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9  Abstract: This paper aims to investigate the structural behaviour and static strength of high strength steel
10  rectangular hollow section (RHS) X-joints under axial compression in the braces through tests and
11 numerical analysis. Eight RHS X-joints which were composed of fabricated steel tubes with a measured
12 yield stress of 907 MPa were tested. Extensive numerical simulations on the fabricated RHS X-joints in
13 S460, S690 and S960 steel were conducted using finite element (FE) analysis. The FE model was validated
14 against the test results. The investigated failure modes are chord face plastification, chord side wall failure
15 and a combination of these two failure modes. The effects of the heat affected zones (HAZ) and suitability
16  of the strength equations adopted by the CIDECT design guide for the fabricated RHS X-joints were
17  examined. The deformation capacity and ductility of test specimens which failed by chord face
18  plastification could be considered as reasonably sufficient. The effects of material strength reduction in the
19  HAZ on the joint initial stiffness are minor, but could significantly lower the joint strength. In general, the
20  CIDECT strength prediction is increasingly unconservative with increasing steel grade for the RHS
21  X-joints failing by chord face plastification. However, the CIDECT strength prediction is generally
22 conservative for the combined failure modes, and becomes increasingly conservative with increasing chord
23 side wall slenderness for chord side wall failure. The suggested ranges of brace to chord width ratio (f) and
24 chord width to wall thickness ratio (2y) are 0.4<(<0.85 and 2y<60p-1 for the RHS X-joints failing by chord
25  face plastification to allow for more effective use of high strength steel, and corresponding strength
26  equations were proposed. An analytical model of plate buckling was proposed and the deformation-based
27  continuous strength method (CSM) originally developed for designing non-slender stainless steel
28  cross-sections was adopted for the design of chord side wall failure in the RHS X-joints with f=1.0 and 2y
29  up to 50. The proposed design method is also applicable for designing chord side wall failure in
30  equal-width RHS X-joints using cold-formed and hot-finished carbon steel and cold-formed stainless steel.
31 A linear interpolation approach using the proposed strength equations at =0.85 and $=1.0 is suggested for
32 the RHS X-joints with 0.85<f<1.0 and 2y<50 which failed by the combined failure modes. The proposed
33 strength equations can produce much more accurate and consistent strength prediction than the CIDECT
34  design guide, and were converted to design strength equations for the design of high strength steel RHS
35  X-joints.
36
37  Keywords: High strength steel; RHS X-joint; Structural behaviour; Structural design; Static strength
38
39 1. Introduction
40
41 Advances of steel production techniques such as quenching and tempering (QT) and thermo-mechanical
42  controlled processing (TMCP) have led to readily available high strength steel (HSS) with acceptable
43  ductility and toughness nowadays [1]. HSS with nominal yield stresses higher than 450 MPa is
44 increasingly popular in the infrastructure sector as an economic and sustainable construction material. The
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application of HSS with high strength-to-weight ratio in onshore and offshore tubular structures could
lower construction costs because of reduced member sizes and structural self-weights. Less consumption
of energy and resources for HSS tubular structures due to material savings could also contribute to reduced
carbon footprints. Design guidance for HSS tubular joints which are vitally critical components for the
structural integrity is imperatively needed to facilitate structural applications of HSS tubular structures.

Design rules for tubular joints which are composed of hot-finished or cold-formed normal strength steel
tubes are specified in design codes and guides e.g. Eurocode EN 1993-1-8 [2] and the CIDECT design
guides [3, 4]. EN 1993-1-8 [2] allows for the use of steel grades greater than S355, but stipulates a
reduction factor of joint strength of 0.9 for tubular joints in steel grades greater than S355 and up to S460.
EN 1993-1-12 [5] further extends the material limitation to S700 and imposes a reduction factor of 0.8 for
steel grades higher than S460 and up to S700. Likewise, the CIDECT design guides [3, 4] also require the
application of a reduction factor of 0.9 combined with the limitation of the yield strength () to 0.8 times
the ultimate strength (f,). The restrictive design rules for steel grades beyond S355 are primarily based on
the findings reported by Liu and Wardenier [6] and Kurobane [7] that the static strengths of RHS and CHS
gap K-joints in S460 steel are lower than those of S235 joints in relative terms. However, the suitability of
such design rules for all HSS tubular joints regardless of failure modes remains controversial.
Experimental and numerical investigations have been carried out to re-evaluate the design rules for HSS
tubular joints in recent years.

Recent research on HSS circular hollow section (CHS) joints has been mostly focused on CHS X-joints.
Tests and numerical simulations on CHS X-joints in steel grades ranging from S460 to S770 and under
axial compression, tension or in-plane bending in the braces have been conducted by Puthli et al. [8] and
Lee et al. [9]. The failure modes examined are chord face plastification and chord punching shear. It is
found that the test and numerical joint strengths are generally higher than the design strengths predicted by
the EN 1993-1-8 [2] without applying the reduction factors, and the test specimens have sufficient
deformation capacity and ductility. Lan et al. [10, 11] conducted extensive numerical simulations on CHS
X-joints using steel grades varying from S460 to S1100 and subjected to axial compression in the braces
which failed by chord face plastification. It is found that the effects of the heat affected zones on the initial
stiffness and static strength of the X-joints could be insignificant, and the CIDECT mean strength
prediction is increasingly unconservative with increasing steel grade. Design rules which allow for
reasonably effective use of HSS were proposed for the X-joints.

Structural performance of HSS rectangular hollow section (RHS) joints has also been re-assessed.
Becque and Wilkinson [12] conducted tests on T- and X-joints using C450 steel with a nominal yield stress
of 450 MPa and subjected to axial compression or tension in the braces. It is found that the test joint
strengths are higher than the CIDECT nominal strengths without using the reduction factor and limitation
on the yield stress for chord face plastification and chord side wall failure. However, the test strengths are
lower than the CIDECT nominal strengths for chord punching shear and effective width failure of braces
justifying the application of the reduction factor and limitation on yield stress. Mohan et al. [13] carried out
numerical simulations on axially loaded RHS K- and N-joints in C450 steel. The numerical joint strengths
exceed the CIDECT design strengths without using the reduction factor and limitation on yield stress.
Havula et al. [14] conducted tests on square hollow section (SHS) T-joints using S420, S500 and S700
steel and subjected to in-plane bending in the braces which failed by chord face plastification. It is found
that the test moment resistances of T-joints using large fillet welds, and the S420 and S500 steel T-joints
using small fillet welds exceed the Eurocode design strengths without using the reduction factors except
for the butt-welded T-joints and the S700 steel T-joints with small fillet welds. Deformation capacity and
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ductility of the test specimens are sufficient. Feldmann et al. [15] assessed the suitability of the reduction
factors against test results of RHS X- and K-joints in S500, S700 and S960 steel which failed by chord
face plastification, chord side wall failure, chord punching shear, chord shear and weld failure. The test
ultimate loads without considering deformation limits generally exceed the Eurocode design strengths
using the reduction factors. The static strengths of RHS X-joints in S960 steel and subjected to axial
compression in the braces have also been experimentally investigated by Pandey and Young [16]. It is
found that the Eurocode and CIDECT design strength predictions without using the reduction factors are
unconservative for the RHS X-joints failing by chord face plastification and become conservative for
chord side wall failure and a combination of chord face plastification and chord side wall failure. A
comprehensive review on the recent research advances of HSS hollow section joints under static and
fatigue loadings was summarised in Lan and Chan [1].

The aforementioned investigations have been focused on cold-formed or hot-finished HSS tubular joints
which are commonly used in light-weight tubular structures. Tubular joints which are composed of
fabricated steel tubes are generally preferred in the case of heavy loading. However, research on the
structural behaviour and static strength of HSS fabricated tubular joints remains limited, and corresponding
design rules are needed. This project examined the structural performance of fabricated RHS X-joints in
steel grades ranging from S460 to S960 and subjected to axial compression in the braces. Tests were
conducted on eight fabricated RHS X-joints with a measured yield stress of 907 MPa. The chord face
indentation and chord sidewall deformation of the test specimens were measured. A finite element (FE)
model was developed and validated against the obtained test results. Upon verification of the FE model,
extensive numerical simulations were conducted to examine the effects of heat affected zones (HAZ) and
suitability of current CIDECT design provisions for HSS RHS X-joints. Design rules allowing for
reasonably effective use of HSS are proposed for the X-joints in this study.

2. Experimental investigation

2.1. Test specimens

Eight fabricated RHS X-joint specimens which were composed of fabricated steel tubes were tested
under axial compression in the braces. The steel tubes were fabricated from four steel plates using full
penetration butt welds at the tube corner and thereafter assembled into the RHS X-joint specimens by fillet
welds at the brace-chord intersection as shown in Fig. 1. For the chord members, nominal overall flange
width (bo) and nominal overall web depth (4o) range from 120 to 300 mm. The nominal overall flange
width (b1) and nominal overall web depth (41) of the braces vary from 60 to 150 mm. Three key joint
parameters were examined in tests by varying brace to chord width ratio (f) from 0.50 to 0.79, brace height
to chord width ratio () from 0.50 to 0.81, and chord width to wall thickness ratio (2y) from 19.8 to 49.1.
The nominal chord length (Lo) was designed to be 65y to ensure that the stresses at the brace-chord
intersection are not affected by the chord ends, and the nominal brace length (L) was taken as 3b; to avoid
the brace overall buckling [17]. The measured dimensions of test specimens are summarised in Table 1. All
the steel tubes were fabricated from one parent steel plate with measured thickness of 6.14 mm, and thus
the brace to chord wall thickness ratio (z) is 1.0. The brace members were carefully positioned and then
welded to the two chord faces at a right angle, and thus the angle between the brace and chord (6) is 90°.
The seam weld of chord members was positioned in the chord side walls as shown in Fig. 1, and end plates
were welded to the brace ends to allow for uniform axial compression at the brace ends.
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2.2. Material properties and welding

A Chinese Q890 high strength steel plate with a nominal yield stress of 890 MPa which was used for
fabricating the steel tubes was manufactured by the Quenching and Tempering (QT) technique. The
chemical compositions according to the mill certificate are listed in Table 2. The carbon equivalent value
(CEV) of the steel plate is 0.56%. Two flat coupons (F1 and F2) with nominal gauge length of 50 mm,
nominal gauge width of 12.5 mm and nominal thickness of 6 mm were machined from the steel plate. The
letter (F) in the coupon labels (F1 and F2) denotes that the coupons were machined from the flat steel plate
and the number (1 or 2) represents the coupon number. Fig. 2 shows the dimensions of coupons which
conform the requirements of standard coupons specified in BS EN ISO 6892-1 [18] and ASTM E8/E§M
specification [19]. A calibrated extensometer of 50 mm gauge length was used to measure the longitudinal
strain of coupons during testing. Two linear TML strain gauges were attached to the centre of the gauge
length on both surfaces of each coupon. The coupons were tested in an INSTRON hydraulic controlled
testing machine with a loading rate of 0.1 mm/min up to around the 0.2% yield stress and 0.4 mm/min
thereafter. Static engineering stress-strain curves eliminating the strain rate effect incorporated in the
dynamic engineering stress-strain curves obtained from tests are shown in Fig. 3 which were obtained by
pausing the applied displacement near the 0.2% yield stress, ultimate stresses and post-ultimate region for
2 minutes. Table 3 shows the measured material properties including the elastic modulus (E), static stress
at 0.01% plastic strain (fp), static 0.2% yield stress (fy), static ultimate stress (f,), ultimate strain at static
ultimate stress (&) and fracture strain (gr).

Gas metal arc welding (GMAW) was used in fabricating the X-joint specimens. The full penetration butt
weld was adopted for manufacturing steel tubes at the tube corner and the fillet weld was employed to
assemble the brace and chord into the X-joint specimens. The welds were designed in accordance with
AWS D1.1/D1.1M [20]. The measured dimensions of the reinforcement of butt welds in chord members
(bw and hy, see Fig. 1) and the weld leg size of fillet welds (w) are summarised in Table 1. The filler
material was a low alloy carbon steel wire with a diameter of 1.2 mm which conformed to class ER120S-G
of the AWS A5.28M specification, and the typical values of fy, f, and & of the filler wire are 930 MPa, 980
MPa and 19%, respectively [16]. A robotic arm was used to perform the welding in order to allow for
consistent heat input during welding and achieve satisfactory welding quality. The current, voltage and
welding speed during welding were 150A, 16V and 300 mm/min, and the estimated heat input is 0.38
kJ/mm in accordance with the SSAB Welding Handbook [21].

2.3. Test set-up and procedures

A servo-controlled hydraulic testing machine with maximum capacity of 1000 kN was used to apply
axial compression through the brace end of X-joint specimens. The test set-up is shown in Fig. 4. A special
ball bearing was employed which was attached to an adjustable top support. The ball bearing can
self-adjust according to the flat profile of brace end plates, and thus a uniform axial compressive load can
be applied to the brace. At the beginning, the ball bearing was unlocked and can rotate freely. The actuator
ram of the testing machine was then moved up slowly to a preload around 4 kN by a load-controlled mode.
The small preload was applied in order to allow the ball bearing to self-adjust according to the brace end
plate and therefore eliminate any possible gaps between the brace end plate and ball bearing. The position
of ball bearing was locked afterwards by using four vertical bolts to restrict any major and minor axis
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rotations for the rest of testing. Therefore, the ball bearing can be considered as fixed-end, and only a pure
axial compressive force without any bending moments from the actuator ram was applied to the brace end.

Calibrated linear variable displacement transformers (LVDTs) were employed to measure the
deformations in the brace-chord intersection region. The chord face indentation (u) at the crown position
(see Fig. 1) on each side of the brace member was measured using the extension arms attached to the tips
of the LVDTs (e.g. LVDT No. 1 as shown in Fig. 4). The chord face indentation at the chord crown was
measured along brace axial direction and at 12 mm from the adjacent brace face for all the tests. The chord
side wall deformation (v) was measured by two horizontal LVDTs with Poly Methyl Methacrylate (PMMA)
plates connecting to their tips (e.g. LVDT No. 2 as shown in Fig. 4). The use of PMMA plates facilitates
the capture of maximum chord side wall deformations without being affected by the overall vertical
displacement of the chord member during testing. The applied displacement of the actuator ram was also
recorded by the LVDT (i.e. LVDT No. 3 as shown in Fig. 4).

After preloading, the testing was carried out by driving the actuator ram under a displacement-controlled
mode which allows the test to be continued in the post-ultimate range. A constant loading rate of 0.3
mm/min was adopted. The applied load of testing machine and readings of the displacement transducers
were recorded by a data acquisition system at regular intervals. It should be noted that the tests were
paused for 2 minutes near the ultimate load or after the load at the indentation limit of 3%b in order to
allow for the static drops and thereafter to obtain the static load-deformation curves.

2.4. Test results

The eight fabricated RHS X-joint specimens in tests failed by chord face plastification as shown in Fig.
5. Figs. 6-7 show the obtained static loads (N) plotted against the chord face indentation () and chord side
wall deformation (v). The joint strengths obtained from the static load-indentation curves of test specimens
are summarised in Table 4. It should be noted that the static strength (Nres) of RHS X-joints in this study
was determined as the ultimate load or the load at an indentation limit of 3%by at the crown, whichever
occurred earlier, in accordance with the CIDECT design guide [3]. Figs. 6-7 show that the chord face
indentation and chord side deformation can generally reach at least two times of the indentation limit of
3%by as tabulated in Table 4, and brittle failure was not observed at large deformations. The deformation
capacity and ductility of the test specimens could therefore be considered as reasonably sufficient. It
should also be noted that repeated tests were conducted for the specimens X1 and X3. The obtained
load-deformation curves from the repeated tests generally coincide with those of specimens X1 and X3,
and the corresponding joint strengths are in good agreement with differences of 1.1% and 0.3%
demonstrating reliability of the test results.

3. Finite element analysis

3.1. Finite element model

The general purpose finite element (FE) software ABAQUS [22] was used to carry out numerical
simulations on HSS RHS X-joints in this study. A FE model was developed by validating against the test
results described in Section 2.4. The measured geometric dimensions summarised in Table 1 were used to
model the test specimens. An 8-node linear solid element with reduced integration (C3D8R) was selected
to model the brace and chord members, and the fillet welds at the brace-chord intersection were modelled
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by a 10-node quadratic tetrahedron solid element (C3D10). A 6-node linear wedge solid element (C3D6)
was adopted to simulate the reinforcement of butt welds in the chord and that of the butt welds in the brace
was not modelled because brace failure was not observed in tests and the brace was only subjected to pure
axial compression. Two layers of the solid element (C3D8R) through the tube wall thickness of the brace
and chord were adopted. A mesh convergence study was conducted to determine suitable mesh sizes. The
mesh sizes ranging from 5 to 12 mm which depend on the cross-section sizes were employed for the brace,
chord and butt welds, and a mesh size of 3 mm was adopted for the fillet welds. The change of the
predicted joint strengths resulted from reducing the mesh sizes is within 2% of the corresponding test
strengths.

The static stress-strain curves and average material properties obtained from the tensile coupon tests
described in Section 2.2 were adopted for the modelling of test specimens. The true stress and logarithmic
plastic strain converted from the obtained engineering stress and strain were incorporated into the FE
model. The Poisson’s ratio of steel materials in this study was taken as 0.3. The von-Mises yield criterion
and isotropic strain hardening rules were employed. Boundary conditions in the FE model were set in
accordance with the test set-up in Section 2.3. One brace end was fixed and all degrees of freedom at the
other brace end were restrained except for the brace axial displacement. The degrees of freedom at the two
chord ends were not restricted, and thus the chord ends were free to translate and rotate. The parameter
(*NLGEOM) was adopted to take into account the effect of geometric nonlinearity in FE analysis. The
axial compressive load in the braces was applied in increments of displacement by using the (*Static)
method in ABAQUS.

A comparison between the FE and test results was made to validate the adopted FE model. Fig. 5 shows
the comparison of the failure mode of chord face plastification. It is shown that the adopted FE model can
replicate the failure mode observed in tests. Figs. 6-7 show that the load-deformation curves obtained from
FE simulations and tests generally coincide with each other. The comparison of joint strengths was
summarised in Table 4. The numerical strengths (Ngg) are, in general, slightly lower than the obtained test
strengths (Ntest). The mean value of Nrp/Ntest ratio is 0.93 with corresponding coefficient of variation
(COV) of 0.057. It is therefore demonstrated that the developed FE model can produce reasonably accurate
prediction of the structural behaviour and static strength of fabricated RHS X-joints. The validated FE
model will be adopted for the subsequent FE simulations. It should be noted that all test specimens failed
by chord face plastification. The failure modes in this study are defined in line with the CIDECT design
guide [3] i.e. chord face plastification for the RHS X-joints with <0.85, chord side wall failure for f=1.0
and the combined failure modes for 0.85<f<1.0. These failure modes are mainly controlled by the chord
face indentation or chord side wall deformation, whichever governs the structural responses and static
strengths of the joints. It is noted that the chord side walls of test specimens also deformed significantly in
tests (see Fig. 7). Figs. 6-7 show that the load-chord face indentation curves and load-chord side wall
deformation curves predicted by the adopted FE models can agree well with those in tests. This
demonstrates that the developed FE models can capture the structural behaviours and deformations of the
RHS X-joints well, and therefore can also be used to predict other failure modes e.g. the chord side wall
failure in which the chord side wall deformation typically dominates the X-joint responses.

3.2. Effects of heat affected zones

The microstructures and material properties of heat affected zones (HAZ) resulted from the heat input
into base metals during welding could be different from those of base metals. The material properties of
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HAZ mainly depend on the steel material (e.g. TMCP or QT steel), heat input, welding type (e.g. GMAW
or laser welding) and cooling time [11]. Stroetmann et al. [23] found that the ultimate stresses (f,) of HAZ
in QT S690Q and S960Q steel as well as TMCP S500M steel are generally higher than those of base
metals except for the TMCP S700M steel, possibly because of optimised micro-alloying in TMCP steel
when compared with QT steel. Similar findings indicating that the strength reduction of direct quenching
(DQ) S960 steel is around 20% while that of QT S960 steel is insignificant were reported by Siltanen et al.
[24]. The results show that the strength reduction in HAZ of HSS could be larger for higher steel grades
and more pronounced for TMCP and DQ HSS when compared with QT HSS. Low heat input could
mitigate the strength reduction in HAZ or even lead to higher strengths in QT HSS while high heat input
may result in significant strength reduction in HAZ of HSS [25]. The strength reduction in the HAZ could
be significant for HSS if welding parameters are not properly controlled. It is therefore imperative to
provide suitable welding guidance for HSS, and related research is urgently needed.

It is necessary to investigate the effects of HAZ on the stiffness and static strength of the fabricated RHS
X-joints because the strength reduction of HAZ in HSS could occur in practice. FE simulations were
conducted on the RHS X-joints in ultra-high steel grade of S960 as summarised in Table 5 because the
strength reduction of HAZ for lower steel grades is relatively minor [23, 25]. The measured dimensions of
specimens X1, X3 and X6 in tests were adopted for numerical simulations. The geometric parameters of
specimens X1-1, X1-2 and X1-3 are the same as those of specimen X1, except for the brace width and
height or wall thickness of the brace and chord, and the dimensions of specimen X3-1 are identical to those
of specimen X3 except for the brace width and height. The developed FE model in Section 3.1 were
adopted to carry out the numerical analysis. Fig. 8 shows the HAZ in the analysed RHS X-joints using
S960 steel. The sizes and material properties of HAZ were determined in accordance with Lan et al. [11],
which are based on the test results of HAZ reported by Siltanen et al. [24] and Javidan et al. [25]. The
width of HAZ resulted from the heat input of fillet welds equals to #1+w+12 mm. The widths of HAZ due
to the chord butt welds at the tube corner were conservatively taken as #y in the chord faces and 15 mm for
the chord side walls considering the profile of butt welds (see Fig. 1). The notations of # and # refer to the
chord and brace wall thickness, respectively, and w is the fillet weld leg size. The HAZ was assumed to
cover the full tube wall thickness because of the relatively thin walls of the chord member. It should be
noted that the HAZ in the braces was not modelled because brace cross-section capacity was higher than
the static strength of analysed joints and brace failure did not occur. The reduction of yield stress (fy) and
ultimate stress (f,) in HAZ adjacent to the fillet welds and butt welds which is in red colour as shown in
Fig. 8 was taken as 20% and the strength reduction of HAZ far from the welds which is in blue (see Fig. 8)
equals to 10%. The ultimate strain at ultimate stress (e,) of HAZ near the welds (in red) was taken as 2.1
times of the ultimate strain of the base metal of S960 steel [25], and the elastic modulus (F) of HAZ was
taken as that of the base metal. The material properties of base metal of S960 steel in Ban and Shi [26] and
those of HAZ adopted herein are summarised in Table 6. The corresponding engineering stress-strain
curves adopted for the base metal and HAZ which were obtained from the multi-linear stress-strain curve
model proposed by Ban and Shi [26] are shown in Fig. 9 (b).

Fig. 10 shows the load-indentation curves of the S960 steel RHS X-joints without and with HAZ
obtained from FE analysis. It is shown that the effect of HAZ on the initial stiffness of the X-joints
investigated is insignificant. This is because the initial joint stiffness mainly depends on joint geometric
parameters and steel elastic modulus. However, the HAZ could lower the stiffness and static strength of the
X-joints when plastic deformation occurred at the brace-chord intersection due to the material strength
reduction in HAZ. Table 5 summarises the static strengths of analysed RHS X-joints without HAZ (Nu1)
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and with HAZ (Ny). It is shown that the reduction of static strength varies from 1 to 8% for the RHS
X-joints analysed with small or large f ratio (i.e. f=0.20, 0.79 and 1.00) and 2y ratio ranging from 10.0 to
50.0. However, the joint strength reduction is up to 15% for the RHS X-joints with medium £ ratio (i.e.
£=0.50) and 2y ratio ranging from 20.0 to 49.1. This is because the failure mode for the RHS X-joints with
large f ratio is chord side wall failure or a combination of chord face plastification and chord side wall
failure which mainly depends on the cross-section yielding or plate buckling of the chord side walls. The
effect of strength reduction of HAZ which is in the chord faces and at the tube corners (see Fig. 8) could
therefore be minor on the chord side wall failure which typically occurs in the middle of chord side walls.
However, the strength reduction of RHS X-joints with medium p ratio which failed by chord face
plastification is more pronounced. The chord face plastification typically involves the formation of yield
lines in the chord faces at the brace-chord intersection. The strength reduction of HAZ in the chord faces
could therefore lower the joint strength more significantly. It is noted that the strength reduction of RHS
X-joints with small § ratio (i.e. f=0.20) which failed by chord face plastification is less significant when
compared with that in the X-joints with medium f ratio (i.e. =0.50). This is because the increased yield
stress of high strength steel is increasingly under-utilised with decreasing S ratio in the RHS X-joints
failing by chord face plastification, and the stresses in the joints are mostly elastic which will be discussed
in Section 4.2.2. This therefore mitigates the strength reduction of the RHS X-joints with small f ratio
resulted from the material strength reduction in the HAZ. In addition, the membrane action develops when
the chord faces bend resulting in tensile chord axial stresses which can resist the compressive brace
loading. The membrane effect in the chord faces of the RHS X-joints with smaller £ ratio is more
significant.

The reduction of joint strength is less pronounced than the material strength reduction adopted. This
could be attributed to the redistribution of plastic stresses in HAZ to nearby base metals and the
under-utilisation of the improved yield stresses of HSS in the RHS X-joints failing by chord face
plastification which will be discussed in Section 4.2.2. It is also noteworthy that the material strength
reduction and sizes of HAZ adopted in the FE simulations for the S960 RHS X-joints are relatively large
and could be smaller if optimised welding parameters are employed which could lead to minor joint
strength reduction. Furthermore, the joint strength reduction could be less significant for the RHS X-joints
using QT HSS than that of the X-joints in TMCP or DQ HSS because of less pronounced material strength
reduction in HAZ of QT HSS [23-25]. The HAZ was therefore not explicitly modelled in the parametric
FE analysis described in Section 3.3. However, the joint strength reduction resulted from the HAZ was
considered by proposing conservative strength equations for the HSS RHS X-joints which will be
discussed in Section 5.

3.3. Parametric study

A parametric study on a total of 585 RHS X-joints in S460, S690 and S960 steel was conducted. For
each steel grade, 195 RHS X-joints were analysed including 99 specimens without chord preload and 96
specimens subjected to chord preload. For the RHS X-joints without chord preload, 11 series of specimens
were analysed as shown in Table 7, by varying the ratio (f) of brace width (1) to chord width (bo) from 0.3
to 1.0, the ratio () of brace height (/1) to chord width (bg) from 0.3 to 2.0, and aspect ratio ({) of chord
height (%) to chord width (bo) from 0.5 to 2.0. For each series, 9 values of wall thickness (i.e. 9.6, 10.7, 12,
13.7, 16, 19.2, 24, 32 and 48 mm) were employed for the brace and chord members and the ratio (2y) of
chord width (bo) to chord wall thickness (#y) varied from 10 to 50. The ratio () of brace wall thickness (#1)
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to chord wall thickness (#) and the angle between the brace and chord (8) were set to be 1.0 and 90°,
respectively. Among the 11 series of specimens without chord preload, 12 X-joint configurations with
p=rn=0.3, 0.5, 0.8, 1.0 and 2y=10, 25, 40 were selected to examine effects of chord preload ratio (7) which
is the ratio of the chord preload (X,) to the chord cross-section yield load (A4fy). Eight values of chord
preload ratio of -0.8, -0.6, -0.4, -0.2, 0.2, 0.4, 0.6 and 0.8 were investigated, and the negative and positive
values refer to compression and tension, respectively. The length of chord members (Lo) was set to be 6
and the brace length (L) was taken as bi+41. The welds at the brace-chord intersection on the chord faces
were modelled in accordance with the minimum requirements for butt welds specified in AWS
D1.1/D1.1M [20], and the reinforcement of the chord butt welds was not modelled, in order to provide
lower bound strength prediction for the RHS X-joints in practice. The investigated parameter ranges herein
are 0.3<p<1.0, 0.3<#<2.0, 0.5<{<2.0, 10<2y<50 and -0.8<n1=<0.8.

The material properties tabulated in Table 6 and engineering stress-strain curve models (see Fig. 9) of
S460, S690 and S960 steel proposed by Ban and Shi [26] were adopted for the parametric study. The FE
model developed in Section 3.1 were employed. Four layers of the solid element (C3D8R) through the
tube wall thickness of the brace and chord were adopted for the X-joints with 2y<20 while two layers of
the solid element was employed for the X-joints with 2y>20. A mesh convergence study was conducted
and it is found that mesh sizes of 20 mm for the brace and chord members and #/6 for the fillet welds are
suitable. For the RHS X-joints without chord preload, the two chord ends were free to translate and rotate
and all degrees of freedom at the two brace ends were restricted except for the brace axial displacement.
The axial compression in the braces was applied by means of displacement. For the RHS X-joints with
chord preload, all degrees of freedom at the brace and chord ends were restrained except for the axial
displacement. The chord preload was applied to the chord and thereafter the brace ends were loaded by
displacement. It should be noted that brace failure occurred in the analysed S460, S690 and S960 steel
specimens with bo=b1=240 mm, ho=h1=480 mm, f=t;=48 mm and without chord preload. Local buckling
of the chord member occurred in some specimens with 2y=40 and subjected to large chord preload. Those
specimens are joints with $=0.3, 0.5, 0.8 and n=-0.8 for S460 steel, =0.3, 0.5, 0.8, 1.0 and »=-0.8 for S690
steel, and $=0.3, 0.5, 0.8, 1.0 and n=-0.6, -0.8 for S960 steel. The FE results of these specimens which
failed by brace or chord member failure will be excluded in the subsequent analysis.

4. Evaluation of design rules for HSS RHS X-joints

4.1. Current design rules for RHS X-joints

Design rules for hot-finished and cold-formed normal strength steel RHS X-joints are stipulated in
design codes and guides e.g. EN 1993-1-8 [2] and the CIDECT design guide [3]. It is noted that the design
provisions specified in EN 1993-1-8 [2] for the RHS X-joints are in line with those in the 2nd edition of
ITW recommendations [27], which prescribes no reduction of joint strengths for tensile chord axial stresses
and takes the ultimate loads as the joint strengths. The 3rd edition of IIW recommendations [28] on which
the 2nd edition of the CIDECT design guide [3] is based updates the chord stress equation (Qr) to quantify
the detrimental effects of tensile and compressive chord axial stresses on the joint strength more accurately
and adopts the indentation limit of 3%bo. The background of the revised design rules for tubular joints
adopted by the 3rd edition of IIW recommendations [28] is elaborated in Wardenier et al. [29]. The design
rules for the RHS X-joints in the CIDECT design guide [3] are therefore evaluated in the following
subsection.
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The CIDECT design strength equations for the RHS X-joints with £<0.85 and under axial compression
in the braces which failed by chord face plastification are as follows:

fto
NCIDECT,Rd = Qqu,CIDECT ﬁ (1)
__ 2y 4
R _(1—ﬂ)sin9+\/1—7 @
Qicipeer =(@=[n )N ©)]

(4)

C= 0.6-0.54 forn<0
o1 forn>0

where Q, is the reference strength equation expressed as a function of brace depth to chord width ratio (),
the brace to chord width ratio (f) and the angle between the brace and chord (), f; is the steel yield stress,
to is the chord wall thickness, and Qrcipect is the chord stress equation which accounts for the effect of
chord longitudinal stresses, n is the chord preload ratio defined as the ratio of chord preload (%,) to the
chord cross-section yield load (f;4). Negative and positive values of » denote compressive and tensile
chord axial stresses, respectively. Fig. 11 shows the yield line model on which the CIDECT design strength
equations for the RHS X-joints failing by chord face plastification are based [30]. The joint strength can be
obtained by equating the external energy by the external force (Ncmrct) over a deflection (J) (see Fig.
11(a)) and the internal energy by the plastic hinges (No. 1 to 5 in Fig. 11(b)) with yield line lengths (/;) and
rotation angles (i) as follows:

. 1
ON¢ipecr SING = Z fytgz i, (%)

The obtained strength equations (Ncipect) which can generally produce a lower bound strength prediction
for the test joint strengths are taken as the characteristic strength equations and the CIDECT design
strength equations are derived from the characteristic strength equations divided by a safety factor (ym) of
1.0 [30], which will be further discussed in Section 5.4. It is noted that the deformation needed to produce
the yield line pattern in Fig. 11(b) may be too high for the normal strength steel RHS X-joints with small S
ratio, and thus the CIDECT design strength equations yield a lower safety margin for the joints when the
indentation limit of 3%b¢ is adopted [30]. The plastic hinges are assumed to reach the yield stresses
without considering strain hardening, and the effects of membrane action and weld size are not taken into
account. It should also be noted that the chord stress function (QrcmEect) is based on the numerical results
for the normal strength steel RHS X-joints obtained by Yu and reanalysis in the CIDECT programmes of
5BK and 5BU [29].

The CIDECT design strength equations for the RHS X-joints with f=1.0 and subjected to brace axial
compression which failed by chord side wall failure are as follows:

f t
NCIDECT,Rd = SikT((;bWQf'CIDECT (6)
b, =2 L +5t
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f,=0.8x f,sing (8)

where fy is the steel yield stress, #o is the chord wall thickness, 6 is the angle between the brace and chord,
h is the brace height, y is the reduction factor for column buckling according to e.g. the EN 1993-1-1 [31]
using the relevant buckling curve and normalised slenderness (1) determined from:

h ) [
t sing

A= 3.46(
\/E 9
< B
fy

where Ay is the chord height, E is the elastic modulus. It is noted that the design strength equations are
based on the stub column buckling model as illustrated in Fig. 12. The chord side wall is simplified as a
pinned-end stub column with thickness of # and height of /o-2#p. The column width is taken as /1/sinf+5¢
to take into account the load which is transferred from the brace height and an alternative load path to the
chord side walls through the chord faces. The column buckling stress (fx) can therefore be obtained from
the relevant buckling curves using the normalised slenderness (see Eq. (9)). The coefficient of 0.8 in Eq. (8)
is adopted to consider relatively lower ductility of the RHS X-joints which failed by chord side wall failure
i.e. a safety factor y=1.25 is incorporated in the design strength equation (Eq. (6)) [32, 33]. It should also
be noted that the CIDECT simplified analytical model could result in conservative strength prediction
because the chord side wall failure is essentially plate buckling instead of stub column buckling and thus
the codified column buckling curves may not be accurate to determine the buckling stresses of chord side
walls. The strain hardening and beneficial restraints of the chord faces and the brace member for the chord
side walls are also neglected. A linear interpolation between the strength prediction for chord face
plastification at £=0.85 and that for chord side wall failure at f=1.0 is adopted by the CIDECT design
guide [3] for the RHS X-joints with 0.85<f<1.0 which failed by combined chord face plastification and
chord side wall failure.

4.2. Assessment of the CIDECT design rules
4.2.1. General

The applicability of the current CIDECT design rules described in Section 4.1 for the fabricated HSS
RHS X-joints was evaluated against the results of the tests in Section 2 and numerical analysis in Section
3.3 in which the indentation limit of 3%b was adopted. To allow for objective and consistent comparison,
the CIDECT strength prediction (Ncmect) was obtained from the CIDECT design strength equations
multiplying by the implicit safety factors i.e. yn=1.0 for chord face plastification and y,=1.25 for chord
side wall failure as follows:

N N

cibecT = Vm'NcipecTRd (10)

Fig. 13 shows the comparison of CIDECT strength prediction (Ncipect) with numerical strengths
obtained in Section 3.3 (NVrg) and test strengths summarized in Table 4 (Ntest) for the fabricated RHS
X-joints without chord preload. Figs. 14-16 show the comparison of the joint strength reduction predicted
by Eq. (3) (Qrcipect) with that obtained from the conducted numerical simulations (Qrre) for the
fabricated RHS X-joints subjected to chord preload. It should be noted that the reduction of joint strength
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(Qr) is defined as the ratio of the static strength of a tubular joint to that of the same joint without chord
preload.

4.2.2. RHS X-joints without chord preload

This subsection examines the suitability of the current CIDECT design rules for the fabricated RHS
X-joints without chord preload (i.e. Qrcipbect=1.0). Fig. 13(a)-(c) shows that the comparison of the
CIDECT strength prediction (Ncipect) with the numerical strength (Nrg) of the fabricated RHS X-joints
(Series 1-8 in Table 7). It is shown that Ncmpect/NeE ratio generally increases with decreasing £ ratio and
with increasing 2y ratio and steel grade for the RHS X-joints with #<0.85. Such observations also coincide
with the test results as shown in Fig. 13(d). It should be noted that the corresponding CIDECT strength
equations are independent of 2y ratio for #<0.85. However, the test results summarised in Table 4 show that
the static strength of the RHS X-joints (X3-X6) decreases from 312 to 172 kN when 2y ratio increases
from 19.8 to 49.1 and therefore demonstrate the significant effect of 2y ratio. The Ncipect/Nrg ratio
generally increases with decreasing 2y ratio, and the effects of f ratio and steel grade on the Ncipect/Nre
ratio are minor for the RHS X-joints with 0.85<f<1.0. Table 8 summarizes the mean values and
coefficients of variation (COV) of the Ncipect/Nrg ratio for the analysed RHS X-joints without chord
preload. The mean values of Ncipect/Nre ratio for 0.3<6<0.85, 0.85<f<1.0 and f=1.0 are 1.23, 0.68 and
0.52 with corresponding COV of 0.333, 0.154 and 0.525. It is shown that the CIDECT strength prediction
is generally unconservative and scattered for the RHS X-joints with 0.3<6<0.85 and large 2y ratio, and
becomes conservative for 0.85<4<1.0. However, the CIDECT strength prediction is unduly conservative
and scattered for f=1.0.

Fig. 17 illustrates representative load-indentation curves of the fabricated RHS X-joints without chord
preload. The applied load in the braces is mainly resisted by the bending action of the chord faces of the
RHS X-joints with $<0.85. The corresponding joint strength is generally determined by the load at the
indentation limit of 3%b, instead of the peak load (i.e. deformation-controlled) as shown in Fig. 17(a)-(c).
The deformation of the RHS X-joints using the same steel depends on the joint axial stiffness which
increases with increasing S ratio and with decreasing 2y ratio [34]. The RHS X-joints with larger £ ratio
and lower 2y ratio have larger joint stiffness and could be subjected to larger brace loadings and thus
higher stresses before the violation of the indentation limit. It is also noted that the yield line model on
which the CIDECT strength equations are based assumes that the stresses in the plastic hinges could reach
the yield stress (fy) as discussed in Section 4.1. The increased yield stress of high strength steel could
therefore be utilised more effectively in the RHS X-joints with larger £ ratio and lower 2y ratio and thus
the corresponding CIDECT strength prediction is generally more accurate and consistent. Fig. 17(a)-(b)
shows that relatively large inelastic deformation occurs in the S460 RHS X-joints with low and medium /S
ratios (i.e. 0.3 and 0.5) at the indentation limit of 3%bo while the deformation of the same joints in S690
and S960 steel is largely elastic. Fig. 18 illustrates typical yielding patterns of RHS X-joints with £=0.5
and 2y=25 at the determined joint strengths, and the highly strained areas on the chord faces (in red and
green colours) almost became plastic. It is shown that the plastic hinges assumed in the yield line model
(see Fig. 11(b)) are in the process of developing at the indentation limit for the S460 RHS X-joints.
However, the same RHS X-joints in S690 and S960 steel are largely in elastic and the plastic hinges could
not be effectively developed. Therefore, the corresponding CIDECT strength prediction becomes
increasingly unconservative with increasing steel grade for the RHS X-joints (see Fig. 13). The
deformation at the indentation limit becomes largely inelastic for the S460, S690 and S960 RHS X-joints
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with large £ ratio (i.e. 0.8) and the loads at the indentation limit are close to the peak loads as shown in Fig.
17(c). This indicates that the indentation limit is generally not a governing factor limiting the joint
strengths, and the yield lines could be developed. The corresponding CIDECT strength prediction is thus
relatively accurate (see Fig. 13).

In contrast, the axial compression in the braces of the fabricated RHS X-joints with S ratio approaching
or equal to 1.0 is mainly resisted by the chord side walls between the two braces instead of the bending
action of the chord faces. The corresponding joint strength is generally determined by the peak load which
is controlled by the cross-section yielding or buckling of the chord side walls. Fig. 17(d) shows that the
static strengths of the S460, S690 and S960 RHS X-joints with f=1.0 are determined by the peak loads (i.e.
strength-controlled), and the improved yield stresses of high strength steel can thus be utilised effectively.
However, Fig. 13(a)-(c) shows that the corresponding CIDECT strength prediction is unduly conservative
and scattered and becomes increasingly conservative with increasing chord side wall slenderness
(ho/to=bo/ty=2y for the SHS X-joints). This is mainly because the chord side wall failure is essentially plate
buckling instead of stub column buckling, and the strain hardening and beneficial restraints of the chord
faces and the brace member for the chord side walls are neglected as discussed in Section 4.1. This also
results in the conservative and scattered CIDECT strength prediction for the S460, S690 and S960 RHS
X-joints with 0.85<f<1.0 (see Fig. 13(a)-(c)) because of the adopted linear interpolation approach
described in Section 4.1.

4.2.3. RHS X-joints with chord preload

This subsection assesses the suitability of the CIDECT chord stress equation (Eq. (3)) for the fabricated
RHS X-joints under chord preload. Table 9 summarizes the mean values and COV of the ratio
(Qrcmect/Orre) of joint strength reduction predicted by the CIDECT chord stress equation (Eq. (3))
(QrcmEect) to that obtained in numerical analysis (Qrre) for the RHS X-joints. The mean values of
Orcipect/Qxre ratio for steel grades S460, S690 and S960 are 0.96, 0.94 and 0.93 with corresponding COV
0f 0.099, 0.099 and 0.112. The comparison of Qrcmect wWith Qrre for the RHS X-joints is also illustrated in
Figs. 14-16. The CIDECT prediction of joint strength reduction (Qrcipect) is generally conservative and
relatively scattered.

Figs. 14-16 show that the effect of chord preload ratio (n) depends on f and 2y ratios. For the RHS
X-joints with small to medium f ratios (e.g. =0.3, 0.5 and 0.8), the membrane action develops when the
chord faces bend resulting in tensile chord axial stresses which can resist the compressive brace loading
and thus enhance the joint strength. Enhancement of the joint strength (i.e. Qrre>1.0) is, therefore,
observed in Figs. 14-16 for tensile chord preload while the compressive chord preload generally reduces
the joint strength (i.e. Qrre<1.0). For the RHS X-joints with large S ratio (e.g. f=1.0), the brace loading is
mainly resisted by the chord side walls between the two braces. The effect of compressive chord preload
on the joint strength is less pronounced while the tensile chord preload lowers the joint strength. This is
because a combination of compressive stresses in perpendicular directions results in a higher yield stress
than a combination of compressive and tensile stresses according to the von Mises yield criterion [11]. The
value of Qrre generally decreases with increasing 2y ratio when n<0 and with decreasing of 2y ratio when
n>0.

5. Proposed design rules for HSS RHS X-joints

M-13/24



545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567

568
569
570
571
572
573
574
575
576
ST7
578
579

5.1. Chord face plastification

The strength equations for fabricated HSS RHS X-joints which failed by chord face plastification were
proposed by modifying the CIDECT strength equations. The analysis described in Section 4.2.2 shows that
in general the improved yield stress of HSS could not be fully utilised for the RHS X-joints with small S
ratio and large 2y ratio which failed by chord face plastification mainly due to the adopted indentation limit.
The corresponding CIDECT strength prediction is therefore generally unconservative and scattered. It is
noted that the CIDECT ranges of S and 2y ratios are (0.1+0.02y)<f<0.85 with a minimum £ value of 0.25
and 2y<40, and the cross-section should be class 1 or 2 for the chord members under compression to avoid
local buckling of the chord. It is suggested to limit the ranges of § and 2y ratios to allow for more effective
use of HSS in the RHS X-joints. The recommended ranges of £ and 2y ratios are 0.4<$<0.85 and 2y<60p-1,
and the cross-section of chord members should be class 1 or 2 when the chord is under compression. The
2y ratio is tightened for small f ratio e.g. 2y<23 when $=0.4, but is extended for large S ratio e.g. 2y<50
when $=0.85. It should be noted that such suggestions are based on the observation that the CIDECT
strength predictions are unduly unconservative for the RHS X-joints with § and 2y beyond the suggested
limits as shown in Fig. 13. The recommended parameter ranges can allow for more effective use of the
increased yield stress of high strength steel in the RHS X-joints.

The CIDECT strength prediction (Ncipect) is generally unconservative for the RHS X-joints without
chord preload and the joint strength reduction predicted by Eq. (3) (Qrcipect) is conservative and scattered
for the RHS X-joints subjected to chord preload when £ and 2y ratios are within the proposed limits (see
Figs. 13-16). Regression analysis of numerical results obtained in this study was carried out to propose
strength equations for the RHS X-joints using steel grades ranging from S460 to S960 which failed by
chord face plastification as follows:

fto
NProposed = QyQu Qf,Proposed W (1 1)
Q =-62f /E+1.1 (12)
Qf,Proposed = (1_ | n |)Cl (13)

(14)

1

_|0.50-0.454 for n<0
~10.15 forn>0

where Qy is the proposed reduction factor which accounts for the under-utilisation of the improved yield
stresses of HSS, Q. is the reference strength equation (see Eq. (2)), Ofproposed 1S the proposed chord stress
equation, fy is the steel yield stress, # is the chord wall thickness, € is the angle between the brace and
chord, E is the elastic modulus, » is the chord preload ratio and f is the brace to chord width ratio. The
proposed reduction factors for S460, S690 and S960 steel calculated from Eq. (12) using material
properties summarised in Table 6 are 0.96, 0.89 and 0.81, respectively. It should be noted that the proposed
reduction factors of joint strength (Qy) could be conservative for the RHS X-joints with large /8 ratio and
small 2y ratio (see Fig. 13).

The joint strengths calculated from the proposed strength equations (NVproposed) Were compared with the
test strengths (Nrest) and numerical strengths (Nrg) for the RHS X-joints without chord preload. The mean
values of the Nproposed/NTest and Nproposed/ NFE Tatios summarised in Tables 4 and 8 are 0.60 and 0.85 with
corresponding COV of 0.143 and 0.134 for the RHS X-joints with £ and 2y ratios which are within the
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suggested limits. It is shown that the proposed strength equation (Eq. (11)) can produce somewhat
conservative and less scattered strength prediction for the RHS X-joints. The conservative strength
equations were proposed to consider the joint strength reduction resulted from the HAZ which could be up
to 15% for the RHS X-joints failing by chord face plastification as discussed in Section 3.2. It is noted that
the proposed strength prediction becomes more conservative when compared with the test strengths. This
is because butt welds with reinforcements were employed for the fabrication of steel tubes and fillet welds
were adopted to assemble the brace and chord into the test specimens. However, the finite element model
adopted in Section 3.3 excluded the modelling of the reinforcements of the butt welds at the tube corners
and the welds connecting the brace and chord were modelled in accordance with the minimum
requirements for butt welds specified in AWS D1.1/D1.1M [20], in order to provide lower bound strength
prediction for the RHS X-joints in practice. Furthermore, the parameter range of § ratio investigated in the
tests is relatively narrow i.e. 0.50<4<0.79.

Figs. 14-16 show the curves of the proposed chord stress equation (Eq. (13)). It is shown that the joint
strength reduction predicted by Eq. (13) (Otproposed) 1S more accurate than that obtained from the CIDECT
chord stress equation (Eq. (3)) (Qrcmect) when compared with the FE results (Qgrg). Table 9 shows that
the mean values of the Orproposed/OsrE ratio for steel grades S460, S690 and S960 are 0.97, 0.96 and 0.95
with corresponding COV of 0.067, 0.069 and 0.084. It is shown that the proposed chord stress equation is
reasonably accurate and slightly conservative. It should be noted that conservative strength equations (Egs.
(11-14)) were proposed for the HSS RHS X-joints in order to consider the joint strength reduction resulted
from the HAZ as discussed in Section 3.2. The RHS X-joints with #n=-0.8 were not included in the
statistical analysis for the QOrcmect/QOrre and QOtproposed/ OsFE ratios in Table 9 as such data points may
exhibit large errors in percentage terms, in accordance with Lan et al. [11], and those with 2y=40 and n<0
were also excluded because the majority of RHS X-joints with 2y=40 and large compressive chord preload
(e.g. n=-0.8) failed by local buckling of the chord. Additionally, the RHS X-joints with <0.4 and 2y ratio
beyond the suggested limit were not included in the statistical analysis for the Otproposed/ OfFE ratios.

5.2. Chord side wall failure

The analysis described in Section 4.2.2 shows that the CIDECT analytical model could result in unduly
conservative and scattered strength prediction for the RHS X-joints with f=1.0 which failed by chord side
wall failure. This is mainly because the chord side wall failure which is essentially plate buckling is
assumed as stub column buckling, and the beneficial effects of strain hardening and restraints of the chord
faces and the brace for the chord side walls are not taken into account. In order to overcome the inherent
drawbacks of the CIDECT analytical model, a theoretical model of plate buckling which could consider
the beneficial restraints was proposed. The deformation-based continuous strength method (CSM)
originally developed for designing non-slender stainless steel cross-sections by Gardner and Nethercot [35]
was also adopted to exploit the beneficial effect of strain hardening in the non-slender chord side walls.

Fig. 19 shows the proposed analytical model for chord side wall failure in RHS X-joints. The chord side
wall is idealised as a plate under localised stresses (p) from the braces over the intersecting width of //sind
and with plate length of Lo, height of /¢ and thickness of #. The restraints of the chord faces and the braces
for the chord side walls are stronger than those of pinned-end boundary condition but weaker than those of
fixed edges. It is worth noting that Becque and Cheng [36] proposed an analytical model of plate buckling
to obtain the elastic buckling stresses (for) for equal-width normal strength steel RHS X-joints with =1.0
and 6=90° as follows:
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f 12(1-v?) hh,

erecque = 1-346 (15)
where E is the elastic modulus, v is the Poisson’s ratio taken as 0.3 in this study, # is the chord wall
thickness, 4o is the chord height, 4 is the brace height. It is noted that the chord side walls are assumed to
be hinged along the longitudinal edges and made of a linear elastic material without considering the strain
hardening effect in the analytical model [36]. The codified column buckling curves were adopted to derive
the buckling loads of the chord side walls using a modified imperfection factor of 0.08.

In order to obtain the elastic buckling loads (V) of the chord side walls which incorporate the restraint
effects of the chord faces and the braces, elastic eigenvalue analysis on the RHS X-joints listed in Table 10
was conducted using the finite element model developed in Section 3.1. The corresponding elastic

buckling stress (fer) was determined by:

N

cr

fo_ Mo
“ 2th/sing (16)

Regression analysis of the obtained numerical elastic buckling stresses (fo.re) summarised in Table 10 was
conducted to derive the expression for the £ as follows:

) 1.96 0.66
o =32 | . o
cr,Proposed ' 12(1_ VZ) he hl/sin 0

where 7 is the chord wall thickness, /o is chord height and 4. is the effective buckling length which is
taken as ho-2¢o for the fabricated RHS X-joints and Ao for cold-formed and hot-finished steel RHS X-joints
to consider the shape effect of chord corners (sharp or round). It is noted that full weld penetration at the

junction between the chord side wall and the brace could be difficult to achieve in practice because of the
chord round corners in cold-formed and hot-finished steel RHS X-joints [36]. Therefore, the corresponding
restraints of the brace for the chord side walls could be weaker resulting in lower elastic buckling stresses,
and this is taken into account by suggesting the larger value of 4. (i.e. /o) for the cold-formed and
hot-finished steel RHS X-joints. Table 10 shows the comparison of numerical elastic buckling stresses
(ferre) With the calculated elastic buckling stresses (ferBecque and ferProposed). The mean values of ferBecque/fer,FE
and ferproposed/for,FE ratios are 0.34 and 1.00 respectively with corresponding COV of 0.123 and 0.032. It is
shown that the assumed pinned-edge boundary condition adopted by Becque and Cheng [36] could result
in unduly conservative and relatively scattered prediction of the elastic buckling stress for the chord side
walls. However, the proposed equation (see Eq. (17)) can provide more accurate and consistent prediction.

The continuous strength method (CSM) was adopted to exploit the beneficial effect of strain hardening
for chord side wall failure in RHS X-joints. The numerical results of the fabricated RHS X-joints obtained
in Section 3.3 and test results collated from the literature as summarised in Table 11 were used to develop
the CSM. The test results include those of RHS X-joints using hot-finished and cold-formed carbon steel
[16, 37, 38] and cold-formed stainless steel [39]. It is noted that the base curves and elastic, linear
hardening material models are the two key components of the CSM originally developed for designing
non-slender stainless steel cross-sections [35], and the CSM has also been extended for the design of
non-slender and slender high strength steel tubular sections by Lan et al. [40, 41]. The base curves relate
the cross-section deformation capacity to overall cross-section slenderness to consider the element
interaction within the cross-section. The overall cross-section slenderness (4,) of chord side walls in this
study is defined as follows:
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where f; is the steel yield stress and f. is the elastic buckling stress of the chord side walls. Fig. 20 plots the
joint strength (MN,) normalised by the yield load (Ny=2fhfy) of the chord side walls obtained from
numerical simulations in Section 3.3 and tests in the literature against the overall cross-section slenderness
(4p) calculated from Egs. (17-18). It is shown that the limiting overall cross-section slenderness (4)
delineating the transition between non-slender and slender chord side walls approximately equals to 0.68
for the RHS X-joints, which is the same as that for HSS SHS and RHS [40]. The maximum attainable
strain (&csm) in the chord side walls of the analysed fabricated RHS X-joints is defined as:

o /h
gﬁ:ﬁ for 2,<0.68 (19)
EY &‘y
fam _ Ny for 4 >0.68
—_— = > U.
& N, g (20)

where ¢y is the yield strain which equals to f,/E, dy is the chord crown indentation at the ultimate load but
not greater than the indentation limit of 3%bo, Ao is the chord height, 4, is the overall cross-section
slenderness, MV, is the joint strength, Ny is the yield load of the chord side walls which equals to 2#/fy. It
should be noted that the maximum attainable strain should be taken as ecsm=0u/h0-0.002 for steel materials
with a round material response (e.g. stainless steel) and ecsm=duw/ho for those with a sharply defined yield
point (e.g. normal strength steel) to be compatible with the adopted CSM material models [40]. Regression
analysis of the numerical results obtained in Section 3.3 was conducted to derive the base curves for the
RHS X-joints. Fig. 21 shows the proposed base curves for non-slender and slender chord side walls as

follows:
fom 090 _inl 95 &8 | for 4 <068 @1
Ey ADA é‘y
Eeem 022 1
y P p

It is noted that two upper limits (15&y and Ciey) were imposed to the CSM limiting strain (ecsm) (see Eq.
(21)) to avoid excessive plastic strain and material fracture for non-slender cross-sections [40]. An upper
limit of 1.78 was placed upon the base curves for slender chord side walls as the numerical data have not
been examined beyond the upper limit.

The CSM elastic, linear hardening material models adopted by Lan et al. [40] were also employed in this
study to obtain the CSM limiting stress (fesm) for the chord side wall failure in the RHS X-joints. For steel
materials with round material responses, the CSM bi-linear material model (see Fig. 22(a)) was adopted as
follows:

Eem for e, <&,
fcsm =

f, +Eg (gcsm - gy) for e, > ¢,

m =

(23)
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where Ejy, is the strain hardening modulus, C; is the coefficient defining the strain hardening slope, and &,
is the ultimate strain at ultimate stress which may be determined by:

£,=C;(1-f,/f,)+C, (25)

The values of Ci, C;, C3 and C;4 reported by Buchanan et al. [42] for various steel materials were adopted
herein. The CSM tri-linear material model i.e. the first three stages of the quad-linear stress-strain curve
model for hot-rolled steel proposed by Yun and Gardner [43] (see Fig. 22(b)) was employed for steel with a
sharply defined yield point as follows:

Ee fore<e,
fon=1f fore, <e<eg, (26)

f,+Eq(6—&y) fore, <e<Cp,

&, +0.25(¢, — &)

C, - @)
f
£, = o.1f—y ~0.055 but0.015<¢, <0.03 (28)
f
g, = 0.6[1— f—yj but &, > 0.06 (29)
f—f
— (30)

E oo v v
o 04(¢, —&4)

where C| is the material coefficient and e, is the strain-hardening strain.
The static strength of the chord side wall failure in the equal-width RHS X-joints under brace axial

compression (Nproposed) can be determined from:

fcsmt
NProposed = . (Zhl + aitO)Qf,Proposed for /IP < 068 (31)
sing
Eesm f tO
Proposed = gy SI:] 9 (2hl + a2t0 )Qf,Proposed for 068 < ;l’p S178 (32)

where the terms of a7 and axto are employed to consider the load transferred from an alternative load path
to the chord side walls through the chord faces, and Qsproposed i the proposed chord stress function (see Eq.
(13)). Regression analysis of the numerical and test results using the proposed base curves (Egs. (21-22))
and the adopted CSM material models was conducted to derive the coefficients of a1 and a,. It is suggested
that a1=a,=8 for the fabricated RHS X-joints with sharp chord corners, and ;=6 and a,=0 for the
hot-finished and cold-formed RHS X-joints with round chord corners. It is noted the validity range of the
design rules for the RHS X-joints specified in the CIDECT design guide [3] is 2y<40 and the proposed
design method is applicable for 2y ratio up to 50.

Table 8 shows that the mean value of the Nproposed/NrE ratio for the fabricated equal-width RHS X-joints
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with £=1.0 is 0.92 with corresponding COV of 0.076. It is shown that the proposed design method herein
can produce slightly conservative and consistent strength prediction for the fabricated RHS X-joints. The
conservative strength equations were proposed to consider the joint strength reduction resulted from the
HAZ which could be up to 8% for the RHS X-joints failing by chord side wall failure as discussed in
Section 3.2. The joint strengths obtained from the CIDECT design guide [3] (Ncipect) and those
determined from Becque and Cheng [36] (VBecque) and the proposed design method herein (Nproposed) Were
also compared with the test strengths in the literature (Nrest) as shown in Table 11. It should be noted that
the values of ultimate stresses (fi) which were not reported in Packer et al. [37] were taken as 1.1f; in
accordance with the minimum ductility requirements stipulated in EN 1993-1-1 [31] (i.e. fu/fy>1.10) and
the elastic modulus (E£) was taken as 210 GPa [31] for the specimens tested by Packer et al. [37] and Cheng
and Becque [38]. It is also noted that the design method proposed by Becque and Cheng [36] is only
applicable for the RHS X-joints with 4=90°, and thus the RHS X-joints with #<90° were not included for
the analysis of the Npecque/Ntest ratio in Table 11. The mean values of the NcorcT/Nrest, NBecque/ NTest and
Nproposed/ NTest 1atios for the cold-formed and hot-finished steel RHS X-joints are 0.46, 0.60 and 0.99 with
corresponding COV of 0.417, 0.253 and 0.075. The strength predictions of the CIDECT design guide [3]
and Becque and Cheng [36] are conservative and scattered while the proposed design method is shown to
be also applicable for the cold-formed and hot-finished steel RHS X-joints. Fig. 23 further illustrates the
comparison of numerical and test joints strengths (V) with the predicted strengths (Nypred). It is shown that
the strength predictions of the CIDECT design guide [3] and Becque and Cheng [36] are unduly and
increasingly conservative with increasing chord side wall slenderness except for some X-joints with small
chord side wall slenderness. However, the proposed design method can produce slightly conservative and
consistent strength prediction. It should be noted that the proposed design method may also be applicable
for other RHS tubular joints failing by chord side wall failure (e.g. RHS T- and Y-joints) and RHS
members which failed by web crippling. It may provide a unified design framework for these tubular joints
and tubular members using various steel materials e.g. normal and high strength carbon steel, stainless
steel and aluminium alloys. Related research work is currently underway.

5.3. Combined failure modes

The analysis in Section 4.2.2 shows that the CIDECT strength prediction is generally conservative and
scattered for the RHS X-joints with 0.85<6<1.0 which failed by combined chord face plastification and
chord side wall failure. This is because the CIDECT strength predictions at f=0.85 and f=1.0 are
conservative and scattered, and a linear interpolation approach is adopted by the CIDECT design guide [3]
for the RHS X-joints with 0.85<f<1.0. The proposed strength equations for the RHS X-joints with <0.85
(Eq. (11)) and those with p=1.0 (Egs. (31-32)) can provide more accurate and consistent strength
predictions, and therefore the linear interpolation approach using the proposed strength equations at 5=0.85
and f=1.0 is also suggested for the RHS X-joints with 0.85<4<1.0. Table 8 shows that the adopted linear
interpolation approach can produce slightly conservative and consistent strength prediction with a mean
value of Nproposed/NVrE Tratio of 0.91 and corresponding COV of 0.072. Therefore, the linear interpolation
approach is also applicable for the fabricated RHS X-joints. It should be noted that validity ranges of the
proposed design approach are 0.85<6<1.0 and 2y<50.

5.4. Determination of design strengths
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The 3rd edition of [TW recommendations [28] on which the current CIDECT design guide [3] is based
adopts a two-step procedure to obtain the design strength i.e. firstly converts the mean strength to the
characteristic strength, and then derives the design strength from the characteristic strength divided by a
safety factor. The regression analysis of test or numerical data for the reference strength equation (Qu) and
the chord stress equation (Qr) leads to the mean strength equations. The mean strength equation can be
converted to the characteristic strength equation by considering fabrication tolerances, mean values and
scatter of test or numerical data and a correction of steel yield stress [11, 32]. The design strength equation
can be derived from the characteristic strength equation divided by a safety factor. It is noted that the
CIDECT analytical models for the RHS X-joints which failed by chord face plastification and chord side
wall failure can produce lower bound strength predictions for test strengths of normal strength steel RHS
X-joints [32]. The analytical equations derived from the theoretical models are therefore taken as the
characteristic strength equations in the [IW recommendations [28] and the CIDECT design guide [3]. The
safety factors (ym) adopted by the CIDECT design guide [3] are 1.0 for chord face plastification and 1.25
for chord side wall failure (see Table C.1 in ISO 14346 [33]). This is because the RHS X-joints which
failed by chord face plastification in tests have demonstrated sufficient ductility and the adopted analytical
model can give a lower bound strength prediction. However, the RHS X-joints failing by chord side wall
failure have relatively lower ductility and less plasticity, and thus a safety factor of 1.25 was employed by
incorporating the coefficient of 0.8 in the buckling stress equation (see Eq. (8)) [32]. It should be noted that
the approach adopted by the IIW recommendations [28] differs from that used by current design codes e.g.
Eurocode EN 1990 [44] and ASCE Standard [45] which derive the design strength equation directly from
the nominal strength equation divided by a partial factor. The nominal strength equation is generally
obtained from theoretical analysis and regression analysis of test and numerical results.

The procedure adopted by the IIW recommendations [28] was employed herein to derive the design
strength equations. It is noted that the proposed strength equations (see Eq. (11) and Egs. (31-32)) for RHS
X-joints are based on the analytical models which can provide reasonably accurate and consistent lower
bound strength predictions when compared with the test strengths (see Table 4) and numerical strengths
(see Tables 8-9). Eq. (11) and Egs. (31-32) can therefore be adopted as the characteristic strength equations
for the RHS X-joints which failed by chord face plastification and chord side wall failure respectively. The
tests conducted in this study have demonstrated that the deformation capacity and ductility of the test
specimens which failed by chord face plastification are sufficient (see Figs. 6-7). Fig. 17(d) shows that the
load drops significantly after the peak load which therefore indicates the lower ductility of the RHS
X-joints failing by chord side wall failure. Safety factors of 1.0 and 1.25 are thus suggested for chord face
plastification and chord side wall failure respectively to derive the corresponding design strength equations,
in line with the recommendations of the IITW recommendations [28]. The design strengths of the combined
failure modes can be obtained from the linear interpolation approach using the derived design strength
equations at =0.85 and f=1.0.

It should be noted that the range of 2y ratio is suggested to be tightened for the fabricated RHS X-joints
with small f§ ratio which failed by chord face plastification to allow for more effective use of HSS.
Reinforcements such as internal ring stiffeners [46, 47], external stiffeners [48] and grouting concrete [49,
50] can be employed for the RHS X-joints with small £ ratio and large 2y ratio to enhance the joint
stiffness and thus to utilise the HSS more effectively. Investigations on the HSS reinforced tubular joints
are needed.

6. Conclusions
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The structural behaviour and static strength of fabricated RHS X-joints using steel grades ranging from

S460 to S960 and under axial compression in the braces were investigated through tests and numerical

analysis. Eight RHS X-joints which were composed of fabricated steel tubes with a measured yield stress

of 907 MPa were tested, and totally 599 numerical simulations on the RHS X-joints were conducted. The

investigated failure modes are chord face plastification, chord side wall failure and a combination of these

two failure modes. The effects of heat affected zones (HAZ) and suitability of the strength equations

adopted by the CIDECT design guide for the RHS X-joints were examined. Influences of the steel grade,
brace to chord width ratio (#), chord width to wall thickness ratio (2y) and chord preload on the

applicability of the CIDECT strength equations for the RHS X-joints were also assessed. Design rules were

proposed for RHS X-joints. The conclusions are summarized as follows:

1)

)

©)

(4)

()

(6)

()

(8)

The test specimens failed by chord face plastification. The corresponding chord face indentation and
chord side deformation could reach at least two times of the CIDECT indentation limit of 3% of chord
width, and brittle failure was not observed at large deformations. The deformation capacity when
compared with the CIDECT indentation limit and ductility of the test specimens could be considered
as reasonably sufficient.

The effect of material strength reduction in HAZ on the initial stiffness of the RHS X-joints is minor.
However, the effect can be more significant for the joint strength. The joint strength reduction resulted
from the HAZ can be more pronounced for the RHS X-joints with medium £ ratio than those with
small or large f ratio.

The CIDECT strength prediction is, in general, increasingly unconservative with increasing steel grade
and 2y ratio and with decreasing S ratio for the RHS X-joints failing by chord face plastification.
However, it is conservative for the combined failure modes, and becomes increasingly conservative
with increasing chord side wall slenderness for chord side wall failure. The CIDECT prediction of
joint strength reduction resulted from the chord preload is relatively conservative.

High strength steel generally cannot be fully utilised for the RHS X-joints with small f ratio and large
2y ratio failing by chord face plastification mainly due to the adopted indentation limit. The CIDECT
strength prediction for the combined failure modes and chord side wall failure is conservative because
the chord side wall failure is assumed as column buckling and the beneficial effects of strain hardening
and restraints of the brace and chord faces for the chord side walls are neglected.

The suggested ranges of § and 2y ratios are 0.4<4<0.85 and 2y<604-1 for the RHS X-joints failing by
chord face plastification to allow for more effective use of high strength steel, and corresponding
accurate and slightly conservative strength equations were proposed.

An analytical model of plate buckling was proposed and the deformation-based continuous strength
method was adopted for designing chord side wall failure in the RHS X-joints with f=1.0 and 2y up to
50. The proposed design method is also applicable for designing chord side wall failure in equal-width
RHS X-joints using cold-formed and hot-finished carbon steel and cold-formed stainless steel.

A linear interpolation approach using the proposed strength equations at f=0.85 and f=1.0 is suggested
for the RHS X-joints with 0.85<4<1.0 and 2y<50 which failed by a combination of chord face
plastification and chord side wall failure.

The proposed strength equations can produce more accurate and consistent strength prediction than the
current CIDECT design rules, and were converted to design strength equations for designing high
strength steel RHS X-joints.
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Table 1

Measured dimensions of fabricated high strength steel RHS X-joint specimens.

Specimen bo (mm) ho (mm) Lo (mm) b1 (mm) h1 (mm) L1 (mm) bw (mm) hw (mm) w (mm)
X1 122.0 122.9 718 96.5 98.3 276 14.6 15 7.7
X1# 122.2 122.3 719 96.3 96.1 279 14.7 19 7.4
X2 123.0 123.1 719 80.9 81.7 233 14.3 2.0 7.8
X3 122.1 123.3 718 61.3 62.3 171 15.1 18 8.2
X3# 121.7 122.8 719 61.5 62.8 172 13.7 2.2 8.7
X4 181.9 182.4 1080 91.1 92.0 260 15.3 1.9 7.1
X5 240.3 242.5 1441 120.4 121.4 351 16.0 2.2 7.2
X6 301.7 301.7 1801 151.3 151.6 439 15.3 1.7 6.7

Note: # denotes repeated tests.
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Table 2

Chemical compositions of high strength steel obtained from the mill certificate.

Composition C Si Mn P S Cr Mo B Cu CEV

Weight (%)  0.17 0.24 1.04 0.008 0.001 0.443 0.576 0.0015 0.01 0.56

Note: Carbon equivalent value, CEV = C + Mn/6 + (Cr + Mo + V)/5 + (Ni + Cu)/15.
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Table 3

Measured material properties of high strength steel used in tests.

Specimen E (GPa) fo (MPa) fy (MPa) fu (MPa) eu (%) et (%)
F1 207.4 602.4 904.5 1012.9 5.7 15.9
F2 206.7 600.0 910.2 1019.6 45 15.1
Mean 207.1 601.2 907.4 1016.2 5.1 15.5
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Table 4

Test results of fabricated RHS X-joint specimens.

Specimen n 2y 3%Dbo (mm)  Nrest (KN)  Nre (KN) Ncipect (KN)  Nre/NTest  NcipecT/NTest  Nproposed/NTest
X1 0.79 0.81 19.9 3.66 891 828 563 0.93 0.63 0.52
X1# 0.79 0.79 19.9 3.67 882 803 551 0.91 0.62 0.51
X2 0.66 0.66 20.1 3.69 541 512 366 0.95 0.68 0.56
X3 0.50 0.51 20.0 3.66 312 302 262 0.97 0.84 0.69
X3# 0.51 0.52 19.8 3.65 311 319 266 1.02 0.85 0.71
X4 0.50 0.51 29.6 5.46 256 216 264 0.84 1.03 -

X5 0.50 0.51 39.1 7.21 199 177 264 0.89 1.33 -

X6 0.50 0.50 49.1 9.05 172 161 264 0.93 1.53 -
Mean 0.93 0.94 0.60
cov 0.057 0.358 0.143

T-4/11



Table 5

Effects of heat affected zones on fabricated RHS X-joints in S960 steel.

FE specimen  bo (mm)  ho(mm)  to (mm) bi (mm) hi(mm) t(mm) g 2y Nuz (kN)  Nuz (kN)  Nuz/Nu
X1 122.0 122.9 6.14 96.5 98.3 6.14 0.79 19.9 825 794 0.96
X1-1 122.0 122.9 6.14 122.0 122.9 6.14 1.00 19.9 1704 1566 0.92
X1-2 122.0 122.9 2.44 122.0 122.9 244 1.00 50.0 272 269 0.99
X1-3 122.0 122.9 12.20 122.0 122.9 12.20 1.00 10.0 4383 4094 0.93
X3 122.1 123.3 6.14 61.3 62.3 6.14 0.50 20.0 303 261 0.86
X3-1 122.1 123.3 6.14 24.4 24.7 6.14 0.20 20.0 105 96 0.92
X6 301.7 301.7 6.14 151.3 151.6 6.14 0.50 49.1 161 136 0.85

Note: Nur and N2 represent the joint strengths without and with HAZ, respectively.
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Table 6
Material properties adopted for high strength steel.

Steel grade E (GPa) fy (MPa) fu (MPa) &sh (%) eu (%)
S460 206 460 550 2.00 14.0
S690 206 690 770 0.33 8.0
S960 206 960 980 0.47 5.5
S960-R10 206 864 882 0.42 5.5
S960-R20 206 768 784 0.37 11.6

Note: The value following the letter R denotes the percentage of strength reduction compared with the base metal; s is the strain-hardening strain.
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Table 7

Series of fabricated RHS X-joints using S460, S690 and S960 steel for the parametric study.

Series No. bo (mm) ho (mm) b1 (mm) h1 (mm) s n ¢ 2y

1 480 480 144 144 0.3 0.3 1.0 [10-50]
2 480 480 192 192 0.4 0.4 1.0 [10-50]
3 480 480 240 240 0.5 0.5 1.0 [10-50]
4 480 480 288 288 0.6 0.6 1.0 [10-50]
5 480 480 336 336 0.7 0.7 1.0 [10-50]
6 480 480 384 384 0.8 0.8 1.0 [10-50]
7 480 480 432 432 0.9 0.9 1.0 [10-50]
8 480 480 480 480 1.0 1.0 1.0 [10-50]
9 480 480 480 240 1.0 0.5 1.0 [10-50]
10 480 240 480 240 1.0 0.5 0.5 [10-50]
11 240 480 240 480 1.0 2.0 2.0 [10-50]
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Table 8

Results of statistical analysis for fabricated high strength steel RHS X-joints without chord preload.

Parameter range Ncipect/Nre Neroposed/NFe

No. of data Mean cov No. of data Mean cov
0.3<4<0.85 162 1.23 0.333 84 0.85 0.134
0.85<4<1.0 27 0.68 0.154 27 0.91 0.072
£=1.0 105 0.52 0.525 105 0.92 0.076
Total 294 0.93 0.522 216 0.89 0.107
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Table 9

Results of statistical analysis for fabricated high strength steel RHS X-joints subjected to chord preload.

Steel grade Qr,cipecT/QfFE Qf,proposed/ Qf,FE

No. of data Mean cov No. of data Mean cov
S460 72 0.96 0.099 50 0.97 0.067
S690 72 0.94 0.099 50 0.96 0.069
5960 72 0.93 0.112 50 0.95 0.084
Total 216 0.94 0.103 150 0.96 0.074
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Table 10

Fabricated RHS X-joint specimens for the elastic eigenvalue analysis.

Specimen No.  bo (mm) ho (mm) to (mm) b1 (mm) hy (mm) t1 (mm) fer-re fer-Becquef/for-FE  fer-proposed/fer-Fe
1 480 480 48 480 240 48 16163 0.32 1.01
2 480 480 24 480 240 24 3321 0.38 1.00
3 480 480 16 480 240 16 1446 0.39 0.97
4 480 480 12 480 240 12 807 0.40 0.95
5 480 480 9.6 480 240 9.6 521 0.39 0.93
6 480 480 48 480 360 48 12124 0.28 1.03
7 480 480 24 480 360 24 2466 0.35 1.03
8 480 480 16 480 360 16 1069 0.35 1.00
9 480 480 12 480 360 12 596 0.36 0.99
10 480 480 9.6 480 360 9.6 384 0.35 0.97
11 480 480 48 480 480 48 10327 0.25 1.00
12 480 480 24 480 480 24 2001 0.32 1.05
13 480 480 16 480 480 16 865 0.33 1.02
14 480 480 12 480 480 12 482 0.33 1.01
15 480 480 9.6 480 480 9.6 311 0.33 0.99
Mean 0.34 1.00
cov 0.123 0.032

Note: All specimens with Lo=6bo, L1= b1+h1 and 6=90°.
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Table 11

Comparison of strength predictions with test strengths of cold-formed and hot-finished steel RHS X-joint specimens with £=1.0.

Specimen n 2y 6 (°) fy (MPa) Nrest (KN)  Ncipect/Ntest  Niecque/NTest  Nproposed/NTest
D1122 [37] 1.31 15.7 90 358 445 0.77 0.85 0.93
D1322 [37] 1.31 15.8 60 358 459 0.71 — 1.04
D2121 [37] 0.67 42.2 90 406 1315 0.52 0.63 0.90
D2122 [37] 1.49 28.3 90 406 1230 0.38 0.49 1.01
D2222 [37] 1.49 28.3 45 406 1675 0.20 — 0.92
D3121 [37] 0.76 42.1 90 392 649 0.42 0.53 0.84
D3122 [37] 1.32 318 90 412 530 0.40 0.51 1.06
D3221 [37] 0.76 421 44 392 693 0.29 - 1.02
D3222 [37] 1.32 31.8 44 412 694 0.22 — 1.01
D4132 [37] 1.00 27.2 90 406 2183 0.54 0.66 0.98
D4223 [37] 1.00 27.2 45 406 2429 0.37 - 1.07
D4323 [37] 1.00 27.2 60 406 2215 0.48 — 1.00
X1[38] 1.00 34.4 90 330 176 0.52 0.66 1.04
X2 [38] 1.00 26.1 90 330 302 0.63 0.76 0.94
X4 [38] 1.00 17.2 90 370 560 0.84 0.85 0.91
X5 [38] 1.00 12.6 90 345 783 0.91 0.81 0.88
X6 [38] 1.00 30.0 90 463 409 0.27 0.59 1.10
X7 [38] 1.00 25.6 90 451 828 0.49 0.72 1.07
X9 [38] 1.00 37.9 90 481 1289 0.26 0.47 1.01
X-100x50x4-100x50x4 [16] 0.50 25.3 90 952 482 0.72 0.82 1.00
X-120x120x4-120x120x4 [16] 1.00 30.9 90 971 567 0.32 0.43 0.97
X-140x140x4-140x140x4 [16] 1.00 35.2 90 1008 484 0.34 0.46 1.14
X-120x120x3-120x120x3 [16]  1.00 38.7 90 1038 317 0.30 0.40 1.06
XD-C40x2-B40x2-P0 [39] 0.99 20.7 90 707 143 0.42 0.58 0.88
XD-C50x1.5-B50x1.5-P0 [39]  1.00 327 90 622 69.8 0.34 0.47 0.97
XD-C140x3-B140x3-P0 [39] 1.75 25.9 90 486 234 0.31 0.45 1.04
XH-C150x6-B150x6-P0 [39] 1.00 26.2 90 497 898 0.42 0.60 0.92
XH-C200x4-B200x4-P0 [39] 1.82 274 90 503 383 0.27 0.39 1.00
XN-C40x2-B40x2-P0 [39] 1.00 19.8 90 447 94 0.56 0.76 0.90
Mean 0.46 0.60 0.99
cov 0.417 0.253 0.075
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