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Abstract: This paper aims to investigate the structural behaviour and static strength of high strength steel 9 

rectangular hollow section (RHS) X-joints under axial compression in the braces through tests and 10 

numerical analysis. Eight RHS X-joints which were composed of fabricated steel tubes with a measured 11 

yield stress of 907 MPa were tested. Extensive numerical simulations on the fabricated RHS X-joints in 12 

S460, S690 and S960 steel were conducted using finite element (FE) analysis. The FE model was validated 13 

against the test results. The investigated failure modes are chord face plastification, chord side wall failure 14 

and a combination of these two failure modes. The effects of the heat affected zones (HAZ) and suitability 15 

of the strength equations adopted by the CIDECT design guide for the fabricated RHS X-joints were 16 

examined. The deformation capacity and ductility of test specimens which failed by chord face 17 

plastification could be considered as reasonably sufficient. The effects of material strength reduction in the 18 

HAZ on the joint initial stiffness are minor, but could significantly lower the joint strength. In general, the 19 

CIDECT strength prediction is increasingly unconservative with increasing steel grade for the RHS 20 

X-joints failing by chord face plastification. However, the CIDECT strength prediction is generally21 

conservative for the combined failure modes, and becomes increasingly conservative with increasing chord 22 

side wall slenderness for chord side wall failure. The suggested ranges of brace to chord width ratio (β) and 23 

chord width to wall thickness ratio (2γ) are 0.4≤β≤0.85 and 2γ≤60β-1 for the RHS X-joints failing by chord 24 

face plastification to allow for more effective use of high strength steel, and corresponding strength 25 

equations were proposed. An analytical model of plate buckling was proposed and the deformation-based 26 

continuous strength method (CSM) originally developed for designing non-slender stainless steel 27 

cross-sections was adopted for the design of chord side wall failure in the RHS X-joints with β=1.0 and 2γ 28 

up to 50. The proposed design method is also applicable for designing chord side wall failure in 29 

equal-width RHS X-joints using cold-formed and hot-finished carbon steel and cold-formed stainless steel. 30 

A linear interpolation approach using the proposed strength equations at β=0.85 and β=1.0 is suggested for 31 

the RHS X-joints with 0.85<β<1.0 and 2γ≤50 which failed by the combined failure modes. The proposed 32 

strength equations can produce much more accurate and consistent strength prediction than the CIDECT 33 

design guide, and were converted to design strength equations for the design of high strength steel RHS 34 

X-joints.35 
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1. Introduction39 

40 

  Advances of steel production techniques such as quenching and tempering (QT) and thermo-mechanical 41 

controlled processing (TMCP) have led to readily available high strength steel (HSS) with acceptable 42 

ductility and toughness nowadays [1]. HSS with nominal yield stresses higher than 450 MPa is 43 

increasingly popular in the infrastructure sector as an economic and sustainable construction material. The 44 
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application of HSS with high strength-to-weight ratio in onshore and offshore tubular structures could 45 

lower construction costs because of reduced member sizes and structural self-weights. Less consumption 46 

of energy and resources for HSS tubular structures due to material savings could also contribute to reduced 47 

carbon footprints. Design guidance for HSS tubular joints which are vitally critical components for the 48 

structural integrity is imperatively needed to facilitate structural applications of HSS tubular structures.  49 

  Design rules for tubular joints which are composed of hot-finished or cold-formed normal strength steel 50 

tubes are specified in design codes and guides e.g. Eurocode EN 1993-1-8 [2] and the CIDECT design 51 

guides [3, 4]. EN 1993-1-8 [2] allows for the use of steel grades greater than S355, but stipulates a 52 

reduction factor of joint strength of 0.9 for tubular joints in steel grades greater than S355 and up to S460. 53 

EN 1993-1-12 [5] further extends the material limitation to S700 and imposes a reduction factor of 0.8 for 54 

steel grades higher than S460 and up to S700. Likewise, the CIDECT design guides [3, 4] also require the 55 

application of a reduction factor of 0.9 combined with the limitation of the yield strength (fy) to 0.8 times 56 

the ultimate strength (fu). The restrictive design rules for steel grades beyond S355 are primarily based on 57 

the findings reported by Liu and Wardenier [6] and Kurobane [7] that the static strengths of RHS and CHS 58 

gap K-joints in S460 steel are lower than those of S235 joints in relative terms. However, the suitability of 59 

such design rules for all HSS tubular joints regardless of failure modes remains controversial. 60 

Experimental and numerical investigations have been carried out to re-evaluate the design rules for HSS 61 

tubular joints in recent years.  62 

Recent research on HSS circular hollow section (CHS) joints has been mostly focused on CHS X-joints. 63 

Tests and numerical simulations on CHS X-joints in steel grades ranging from S460 to S770 and under 64 

axial compression, tension or in-plane bending in the braces have been conducted by Puthli et al. [8] and 65 

Lee et al. [9]. The failure modes examined are chord face plastification and chord punching shear. It is 66 

found that the test and numerical joint strengths are generally higher than the design strengths predicted by 67 

the EN 1993-1-8 [2] without applying the reduction factors, and the test specimens have sufficient 68 

deformation capacity and ductility. Lan et al. [10, 11] conducted extensive numerical simulations on CHS 69 

X-joints using steel grades varying from S460 to S1100 and subjected to axial compression in the braces 70 

which failed by chord face plastification. It is found that the effects of the heat affected zones on the initial 71 

stiffness and static strength of the X-joints could be insignificant, and the CIDECT mean strength 72 

prediction is increasingly unconservative with increasing steel grade. Design rules which allow for 73 

reasonably effective use of HSS were proposed for the X-joints.  74 

  Structural performance of HSS rectangular hollow section (RHS) joints has also been re-assessed. 75 

Becque and Wilkinson [12] conducted tests on T- and X-joints using C450 steel with a nominal yield stress 76 

of 450 MPa and subjected to axial compression or tension in the braces. It is found that the test joint 77 

strengths are higher than the CIDECT nominal strengths without using the reduction factor and limitation 78 

on the yield stress for chord face plastification and chord side wall failure. However, the test strengths are 79 

lower than the CIDECT nominal strengths for chord punching shear and effective width failure of braces 80 

justifying the application of the reduction factor and limitation on yield stress. Mohan et al. [13] carried out 81 

numerical simulations on axially loaded RHS K- and N-joints in C450 steel. The numerical joint strengths 82 

exceed the CIDECT design strengths without using the reduction factor and limitation on yield stress. 83 

Havula et al. [14] conducted tests on square hollow section (SHS) T-joints using S420, S500 and S700 84 

steel and subjected to in-plane bending in the braces which failed by chord face plastification. It is found 85 

that the test moment resistances of T-joints using large fillet welds, and the S420 and S500 steel T-joints 86 

using small fillet welds exceed the Eurocode design strengths without using the reduction factors except 87 

for the butt-welded T-joints and the S700 steel T-joints with small fillet welds. Deformation capacity and 88 
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ductility of the test specimens are sufficient. Feldmann et al. [15] assessed the suitability of the reduction 89 

factors against test results of RHS X- and K-joints in S500, S700 and S960 steel which failed by chord 90 

face plastification, chord side wall failure, chord punching shear, chord shear and weld failure. The test 91 

ultimate loads without considering deformation limits generally exceed the Eurocode design strengths 92 

using the reduction factors. The static strengths of RHS X-joints in S960 steel and subjected to axial 93 

compression in the braces have also been experimentally investigated by Pandey and Young [16]. It is 94 

found that the Eurocode and CIDECT design strength predictions without using the reduction factors are 95 

unconservative for the RHS X-joints failing by chord face plastification and become conservative for 96 

chord side wall failure and a combination of chord face plastification and chord side wall failure. A 97 

comprehensive review on the recent research advances of HSS hollow section joints under static and 98 

fatigue loadings was summarised in Lan and Chan [1].  99 

  The aforementioned investigations have been focused on cold-formed or hot-finished HSS tubular joints 100 

which are commonly used in light-weight tubular structures. Tubular joints which are composed of 101 

fabricated steel tubes are generally preferred in the case of heavy loading. However, research on the 102 

structural behaviour and static strength of HSS fabricated tubular joints remains limited, and corresponding 103 

design rules are needed. This project examined the structural performance of fabricated RHS X-joints in 104 

steel grades ranging from S460 to S960 and subjected to axial compression in the braces. Tests were 105 

conducted on eight fabricated RHS X-joints with a measured yield stress of 907 MPa. The chord face 106 

indentation and chord sidewall deformation of the test specimens were measured. A finite element (FE) 107 

model was developed and validated against the obtained test results. Upon verification of the FE model, 108 

extensive numerical simulations were conducted to examine the effects of heat affected zones (HAZ) and 109 

suitability of current CIDECT design provisions for HSS RHS X-joints. Design rules allowing for 110 

reasonably effective use of HSS are proposed for the X-joints in this study.  111 

 112 

2. Experimental investigation 113 

 114 

2.1. Test specimens 115 

 116 

  Eight fabricated RHS X-joint specimens which were composed of fabricated steel tubes were tested 117 

under axial compression in the braces. The steel tubes were fabricated from four steel plates using full 118 

penetration butt welds at the tube corner and thereafter assembled into the RHS X-joint specimens by fillet 119 

welds at the brace-chord intersection as shown in Fig. 1. For the chord members, nominal overall flange 120 

width (b0) and nominal overall web depth (h0) range from 120 to 300 mm. The nominal overall flange 121 

width (b1) and nominal overall web depth (h1) of the braces vary from 60 to 150 mm. Three key joint 122 

parameters were examined in tests by varying brace to chord width ratio (β) from 0.50 to 0.79, brace height 123 

to chord width ratio (η) from 0.50 to 0.81, and chord width to wall thickness ratio (2γ) from 19.8 to 49.1. 124 

The nominal chord length (L0) was designed to be 6b0 to ensure that the stresses at the brace-chord 125 

intersection are not affected by the chord ends, and the nominal brace length (L1) was taken as 3b1 to avoid 126 

the brace overall buckling [17]. The measured dimensions of test specimens are summarised in Table 1. All 127 

the steel tubes were fabricated from one parent steel plate with measured thickness of 6.14 mm, and thus 128 

the brace to chord wall thickness ratio (τ) is 1.0. The brace members were carefully positioned and then 129 

welded to the two chord faces at a right angle, and thus the angle between the brace and chord (θ) is 90°. 130 

The seam weld of chord members was positioned in the chord side walls as shown in Fig. 1, and end plates 131 

were welded to the brace ends to allow for uniform axial compression at the brace ends.  132 
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 133 

2.2. Material properties and welding 134 

 135 

  A Chinese Q890 high strength steel plate with a nominal yield stress of 890 MPa which was used for 136 

fabricating the steel tubes was manufactured by the Quenching and Tempering (QT) technique. The 137 

chemical compositions according to the mill certificate are listed in Table 2. The carbon equivalent value 138 

(CEV) of the steel plate is 0.56%. Two flat coupons (F1 and F2) with nominal gauge length of 50 mm, 139 

nominal gauge width of 12.5 mm and nominal thickness of 6 mm were machined from the steel plate. The 140 

letter (F) in the coupon labels (F1 and F2) denotes that the coupons were machined from the flat steel plate 141 

and the number (1 or 2) represents the coupon number. Fig. 2 shows the dimensions of coupons which 142 

conform the requirements of standard coupons specified in BS EN ISO 6892-1 [18] and ASTM E8/E8M 143 

specification [19]. A calibrated extensometer of 50 mm gauge length was used to measure the longitudinal 144 

strain of coupons during testing. Two linear TML strain gauges were attached to the centre of the gauge 145 

length on both surfaces of each coupon. The coupons were tested in an INSTRON hydraulic controlled 146 

testing machine with a loading rate of 0.1 mm/min up to around the 0.2% yield stress and 0.4 mm/min 147 

thereafter. Static engineering stress-strain curves eliminating the strain rate effect incorporated in the 148 

dynamic engineering stress-strain curves obtained from tests are shown in Fig. 3 which were obtained by 149 

pausing the applied displacement near the 0.2% yield stress, ultimate stresses and post-ultimate region for 150 

2 minutes. Table 3 shows the measured material properties including the elastic modulus (E), static stress 151 

at 0.01% plastic strain (fp), static 0.2% yield stress (fy), static ultimate stress (fu), ultimate strain at static 152 

ultimate stress (εu) and fracture strain (εf).  153 

  Gas metal arc welding (GMAW) was used in fabricating the X-joint specimens. The full penetration butt 154 

weld was adopted for manufacturing steel tubes at the tube corner and the fillet weld was employed to 155 

assemble the brace and chord into the X-joint specimens. The welds were designed in accordance with 156 

AWS D1.1/D1.1M [20]. The measured dimensions of the reinforcement of butt welds in chord members 157 

(bw and hw, see Fig. 1) and the weld leg size of fillet welds (w) are summarised in Table 1. The filler 158 

material was a low alloy carbon steel wire with a diameter of 1.2 mm which conformed to class ER120S-G 159 

of the AWS A5.28M specification, and the typical values of fy, fu and εf of the filler wire are 930 MPa, 980 160 

MPa and 19%, respectively [16]. A robotic arm was used to perform the welding in order to allow for 161 

consistent heat input during welding and achieve satisfactory welding quality. The current, voltage and 162 

welding speed during welding were 150A, 16V and 300 mm/min, and the estimated heat input is 0.38 163 

kJ/mm in accordance with the SSAB Welding Handbook [21].  164 

 165 

2.3. Test set-up and procedures 166 

 167 

  A servo-controlled hydraulic testing machine with maximum capacity of 1000 kN was used to apply 168 

axial compression through the brace end of X-joint specimens. The test set-up is shown in Fig. 4. A special 169 

ball bearing was employed which was attached to an adjustable top support. The ball bearing can 170 

self-adjust according to the flat profile of brace end plates, and thus a uniform axial compressive load can 171 

be applied to the brace. At the beginning, the ball bearing was unlocked and can rotate freely. The actuator 172 

ram of the testing machine was then moved up slowly to a preload around 4 kN by a load-controlled mode. 173 

The small preload was applied in order to allow the ball bearing to self-adjust according to the brace end 174 

plate and therefore eliminate any possible gaps between the brace end plate and ball bearing. The position 175 

of ball bearing was locked afterwards by using four vertical bolts to restrict any major and minor axis 176 
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rotations for the rest of testing. Therefore, the ball bearing can be considered as fixed-end, and only a pure 177 

axial compressive force without any bending moments from the actuator ram was applied to the brace end.  178 

  Calibrated linear variable displacement transformers (LVDTs) were employed to measure the 179 

deformations in the brace-chord intersection region. The chord face indentation (u) at the crown position 180 

(see Fig. 1) on each side of the brace member was measured using the extension arms attached to the tips 181 

of the LVDTs (e.g. LVDT No. 1 as shown in Fig. 4). The chord face indentation at the chord crown was 182 

measured along brace axial direction and at 12 mm from the adjacent brace face for all the tests. The chord 183 

side wall deformation (v) was measured by two horizontal LVDTs with Poly Methyl Methacrylate (PMMA) 184 

plates connecting to their tips (e.g. LVDT No. 2 as shown in Fig. 4). The use of PMMA plates facilitates 185 

the capture of maximum chord side wall deformations without being affected by the overall vertical 186 

displacement of the chord member during testing. The applied displacement of the actuator ram was also 187 

recorded by the LVDT (i.e. LVDT No. 3 as shown in Fig. 4).  188 

  After preloading, the testing was carried out by driving the actuator ram under a displacement-controlled 189 

mode which allows the test to be continued in the post-ultimate range. A constant loading rate of 0.3 190 

mm/min was adopted. The applied load of testing machine and readings of the displacement transducers 191 

were recorded by a data acquisition system at regular intervals. It should be noted that the tests were 192 

paused for 2 minutes near the ultimate load or after the load at the indentation limit of 3%b0 in order to 193 

allow for the static drops and thereafter to obtain the static load-deformation curves.  194 

 195 

2.4. Test results 196 

 197 

  The eight fabricated RHS X-joint specimens in tests failed by chord face plastification as shown in Fig. 198 

5. Figs. 6-7 show the obtained static loads (N) plotted against the chord face indentation (u) and chord side 199 

wall deformation (v). The joint strengths obtained from the static load-indentation curves of test specimens 200 

are summarised in Table 4. It should be noted that the static strength (NTest) of RHS X-joints in this study 201 

was determined as the ultimate load or the load at an indentation limit of 3%b0 at the crown, whichever 202 

occurred earlier, in accordance with the CIDECT design guide [3]. Figs. 6-7 show that the chord face 203 

indentation and chord side deformation can generally reach at least two times of the indentation limit of 204 

3%b0 as tabulated in Table 4, and brittle failure was not observed at large deformations. The deformation 205 

capacity and ductility of the test specimens could therefore be considered as reasonably sufficient. It 206 

should also be noted that repeated tests were conducted for the specimens X1 and X3. The obtained 207 

load-deformation curves from the repeated tests generally coincide with those of specimens X1 and X3, 208 

and the corresponding joint strengths are in good agreement with differences of 1.1% and 0.3% 209 

demonstrating reliability of the test results.  210 

 211 

3. Finite element analysis 212 

 213 

3.1. Finite element model 214 

 215 

  The general purpose finite element (FE) software ABAQUS [22] was used to carry out numerical 216 

simulations on HSS RHS X-joints in this study. A FE model was developed by validating against the test 217 

results described in Section 2.4. The measured geometric dimensions summarised in Table 1 were used to 218 

model the test specimens. An 8-node linear solid element with reduced integration (C3D8R) was selected 219 

to model the brace and chord members, and the fillet welds at the brace-chord intersection were modelled 220 
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by a 10-node quadratic tetrahedron solid element (C3D10). A 6-node linear wedge solid element (C3D6) 221 

was adopted to simulate the reinforcement of butt welds in the chord and that of the butt welds in the brace 222 

was not modelled because brace failure was not observed in tests and the brace was only subjected to pure 223 

axial compression. Two layers of the solid element (C3D8R) through the tube wall thickness of the brace 224 

and chord were adopted. A mesh convergence study was conducted to determine suitable mesh sizes. The 225 

mesh sizes ranging from 5 to 12 mm which depend on the cross-section sizes were employed for the brace, 226 

chord and butt welds, and a mesh size of 3 mm was adopted for the fillet welds. The change of the 227 

predicted joint strengths resulted from reducing the mesh sizes is within 2% of the corresponding test 228 

strengths. 229 

  The static stress-strain curves and average material properties obtained from the tensile coupon tests 230 

described in Section 2.2 were adopted for the modelling of test specimens. The true stress and logarithmic 231 

plastic strain converted from the obtained engineering stress and strain were incorporated into the FE 232 

model. The Poisson’s ratio of steel materials in this study was taken as 0.3. The von-Mises yield criterion 233 

and isotropic strain hardening rules were employed. Boundary conditions in the FE model were set in 234 

accordance with the test set-up in Section 2.3. One brace end was fixed and all degrees of freedom at the 235 

other brace end were restrained except for the brace axial displacement. The degrees of freedom at the two 236 

chord ends were not restricted, and thus the chord ends were free to translate and rotate. The parameter 237 

(*NLGEOM) was adopted to take into account the effect of geometric nonlinearity in FE analysis. The 238 

axial compressive load in the braces was applied in increments of displacement by using the (*Static) 239 

method in ABAQUS.  240 

  A comparison between the FE and test results was made to validate the adopted FE model. Fig. 5 shows 241 

the comparison of the failure mode of chord face plastification. It is shown that the adopted FE model can 242 

replicate the failure mode observed in tests. Figs. 6-7 show that the load-deformation curves obtained from 243 

FE simulations and tests generally coincide with each other. The comparison of joint strengths was 244 

summarised in Table 4. The numerical strengths (NFE) are, in general, slightly lower than the obtained test 245 

strengths (NTest). The mean value of NFE/NTest ratio is 0.93 with corresponding coefficient of variation 246 

(COV) of 0.057. It is therefore demonstrated that the developed FE model can produce reasonably accurate 247 

prediction of the structural behaviour and static strength of fabricated RHS X-joints. The validated FE 248 

model will be adopted for the subsequent FE simulations. It should be noted that all test specimens failed 249 

by chord face plastification. The failure modes in this study are defined in line with the CIDECT design 250 

guide [3] i.e. chord face plastification for the RHS X-joints with β≤0.85, chord side wall failure for β=1.0 251 

and the combined failure modes for 0.85<β<1.0. These failure modes are mainly controlled by the chord 252 

face indentation or chord side wall deformation, whichever governs the structural responses and static 253 

strengths of the joints. It is noted that the chord side walls of test specimens also deformed significantly in 254 

tests (see Fig. 7). Figs. 6-7 show that the load-chord face indentation curves and load-chord side wall 255 

deformation curves predicted by the adopted FE models can agree well with those in tests. This 256 

demonstrates that the developed FE models can capture the structural behaviours and deformations of the 257 

RHS X-joints well, and therefore can also be used to predict other failure modes e.g. the chord side wall 258 

failure in which the chord side wall deformation typically dominates the X-joint responses. 259 

 260 

3.2. Effects of heat affected zones 261 

 262 

  The microstructures and material properties of heat affected zones (HAZ) resulted from the heat input 263 

into base metals during welding could be different from those of base metals. The material properties of 264 
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HAZ mainly depend on the steel material (e.g. TMCP or QT steel), heat input, welding type (e.g. GMAW 265 

or laser welding) and cooling time [11]. Stroetmann et al. [23] found that the ultimate stresses (fu) of HAZ 266 

in QT S690Q and S960Q steel as well as TMCP S500M steel are generally higher than those of base 267 

metals except for the TMCP S700M steel, possibly because of optimised micro-alloying in TMCP steel 268 

when compared with QT steel. Similar findings indicating that the strength reduction of direct quenching 269 

(DQ) S960 steel is around 20% while that of QT S960 steel is insignificant were reported by Siltanen et al. 270 

[24]. The results show that the strength reduction in HAZ of HSS could be larger for higher steel grades 271 

and more pronounced for TMCP and DQ HSS when compared with QT HSS. Low heat input could 272 

mitigate the strength reduction in HAZ or even lead to higher strengths in QT HSS while high heat input 273 

may result in significant strength reduction in HAZ of HSS [25]. The strength reduction in the HAZ could 274 

be significant for HSS if welding parameters are not properly controlled. It is therefore imperative to 275 

provide suitable welding guidance for HSS, and related research is urgently needed.  276 

  It is necessary to investigate the effects of HAZ on the stiffness and static strength of the fabricated RHS 277 

X-joints because the strength reduction of HAZ in HSS could occur in practice. FE simulations were 278 

conducted on the RHS X-joints in ultra-high steel grade of S960 as summarised in Table 5 because the 279 

strength reduction of HAZ for lower steel grades is relatively minor [23, 25]. The measured dimensions of 280 

specimens X1, X3 and X6 in tests were adopted for numerical simulations. The geometric parameters of 281 

specimens X1-1, X1-2 and X1-3 are the same as those of specimen X1, except for the brace width and 282 

height or wall thickness of the brace and chord, and the dimensions of specimen X3-1 are identical to those 283 

of specimen X3 except for the brace width and height. The developed FE model in Section 3.1 were 284 

adopted to carry out the numerical analysis. Fig. 8 shows the HAZ in the analysed RHS X-joints using 285 

S960 steel. The sizes and material properties of HAZ were determined in accordance with Lan et al. [11], 286 

which are based on the test results of HAZ reported by Siltanen et al. [24] and Javidan et al. [25]. The 287 

width of HAZ resulted from the heat input of fillet welds equals to t1+w+12 mm. The widths of HAZ due 288 

to the chord butt welds at the tube corner were conservatively taken as t0 in the chord faces and 15 mm for 289 

the chord side walls considering the profile of butt welds (see Fig. 1). The notations of t0 and t1 refer to the 290 

chord and brace wall thickness, respectively, and w is the fillet weld leg size. The HAZ was assumed to 291 

cover the full tube wall thickness because of the relatively thin walls of the chord member. It should be 292 

noted that the HAZ in the braces was not modelled because brace cross-section capacity was higher than 293 

the static strength of analysed joints and brace failure did not occur. The reduction of yield stress (fy) and 294 

ultimate stress (fu) in HAZ adjacent to the fillet welds and butt welds which is in red colour as shown in 295 

Fig. 8 was taken as 20% and the strength reduction of HAZ far from the welds which is in blue (see Fig. 8) 296 

equals to 10%. The ultimate strain at ultimate stress (εu) of HAZ near the welds (in red) was taken as 2.1 297 

times of the ultimate strain of the base metal of S960 steel [25], and the elastic modulus (E) of HAZ was 298 

taken as that of the base metal. The material properties of base metal of S960 steel in Ban and Shi [26] and 299 

those of HAZ adopted herein are summarised in Table 6. The corresponding engineering stress-strain 300 

curves adopted for the base metal and HAZ which were obtained from the multi-linear stress-strain curve 301 

model proposed by Ban and Shi [26] are shown in Fig. 9 (b).  302 

  Fig. 10 shows the load-indentation curves of the S960 steel RHS X-joints without and with HAZ 303 

obtained from FE analysis. It is shown that the effect of HAZ on the initial stiffness of the X-joints 304 

investigated is insignificant. This is because the initial joint stiffness mainly depends on joint geometric 305 

parameters and steel elastic modulus. However, the HAZ could lower the stiffness and static strength of the 306 

X-joints when plastic deformation occurred at the brace-chord intersection due to the material strength 307 

reduction in HAZ. Table 5 summarises the static strengths of analysed RHS X-joints without HAZ (Nu1) 308 
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and with HAZ (Nu2). It is shown that the reduction of static strength varies from 1 to 8% for the RHS 309 

X-joints analysed with small or large β ratio (i.e. β=0.20, 0.79 and 1.00) and 2γ ratio ranging from 10.0 to 310 

50.0. However, the joint strength reduction is up to 15% for the RHS X-joints with medium β ratio (i.e. 311 

β=0.50) and 2γ ratio ranging from 20.0 to 49.1. This is because the failure mode for the RHS X-joints with 312 

large β ratio is chord side wall failure or a combination of chord face plastification and chord side wall 313 

failure which mainly depends on the cross-section yielding or plate buckling of the chord side walls. The 314 

effect of strength reduction of HAZ which is in the chord faces and at the tube corners (see Fig. 8) could 315 

therefore be minor on the chord side wall failure which typically occurs in the middle of chord side walls. 316 

However, the strength reduction of RHS X-joints with medium β ratio which failed by chord face 317 

plastification is more pronounced. The chord face plastification typically involves the formation of yield 318 

lines in the chord faces at the brace-chord intersection. The strength reduction of HAZ in the chord faces 319 

could therefore lower the joint strength more significantly. It is noted that the strength reduction of RHS 320 

X-joints with small β ratio (i.e. β=0.20) which failed by chord face plastification is less significant when 321 

compared with that in the X-joints with medium β ratio (i.e. β=0.50). This is because the increased yield 322 

stress of high strength steel is increasingly under-utilised with decreasing β ratio in the RHS X-joints 323 

failing by chord face plastification, and the stresses in the joints are mostly elastic which will be discussed 324 

in Section 4.2.2. This therefore mitigates the strength reduction of the RHS X-joints with small β ratio 325 

resulted from the material strength reduction in the HAZ. In addition, the membrane action develops when 326 

the chord faces bend resulting in tensile chord axial stresses which can resist the compressive brace 327 

loading. The membrane effect in the chord faces of the RHS X-joints with smaller β ratio is more 328 

significant. 329 

  The reduction of joint strength is less pronounced than the material strength reduction adopted. This 330 

could be attributed to the redistribution of plastic stresses in HAZ to nearby base metals and the 331 

under-utilisation of the improved yield stresses of HSS in the RHS X-joints failing by chord face 332 

plastification which will be discussed in Section 4.2.2. It is also noteworthy that the material strength 333 

reduction and sizes of HAZ adopted in the FE simulations for the S960 RHS X-joints are relatively large 334 

and could be smaller if optimised welding parameters are employed which could lead to minor joint 335 

strength reduction. Furthermore, the joint strength reduction could be less significant for the RHS X-joints 336 

using QT HSS than that of the X-joints in TMCP or DQ HSS because of less pronounced material strength 337 

reduction in HAZ of QT HSS [23-25]. The HAZ was therefore not explicitly modelled in the parametric 338 

FE analysis described in Section 3.3. However, the joint strength reduction resulted from the HAZ was 339 

considered by proposing conservative strength equations for the HSS RHS X-joints which will be 340 

discussed in Section 5.  341 

 342 

3.3. Parametric study 343 

 344 

  A parametric study on a total of 585 RHS X-joints in S460, S690 and S960 steel was conducted. For 345 

each steel grade, 195 RHS X-joints were analysed including 99 specimens without chord preload and 96 346 

specimens subjected to chord preload. For the RHS X-joints without chord preload, 11 series of specimens 347 

were analysed as shown in Table 7, by varying the ratio (β) of brace width (b1) to chord width (b0) from 0.3 348 

to 1.0, the ratio (η) of brace height (h1) to chord width (b0) from 0.3 to 2.0, and aspect ratio (ζ) of chord 349 

height (h0) to chord width (b0) from 0.5 to 2.0. For each series, 9 values of wall thickness (i.e. 9.6, 10.7, 12, 350 

13.7, 16, 19.2, 24, 32 and 48 mm) were employed for the brace and chord members and the ratio (2γ) of 351 

chord width (b0) to chord wall thickness (t0) varied from 10 to 50. The ratio (τ) of brace wall thickness (t1) 352 
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to chord wall thickness (t0) and the angle between the brace and chord (θ) were set to be 1.0 and 90°, 353 

respectively. Among the 11 series of specimens without chord preload, 12 X-joint configurations with 354 

β=η=0.3, 0.5, 0.8, 1.0 and 2γ=10, 25, 40 were selected to examine effects of chord preload ratio (n) which 355 

is the ratio of the chord preload (Np) to the chord cross-section yield load (Afy). Eight values of chord 356 

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 357 

values refer to compression and tension, respectively. The length of chord members (L0) was set to be 6b0 358 

and the brace length (L1) was taken as b1+h1. The welds at the brace-chord intersection on the chord faces 359 

were modelled in accordance with the minimum requirements for butt welds specified in AWS 360 

D1.1/D1.1M [20], and the reinforcement of the chord butt welds was not modelled, in order to provide 361 

lower bound strength prediction for the RHS X-joints in practice. The investigated parameter ranges herein 362 

are 0.3≤β≤1.0, 0.3≤η≤2.0, 0.5≤ζ≤2.0, 10≤2γ≤50 and -0.8≤n≤0.8.  363 

  The material properties tabulated in Table 6 and engineering stress-strain curve models (see Fig. 9) of 364 

S460, S690 and S960 steel proposed by Ban and Shi [26] were adopted for the parametric study. The FE 365 

model developed in Section 3.1 were employed. Four layers of the solid element (C3D8R) through the 366 

tube wall thickness of the brace and chord were adopted for the X-joints with 2γ<20 while two layers of 367 

the solid element was employed for the X-joints with 2γ≥20. A mesh convergence study was conducted 368 

and it is found that mesh sizes of 20 mm for the brace and chord members and t1/6 for the fillet welds are 369 

suitable. For the RHS X-joints without chord preload, the two chord ends were free to translate and rotate 370 

and all degrees of freedom at the two brace ends were restricted except for the brace axial displacement. 371 

The axial compression in the braces was applied by means of displacement. For the RHS X-joints with 372 

chord preload, all degrees of freedom at the brace and chord ends were restrained except for the axial 373 

displacement. The chord preload was applied to the chord and thereafter the brace ends were loaded by 374 

displacement. It should be noted that brace failure occurred in the analysed S460, S690 and S960 steel 375 

specimens with b0=b1=240 mm, h0=h1=480 mm, t0=t1=48 mm and without chord preload. Local buckling 376 

of the chord member occurred in some specimens with 2γ=40 and subjected to large chord preload. Those 377 

specimens are joints with β=0.3, 0.5, 0.8 and n=-0.8 for S460 steel, β=0.3, 0.5, 0.8, 1.0 and n=-0.8 for S690 378 

steel, and β=0.3, 0.5, 0.8, 1.0 and n=-0.6, -0.8 for S960 steel. The FE results of these specimens which 379 

failed by brace or chord member failure will be excluded in the subsequent analysis.  380 

 381 

4. Evaluation of design rules for HSS RHS X-joints 382 

 383 

4.1. Current design rules for RHS X-joints 384 

 385 

  Design rules for hot-finished and cold-formed normal strength steel RHS X-joints are stipulated in 386 

design codes and guides e.g. EN 1993-1-8 [2] and the CIDECT design guide [3]. It is noted that the design 387 

provisions specified in EN 1993-1-8 [2] for the RHS X-joints are in line with those in the 2nd edition of 388 

IIW recommendations [27], which prescribes no reduction of joint strengths for tensile chord axial stresses 389 

and takes the ultimate loads as the joint strengths. The 3rd edition of IIW recommendations [28] on which 390 

the 2nd edition of the CIDECT design guide [3] is based updates the chord stress equation (Qf) to quantify 391 

the detrimental effects of tensile and compressive chord axial stresses on the joint strength more accurately 392 

and adopts the indentation limit of 3%b0. The background of the revised design rules for tubular joints 393 

adopted by the 3rd edition of IIW recommendations [28] is elaborated in Wardenier et al. [29]. The design 394 

rules for the RHS X-joints in the CIDECT design guide [3] are therefore evaluated in the following 395 

subsection. 396 
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The CIDECT design strength equations for the RHS X-joints with β≤0.85 and under axial compression 397 

in the braces which failed by chord face plastification are as follows: 398 
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where Qu is the reference strength equation expressed as a function of brace depth to chord width ratio (η), 399 

the brace to chord width ratio (β) and the angle between the brace and chord (θ), fy is the steel yield stress, 400 

t0 is the chord wall thickness, and Qf,CIDECT is the chord stress equation which accounts for the effect of 401 

chord longitudinal stresses, n is the chord preload ratio defined as the ratio of chord preload (Np) to the 402 

chord cross-section yield load (fyA). Negative and positive values of n denote compressive and tensile 403 

chord axial stresses, respectively. Fig. 11 shows the yield line model on which the CIDECT design strength 404 

equations for the RHS X-joints failing by chord face plastification are based [30]. The joint strength can be 405 

obtained by equating the external energy by the external force (NCIDECT) over a deflection (δ) (see Fig. 406 

11(a)) and the internal energy by the plastic hinges (No. 1 to 5 in Fig. 11(b)) with yield line lengths (li) and 407 

rotation angles (φi) as follows: 408 
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The obtained strength equations (NCIDECT) which can generally produce a lower bound strength prediction 409 

for the test joint strengths are taken as the characteristic strength equations and the CIDECT design 410 

strength equations are derived from the characteristic strength equations divided by a safety factor (γm) of 411 

1.0 [30], which will be further discussed in Section 5.4. It is noted that the deformation needed to produce 412 

the yield line pattern in Fig. 11(b) may be too high for the normal strength steel RHS X-joints with small β 413 

ratio, and thus the CIDECT design strength equations yield a lower safety margin for the joints when the 414 

indentation limit of 3%b0 is adopted [30]. The plastic hinges are assumed to reach the yield stresses 415 

without considering strain hardening, and the effects of membrane action and weld size are not taken into 416 

account. It should also be noted that the chord stress function (Qf,CIDECT) is based on the numerical results 417 

for the normal strength steel RHS X-joints obtained by Yu and reanalysis in the CIDECT programmes of 418 

5BK and 5BU [29].  419 

The CIDECT design strength equations for the RHS X-joints with β=1.0 and subjected to brace axial 420 

compression which failed by chord side wall failure are as follows:  421 
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k y=0.8 sin f f   (8) 

where fy is the steel yield stress, t0 is the chord wall thickness, θ is the angle between the brace and chord, 422 

h1 is the brace height, χ is the reduction factor for column buckling according to e.g. the EN 1993-1-1 [31] 423 

using the relevant buckling curve and normalised slenderness (λ) determined from: 424 
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where h0 is the chord height, E is the elastic modulus. It is noted that the design strength equations are 425 

based on the stub column buckling model as illustrated in Fig. 12. The chord side wall is simplified as a 426 

pinned-end stub column with thickness of t0 and height of h0-2t0. The column width is taken as h1/sinθ+5t0 427 

to take into account the load which is transferred from the brace height and an alternative load path to the 428 

chord side walls through the chord faces. The column buckling stress (fk) can therefore be obtained from 429 

the relevant buckling curves using the normalised slenderness (see Eq. (9)). The coefficient of 0.8 in Eq. (8) 430 

is adopted to consider relatively lower ductility of the RHS X-joints which failed by chord side wall failure 431 

i.e. a safety factor γm=1.25 is incorporated in the design strength equation (Eq. (6)) [32, 33]. It should also 432 

be noted that the CIDECT simplified analytical model could result in conservative strength prediction 433 

because the chord side wall failure is essentially plate buckling instead of stub column buckling and thus 434 

the codified column buckling curves may not be accurate to determine the buckling stresses of chord side 435 

walls. The strain hardening and beneficial restraints of the chord faces and the brace member for the chord 436 

side walls are also neglected. A linear interpolation between the strength prediction for chord face 437 

plastification at β=0.85 and that for chord side wall failure at β=1.0 is adopted by the CIDECT design 438 

guide [3] for the RHS X-joints with 0.85<β<1.0 which failed by combined chord face plastification and 439 

chord side wall failure.  440 

 441 

4.2. Assessment of the CIDECT design rules 442 

 443 

4.2.1. General 444 

 445 

The applicability of the current CIDECT design rules described in Section 4.1 for the fabricated HSS 446 

RHS X-joints was evaluated against the results of the tests in Section 2 and numerical analysis in Section 447 

3.3 in which the indentation limit of 3%b0 was adopted. To allow for objective and consistent comparison, 448 

the CIDECT strength prediction (NCIDECT) was obtained from the CIDECT design strength equations 449 

multiplying by the implicit safety factors i.e. γm=1.0 for chord face plastification and γm=1.25 for chord 450 

side wall failure as follows: 451 

CIDECT m CIDECT,Rd=N N   (10) 

Fig. 13 shows the comparison of CIDECT strength prediction (NCIDECT) with numerical strengths 452 

obtained in Section 3.3 (NFE) and test strengths summarized in Table 4 (NTest) for the fabricated RHS 453 

X-joints without chord preload. Figs. 14-16 show the comparison of the joint strength reduction predicted 454 

by Eq. (3) (Qf,CIDECT) with that obtained from the conducted numerical simulations (Qf,FE) for the 455 

fabricated RHS X-joints subjected to chord preload. It should be noted that the reduction of joint strength 456 
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(Qf) is defined as the ratio of the static strength of a tubular joint to that of the same joint without chord 457 

preload. 458 

 459 

4.2.2. RHS X-joints without chord preload 460 

 461 

This subsection examines the suitability of the current CIDECT design rules for the fabricated RHS 462 

X-joints without chord preload (i.e. Qf,CIDECT=1.0). Fig. 13(a)-(c) shows that the comparison of the 463 

CIDECT strength prediction (NCIDECT) with the numerical strength (NFE) of the fabricated RHS X-joints 464 

(Series 1-8 in Table 7). It is shown that NCIDECT/NFE ratio generally increases with decreasing β ratio and 465 

with increasing 2γ ratio and steel grade for the RHS X-joints with β≤0.85. Such observations also coincide 466 

with the test results as shown in Fig. 13(d). It should be noted that the corresponding CIDECT strength 467 

equations are independent of 2γ ratio for β≤0.85. However, the test results summarised in Table 4 show that 468 

the static strength of the RHS X-joints (X3-X6) decreases from 312 to 172 kN when 2γ ratio increases 469 

from 19.8 to 49.1 and therefore demonstrate the significant effect of 2γ ratio. The NCIDECT/NFE ratio 470 

generally increases with decreasing 2γ ratio, and the effects of β ratio and steel grade on the NCIDECT/NFE 471 

ratio are minor for the RHS X-joints with 0.85<β≤1.0. Table 8 summarizes the mean values and 472 

coefficients of variation (COV) of the NCIDECT/NFE ratio for the analysed RHS X-joints without chord 473 

preload. The mean values of NCIDECT/NFE ratio for 0.3≤β≤0.85, 0.85<β<1.0 and β=1.0 are 1.23, 0.68 and 474 

0.52 with corresponding COV of 0.333, 0.154 and 0.525. It is shown that the CIDECT strength prediction 475 

is generally unconservative and scattered for the RHS X-joints with 0.3≤β≤0.85 and large 2γ ratio, and 476 

becomes conservative for 0.85<β<1.0. However, the CIDECT strength prediction is unduly conservative 477 

and scattered for β=1.0.  478 

Fig. 17 illustrates representative load-indentation curves of the fabricated RHS X-joints without chord 479 

preload. The applied load in the braces is mainly resisted by the bending action of the chord faces of the 480 

RHS X-joints with β≤0.85. The corresponding joint strength is generally determined by the load at the 481 

indentation limit of 3%b0 instead of the peak load (i.e. deformation-controlled) as shown in Fig. 17(a)-(c). 482 

The deformation of the RHS X-joints using the same steel depends on the joint axial stiffness which 483 

increases with increasing β ratio and with decreasing 2γ ratio [34]. The RHS X-joints with larger β ratio 484 

and lower 2γ ratio have larger joint stiffness and could be subjected to larger brace loadings and thus 485 

higher stresses before the violation of the indentation limit. It is also noted that the yield line model on 486 

which the CIDECT strength equations are based assumes that the stresses in the plastic hinges could reach 487 

the yield stress (fy) as discussed in Section 4.1. The increased yield stress of high strength steel could 488 

therefore be utilised more effectively in the RHS X-joints with larger β ratio and lower 2γ ratio and thus 489 

the corresponding CIDECT strength prediction is generally more accurate and consistent. Fig. 17(a)-(b) 490 

shows that relatively large inelastic deformation occurs in the S460 RHS X-joints with low and medium β 491 

ratios (i.e. 0.3 and 0.5) at the indentation limit of 3%b0 while the deformation of the same joints in S690 492 

and S960 steel is largely elastic. Fig. 18 illustrates typical yielding patterns of RHS X-joints with β=0.5 493 

and 2γ=25 at the determined joint strengths, and the highly strained areas on the chord faces (in red and 494 

green colours) almost became plastic. It is shown that the plastic hinges assumed in the yield line model 495 

(see Fig. 11(b)) are in the process of developing at the indentation limit for the S460 RHS X-joints. 496 

However, the same RHS X-joints in S690 and S960 steel are largely in elastic and the plastic hinges could 497 

not be effectively developed. Therefore, the corresponding CIDECT strength prediction becomes 498 

increasingly unconservative with increasing steel grade for the RHS X-joints (see Fig. 13). The 499 

deformation at the indentation limit becomes largely inelastic for the S460, S690 and S960 RHS X-joints 500 
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with large β ratio (i.e. 0.8) and the loads at the indentation limit are close to the peak loads as shown in Fig. 501 

17(c). This indicates that the indentation limit is generally not a governing factor limiting the joint 502 

strengths, and the yield lines could be developed. The corresponding CIDECT strength prediction is thus 503 

relatively accurate (see Fig. 13).  504 

In contrast, the axial compression in the braces of the fabricated RHS X-joints with β ratio approaching 505 

or equal to 1.0 is mainly resisted by the chord side walls between the two braces instead of the bending 506 

action of the chord faces. The corresponding joint strength is generally determined by the peak load which 507 

is controlled by the cross-section yielding or buckling of the chord side walls. Fig. 17(d) shows that the 508 

static strengths of the S460, S690 and S960 RHS X-joints with β=1.0 are determined by the peak loads (i.e. 509 

strength-controlled), and the improved yield stresses of high strength steel can thus be utilised effectively. 510 

However, Fig. 13(a)-(c) shows that the corresponding CIDECT strength prediction is unduly conservative 511 

and scattered and becomes increasingly conservative with increasing chord side wall slenderness 512 

(h0/t0=b0/t0=2γ for the SHS X-joints). This is mainly because the chord side wall failure is essentially plate 513 

buckling instead of stub column buckling, and the strain hardening and beneficial restraints of the chord 514 

faces and the brace member for the chord side walls are neglected as discussed in Section 4.1. This also 515 

results in the conservative and scattered CIDECT strength prediction for the S460, S690 and S960 RHS 516 

X-joints with 0.85<β<1.0 (see Fig. 13(a)-(c)) because of the adopted linear interpolation approach 517 

described in Section 4.1.  518 

 519 

4.2.3. RHS X-joints with chord preload 520 

 521 

  This subsection assesses the suitability of the CIDECT chord stress equation (Eq. (3)) for the fabricated 522 

RHS X-joints under chord preload. Table 9 summarizes the mean values and COV of the ratio 523 

(Qf,CIDECT/Qf,FE) of joint strength reduction predicted by the CIDECT chord stress equation (Eq. (3)) 524 

(Qf,CIDECT) to that obtained in numerical analysis (Qf,FE) for the RHS X-joints. The mean values of 525 

Qf,CIDECT/Qf,FE ratio for steel grades S460, S690 and S960 are 0.96, 0.94 and 0.93 with corresponding COV 526 

of 0.099, 0.099 and 0.112. The comparison of Qf,CIDECT with Qf,FE for the RHS X-joints is also illustrated in 527 

Figs. 14-16. The CIDECT prediction of joint strength reduction (Qf,CIDECT) is generally conservative and 528 

relatively scattered.  529 

Figs. 14-16 show that the effect of chord preload ratio (n) depends on β and 2γ ratios. For the RHS 530 

X-joints with small to medium β ratios (e.g. β=0.3, 0.5 and 0.8), the membrane action develops when the 531 

chord faces bend resulting in tensile chord axial stresses which can resist the compressive brace loading 532 

and thus enhance the joint strength. Enhancement of the joint strength (i.e. Qf,FE>1.0) is, therefore, 533 

observed in Figs. 14-16 for tensile chord preload while the compressive chord preload generally reduces 534 

the joint strength (i.e. Qf,FE<1.0). For the RHS X-joints with large β ratio (e.g. β=1.0), the brace loading is 535 

mainly resisted by the chord side walls between the two braces. The effect of compressive chord preload 536 

on the joint strength is less pronounced while the tensile chord preload lowers the joint strength. This is 537 

because a combination of compressive stresses in perpendicular directions results in a higher yield stress 538 

than a combination of compressive and tensile stresses according to the von Mises yield criterion [11]. The 539 

value of Qf,FE generally decreases with increasing 2γ ratio when n≤0 and with decreasing of 2γ ratio when 540 

n>0.  541 

 542 

5. Proposed design rules for HSS RHS X-joints 543 

 544 
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5.1. Chord face plastification 545 

 546 

The strength equations for fabricated HSS RHS X-joints which failed by chord face plastification were 547 

proposed by modifying the CIDECT strength equations. The analysis described in Section 4.2.2 shows that 548 

in general the improved yield stress of HSS could not be fully utilised for the RHS X-joints with small β 549 

ratio and large 2γ ratio which failed by chord face plastification mainly due to the adopted indentation limit. 550 

The corresponding CIDECT strength prediction is therefore generally unconservative and scattered. It is 551 

noted that the CIDECT ranges of β and 2γ ratios are (0.1+0.02γ)≤β≤0.85 with a minimum β value of 0.25 552 

and 2γ≤40, and the cross-section should be class 1 or 2 for the chord members under compression to avoid 553 

local buckling of the chord. It is suggested to limit the ranges of β and 2γ ratios to allow for more effective 554 

use of HSS in the RHS X-joints. The recommended ranges of β and 2γ ratios are 0.4≤β≤0.85 and 2γ≤60β-1, 555 

and the cross-section of chord members should be class 1 or 2 when the chord is under compression. The 556 

2γ ratio is tightened for small β ratio e.g. 2γ≤23 when β=0.4, but is extended for large β ratio e.g. 2γ≤50 557 

when β=0.85. It should be noted that such suggestions are based on the observation that the CIDECT 558 

strength predictions are unduly unconservative for the RHS X-joints with β and 2γ beyond the suggested 559 

limits as shown in Fig. 13. The recommended parameter ranges can allow for more effective use of the 560 

increased yield stress of high strength steel in the RHS X-joints. 561 

  The CIDECT strength prediction (NCIDECT) is generally unconservative for the RHS X-joints without 562 

chord preload and the joint strength reduction predicted by Eq. (3) (Qf,CIDECT) is conservative and scattered 563 

for the RHS X-joints subjected to chord preload when β and 2γ ratios are within the proposed limits (see 564 

Figs. 13-16). Regression analysis of numerical results obtained in this study was carried out to propose 565 

strength equations for the RHS X-joints using steel grades ranging from S460 to S960 which failed by 566 

chord face plastification as follows: 567 
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where Qy is the proposed reduction factor which accounts for the under-utilisation of the improved yield 568 

stresses of HSS, Qu is the reference strength equation (see Eq. (2)), Qf,Proposed is the proposed chord stress 569 

equation, fy is the steel yield stress, t0 is the chord wall thickness, θ is the angle between the brace and 570 

chord, E is the elastic modulus, n is the chord preload ratio and β is the brace to chord width ratio. The 571 

proposed reduction factors for S460, S690 and S960 steel calculated from Eq. (12) using material 572 

properties summarised in Table 6 are 0.96, 0.89 and 0.81, respectively. It should be noted that the proposed 573 

reduction factors of joint strength (Qy) could be conservative for the RHS X-joints with large β ratio and 574 

small 2γ ratio (see Fig. 13).  575 

The joint strengths calculated from the proposed strength equations (NProposed) were compared with the 576 

test strengths (NTest) and numerical strengths (NFE) for the RHS X-joints without chord preload. The mean 577 

values of the NProposed/NTest and NProposed/NFE ratios summarised in Tables 4 and 8 are 0.60 and 0.85 with 578 

corresponding COV of 0.143 and 0.134 for the RHS X-joints with β and 2γ ratios which are within the 579 
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suggested limits. It is shown that the proposed strength equation (Eq. (11)) can produce somewhat 580 

conservative and less scattered strength prediction for the RHS X-joints. The conservative strength 581 

equations were proposed to consider the joint strength reduction resulted from the HAZ which could be up 582 

to 15% for the RHS X-joints failing by chord face plastification as discussed in Section 3.2. It is noted that 583 

the proposed strength prediction becomes more conservative when compared with the test strengths. This 584 

is because butt welds with reinforcements were employed for the fabrication of steel tubes and fillet welds 585 

were adopted to assemble the brace and chord into the test specimens. However, the finite element model 586 

adopted in Section 3.3 excluded the modelling of the reinforcements of the butt welds at the tube corners 587 

and the welds connecting the brace and chord were modelled in accordance with the minimum 588 

requirements for butt welds specified in AWS D1.1/D1.1M [20], in order to provide lower bound strength 589 

prediction for the RHS X-joints in practice. Furthermore, the parameter range of β ratio investigated in the 590 

tests is relatively narrow i.e. 0.50≤β≤0.79. 591 

Figs. 14-16 show the curves of the proposed chord stress equation (Eq. (13)). It is shown that the joint 592 

strength reduction predicted by Eq. (13) (Qf,Proposed) is more accurate than that obtained from the CIDECT 593 

chord stress equation (Eq. (3)) (Qf,CIDECT) when compared with the FE results (Qf,FE). Table 9 shows that 594 

the mean values of the Qf,Proposed/Qf,FE ratio for steel grades S460, S690 and S960 are 0.97, 0.96 and 0.95 595 

with corresponding COV of 0.067, 0.069 and 0.084. It is shown that the proposed chord stress equation is 596 

reasonably accurate and slightly conservative. It should be noted that conservative strength equations (Eqs. 597 

(11-14)) were proposed for the HSS RHS X-joints in order to consider the joint strength reduction resulted 598 

from the HAZ as discussed in Section 3.2. The RHS X-joints with n=-0.8 were not included in the 599 

statistical analysis for the Qf,CIDECT/Qf,FE and Qf,Proposed/Qf,FE ratios in Table 9 as such data points may 600 

exhibit large errors in percentage terms, in accordance with Lan et al. [11], and those with 2γ=40 and n<0 601 

were also excluded because the majority of RHS X-joints with 2γ=40 and large compressive chord preload 602 

(e.g. n=-0.8) failed by local buckling of the chord. Additionally, the RHS X-joints with β<0.4 and 2γ ratio 603 

beyond the suggested limit were not included in the statistical analysis for the Qf,Proposed/Qf,FE ratios.  604 

 605 

5.2. Chord side wall failure 606 

 607 

The analysis described in Section 4.2.2 shows that the CIDECT analytical model could result in unduly 608 

conservative and scattered strength prediction for the RHS X-joints with β=1.0 which failed by chord side 609 

wall failure. This is mainly because the chord side wall failure which is essentially plate buckling is 610 

assumed as stub column buckling, and the beneficial effects of strain hardening and restraints of the chord 611 

faces and the brace for the chord side walls are not taken into account. In order to overcome the inherent 612 

drawbacks of the CIDECT analytical model, a theoretical model of plate buckling which could consider 613 

the beneficial restraints was proposed. The deformation-based continuous strength method (CSM) 614 

originally developed for designing non-slender stainless steel cross-sections by Gardner and Nethercot [35] 615 

was also adopted to exploit the beneficial effect of strain hardening in the non-slender chord side walls.  616 

Fig. 19 shows the proposed analytical model for chord side wall failure in RHS X-joints. The chord side 617 

wall is idealised as a plate under localised stresses (p) from the braces over the intersecting width of h1/sinθ 618 

and with plate length of L0, height of h0 and thickness of t0. The restraints of the chord faces and the braces 619 

for the chord side walls are stronger than those of pinned-end boundary condition but weaker than those of 620 

fixed edges. It is worth noting that Becque and Cheng [36] proposed an analytical model of plate buckling 621 

to obtain the elastic buckling stresses (fcr) for equal-width normal strength steel RHS X-joints with β=1.0 622 

and θ=90° as follows: 623 
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where E is the elastic modulus, v is the Poisson’s ratio taken as 0.3 in this study, t0 is the chord wall 624 

thickness, h0 is the chord height, h1 is the brace height. It is noted that the chord side walls are assumed to 625 

be hinged along the longitudinal edges and made of a linear elastic material without considering the strain 626 

hardening effect in the analytical model [36]. The codified column buckling curves were adopted to derive 627 

the buckling loads of the chord side walls using a modified imperfection factor of 0.08.  628 

In order to obtain the elastic buckling loads (Ncr) of the chord side walls which incorporate the restraint 629 

effects of the chord faces and the braces, elastic eigenvalue analysis on the RHS X-joints listed in Table 10 630 

was conducted using the finite element model developed in Section 3.1. The corresponding elastic 631 

buckling stress (fcr) was determined by: 632 

cr
cr

0 12 sin

N
f

t h 
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Regression analysis of the obtained numerical elastic buckling stresses (fcr,FE) summarised in Table 10 was 633 

conducted to derive the expression for the fcr as follows:  634 
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where t0 is the chord wall thickness, h0 is chord height and he is the effective buckling length which is 635 

taken as h0-2t0 for the fabricated RHS X-joints and h0 for cold-formed and hot-finished steel RHS X-joints 636 

to consider the shape effect of chord corners (sharp or round). It is noted that full weld penetration at the 637 

junction between the chord side wall and the brace could be difficult to achieve in practice because of the 638 

chord round corners in cold-formed and hot-finished steel RHS X-joints [36]. Therefore, the corresponding 639 

restraints of the brace for the chord side walls could be weaker resulting in lower elastic buckling stresses, 640 

and this is taken into account by suggesting the larger value of he (i.e. h0) for the cold-formed and 641 

hot-finished steel RHS X-joints. Table 10 shows the comparison of numerical elastic buckling stresses 642 

(fcr,FE) with the calculated elastic buckling stresses (fcr,Becque and fcr,Proposed). The mean values of fcr,Becque/fcr,FE 643 

and fcr,Proposed/fcr,FE ratios are 0.34 and 1.00 respectively with corresponding COV of 0.123 and 0.032. It is 644 

shown that the assumed pinned-edge boundary condition adopted by Becque and Cheng [36] could result 645 

in unduly conservative and relatively scattered prediction of the elastic buckling stress for the chord side 646 

walls. However, the proposed equation (see Eq. (17)) can provide more accurate and consistent prediction.  647 

  The continuous strength method (CSM) was adopted to exploit the beneficial effect of strain hardening 648 

for chord side wall failure in RHS X-joints. The numerical results of the fabricated RHS X-joints obtained 649 

in Section 3.3 and test results collated from the literature as summarised in Table 11 were used to develop 650 

the CSM. The test results include those of RHS X-joints using hot-finished and cold-formed carbon steel 651 

[16, 37, 38] and cold-formed stainless steel [39]. It is noted that the base curves and elastic, linear 652 

hardening material models are the two key components of the CSM originally developed for designing 653 

non-slender stainless steel cross-sections [35], and the CSM has also been extended for the design of 654 

non-slender and slender high strength steel tubular sections by Lan et al. [40, 41]. The base curves relate 655 

the cross-section deformation capacity to overall cross-section slenderness to consider the element 656 

interaction within the cross-section. The overall cross-section slenderness (λp) of chord side walls in this 657 

study is defined as follows: 658 
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where fy is the steel yield stress and fcr is the elastic buckling stress of the chord side walls. Fig. 20 plots the 659 

joint strength (Nu) normalised by the yield load (Ny=2t0h1fy) of the chord side walls obtained from 660 

numerical simulations in Section 3.3 and tests in the literature against the overall cross-section slenderness 661 

(λp) calculated from Eqs. (17-18). It is shown that the limiting overall cross-section slenderness (λp) 662 

delineating the transition between non-slender and slender chord side walls approximately equals to 0.68 663 

for the RHS X-joints, which is the same as that for HSS SHS and RHS [40]. The maximum attainable 664 

strain (εcsm) in the chord side walls of the analysed fabricated RHS X-joints is defined as: 665 
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where εy is the yield strain which equals to fy/E, δu is the chord crown indentation at the ultimate load but 666 

not greater than the indentation limit of 3%b0, h0 is the chord height, λp is the overall cross-section 667 

slenderness, Nu is the joint strength, Ny is the yield load of the chord side walls which equals to 2t0h1fy. It 668 

should be noted that the maximum attainable strain should be taken as εcsm=δu/h0-0.002 for steel materials 669 

with a round material response (e.g. stainless steel) and εcsm=δu/h0 for those with a sharply defined yield 670 

point (e.g. normal strength steel) to be compatible with the adopted CSM material models [40]. Regression 671 

analysis of the numerical results obtained in Section 3.3 was conducted to derive the base curves for the 672 

RHS X-joints. Fig. 21 shows the proposed base curves for non-slender and slender chord side walls as 673 

follows:  674 
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It is noted that two upper limits (15εy and C1εu) were imposed to the CSM limiting strain (εcsm) (see Eq. 675 

(21)) to avoid excessive plastic strain and material fracture for non-slender cross-sections [40]. An upper 676 

limit of 1.78 was placed upon the base curves for slender chord side walls as the numerical data have not 677 

been examined beyond the upper limit.  678 

The CSM elastic, linear hardening material models adopted by Lan et al. [40] were also employed in this 679 

study to obtain the CSM limiting stress (fcsm) for the chord side wall failure in the RHS X-joints. For steel 680 

materials with round material responses, the CSM bi-linear material model (see Fig. 22(a)) was adopted as 681 

follows: 682 
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where Esh is the strain hardening modulus, C2 is the coefficient defining the strain hardening slope, and εu 683 

is the ultimate strain at ultimate stress which may be determined by: 684 

( )u 3 y u 41 = − +C f f C  (25) 

The values of C1, C2, C3 and C4 reported by Buchanan et al. [42] for various steel materials were adopted 685 

herein. The CSM tri-linear material model i.e. the first three stages of the quad-linear stress-strain curve 686 

model for hot-rolled steel proposed by Yun and Gardner [43] (see Fig. 22(b)) was employed for steel with a 687 

sharply defined yield point as follows: 688 
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where C1 is the material coefficient and εsh is the strain-hardening strain. 689 

The static strength of the chord side wall failure in the equal-width RHS X-joints under brace axial 690 

compression (NProposed) can be determined from: 691 

( )csm 0

Proposed 1 1 0 f,Proposed2
sin

f t
N h a t Q


= +  for 

p 0.68   (31) 

( )y 0csm

Proposed 1 2 0 f,Proposed

y

2
sin

f t
N h a t Q



 
= +  for 

p0.68 1.78   (32) 

where the terms of a1t0 and a2t0 are employed to consider the load transferred from an alternative load path 692 

to the chord side walls through the chord faces, and Qf,Proposed is the proposed chord stress function (see Eq. 693 

(13)). Regression analysis of the numerical and test results using the proposed base curves (Eqs. (21-22)) 694 

and the adopted CSM material models was conducted to derive the coefficients of a1 and a2. It is suggested 695 

that a1=a2=8 for the fabricated RHS X-joints with sharp chord corners, and a1=6 and a2=0 for the 696 

hot-finished and cold-formed RHS X-joints with round chord corners. It is noted the validity range of the 697 

design rules for the RHS X-joints specified in the CIDECT design guide [3] is 2γ≤40 and the proposed 698 

design method is applicable for 2γ ratio up to 50. 699 

Table 8 shows that the mean value of the NProposed/NFE ratio for the fabricated equal-width RHS X-joints 700 
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with β=1.0 is 0.92 with corresponding COV of 0.076. It is shown that the proposed design method herein 701 

can produce slightly conservative and consistent strength prediction for the fabricated RHS X-joints. The 702 

conservative strength equations were proposed to consider the joint strength reduction resulted from the 703 

HAZ which could be up to 8% for the RHS X-joints failing by chord side wall failure as discussed in 704 

Section 3.2. The joint strengths obtained from the CIDECT design guide [3] (NCIDECT) and those 705 

determined from Becque and Cheng [36] (NBecque) and the proposed design method herein (NProposed) were 706 

also compared with the test strengths in the literature (NTest) as shown in Table 11. It should be noted that 707 

the values of ultimate stresses (fu) which were not reported in Packer et al. [37] were taken as 1.1fy in 708 

accordance with the minimum ductility requirements stipulated in EN 1993-1-1 [31] (i.e. fu/fy≥1.10) and 709 

the elastic modulus (E) was taken as 210 GPa [31] for the specimens tested by Packer et al. [37] and Cheng 710 

and Becque [38]. It is also noted that the design method proposed by Becque and Cheng [36] is only 711 

applicable for the RHS X-joints with θ=90°, and thus the RHS X-joints with θ<90° were not included for 712 

the analysis of the NBecque/NTest ratio in Table 11. The mean values of the NCIDECT/NTest, NBecque/NTest and 713 

NProposed/NTest ratios for the cold-formed and hot-finished steel RHS X-joints are 0.46, 0.60 and 0.99 with 714 

corresponding COV of 0.417, 0.253 and 0.075. The strength predictions of the CIDECT design guide [3] 715 

and Becque and Cheng [36] are conservative and scattered while the proposed design method is shown to 716 

be also applicable for the cold-formed and hot-finished steel RHS X-joints. Fig. 23 further illustrates the 717 

comparison of numerical and test joints strengths (Nu) with the predicted strengths (Nu,pred). It is shown that 718 

the strength predictions of the CIDECT design guide [3] and Becque and Cheng [36] are unduly and 719 

increasingly conservative with increasing chord side wall slenderness except for some X-joints with small 720 

chord side wall slenderness. However, the proposed design method can produce slightly conservative and 721 

consistent strength prediction. It should be noted that the proposed design method may also be applicable 722 

for other RHS tubular joints failing by chord side wall failure (e.g. RHS T- and Y-joints) and RHS 723 

members which failed by web crippling. It may provide a unified design framework for these tubular joints 724 

and tubular members using various steel materials e.g. normal and high strength carbon steel, stainless 725 

steel and aluminium alloys. Related research work is currently underway.  726 

 727 

5.3. Combined failure modes 728 

 729 

The analysis in Section 4.2.2 shows that the CIDECT strength prediction is generally conservative and 730 

scattered for the RHS X-joints with 0.85<β<1.0 which failed by combined chord face plastification and 731 

chord side wall failure. This is because the CIDECT strength predictions at β=0.85 and β=1.0 are 732 

conservative and scattered, and a linear interpolation approach is adopted by the CIDECT design guide [3] 733 

for the RHS X-joints with 0.85<β<1.0. The proposed strength equations for the RHS X-joints with β≤0.85 734 

(Eq. (11)) and those with β=1.0 (Eqs. (31-32)) can provide more accurate and consistent strength 735 

predictions, and therefore the linear interpolation approach using the proposed strength equations at β=0.85 736 

and β=1.0 is also suggested for the RHS X-joints with 0.85<β<1.0. Table 8 shows that the adopted linear 737 

interpolation approach can produce slightly conservative and consistent strength prediction with a mean 738 

value of NProposed/NFE ratio of 0.91 and corresponding COV of 0.072. Therefore, the linear interpolation 739 

approach is also applicable for the fabricated RHS X-joints. It should be noted that validity ranges of the 740 

proposed design approach are 0.85<β<1.0 and 2γ≤50. 741 

 742 

5.4. Determination of design strengths 743 

 744 
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  The 3rd edition of IIW recommendations [28] on which the current CIDECT design guide [3] is based 745 

adopts a two-step procedure to obtain the design strength i.e. firstly converts the mean strength to the 746 

characteristic strength, and then derives the design strength from the characteristic strength divided by a 747 

safety factor. The regression analysis of test or numerical data for the reference strength equation (Qu) and 748 

the chord stress equation (Qf) leads to the mean strength equations. The mean strength equation can be 749 

converted to the characteristic strength equation by considering fabrication tolerances, mean values and 750 

scatter of test or numerical data and a correction of steel yield stress [11, 32]. The design strength equation 751 

can be derived from the characteristic strength equation divided by a safety factor. It is noted that the 752 

CIDECT analytical models for the RHS X-joints which failed by chord face plastification and chord side 753 

wall failure can produce lower bound strength predictions for test strengths of normal strength steel RHS 754 

X-joints [32]. The analytical equations derived from the theoretical models are therefore taken as the 755 

characteristic strength equations in the IIW recommendations [28] and the CIDECT design guide [3]. The 756 

safety factors (γm) adopted by the CIDECT design guide [3] are 1.0 for chord face plastification and 1.25 757 

for chord side wall failure (see Table C.1 in ISO 14346 [33]). This is because the RHS X-joints which 758 

failed by chord face plastification in tests have demonstrated sufficient ductility and the adopted analytical 759 

model can give a lower bound strength prediction. However, the RHS X-joints failing by chord side wall 760 

failure have relatively lower ductility and less plasticity, and thus a safety factor of 1.25 was employed by 761 

incorporating the coefficient of 0.8 in the buckling stress equation (see Eq. (8)) [32]. It should be noted that 762 

the approach adopted by the IIW recommendations [28] differs from that used by current design codes e.g. 763 

Eurocode EN 1990 [44] and ASCE Standard [45] which derive the design strength equation directly from 764 

the nominal strength equation divided by a partial factor. The nominal strength equation is generally 765 

obtained from theoretical analysis and regression analysis of test and numerical results.  766 

The procedure adopted by the IIW recommendations [28] was employed herein to derive the design 767 

strength equations. It is noted that the proposed strength equations (see Eq. (11) and Eqs. (31-32)) for RHS 768 

X-joints are based on the analytical models which can provide reasonably accurate and consistent lower 769 

bound strength predictions when compared with the test strengths (see Table 4) and numerical strengths 770 

(see Tables 8-9). Eq. (11) and Eqs. (31-32) can therefore be adopted as the characteristic strength equations 771 

for the RHS X-joints which failed by chord face plastification and chord side wall failure respectively. The 772 

tests conducted in this study have demonstrated that the deformation capacity and ductility of the test 773 

specimens which failed by chord face plastification are sufficient (see Figs. 6-7). Fig. 17(d) shows that the 774 

load drops significantly after the peak load which therefore indicates the lower ductility of the RHS 775 

X-joints failing by chord side wall failure. Safety factors of 1.0 and 1.25 are thus suggested for chord face 776 

plastification and chord side wall failure respectively to derive the corresponding design strength equations, 777 

in line with the recommendations of the IIW recommendations [28]. The design strengths of the combined 778 

failure modes can be obtained from the linear interpolation approach using the derived design strength 779 

equations at β=0.85 and β=1.0.  780 

It should be noted that the range of 2γ ratio is suggested to be tightened for the fabricated RHS X-joints 781 

with small β ratio which failed by chord face plastification to allow for more effective use of HSS. 782 

Reinforcements such as internal ring stiffeners [46, 47], external stiffeners [48] and grouting concrete [49, 783 

50] can be employed for the RHS X-joints with small β ratio and large 2γ ratio to enhance the joint 784 

stiffness and thus to utilise the HSS more effectively. Investigations on the HSS reinforced tubular joints 785 

are needed.  786 

 787 

6. Conclusions 788 
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 789 

  The structural behaviour and static strength of fabricated RHS X-joints using steel grades ranging from 790 

S460 to S960 and under axial compression in the braces were investigated through tests and numerical 791 

analysis. Eight RHS X-joints which were composed of fabricated steel tubes with a measured yield stress 792 

of 907 MPa were tested, and totally 599 numerical simulations on the RHS X-joints were conducted. The 793 

investigated failure modes are chord face plastification, chord side wall failure and a combination of these 794 

two failure modes. The effects of heat affected zones (HAZ) and suitability of the strength equations 795 

adopted by the CIDECT design guide for the RHS X-joints were examined. Influences of the steel grade, 796 

brace to chord width ratio (β), chord width to wall thickness ratio (2γ) and chord preload on the 797 

applicability of the CIDECT strength equations for the RHS X-joints were also assessed. Design rules were 798 

proposed for RHS X-joints. The conclusions are summarized as follows: 799 

 800 

(1) The test specimens failed by chord face plastification. The corresponding chord face indentation and 801 

chord side deformation could reach at least two times of the CIDECT indentation limit of 3% of chord 802 

width, and brittle failure was not observed at large deformations. The deformation capacity when 803 

compared with the CIDECT indentation limit and ductility of the test specimens could be considered 804 

as reasonably sufficient.  805 

(2) The effect of material strength reduction in HAZ on the initial stiffness of the RHS X-joints is minor. 806 

However, the effect can be more significant for the joint strength. The joint strength reduction resulted 807 

from the HAZ can be more pronounced for the RHS X-joints with medium β ratio than those with 808 

small or large β ratio.  809 

(3) The CIDECT strength prediction is, in general, increasingly unconservative with increasing steel grade 810 

and 2γ ratio and with decreasing β ratio for the RHS X-joints failing by chord face plastification. 811 

However, it is conservative for the combined failure modes, and becomes increasingly conservative 812 

with increasing chord side wall slenderness for chord side wall failure. The CIDECT prediction of 813 

joint strength reduction resulted from the chord preload is relatively conservative.  814 

(4) High strength steel generally cannot be fully utilised for the RHS X-joints with small β ratio and large 815 

2γ ratio failing by chord face plastification mainly due to the adopted indentation limit. The CIDECT 816 

strength prediction for the combined failure modes and chord side wall failure is conservative because 817 

the chord side wall failure is assumed as column buckling and the beneficial effects of strain hardening 818 

and restraints of the brace and chord faces for the chord side walls are neglected.  819 

(5) The suggested ranges of β and 2γ ratios are 0.4≤β≤0.85 and 2γ≤60β-1 for the RHS X-joints failing by 820 

chord face plastification to allow for more effective use of high strength steel, and corresponding 821 

accurate and slightly conservative strength equations were proposed.  822 

(6) An analytical model of plate buckling was proposed and the deformation-based continuous strength 823 

method was adopted for designing chord side wall failure in the RHS X-joints with β=1.0 and 2γ up to 824 

50. The proposed design method is also applicable for designing chord side wall failure in equal-width 825 

RHS X-joints using cold-formed and hot-finished carbon steel and cold-formed stainless steel.  826 

(7) A linear interpolation approach using the proposed strength equations at β=0.85 and β=1.0 is suggested 827 

for the RHS X-joints with 0.85<β<1.0 and 2γ≤50 which failed by a combination of chord face 828 

plastification and chord side wall failure.  829 

(8) The proposed strength equations can produce more accurate and consistent strength prediction than the 830 

current CIDECT design rules, and were converted to design strength equations for designing high 831 

strength steel RHS X-joints. 832 
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Fig. 1. Configuration and notations of fabricated RHS X-joints (dimensions in mm). 
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Fig. 2. Dimensions of flat tensile coupons (dimensions in mm). 
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Fig. 3. Static engineering stress-strain curves of high strength steel obtained from tensile coupon tests. 
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Fig. 4. Test set-up for high strength steel RHS X-joint specimens. 
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Fig. 5. Experimental and numerical failure modes of high strength steel RHS X-joint specimens. 
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(a) Specimens X3 and X3# (b) Specimens X5 and X6 

Fig. 6. Test and FE load-chord face indentation curves of high strength steel RHS X-joint specimens. 
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(a) Specimens X3 and X3# (b) Specimens X5 and X6 

Fig. 7. Test and FE load-chord side wall deformation curves of high strength steel RHS X-joint specimens. 
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Fig. 8. Heat affected zones in S960 steel RHS X-joints (20% and 10% material strength reduction in red and blue regions respectively). 
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(a) S460 and S690 (b) S960 

Fig. 9. Engineering stress-strain curves of high strength steel. 
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Fig. 10. FE load-indentation curves of fabricated S960 steel RHS X-joints without and with HAZ. 
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Fig. 11. CIDECT analytical model for chord face plastification in RHS X-joints. 
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Fig. 12. CIDECT analytical model for chord side wall failure in RHS X-joints. 
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Fig. 13. Comparison of joint strengths for fabricated RHS X-joints without chord preload. 
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Fig. 14. Comparison of joint strength reduction for S460 RHS X-joints under chord preload. 
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Fig. 15. Comparison of joint strength reduction for S690 RHS X-joints under chord preload. 
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Fig. 16. Comparison of joint strength reduction for S960 RHS X-joints under chord preload. 
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Fig. 17. Typical load-indentation curves of fabricated RHS X-joints without chord preload. 
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Fig. 18. Typical yielding patterns on chord faces of fabricated RHS X-joints with β=0.5 and 2γ=25.  
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Fig. 19. Proposed analytical model for chord side wall failure in RHS X-joints.  
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Fig. 20. Ultimate load normalised by yield load of equal-width RHS X-joints with β=1.0.  
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Fig. 21. Base curves for equal-width RHS X-joints with FE data. 
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Fig. 22. CSM material models for equal-width RHS X-joints (Lan et al. [40]). 
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Fig. 23. Comparison of FE and test strengths of equal-width RHS X-joints with predicted strengths.   
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Table 1 

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

Specimen b0 (mm) h0 (mm) L0 (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 1.5 7.7 

X1# 122.2 122.3 719 96.3 96.1 279 14.7 1.9 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 1.8 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) fp (MPa) fy (MPa) fu (MPa) εu (%) εf (%) 

F1 207.4 602.4 904.5 1012.9 5.7 15.9 

F2 206.7 600.0 910.2 1019.6 4.5 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 β η 2γ  3%b0 (mm) NTest (kN) NFE (kN) NCIDECT (kN) NFE/NTest NCIDECT/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 
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Table 5 

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

FE specimen b0 (mm) h0 (mm) t0 (mm) b1 (mm) h1 (mm) t1 (mm) β 2γ Nu1 (kN) Nu2 (kN) Nu2/Nu1 

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 2.44 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: Nu1 and Nu2 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) εsh (%) εu (%) 

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; εsh 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. b0 (mm) h0 (mm) b1 (mm) h1 (mm) β η ζ 2γ 

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] 

 

  



T-8/11 

 

 

Table 8 

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

Parameter range NCIDECT/NFE  NProposed/NFE 

No. of data Mean COV  No. of data Mean COV 

0.3≤β≤0.85 162 1.23 0.333  84 0.85 0.134 

0.85<β<1.0 27 0.68 0.154  27 0.91 0.072 

β=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 Qf,CIDECT/Qf,FE  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 

S960 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. b0 (mm) h0 (mm) t0 (mm) b1 (mm) h1 (mm) t1 (mm) fcr-FE fcr-Becque/fcr-FE fcr-Proposed/fcr-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 L0=6b0, L1= b1+h1 and θ=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 β=1.0. 

Specimen  η 2γ θ (°) fy (MPa) NTest (kN) NCIDECT/NTest NBecque/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 31.8 90 412 530 0.40 0.51 1.06 

D3221 [37] 0.76 42.1 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 32.7 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 27.4 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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