f
=1.12-0.0172, |2
KXoz t, V355
Here, the chord cross-section slenderness should not exceed class 3.

(4) For other unspecified X joints (class c), the resistance should be determined using A1.0=2 405, See Table 21.

The cross-section slenderness of class 1, 2 and 3 is defined in national standards.
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