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Abstract 

This study presents a comprehensive finite element (FE) analysis of cold-formed high strength 

steel (CFHSS) tubular T-joints. The brace members of tubular T-joints were made up of rectangular 

(including square) and circular hollow sections (RHS and CHS), whereas the chord members were 

made up of RHS. The nominal yield strengths (i.e. 0.2% proof stresses) of the tubular members were 

900 and 960 MPa for S900 and S960 steels, respectively. Finite element (FE) models were developed 

and verified against the tests conducted by Pandey and Young [1], showing the capability of 

reciprocating the experimental joint strengths, failure modes and load-deformation histories. The 

material properties and test results used for the validations of the FE models are reported in Pandey 

and Young [1]. The tubular T-joints were tested under axial compression through the brace members, 

while the ends of the chord members were supported on rollers. Upon validations of the FE models, 

a parametric study comprised of 285 FE analyses was carried out. The validity ranges of governing 

parameters in this study exceeded the current validity ranges given in the EC3 [2] and CIDECT [3]. 

A total of 309 joint strengths obtained from the tests [1] and parametric study were compared with 

the nominal strengths obtained from the EC3 [2] and CIDECT [3]. In this study, three failure modes 

were observed, namely chord face failure, chord side wall failure and combined failure. The 

applicability of current chord stress function given in the CIDECT [3] was also evaluated for cold-

formed tubular T-joints of S900 and S960 steel grades. It is shown that the existing design rules given 

in the EC3 [2] and CIDECT [3] are not directly suitable for T-joints of S900 and S960 steels with 

validity ranges of governing parameters exceeding the limits specified in these specifications [2,3] 

and their modifications are needed. Therefore, using two approaches, i.e. semi-empirical and by 

applying correction factors on the latest equations given in the EC3 [2,59], design rules are proposed 

in this study for cold-formed tubular T-joints of S900 and S960 steel grades. In addition, reliability 

analyses were also performed to check the reliability levels of the existing and proposed design rules. 
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1. Introduction 

Over the last few years, the construction sector has noticed a sharp increase in the structural 

applications of cold-formed high strength steel (CFHSS) tubular members due to their superior 

strength-to-weight ratio, which eventually result in material saving and easier handling. The recent 

growths in manufacturing and metallurgical sectors facilitated high strength steel (HSS) production 

with reduced carbon content and improved toughness. Owing to these merits, the production and 

application of HSS material (yield strength greater than 460 MPa) are in-line with the sustainable 

development practice laid down by many countries and organisations. CFHSS tubular members with 

nominal yield strengths (i.e. 0.2% proof stresses) of 900 and 960 MPa are now commercially 

available, however, their structural applications are rather quite scant due to limited research findings. 

The validity of current design provisions in many international codes and guidelines are generally 

restricted for steels with the nominal yield strengths up to 460 MPa, except the Eurocode 3 (EC3) 

wherein the applicability of the design rules has been extended up to 700 MPa. Therefore, to bridge 

the gap between the industry and current design provisions, the potential exploration of CFHSS 

tubular joints needs urgent research attention. Pandey and Young [1,4,5] conducted a series of 

experimental investigation on CFHSS tubular T-joints, T-joints with fully supported chords and X-

joints made up of S900 and S960 steel grades with square and rectangular hollow section (RHS) 

chords. Li and Young [6] conducted tests on concrete-filled RHS X-joints of S700 and S900 steel 

grades. Lan et al. [7] numerically investigated the structural performance of built-up RHS X-joints 

made up of S460, S690 and S960 steel grades. Feldmann et al. [8] conducted tests on RHS X- and 

K-joints made up of S500, S700 and S960 steel grades to examine the applicability of the existing 

reduction factors. Havula et al. [9] experimentally examined the behaviour of RHS T-joints under 

brace in-plane bending using S420, S500 and S700 steel grades.  

This study presents a numerical investigation on the behaviour of CFHSS tubular T-joints. The 

numerical investigation was performed using finite element (FE) analysis, which is now increasingly 

employed to extend the size of the data pool, and thus, to have a broader understanding on the 

structural behaviour. The FE models developed in this study were calibrated against the tests 

conducted by Pandey and Young [1]. Using the validated FE models, a comprehensive parametric 

study, comprised of 285 tubular T-joints, was undertaken to broaden the test database by duly 

considering a wider range of governing geometrical parameters. The joint failure strengths obtained 

from the tests [1] and parametric study were compared with the nominal strengths obtained from the 

EC3 [2] and CIDECT [3]. It is shown that the existing design provisions in these specifications [2,3] 

are not directly suitable for T-joints made up of S900 and S960 steels and their modifications are 

needed. Hence, design rules are proposed for CFHSS tubular T-joints made up of RHS and circular 

hollow section (CHS) braces and RHS chords of S900 and S960 steel grades.      
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2. Summary of experimental programme 

The experimental investigation on CFHSS tubular T-joints was conducted by Pandey and 

Young [1]. The joint failure strengths, failure modes and load-deformation histories reported in 

Pandey and Young [1] were used to validate the FE models of this study. The tubular T-joints in the 

test programme [1] were fabricated from CFHSS tubular members of S900 and S960 steel grades. 

The RHS and CHS used in the tests [1] were produced through the thermo-mechanically controlled 

process (TMCP). In the test programme [1], two types of T-joint configurations were investigated. 

First, RHS-RHS, wherein both brace and chord members were made up of RHS, and second, CHS-

RHS, wherein brace members were made up of CHS and chord members were made up of RHS. The 

nominal yield strength of the RHS-RHS configuration was 960 MPa, while the nominal yield strength 

of the CHS-RHS configuration was 900 MPa. A total of 24 T-joint tests was conducted. Axial 

compression load was applied through the brace members keeping the ends of the chord members 

resting on rollers. It should be noted that during the tests, the chord ends were remained open. In the 

experiments [1], the chord members were not subjected to any external applied axial preload. In the 

test programme [1], brace-to-chord width ratio ( =b1/b0) ranged from 0.34 to 1, brace-to-chord 

thickness ratio ( =t1/t0) ranged from 0.52 to 1.27, chord width-to-chord thickness ratio (2 =b0/t0) 

ranged from 20.6 to 38.6 and chord side wall slenderness ratio (h0/t0) ranged from 12.7 to 38.8. The 

chord length-to-chord width ratio (L0/b0) of test specimens ranged from 3.74 to 5.64, chord length-

to-chord depth ratio (L0/h0) ranged from 4.61 to 8.11 and chord length-to-maximum of chord width 

and depth (L0/max[b0,h0]) ratio of test specimens ranged from 3.74 to 5.64. The average measured 

dimensions of braces, chords and welds can be obtained from Pandey and Young [1]. In order to 

determine the material properties, tensile tests were conducted on coupons extracted from the flat, 

corner and curved regions of the tubular members. The 0.2% proof stresses (adopted as yield 

strengths) of flat, corner and curved regions were ranged from 910.4 to 1059.1, 1042.2 to 1125.6 and 

978.6 to 1006.7 MPa, respectively. The ultimate strengths of flat, corner and curved regions were 

ranged from 1051.1 to 1180.5, 1139.3 to 1249.4 and 1097.3 to 1105.3 MPa, respectively. For all 

tensile coupons, 80% of ultimate strengths were lesser than their corresponding 0.2% proof stresses. 

The material property of the weld metal was determined by conducting all-weld metal tensile coupon 

tests, as detailed in Pandey and Young [4]. The material properties and joint strengths reported in 

Pandey and Young [1] were obtained from the static curves, which in turn were obtained from their 

respective test curves by pausing the tests at different predetermined locations for 2 minutes. In the 

test programme [1], three types of failure modes were obtained, namely, chord face failure (F), chord 

side wall failure (S) and combined failure (F+S). With regard to the labelling of the test specimens, 

the general form of the label T-50×100×4-150×150×6 can be written as T-b1×h1×t1-b0×h0×t0, where 

the definition of symbols can be obtained from Fig. 1. In this numerical investigation, the labelling 

scheme for T-joints was kept identical to the experimental investigation [1]. For more details 
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regarding the test-setup, test procedure and analyses of results, reference can be made to Pandey and 

Young [1]. 

 

3. Numerical programme 

3.1. Finite element models 

3.1.1. General 

The commercially available FE package ABAQUS [10] was used in this study to develop FE 

models. The measured tubular member dimensions and material properties, reported in Pandey and 

Young [1], were used to develop these FE models. In this study, the (*STATIC) general solver of the 

ABAQUS [10] was used for the analysis. The isotropic strain hardening and Von-Mises yield 

criterion rules were adopted in the FE models. For each FE model, a nonlinear time step analysis was 

used in conjunction with a full Newton-Raphson frontal equation solver. In order to provide accurate 

results, both geometric and material non-linearities were included in the FE models together with the 

allowance for large deformation. The joint strengths, failure modes and load-deformation histories, 

obtained from the FE models, were used to validate the test results reported in Pandey and Young [1]. 

In addition, the FE sensitivity analyses were performed to investigate the effects of element types, 

mesh size, through-thickness division, corner region extension and contact interaction between the 

chord and bearing plates. 

 

3.1.2. Element types and mesh sizes 

Based on the FE sensitivity analyses, hexahedral elements were used throughout the FE models 

except for the welds. Owing to the complex weld profiles, tetrahedral elements were used for the 

welds in this study. A 20-node quadratic hexahedral solid element without reduced integration 

(C3D20) was used for all elements except the welds, whereas a 10-node quadratic tetrahedral solid 

element (C3D10) was used for the welds. The built-in structured and free mesh techniques of 

ABAQUS [10] were respectively used for the meshing of C3D20 and C3D10 elements. Many 

previous numerical studies on tubular joints [11-16] advocated the selection of solid elements over 

shell elements in order to reflect actual joint behaviour and realistic fusions of weld-chord and weld-

brace interface regions. By duly taking account of the accuracies and convergence studies of the FE 

models, 4 mm × 4 mm (length : width) mesh size was used for all the chord members and 7 mm × 7 

mm (length : width) mesh size was used for all the brace members. However, the mesh size of the 

welds was kept as 7 mm. The corner regions of brace and chord members were respectively divided 

into 6 and 10 elements to ensure a smooth transition of the load. Various trials were conducted to 

investigate the effect of through-thickness division, wherein the chord member was divided along its 

thickness direction by up to three layers. The results of these simulations showed no noticeable 
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difference in the load vs chord face indentation curves of the typical RHS-RHS and CHS-RHS T-

joints, as shown in Figs. 2 and 3, respectively. The use of tubular members with small thicknesses (t 

 6 mm) in the tests [1] and the use of second-order solid element (i.e. C3D20) in the FE models 

could be the possible reasons behind these observations. Moreover, Crockett [16] numerically 

investigated the effects of through-thickness divisions and found negligible through-thickness stress 

variation in thin-walled structures modelled with C3D20 elements. Therefore, for the validation of 

the tests [1], brace and chord members of the FE models were not divided along the thickness 

direction. 

 

3.1.3. Material properties 

In this investigation, the material properties assigned to the FE models were obtained from the 

tensile coupon tests conducted by Pandey and Young [1]. Due to the cold-forming process, the corner 

and curved regions of the tubular members were work-hardened, and thus, exhibited different 

material properties compared to their respective flat regions. Therefore, measured static tensile 

material properties were obtained from the flat, corner and the curved regions of the tubes, as detailed 

in Pandey and Young [1]. The measured tensile stress-strain curves were converted into the static 

stress-strain curves using the load drops obtained by respectively pausing the tensile coupon tests 

near the 0.2% proof stress, ultimate strength and in the post-ultimate region for 2 minutes. The 

conversion of test stress-strain curves into static stress-strain curves eliminated the influence of 

loading rate from the obtained material properties. All the experimentally obtained measured static 

stress-strain curves were converted into true stress-logarithmic plastic strain curves using the 

recommendations given in the ABAQUS [10]. The true stress-logarithmic plastic strain curves from 

the flat, corner and curved regions of tubular members were then assigned into their respective 

locations in the FE models. As the cold-forming effect generally does not confine to the corner 

regions only, thus, the corner material properties were extended to the adjacent flat regions by a 

distance of 2t, which was consistent with the recommendations of other studies [6,17,18]. In this 

study, the Poisson  ratio of steel was taken as 0.3. The material properties of the weld metal were 

obtained by conducting all-weld metal tensile coupon tests, as detailed in Pandey and Young [4]. The 

measured average values of 0.2% proof stress, ultimate strength and fracture strain of the weld metal 

were 965.2 MPa, 1023.4 MPa and 17.2%, respectively [4]. The measured static stress-strain curve of 

the weld metal was converted into true stress-logarithmic plastic strain curve before assigning it to 

the weld parts of the FE models. Furthermore, the material properties assigned to the weld heat 

affected region (WHAR) of the FE models are detailed in Section 3.1.8 of this paper. 

 

3.1.4. Boundary conditions and loading  
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The boundary conditions at the reference points (RP) of the FE models were exactly assigned 

in accordance with the test setup [1], as shown in Fig. 4. The reference point, RP-1, was kinematically 

coupled to the cross-sectional nodes of the top brace end, and its movement was restrained against 

all degrees of freedom, thereby making it as a fixed end. In the experimental programme [1], T-joints 

were tested under pure chord in-plane bending, wherein the chord ends were resting on the rollers. 

Thus, in FE models, reference points (RP-2 and RP-3) were assigned at a vertical distance of 20 mm, 

equal to half of the diameter of rollers used in the tests [1], from the bottom surfaces of both the end 

bearing plates. Each bottom surface of the end bearing plate was then kinematically coupled to its 

respective reference point. In order to reciprocate the pin-end boundary condition, the movement of 

RP-2 and RP-3 were restrained against all degrees of freedom, except for the displacement along the 

brace axial direction (i.e. the direction of the applied load) and rotation about the chord transverse 

direction. It should be noted that the nodes other than these reference points (RP-1, RP-2 and RP-3) 

were free to translate and rotate in any direction. The loads were applied in the form of axial 

compressions at RP-2 and RP-3 reference points by specifying incremental axial displacements along 

the brace axial direction, which was identical to the movement of the loading ram in the tests [1]. In 

order to consider large displacement analysis, the non-linear geometry (*NLGEOM) parameter was 

enabled in all the simulations. Moreover, in order to establish the initial contact interaction, an initial 

load step was created before the application of actual displacement-controlled loading. 

 

3.1.5. Modelling of weld sizes  

In this study, welds were included in all the calibrated, and subsequent, parametric FE models. 

The weld geometries were based on the measured average weld leg sizes as detailed in Pandey and 

Young [1]. In tests [1], the average dimensions of the welds were obtained by taking mean of 20 weld 

measurements taken around the perimeter of the joint region. The welds were modelled for all RHS-

RHS and CHS-RHS T-joints. Due to complex weld profiles, particularly for RHS-RHS and CHS-

RHS T-joints with large values of  ratio, C3D10 element with free mesh technique was used to 

simulate the welds. It should be noted that the main objective of the present investigation was to 

focus on the member failure of the joints with weld being treated as non-critical elements. However, 

the inclusions of measured weld profiles and measured weld material properties in the FE models 

helped in achieving the accuracy of simulations in terms of joint stiffness, joint strength, failure mode 

and load-deformation history. In addition to the ability of C3D10 element of taking complicated 

shapes, its selection also helped in maintaining the flexibility of the welds under joint deformation, 

and thus, achieving the realistic joint strengths. For RHS-RHS and CHS-RHS T-joints with   0.80, 

the weld was modelled as fillet weld (FW) all around the joint perimeter. However, for RHS-RHS 

and CHS-RHS T-joints with  > 0.80, the weld was modelled as FW along the chord transverse 

direction and as partial joint penetration flare bevel groove weld (GW), without brace connecting end 
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chamfer, along the chord longitudinal direction. The fillet weld leg size (w) was designed as 1.5tmin 

(where tmin was taken as the minimum of brace and chord thickness) as per the recommendations 

given in the AWS D1.1/D1.1M [19], which was identical with the measured values in the tests [1]. 

 

3.1.6. Contact interactions  

The contact interactions play a vital role in the load transfer mechanism of an FE model, and 

thus, requires a correct modelling approach. The surface-to-surface discretization contact approach, 

without any friction penalty and with finite sliding, was used to establish the contact between the 

connecting regions of brace and chord members. The - analytical rigid-

deformable contact interaction from the ABAQUS [10] library was used to fuse the surfaces between 

weld-brace and weld-chord. This contact interaction algorithm does not allow the fused surfaces to 

penetrate each other under compression, while the fused surfaces can separate each other under 

tension. The -  contact interaction facilitated the welds in transferring the loads from the 

brace member on to the wider area of the chord connecting face under brace axial compression, 

thereby reflecting the real joint behaviour. The welds, being non-critical, were assigned as the master 

surfaces, whereas the connecting parts of brace and chord members were assigned as the slave 

surfaces. This selection of master and slave surfaces also helped in avoiding the overlapping of the 

slave nodes, if assigned otherwise. The surface-to-surface discretization contact approach, with finite 

sliding and friction penalty along the tangential direction, was used to fuse the surfaces between the 

chord and the bearing plates. For this interaction, the chord (deformable member) was assigned as 

the slave surface, and the bearing plates (strong member) were assigned as the master surfaces. 

Various trials were made to select an optimum value of the friction coefficient in order to impose a 

friction penalty along the tangential direction. Finally, a friction coefficient of 0.3 had shown a good 

agreement with the test results. In this study, the surface-to-surface discretization contact was 

established contact pressure overclosure along the normal direction, which also 

allowed the separation of contact surfaces. 

 

3.1.7. Effect of weld modelling 

The weld modelling has an important contribution in the numerical investigation of tubular 

joints. Notable numerical studies which investigated the effect of weld modelling on the behaviour 

of tubular joints, include Crockett [16], Reimer et al. [20], Bhuyan et al. [21], van der Vegte et al. 

[22] and de Koning et al. [23]. In these studies, Crockett [16] conducted FE analysis on tubular joints 

by considering both shell and solid elements for welds; Reimer et al. [20] conceptualised the weld 

modelling using 2-dimensional (2D) shell elements; Bhuyan et al. [21] used 6-noded solid elements 

for welds; van der Vegte et al. [22] and de Koning et al. [23] modelled welds using 8-noded shell 
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elements. There are various concerns associated with the modelling of welds as shell elements. First, 

the selection of correct optimum thickness for the weld shell element, second, the correct positioning 

of the weld shell element with respect to the brace-chord intersection, third, the presence of 

-  brace-chord intersection, fourth, the 

incapability of the shell elements to analyse stress and strain in 3-dimensional (3D) region, and fifth, 

the buckling of the weld shell element. On the other hand, the numerical incompatibility is very likely 

to arise with solid weld elements and shell tubular member elements due to the overlapping of their 

interaction regions, which could lead to poor calibration. All these concerns could simply be 

overcome by modelling welds and tubular members using solid tetrahedral and hexahedral elements, 

respectively. The weld modelling with shell elements was done when the computational possibilities 

were quite limited. Due to recent computational advancements, it is now possible to perform such 

numerical simulations using solid elements. 

The practise of keeping a simple joint model by entirely excluding the welds eventually leads 

to an unrealistic FE model. It is now a proven fact that the lack of accounting for the welds in FE 

models yields conservative results [16,24]. In addition, the presence of welds in FE models has a 

significant effect in re-defining the effective  ratio which in turn is responsible for the load transfer 

mechanism of the joint and hence affects the joint failure strength. This explanation is in good 

agreement with the yield line models proposed by Packer [25] and Davies et al. [26], which included 

the effect of weld leg sizes in their proposed models. The influence of weld leg size on the static joint 

strength and overall joint behaviour was investigated by Yu and Wardenier [27]. In order to make the 

design recommendations simple and suitable for full penetration welds and also conservatively for 

fillet welded joints, the welds were neglected. The effects of weld modelling on the overall behaviour 

of CFHSS tubular T-joints was also investigated in this study. In total, 5 typical FE models covering 

different failure modes and joint configurations of this study were re-run by excluding the welds. The 

load vs chord face indentation curves obtained from this comparison are shown in Figs. 5-7 and 8-9 

for RHS-RHS and CHS-RHS T-joints, respectively. The joint strengths obtained corresponding to 

this comparison are summarised in Table 1. It can be noticed that the FE models with welds provide 

a much closer correlation, both in terms of the joint strengths and load-deformation histories, to the 

experimental results, compared to the FE models without welds. The degree of conservatism 

increased with the increase of  value up to the extent that for equal-width ( =1) tubular T-joint, 

welds have to be included in the FE model to yield sensible numerical outcomes. It can be noticed 

that the ignorance of weld and WHAR in FE models underestimated the joint strengths by 6 to 32%. 

 

3.1.8. Weld heat affected region (WHAR) 

HSS is produced through different production processes, mainly by the quenched process (Q) 

and TMCP. Although the current international standards do not differentiate HSS by the production 
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process, however, when subjected to welding, HSS produced through different production processes 

behave differently [28]. During welding, the heat energy causes a phase transition in the semi-solid 

state, thereby significantly altering the virgin microstructure of the parent material. The most severe 

WHAR during the welding is the region where the weld metal gets fused with the parent metal (i.e. 

fusion zone, FZ) followed by the immediate region surrounding the freshly deposited weld material 

(i.e. heat affected zone, HAZ). The HSS produced using TMCP have relatively lower carbon 

equivalents compared to similar quenched HSS. Consequently, TMCP steels can be welded at a lower 

pre-heat temperature using the same welding process parameters [29]. Moreover, the original 

microstructure of TMCP steel and its associated mechanical properties are a result of the 

thermomechanical rolling process performed at low rolling temperatures. Due to the high welding 

heat energy, the original microstructure and the effect of the rolling process in TMCP steel get lost. 

The reduction of material strength in WHAR depends on many factors, such as parent metal thickness, 

parent metal type, parent metal steel grade, welding process type, welding process parameters (arc 

voltage, current and weld deposition speed) and so on [30,31,32,33]. Stroetmann et al. [28] 

discovered a relatively larger strength reduction in the HAZ of TMCP HSS compared to quenched 

HSS. Javidan et al. [30] observed around 30% strength reduction in the HAZ region of TMCP tubular 

members made up of S960 steel grade. For S960 steel, Amraei et al. [31] reported that the yield stress 

reduction is about 13%, and the ultimate tensile strength reduction is about 21%. Amraei et al. [32] 

reported that the yield stress reduction ranged from 20% to 37%, whereas the ultimate tensile strength 

reduction ranged from 16% to 32%, for S960 steel. Pandey and Young [33] concluded that the 

reduction in ultimate tensile strengths of S960 TMCP tubular members of 3 to 6 mm thicknesses 

were ranged from 3% to 32%. Therefore, during the welding process, TMCP HSS needs careful 

attention in order to prevent the excessive softening of the fusion and heat affected zones. 

Pandey and Young [1] conducted various welding trials with different welding process 

parameters to control welding heat input and at the same time to achieve the desired weld profile and 

weld leg size. In order to investigate the material properties of the HAZ of S960 steel grade TMCP 

tubular members, Pandey and Young [33] prepared 3 T-joints with RHS chords of different 

thicknesses (t=3, 4 and 6 mm). Subsequently, 4 tensile coupons, each of 6 mm gauge width and 25 

mm gauge length, were extracted from the HAZ of each of these 3 T-joints. These tensile coupons 

were extracted from the first 24 mm region from the fillet weld toe. Further, for comparison, a tensile 

coupon of similar dimension was also extracted from the non-HAZ region (i.e. parent metal). Fig. 10 

presents a representative photo showing the extracted location of these tensile coupons. The test-

setup, test procedure and the obtained material properties are detailed in Pandey and Young [33]. It 

should be noted that due to fabrication restraints, no tensile coupons were extracted from the FZ (i.e. 

t1+w), where the material strength is expected to reduce significantly. It should be noted that although 

the HAZ coupons were extracted from the RHS-RHS T-joints, however, the obtained tensile stress-
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strain curves of WHAR can also be used for the CHS-RHS T-joints, as the RHS chords of RHS-RHS 

and CHS-RHS T-joints belong to the identical mill batch. In addition, the CHS-RHS T-joints were 

welded using the identical welding process parameters, as used for the welding of RHS-RHS T-joints. 

Furthermore, the brace and chord thicknesses of CHS-RHS T-joints are similar to that of RHS-RHS 

T-joints. In the absence of material properties of the FZ and also to keep the FE models simple, a 

linear strength reduction (Srl) for the WHAR (=FZ+HAZ) was proposed in this study. The definitions 

of WHAR and proposed linear strength reduction model are explained in Figs. 11 and 12, respectively. 

The proposed linear strength reduction (Srl) values for the WHAR of 3, 4 and 6 mm thicknesses were 

50%, 40% and 20%, respectively, which showed a good agreement for the validation of tests [1]. In 

order to reciprocate the real post-weld conditions of T-joints, the WHAR was modelled in both brace 

and chord members. In this study, the spread of WHAR was kept as w+6+6 mm and t1+w+6+6 mm 

for all the brace members and along the longitudinal direction of all the chord members, respectively. 

However, along the transverse direction of the chord members, the spread of WHAR was kept as 

t1+w+12 mm for , t1+corner region for 0.75< <1 and corner region+2t0 for =1, for both RHS-

RHS and CHS-RHS T-joints. The spreads of WHAR for T-joints of different  ranges are shown in 

Figs. 13-15. Furthermore, the material properties of WHAR were completely extended along the 

thickness direction of the brace and chord members. In order to investigate the effects of WHAR on 

the behaviour of CFHSS tubular T-joints, a total of 5 typical FE models, covering different failure 

modes and joint configurations of this study, were re-run by ignoring the WHAR. The comparisons 

of load vs chord face indentation curves from these simulations are shown in Figs. 5-7 and 8-9 for 

RHS-RHS and CHS-RHS T-joints, respectively. It is evident from these comparison curves that the 

WHAR has a significant impact on the structural performance of cold-formed tubular T-joints of 

S900 and S960 steel grades. The adverse effect of WHAR increased with the increase of  ratio and 

affected both the joint failure strength and initial stiffness. The joint failure strengths of typical RHS-

RHS and CHS-RHS T-joints with and without considering the WHAR are presented in Table 1. It 

can be noticed that the ignorance of WHAR in FE models overestimated the joint strengths in the 

range of 12 to 34%.  

 

3.1.9. Effect of initial geometrical imperfections  

The acceptable tolerances on various dimensions of RHS and CHS tubular members are given 

in the EN 10219-2 [34]. However, whether these tolerance limits can be applied for S900 and S960 

steel grades tubes, needs further confirmation. Garifullin et al. [35] carried out a numerical study to 

investigate the effect of initial geometric imperfections on the structural behaviour of T-joints with 

steel grades ranged from S355 to S700. Imperfections were simulated, using the conventional 

approach for thin-walled structures, by applying corresponding buckling modes to the perfect 
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geometry [35]. It should be noted that the scaling of imperfections by Garifullin et al. [35] was only 

limited up to the maximum tolerance limits specified in the EN 10219-2 [34]. They observed trivial 

effect of initial geometric imperfections, when restricted up to the tolerance limits given in the EN 

10219-2 [34], on the T-joint behaviour, and concluded that its effect could be safely ignored in 

computational analysis. Pandey and Young [1] comprehensively measured the dimensions of the 

tubular members by taking 8 measurements, for each tubular member, recorded along the cross-

sectional and longitudinal directions of that tubular member. However, compared to the nominal 

dimensions, the measured maximum cross-sectional widths and depths of the tubular members (b0,max 

and h0,max), significantly exceeded the existing tolerance limits specified in the EN 10219-2 [34]. The 

average of the maximum convex bulge of all the chord members, used in tests [1], was 2.9%, as 

shown in Table 2. It is therefore imperative to include this initial imperfection in FE models in the 

form of a three-point convex arc and to investigate its effect on the T-joint behaviour. The failure 

modes observed in tests [1] and in the parametric study were chord face failure (F), chord side wall 

failure (S) and combined failure (F+S). In all these observed failure modes, the governing local 

deformations in the joint region were only confined in the chord members. Thus, in the FE models, 

this initial geometrical imperfection was only taken as the convex bulge in the flat region(s) of the 

chord members. For this investigation, 5 typical FE models, covering different failure modes and 

joint configurations of this study, were re-run by two methods. First, when the flat regions of the 

chord members were modelled straight using the measured average cross-sectional widths (b0) and 

depths (h0). Second, when the governing convex region(s) of the chord members were modelled as a 

three-point arc using the maximum convex bulge of that chord member. The governing convex 

region(s) of the chord member was chord flanges for chord face failure; chord webs for chord side 

wall failure; and both chord flanges and webs for combined failure, as shown in Fig. 16. The load vs 

chord face indentation curves obtained from these simulations are shown in Figs. 17 and 18 for 

typical RHS-RHS and CHS-RHS T-joints, respectively. From these curves, it can be noticed that the 

effect of modelling the flat region as straight or curve is only critical for equal-width ( =1) T-joints. 

For chord face failure, the effect is trivial with the difference of 0.6% and 0.9% in the joint failure 

strengths of typical RHS-RHS and CHS-RHS T-joints, respectively. For combined failure, the effect 

is quite small with the difference of 1.0% and 3.2% in the joint failure strengths of typical RHS-RHS 

and CHS-RHS T-joints, respectively. However, for chord side wall failure, the effect is significant 

with the difference of 9.5% in the joint failure strengths, and thus, cannot be ignored. 

The main reason behind this observation is the nature of the involved failure mode. For chord 

face failure, the joint failed due to the yielding of the chord connecting face. The out-of-plane 

stiffness of the chord connecting face is quite small when subjected to brace concentrated load, thus, 

an imperfection in the form of convex bulging of the chord connecting face had an insignificant effect 

for this failure mode. For chord side wall failure, the chord webs behaved like a column, and thus, 
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they were quite sensitive towards the convex chord web bulge. The incorporation of convex bulge 

imperfection in the chord webs has an effect identical to the introduction of a global imperfection in 

the column analysis. For combined failure, the effect due to convex chord flange has an explanation 

similar to that of chord face failure, whereas the chord webs in combined failure cases were already 

out-of-plane of the load coming from the brace member. Therefore, irrespective of the introduction 

of convex chord web bulge, the chord webs were already resisting end bending moments and axial 

force. This proved that any controlled increase in the convex chord web bulge has a marginal effect 

on the joint failure strengths of T-joints failed in combined failure mode. Finally, in order to keep the 

FE models realistic and simple, the measured values of the convex bulges were only introduced in 

the chord webs of equal-width ( =1) tubular T-joints using a three-point arc. 

 

3.2. Verification of finite element models 

Using the guidelines and techniques detailed in Section 3.1 of this paper, FE models were 

prepared to simulate the test results [1] by duly validating the joint failure strengths, failure modes 

and load-deformation histories. In total 24 T-joints, including 16 RHS-RHS and 8 CHS-RHS, were 

modelled using the measured dimensions and material properties detailed in Pandey and Young [1]. 

The joint failure strengths (Nf) obtained from the tests were compared with the joint failure strengths 

obtained from the FE analyses (NFE). The joint failure strengths, both experimentally and numerically, 

were obtained by using load and deformation limit criteria. The comparisons of Nf/NFE for RHS-RHS 

and CHS-RHS T-joints are shown in Tables 3 and 4, respectively. The mean values of Nf/NFE ratios 

are 1.00 and 1.02 and corresponding coefficients of variation (COV) are 0.014 and 0.018 for RHS-

RHS and CHS-RHS T-joints, respectively. The load-deformation histories obtained from the FE 

analyses, including load vs chord face indentation curves, load vs chord side wall deformation curves 

and load vs axial shortening curves were compared with the corresponding experimental static curves 

for the typical cases of both RHS-RHS and CHS-RHS T-joints, as shown in Figs. 19 and 20, 

respectively. The failure modes obtained from the FE analyses were compared with the typical failure 

modes observed in the tests [1] for both RHS-RHS and CHS-RHS T-joints, as shown in Figs. 21-23 

and 24-25, respectively. It is, therefore, demonstrated that the FE models developed in this numerical 

study are well capable of replicating the overall structural performance of both RHS-RHS and CHS-

RHS CFHSS tubular T-joints of S900 and S960 steel grades.  

 

3.3. Parametric study 

3.3.1. Scope  

The experimental programme conducted by Pandey and Young [1] included 24 T-joints and 

covered  ratio ranged from 0.34 to 1, 2  ratio ranged from 20.6 to 38.6, h0/t0 ratio ranged from 12.7 
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to 38.8 and  ratio ranged from 0.52 to 1.27. However, only the existing test database was not enough 

to develop a comprehensive understanding of the structural behaviour of CFHSS tubular T-joints. 

Therefore, an extensive parametric study was conducted, using the validated FE models, to enlarge 

the numerical database by duly covering the wider range of governing geometrical parameters. A 

total of 285 T-joints, including 189 RHS-RHS and 96 CHS-RHS, was analysed in the parametric 

study. In an attempt to extend the present validity limits of governing geometrical parameters in the 

EC3 [2] and CIDECT [3], the validity limits of the governing geometrical parameters in this 

parametric study were purposely designed beyond their current validity ranges. For RHS-RHS T-

joints,  ratio ranged from 0.3 to 1, 2  ratio ranged from 16.67 to 50, h0/t0 ratio ranged from 10 to 60, 

 (=h1/b0) ratio ranged from 0.3 to 1.2 and  ratio ranged from 0.75 to 1.25. For CHS-RHS T-joints, 

 ratio ranged from 0.3 to 0.9, 2  ratio ranged from 16.67 to 50, h0/t0 ratio ranged from 16.67 to 50 

and  ratio ranged from 0.5 to 1. The overall planning for the parametric study of RHS-RHS and 

CHS-RHS T-joints is summarized in Tables 5 and 6, respectively. 

 

3.3.2. Specimens, modelling and material properties 

The RHS and CHS members used in the parametric study covered a broad range of practical 

cross-sectional sizes. For brace members, the overall flange width (b1) ranged from 30 to 500 mm, 

the overall web depth (h1) ranged from 30 to 600 mm and thickness (t1) ranged from 2.25 to 12.5 

mm. For chord members, the overall flange width (b0) ranged from 50 to 500 mm, the overall web 

depth (h0) ranged from 40 to 500 mm and thickness (t0) ranged from 3 to 10 mm. It should be noted 

that the upper and lower limits of the cross-sectional dimensions of selected RHS and CHS fall within 

the range of commercially available S900 and S960 steel grades tubes. Referring the production of 

S900 and S960 steel grades RHS [36,37], external corner radii (R1 and R0) were adopted as 2t for t  

6 mm, 2.5t for 6 < t  10 mm and 3t for t > 10 mm. These adopted values of external corner radii also 

fulfilled the requirements given in the prEN 10219-2 [34]. Subsequently, the internal corner radii (r1 

and r0) for RHS brace and chord members were calculated as the difference of external corner radius 

and tube wall thickness (t). In order to avoid the overall buckling of brace member, the length of 

brace member (L1) was kept equal to two times the maximum of b1 and h1 (i.e. L1=2 max[b1, h1]) for 

RHS braces and two times the brace diameter d1 (i.e. L1=2d1) for CHS braces, which was consistent 

with the test programme [1]. The mesh sizes ranged from 3 to 12 mm were used in the parametric 

study for different cross-sections. In general, the mesh sizes for RHS and CHS members were 

determined using the following expressions: 

For RHS Mesh size = Roundup  (1) 

For CHS Mesh size = Roundup  (2) 
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Further, the corner regions of all the brace and chord members were respectively divided into 6 and 

10 elements. For both brace and chord members, one layer of solid C3D20 element was used along 

the thickness direction when t  6 mm, whereas two layers of the solid C3D20 elements were used 

along the thickness direction when t > 6 mm. The mesh size for the weld was kept similar to the mesh 

size of the brace member, determined using Eq. (1) or (2), with a minimum value of 7 mm. The mesh 

size of the bearing plates was kept as 50 mm. For all hexahedral elements, the aspect ratio of the 

mesh was kept 1:1 (length : width). Similar to the validated FE models, corner regions of RHS 

members were extended up to 2t in the adjacent flat regions. For RHS-RHS and CHS-RHS T-joints 

with   0.80, FW was modelled all around the joint perimeter. For RHS-RHS and CHS-RHS T-

joints with  > 0.80, FW was modelled along the chord transverse direction, whereas GW, without 

brace connecting end chamfer, was modelled along the chord longitudinal direction. The fillet weld 

leg size (w) was designed as 1.5tmin (where tmin is the minimum of brace and chord thickness) as per 

the recommendations given in the AWS D1.1/D1.1M [19], which was identical with the test 

programme [1]. 

For RHS members, flat and corner regions of the FE models were assigned the measured flat 

and corner region material properties of 150×150×6, respectively. However, for CHS members, the 

measured material property of 88.9×4 was used. The measured material properties of 150×150×6 and 

88.9×4 were obtained from the tensile coupon tests conducted by Pandey and Young [1]. The 

measured material properties of the weld, obtained from all-weld metal tensile coupon tests [4], were 

assigned to the weld parts of the FE models. However, a bi-linear stress-strain curve with 

modulus of 200 GPa and 0.2% proof stress of 1000 MPa was used for the bearing plates. The 

Poisson  ratio of steel materials was taken as 0.3 in this study. As detailed in Section 3.1.8 of this 

paper, the average material strength reductions for the WHAR of 3, 4 and 6 mm thicknesses were 

taken as 50%, 40% and 20%, respectively. Thus, using this data, a bi-linear material strength 

reduction model was proposed for other thicknesses used in the parametric study, as shown in Fig. 

26. In the absence of material strength reduction data for thicknesses greater than 6 mm and also for 

conservative joint strength predictions, the WHAR material strength reduction was kept as 20% for 

t > 6 mm, in this study. Hence, for thicknesses except 3, 4 and 6 mm, the stress-strain curves for the 

WHAR were obtained by applying the corresponding strength reduction factor, obtained from Fig. 

26 to the stress-strain curve obtained from the flat region of 150×150×6. 

 

3.3.3. Chord length and chord imperfections 

In order to investigate the effect of chord length (L0) on the joint failure strengths of CFHSS 

tubular T-joints, the chord length was changed by changing the load distribution in the chord member. 

A total of 4 validated RHS-RHS T-joint FE models, i.e. T-50×100×4-150×150×6 ( =0.34, 2 =25.3), 
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T-120×120×4-140×140×4 ( =0.86, 2 =35.2), T-100×50×4-100×50×4 ( =1, h0/t0=12.7) and T-

120×120×3-120×120×3 ( =1, h0/t0=38.8) were re-run by changing the load distribution ratio in the 

chord from 1 (vertical) : 0.5 (horizontal) to 1 (vertical) : 5 (horizontal), as shown in Fig. 27. A total 

of 28 simulations were performed and the obtained joint failure strengths, calculated using load and 

deformation criteria, are summarised in Table 7. The variations of joint failure strengths with chord 

length-to-chord width ratios (L0/b0) are shown in Fig. 28. From this comparison, it can be noticed 

that the variations of joint failure strengths for T-50×100×4-150×150×6 ( =0.34, 2 =25.3) were 

negligible. However, the joint failure strengths of the other three T-joints (with large values of  ratio) 

sharply decreased with the increase of L0/b0 ratio. Nonetheless, the joint failure strengths of T-joints 

with large values of  ratio failed to converge with the increasing values L0/b0 ratios. Although, FE 

simulations can further be performed until there is no appreciable drop in the strengths of T-joints 

with increasing L0/b0 ratios, however, such practise would largely deviates from the objective of 

obtaining real joint failure strength and shifts towards the chord member strength under chord in-

plane bending. Therefore, design recommendations for T-joints finally need to be based on a certain 

optimum chord length. This optimum chord length will not only prevent the occurrence of any surplus 

chord-in-plane bending moment, but at the same time, it will avoid the overlapping of stresses 

between the joint and chord end regions. The authors have performed an extensive literature review 

[1,16,27,38-51] of the notable research works available on hollow T-joints with RHS chords. Many 

of these experimental studies were CIDECT projects and their published results were used to validate 

the current chord face failure and chord side wall failure design rules given in the CIDECT [3]. The 

ratios of effective chord length ( eL ) to the maximum of chord flange width and chord web depth (i.e. 

eL /max[b0, h0]) from this literature review are summarised in Table 8. From this comparison, the 

average minimum value of eL /max[b0, h0] ratio is 4.16. In order to propose a simple chord length 

formula and also for conservative joint strength prediction, the average minimum value of eL

/max[b0, h0] ratio was then rounded off on the upper side from 4.16 to 4.5. Furthermore, this chord 

length is equal to a simply supported span and must include half of the bearing plate width at each 

chord end. Thus, the generalised expression of the proposed chord length (L0) is as follows: 

Chord Length (L0) = Simply supported span ( eL ) + 2 half-width of end bearing plate (C) (3) 

After observing the cross-sectional shapes of chord ends under concentrated end reactions for 

various FE simulations, a bearing plate of 90 mm width was found suitable when the max[b0, h0] was 

not more than 180 mm, which was consistent with the tests [1]. For cases where max[b0, h0] was 

more than 180 mm, the chord end bearing plate width was taken as 0.5 max[b0, h0]. Therefore, the 

proposed chord length formula, which was also used in this parametric study, for CFHSS tubular T-

joints becomes: 

L0 = 4.5 max[b0, h0] + C     (in mm) (4) 
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In this numerical investigation, the L0/b0 ratio ranged from 5 to 15, the L0/h0 ratio ranged from 

5 to 15, and the L0/max[b0,h0] ratio ranged from 5 to 5.4. Therefore, the chord length ratios (L0/b0, 

L0/h0 and L0/max[b0,h0]) adopted in this investigation are optimum for joint resistance computation 

and are between the practical ranges of chord lengths adopted in many studies [1,16,27,38-51] on 

tubular T-joints. Moreover, as mentioned in Section 3.1.9 of this paper, the effect of convex chord 

web bulge is significant on the joint failure strength of equal-width ( =1) tubular T-joints. Therefore, 

in this parametric study, a total convex bulge equal to 3% of nominal chord width (b0) was introduced 

in the chord webs of all equal-width ( =1) tubular T-joints. 

 

3.3.4. Failure modes 

A total of 285 parametric results were generated, including 189 parametric results for RHS-

RHS T-joints and 96 parametric results for CHS-RHS T-joints, as shown in Tables 9-14. In this 

parametric study, the joint failure strengths for all types of failure modes of RHS-RHS and CHS-

RHS T-joints were obtained by using both load and deformation limit criteria. Thus, the joint failure 

strength was defined as the load corresponding to the first occurrence of the peak load or the load 

corresponding to the 0.03b0 deformation in the load vs chord face indentation curve, which was 

identical with the approach adopted in the tests [1]. In the parametric study, three types of failure 

modes were observed for RHS-RHS T-joints, namely chord face failure (for 0.30    0.75), chord 

side wall failure (for =1) and combined failure (for 0.80    0.90). For CHS-RHS T-joints, two 

types of failure modes were observed, namely chord face failure (for 0.30    0.70) and combined 

failure (for 0.73    0.90).  

In this study, for both RHS-RHS and CHS-RHS T-joints, a failure mode was described as chord 

face failure (F) when the joint failure strength of the T-joint was only controlled by its deformation 

limit, which is equal to 3% out-of-plane deformation of the overall chord connecting face width (b0), 

i.e. 0.03b0. In the chord face failure (F) mode, the load-deformation curves for the majority of T-

joints had shown no peak load. Due to the membrane action of the chord connecting face and strain 

hardening of the material, the load-deformation curves were continuously increasing with the 

increase of the applied load. For the remaining T-joints of chord face failure (F) mode, the attainment 

of peak loads and the corresponding post-ultimate load drops in the load-deformation curves were 

very gradual. These peak loads were attained at sufficiently large values of chord face indentations. 

The attainment of gradual peak load in such T-joints was due to the local buckling of brace members, 

with large  (= h1/b0) ratio, in their corresponding HAZ regions along the chord longitudinal direction. 

From this parametric study, it was also observed that for T-joints failed by chord face failure mode, 
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most of the deformation was contained in the flat region of the chord connecting face with the 

marginal participation of corresponding chord corner regions. In this study, the proposed upper limits 

of  values for the chord face failure modes of RHS-RHS and CHS-RHS T-joints are 0.75 and 0.70, 

respectively. As the welds were also modelled in the parametric FE analyses, therefore, these 

proposed limits of  values can also accommodate the inclusion of weld leg sizes in the chord face 

failure (F) mode of CFHSS T-joints. Similar to the current recommendations given in the EC3 [2] 

and CIDECT [3], the chord side wall failure mode in this study was also defined for equal-width 

( =1) tubular T-joints, as the applied load was mostly resisted by the chord webs. The joint failure 

strengths of equal-width ( =1) tubular T-joints were mostly load controlled except for a few joints, 

where the joint failure strengths were obtained using 0.03b0 deformation limit criterion. It should be 

noted that for all equal-width ( =1) tubular T-joints, the chord face indentation values corresponding 

to the 0.03b0 deformation limit criterion and the peak load were very closed. Moreover, in this study, 

a combined failure mode is respectively introduced for RHS-RHS and CHS-RHS T-joints when 0.80 

   0.90 and 0.73    0.90. This failure mode was characterised by the combined deformations 

of chord flange, chord corner regions and chord webs, which was consistent with the corresponding 

observation noted in the test programme [1]. For the combined failure mode of this study, the joint 

failure strength was obtained as the load corresponding to the 0.03b0 deformation limit or the peak 

load, whichever occurred first in the corresponding load vs chord face indentation curve. For T-joints 

with 0.7 <  < 1, the chord face indentation values corresponding to 0.03b0 deformation limit and 

peak load were quite close. Thus, unlike chord face failure mode, the joint failure strengths in 

combined failure mode were combinedly controlled by load and deformation limit criteria. The load-

deformation curves have shown a clear peak load for all T-joints failed in combined failure mode. It 

should be noted that the joint failure strengths of RHS-RHS and CHS-RHS T-joints under combined 

failure mode included the effect of weld leg sizes, as the welds were modelled in all these T-joints. It 

is noteworthy to mention that no overall buckling of the brace member was observed in this 

parametric study. 

 

3.3.5. Effects of critical geometric parameters on the behaviour of CFHSS T-joints 

The parametric study in this paper was systematically planned, wherein efforts were made to 

check the influence of various governing geometrical parameters on the overall behaviour of RHS-

RHS and CHS-RHS CFHSS T-joints. The load vs chord face indentation curves depicting the effects 

of various governing geometrical parameters on RHS-RHS and CHS-RHS T-joints failed in different 

failure modes are shown in Figs. 29-33. In this study, the geometric parameters which mainly affected 

the behaviour of RHS-RHS T-joints failed in chord face failure (F) mode were , 2  and . The load 

vs chord face indentation curves presenting the effect of these parameters, one-by-one by duly 

keeping the other factors constant, are shown in Figs. 29(a)-29(c). Fig. 29(a) presents the variations 
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of load vs chord face indentation curves for =0.30, 0.70 and 0.75 by duly keeping 2 =30 and =0.90, 

wherein it can be seen that the initial stiffness and joint strength increased with the increase of  ratio. 

The load vs chord face indentation curve at =0.30 was monotonically increasing, however, the load 

vs chord face indentation curves at =0.70 and 0.75 have shown clear peak loads with gradual post-

ultimate load drops. It can also be noticed that, for this comparison, the loads corresponding to 0.03b0 

deformation limit always occurred before their respective peak loads, thus, the joint strengths were 

clearly deformation controlled. With the increase of  ratio, brace side walls move towards chord 

corner regions, where the out-of-plane stiffness of the chord connecting face was relatively higher 

compared to its central region. Thus, it can be observed that, generally, the strength of CFHSS RHS-

RHS T-joints increased with the increase of  ratio. Fig. 29(b) presents the variations of load vs chord 

face indentation curves of other 3 sets of RHS-RHS T-joints for 2 =16.67, 30 and 50 with =0.70 

and =0.90. It can be noticed from Fig. 29(b) that the initial stiffness and joint strength reduced as 2  

increased. With the increase of 2  ratio, the tendency of load vs chord face indentation curve to 

possess peak load also reduced and it became eventually monotonically increasing for 2 =50. With 

the increase of 2  ratio, the chord connecting face became more slender, thus, out-of-plane stiffness 

of the chord connecting face significantly reduced. Consequently, the joint strength reduced and load-

deformation curve changed to monotonically increasing. The rate of post-ultimate load drop also 

decreased as 2  ratio increased. The strengths of T-joints, for this comparison, were deformation 

controlled, as loads corresponding to 0.03b0 deformation limit always occurred before their 

respective peak loads. 

efficaciously utilised for joints with large values of 2  ratio. The variations of load vs chord face 

indentation curves of RHS-RHS T-joints for =0.60, 0.90 and 1.20 with =0.70 and 2 =30 are shown 

in Fig. 29(c). From Fig. 29(c), it is evident that the initial stiffness and joint strength increased with 

the increase of  ratio. The increase of  ratio for the same joint configuration means the increase of 

h1, which in turn, allow the brace member to transfer loads on the wider area of chord connecting 

face, thereby increasing the brace-chord intersection region along the chord longitudinal direction. 

Thus, due to the increase in the brace-chord intersection region, and consequently, widespread 

deformation of the chord member, the strength of T-joint increased. The joint strengths for this 

comparison were also deformation controlled. It can be noticed that with the increase of  ratio and 

keeping other parameters constant, the tendency of load vs chord face indentation curves to possess 

peak load and subsequent post-ultimate load drop increased. One of the possible reasons for this 

behaviour could be the increase of the brace side wall slenderness (h1/t1), which could trigger local 

buckling in the post-ultimate region. 

The governing geometric parameters which mainly affected the behaviour of RHS-RHS T-

joints failed in combined failure (F+S) mode include , h0/t0 and . The variations of load vs chord 

face indentation curves with respect to , h0/t0 and  are shown in Figs. 30(a)-30(c), respectively. On 
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observing Fig. 30(a), where =0.80 and 0.90 for h0/t0=30 and =0.90, it can be noted that the strength 

of T-joint significantly increased on increasing the ratio in this high range. Further, it can be seen 

that the strength of T-joint with =0.80 was deformation controlled, while the strength of T-joint with 

=0.90 was controlled by its peak load. Therefore, for this failure mode, the strengths of T-joints 

controlled by both load and deformation criteria. In addition to joint strength, the initial stiffness of 

T-joints also increased as  ratio increased. On increasing the  ratio, load vs chord face indentation 

curve possessed more clear peak load followed by sharp post-ultimate load drop. For RHS-RHS T-

joints failed in combined failure mode, Fig. 30(b) presents the variations of load vs chord face 

indentation curves for h0/t0=16.67, 30 and 50 by duly keeping =0.90 and =0.90. It can be seen from 

Fig. 30(b) that the initial stiffness and joint strength decreased with the increase of h0/t0 ratio. On 

increasing the h0/t0 ratio, the chord web slenderness increased which in turn increased the 

susceptibility of the chord webs towards buckling. Consequently, the initial stiffness and joint 

strength significantly decreased on increasing the h0/t0 ratio. The variations of load vs chord face 

indentation curves for =0.60, 0.90 and 1.20 with =0.90 and h0/t0=30 are shown in Fig. 30(c). From 

Fig. 30(c), it can be observed that the joint strength increased with the increase of  ratio, however, 

initial stiffnesses of T-joints were nearly the same. The increase in joint strength with increase in  

ratio was possibly due to more widespread plastic deformation of the chord member, as explained 

earlier. For this comparison, the joint strengths were controlled by the load criterion. 

The structural performance of RHS-RHS CFHSS T-joints failed in chord side wall failure (S) 

mode was mainly affected by h0/t0,  and . Figs. 31(a)-31(c) respectively present the variations of 

load vs chord face indentation curves with respect to h0/t0,  and . The variations of load vs chord 

face indentation curves for h0/t0=10, 20, 30, 40, 50 and 60 by keeping =1 and =1 are shown in Fig. 

31(a). From Fig. 31(a), it is evident that the peak load decreased with the increase of h0/t0 ratio. In 

the EC3 [2] and CIDECT [3], T-joint with chord side wall failure mode was assumed to be failed by 

the global buckling of its pinned ended chord webs of effective height equal to h0-2t0. However, in 

this study, simply supported CFHSS T-joints with =1.0 were failed due to the local buckling of the 

upper half regions of the chord webs, which was consistent with the corresponding experimental [1] 

observation, as shown in Fig. 23. The variations of load vs chord face indentation curves for =0.60, 

0.90 and 1.20 with h0/t0=30 and =1 are shown in Fig. 31(b), where it can be seen that the joint 

strength increased with the increase of  ratio, which is consistent with the previous observations for 

load vs chord face indentation variations with respect to . With the increase of  ratio, brace member 

can transfer load on the wider area of the chord side walls, thereby it can avoid early chord side wall 

failure which could occur for identical T-joints with small  ratio due to more concentrated loads. 

The load vs chord face indentation variations for =0.75, 1.0 and 1.25 with h0/t0=30 and =1 are 

shown in Fig. 31(c). It can be seen that on increasing the  ratio from 0.75 to 1.0, the joint strength 

increased considerably. However, a further increase in  ratio from 1.0 to 1.25 resulted in nearly no 
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change in the initial stiffness and joint strength. Thus, for equal-width tubular T-joints, maximum 

joint strength could be attained by keeping brace and chord members equally strong (i.e. =1.0). For 

all these comparisons, the joint strengths were entirely controlled by the load criterion, as peak loads 

always occurred before their respective 0.03b0 deformation limit loads. 

In this study, CHS-RHS T-joints which failed in chord face failure (F) mode and combined 

failure (F+S) mode were mainly influenced by  and 2  ratios. With regard to CHS-RHS T-joints 

failed in chord face failure (F) mode, the variations of load vs chord face indentation curves with  

and 2  ratios are shown in Figs. 32(a) and 32(b), respectively. In order to observe the effect of  ratio, 

load vs chord face indentation curves were plotted for =0.30, 0.50 and 0.70 by keeping 2 =30. It is 

evident from Fig. 32(a) that the initial stiffness and joint strength increased with the increase of  

ratio. However, all curves were monotonically increasing and the joint strengths were determined 

using 0.03b0 criterion. On the other hand, Fig. 32(b) presents the variations of load vs chord face 

indentation curves for 2 =16.67, 30, 40 and 50 for =0.70. Similar to RHS-RHS T-joints, the initial 

stiffness and joint strength reduced on increasing the 2  ratio and curve with a peak load for 2 =16.67 

changed into a monotonically increasing curve for 2 =50. For this comparison, the joint strengths 

were controlled by 0.03b0 deformation limit criterion. The variations of load vs chord face indentation 

curves for CHS-RHS T-joints failed in combined failure (F+S) mode with  and 2  are shown in Figs. 

33(a) and 33(b), respectively. From Fig. 33(a), which presents the influence of different values of  

ratio ( =0.75, 0.80 and 0.90) for 2 =30, it can be seen that the joint strength remarkably increased on 

increasing the  ratio in its high range, i.e. the joint strength was very sensitive with respect to  ratio 

for CFHSS CHS-RHS T-joints for large values of  ratio. The joint strengths are both load and 

deformation controlled for this comparison. Fig. 33(b) presents the variations of load vs chord face 

indentation curves of other 4 sets of CHS-RHS T-joints failed in combined failure mode for 2 =16.67, 

30, 40 and 50 for =0.90. The initial stiffness and joint strength reduced as well as load vs chord face 

indentation curves became gradually flat on increasing the 2  ratio. 

 

4. Reliability analysis 

In order to check the reliability of the existing and proposed design rules, reliability analyses 

were conducted as per the recommendations given in the AISI S100 [52]. According to AISI S100 

[52], the reliability index ( 0) can be determined as follows: 

0 2 2 2 2

ln( / )m m m

M F P P Q

C M F P

V V C V V
 (6) 

In Eq. (6), C  depends on the combination of dead load (DL) and live load (LL) and termed as 

calibration coefficient; CP accounts for the effect of sample size and termed as correction factor; the 

mean values of the comparison and resistance factor are denoted by Pm and , respectively; the 
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average values of the fabrication and material factor are denoted by Fm and Mm, respectively; COVs 

of the fabrication and material factor are denoted by VF and VM, respectively; COVs of the load effects 

and comparison are denoted by VQ and VP, respectively. In the calculation of reliability index ( 0) 

using Eq. (6), the values Mm, Fm, VM, VF and VQ were taken as 1.10, 1.0, 0.10, 0.10 and 0.21, 

respectively. For the comparison of design rules given in the EC3 [2], a load combination of 

1.35DL+1.5LL was used as per the recommendations given in the EN [53]. However, for the 

comparison of design rules given in the CIDECT [3], a load combination of 1.2DL+1.6LL was used 

as per the recommendations given in the ASCE 7 [54]. The design rules were considered as 

probabilistically safe and reliable when the calculated value of the reliability index ( 0) was equal to 

or greater than 2.5. 

 

5. Existing design provisions and comparison with joint strengths   

5.1. General 

The joint failure strengths (Nf) obtained from tests [1] and parametric study were compared 

with the nominal strengths ( ,E TN , ,E TN , ,C TN  and ,C TN ) calculated from the EC3 [2] and CIDECT 

[3], as shown in Tables 9-14 for different observed failure modes of RHS-RHS and CHS-RHS T-

joints. The nominal strengths from both these specifications [2,3] were obtained by two methods, 

first, when the reduction factor was incorporated in the design rules, and second when the reduction 

factor was not incorporated in the design rules. The terms ,E TN  and ,E TN  respectively represent the 

nominal strengths obtained from the EC3 [2] for tubular T-joints by without and with incorporating 

the recommended reduction factor. Also, the terms ,C TN  and ,C TN  respectively represent the 

nominal strengths obtained from the CIDECT [3] for tubular T-joints by without and with 

incorporating the recommended reduction factor. The ,f E TN N  and ,f C TN N  ratios checked the 

applicability of the latest design rules. However, the ,f E TN N  and ,f C TN N  ratios checked the 

applicability of the design rules developed for mild steel tubular T-joints. The nominal strengths 

( ,E TN , ,E TN , ,C TN  and ,C TN ) were obtained using the measured member dimensions and material 

properties, as reported in the test programme [1]. The nominal strength from the EC3 [2] was 

calculated using the yield strength of the tubular member, which was taken as 0.2% proof stress in 

this study. On the other hand, minimum of the yield strength and 80% of its corresponding ultimate 

strength was used to calculate the nominal strength from the CIDECT [3]. The nominal strengths 

( ,E TN , ,E TN , ,C TN  and ,C TN ) for the comparison of parametric results were obtained using the 

nominal member dimensions and the flat region material properties of 150×150×6. The current chord 

stress function (Qf) was developed for tubular joints made up of normal strength steels with yield 

strength less than or equal to 460 MPa. If the chord in-plane bending moment from test or FE (i.e. 

M0,test or M0,FE) was used to calculate the chord stress parameter (n) for tubular T-joints made up of 



22 

S900 and S960 steels, the final obtained values of Qf was too low and oftentimes became less than 

zero. Hence, for such cases, comparisons could not be made between the joint failure strengths 

obtained from the tests or FE (i.e. Nf) with nominal strengths obtained from the codes (i.e. ,E TN , 

,E TN , ,C TN  and ,C TN ). Therefore, in this numerical investigation, the nominal strength was 

obtained from the EC3 [2] and CIDECT [3] corresponding to identical T-joints with full chord 

support (i.e. no bending moment and no chord axial load; Qf=1.0). This nominal strength was then 

used to calculate the M0,Design, and thus, n and its belonging Qf value. This Qf value was then later 

multiplied with the nominal strength of T-joint with full chord support to obtain the reduced value of 

the nominal strength for simply supported T-joint (i.e. ,E TN , ,E TN , ,C TN  and ,C TN ). This reduced 

value of nominal strength of simply supported T-joint (i.e. ,E TN , ,E TN , ,C TN  and ,C TN ) was then 

used to compare with Nf. Therefore, a total of two iterations was performed, first, to obtain the 

nominal strength corresponding to identical T-joint with full chord support by assuming Qf=1, and 

second, where the obtained nominal strength from the first iteration was used to calculate Qf, and 

thus, the final reduced nominal strength of simply supported T-joint (i.e. ,E TN , ,E TN , ,C TN  and 

,C TN ) which was then used for its comparison with the corresponding test or FE joint failure strength 

(Nf). The same procedure of two iterations was performed to obtain the values of ,E TN , ,E TN , ,C TN  

and ,C TN  for all T-joints covered in this investigation. In this study, the influence of normal stresses 

due to chord-in-plane bending on the nominal strength of T-joint was considered using the chord 

stress functions (kn and Qf) given in the EC3 [2] and CIDECT [3]. Furthermore, the chord side wall 

buckling strengths (fb and fk [55].  

 

5.2. EC3 [2] provisions 

The design rules for chord face failure and chord side wall buckling modes, without and with 

incorporating the reduction factors, are as follows:     
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5.3. CIDECT [3] provisions 

The design rules for chord face plastification and chord side wall failure modes, without and 

with incorporating the reduction factors, are as follows:     
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5.4. Comparison with joint strengths 

A total of 309 data, including 24 test data [1] and 285 numerical data of this study, were used 

for the comparisons, as shown in Tables 9-14. These comparisons helped in checking the feasibility 

of previous and latest design provisions given in the EC3 [2] and CIDECT [3] for CFHSS tubular T-

joints of S900 and S960 steel grades. The comparisons are broadly divided as per the observed failure 

modes of RHS-RHS and CHS-RHS T-joints. In Tables 9-14, t corresponded 

to the cases where the values of the chord stress factor (n) were very large such that the chord stress 

functions (kn and Qf) approached to zero or even became negative. It should be noted that such cases 
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were excluded from the calculations of the corresponding mean (Pm), COV (Vp) and reliability index 

( 0). The comparisons for the chord face failure mode (F) of RHS-RHS T-joints are shown in Table 

9 and include a total of 88 test and numerical data. The mean values of ratios ,f E TN N , ,f E TN N , 

,f C TN N  and ,f C TN N  are 0.92, 1.10, 1.20 and 1.29, respectively. The corresponding COVs are 

0.309, 0.304, 0.385 and 0.364, respectively. Using a resistance factor ( ) of 0.80, the corresponding 

values of reliability index ( 0) are 1.54, 1.98, 1.97 and 2.21, respectively. The comparisons for the 

combined failure mode (F+S) of RHS-RHS T-joints are shown in Table 10 and include a total of 59 

test and numerical data. The mean values of ratios ,f E TN N , ,f E TN N , ,f C TN N  and 

,f C TN N  are 1.15, 1.33, 1.47 and 1.60, respectively. The corresponding COVs are 0.293, 0.234, 

0.219 and 0.221, respectively. Using a resistance factor ( ) of 0.70, the corresponding values of 

reliability index ( 0) are 2.47, 3.19, 3.70 and 3.94, respectively. The comparisons for the chord side 

wall failure mode (S) of RHS-RHS T-joints are shown in Tables 11 and 12 and include a total of 58 

test and numerical data. The mean values of ratios ,f E TN N , ,f E TN N , ,f C TN N  and 

,f C TN N  are 4.94, 5.93, 5.76 and 6.29, respectively. The corresponding COVs are 0.750, 0.793, 

0.639 and 0.653, respectively. Using a resistance factor ( ) of 0.70, the corresponding values of 

reliability index ( 0) are 2.99, 3.06, 3.70 and 3.75, respectively. The comparisons for the chord face 

failure mode (F) of CHS-RHS T-joints are shown in Table 13 and include a total of 49 test and 

numerical data. The mean values of ratios ,f E TN N , ,f E TN N , ,f C TN N  and ,f C TN N  are 

0.69, 0.85, 0.87 and 0.96, respectively. The corresponding COVs are 0.319, 0.324, 0.352 and 0.347, 

respectively. Using a resistance factor ( ) of 0.85, the corresponding values of reliability index ( 0) 

are 0.64, 1.13, 1.23 and 1.44, respectively. The comparisons for the combined failure mode (F+S) of 

CHS-RHS T-joints are shown in Table 14 and include a total of 55 test and numerical data. The mean 

values of ratios ,f E TN N , ,f E TN N , ,f C TN N  and ,f C TN N  are 1.08, 1.31, 1.39 and 1.50, 

respectively. The corresponding COVs are 0.239, 0.245, 0.242 and 0.238, respectively. Using a 

resistance factor ( ) of 0.80, the corresponding values of reliability index ( 0) are 2.21, 2.71, 3.01 

and 3.25, respectively. Therefore, from these comparisons, it can generally be concluded that the 

design rules of T-joints given in the EC3 [2] and CIDECT [3] are not directly suitable for the design 

of CFHSS tubular T-joints of S900 and S960 steels and their modifications are needed.  

On the other hand, upon strictly limiting the validity ranges as per the recommendations given 

in the EC3 [2] and CIDECT [3], it is found that the current design rules given in the EC3 [2] and 

CIDECT [3] ( ,E TN  and ,C TN ) are generally conservative for RHS-RHS T-joints failed in chord face 

failure (F) mode, but ,E TN  and ,C TN  are quite unconservative for small values of  ratio (  0.57), 

particularly when small values of  ratio accompanied with medium to large values of 2  ratio (2  

25) and small to medium values of  ratio (   Similarly, on limiting the comparisons within 

the validity ranges given in the EC3 [2] and CIDECT [3], it is found that the current design rules 

given in the EC3 [2] and CIDECT [3] ( ,E TN  and ,C TN ) are quite conservative and very conservative 
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for RHS-RHS T-joints failed in combined failure (F+S) and chord side wall failure (S) modes, 

respectively. Furthermore, on extending such comparisons for CHS-RHS T-joints, it is found that the 

current design rules given in the EC3 [2] and CIDECT [3] ( ,E TN  and ,C TN ) are generally slightly 

conservative for specimens failed in chord face failure (F) mode, but ,E TN  and ,C TN  are quite 

unconservative for small values of  ratio ( 0.50), particularly when small values of  ratio 

accompanied with medium to large values of 2  ratio (2  30) and small values of  ratio (  50). 

In addition, the current design rules given in the EC3 [2] and CIDECT [3] ( ,E TN  and ,C TN ) are 

overall quite conservative for CHS-RHS T-joints failed in combined failure (F+S) mode.  

Figs. 34-38 presented the variations of test and numerical joint failure strengths (Nf) and their 

corresponding nominal strengths ( ,E TN , ,E TN , ,C TN  and ,C TN ) calculated from the EC3 [2] and 

CIDECT [3]. In Figs. 34(a)-34(d), the data below the unit-slope (i.e. slope=1) line mainly represent 

T-joints with small values of  ratio (i.e. =0.30), where the tendency of data to become low with 

respect to the unit-slope line increased with the increase of 2  ratio and decrease of  ratio. For such 

T-joints, of low  and large 2  ratios, yielding of the chord connecting regions might not had occurred 

at the failure loads. On the other hand, EC3 [2] and CIDECT [3] predictions were corresponding to 

the yielding of the chord connecting regions. Consequently, for such cases, nominal strengths 

obtained from the EC3 [2] and CIDECT [3] were higher than the test and numerical joint failure 

strengths. Hence, the comparison data fall below the unit-slope line. With the increase of 2  ratio, the 

yielding tendency of the chord connecting region, at the failure load, also sharply decreased, and thus, 

the comparison data for such cases fall more in the downward direction of the unit-slope line. In Figs. 

35(a)-35(d), the data above the unit-slope (i.e. slope=1) line represents all T-joints with =0.90 and 

some T-joints having =0.80 with low values of 2  and h0/t0 ratios. For T-joints with large values of 

  < 1.0), the side walls of brace members were positioned near the chord corner regions. 

The out-of-plane stiffness of the chord corner regions was relatively large compared to the out-of-

plane stiffness of the corresponding chord central region. Therefore, the strengths of T-joints 

generally increased with the increase of  ratio. On the other hand, EC3 [2] and CIDECT [3] 

predictions at =0.80 were corresponding to the yielding of the chord connecting regions, while at 

=0.90, nominal strengths from the EC3 [2] and CIDECT [3] were obtained by performing linear 

interpolation between chord face failure and chord side wall failure modes. The increase in joint 

strength in the high range of  ratio, particularly for =0.90, was quite large compared to the 

corresponding increase in the nominal strength obtained from the EC3 [2] and CIDECT [3]. 

Consequently, for such cases, the comparison data fall above the unit-slope line. 

 

5.5. Discussion of results 

5.5.1. Chord face failure (F) 
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The existing design rule for the chord face failure (F) mode of T-joint is based on a lower bound 

simplified yield line model. The design recommendations for T- and X-joints in the EC3 [2] and 

CIDECT [3] were originally made for mild steel joints with ductile behaviour. The yield line model 

was developed ignoring the effects of membrane action, strain hardening of the material and weld 

leg size, i.e. the model assumed small deformations just sufficient to cause material yielding. 

However, the model showed a convincing validation for T-joints with steel grades up to S355 [56]. 

The stress-strain behaviour of S900 and S960 steel grades significantly deviates from the mild steel 

(steel grades up to S355). The prolonged elasticity, relatively gradual yielding, absence of yield 

plateau, different extent of strain hardening and low ultimate-to-yield strength ratio could change the 

response of HSS tubular joints, specially in the deformation and propagation of chord face yield line 

patterns and development of chord face membrane actions, compared to their mild steel counterparts. 

For small to medium values of  ratio (i.e.   0.75), normal strength steel T-joints are expected to 

undergo relatively larger chord connecting face deformation compared to corresponding HSS T-joints. 

For HSS T-joints with small to medium values of  ratio (i.e.   0.75), and specially for large values 

of 2  ratio, the current 3%b0 deformation limit seems not sufficient to develop plastic hinges in the 

chord connecting face. Therefore, the strength of HSS material from the inelastic region to yield 

strength could not be effectively utilised due to the existing 3%b0 deformation limit criterion, and 

thus, the current simplified yield line model which takes into the account of only material yield 

strength becomes unconservative. For the same  ratio, due to high out-of-plane stiffness of the chord 

connecting face, T-joints with small values of 2  ratio have demonstrated relatively larger joint 

strengths compared to T-joints with large values of 2  ratio. In order to cover a wide range of 

structural applications, the 2  ratio in the current parametric study was varied from 16.67 to 50. 

Therefore, the mean values (Pm) of comparisons for the chord face failure (F) mode of RHS-RHS 

and CHS-RHS T-joints reflected the results obtained for a wide 2  range.     

 

5.5.2. Chord side wall failure (S) 

The existing design rule for chord side wall failure (S) mode of T-joint is based on a simplified 

combined web bearing and buckling analytical model. The findings from the tests [1] and parametric 

study proved that the existing joint resistance expression becomes increasingly conservative with the 

increase of chord side wall slenderness ratio (h0/t0). The reason for this trend is due to the assumption 

of chord webs as a pin-ended column of effective length equal to h0-2t0. The authors believe that the 

behaviour of T-joints failed in chord side wall failure mode is neither a pure column buckling nor a 

pure plate buckling, but rather a complex phenomenon involving combined column and plate 

buckling behaviour depending on the chord side wall slenderness ratio (h0/t0). This behaviour is quite 

sensitive towards the interaction of normal bending stresses in the chord due to chord in-plane 

bending with the existing stresses in the chord webs due to the applied brace axial load. In terms of 
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overall joint behaviour, it also depends on  (=h1/b0) ratio;  (=t1/t0) ratio; and restraints offered by 

the chord flanges and corresponding strain hardening of the material.        

 

5.5.3. Combined failure (F+S) 

When a T-joint failed by involving the characteristics of both chord face failure (F) mode and 

chord side wall failure (S) mode, it is referred to as combined failure (F+S) mode in this study. The 

joint strength in the current EC3 [2] and CIDECT [3] specifications, for 0.85 <  < 1, is obtained by 

performing a linear interpolation between the strength predictions at =0.85 and =1. The strength 

predictions in the current EC3 [2] and CIDECT [3] specifications for equal-width ( =1) T-joints are 

already very conservative and scattered. Also, in general, the strength of T-joints increases with the 

increase of  ratio. Therefore, the overall comparisons of RHS-RHS and CHS-RHS T-joints failed in 

combined failure mode are quite conservative and scattered. 

 

5.6. Evaluation of existing chord stress function 

The effect of chord stress on the static joint resistance of a tubular joint is incorporated with 

the help of a chord stress function, which is designated by Qf in the CIDECT [3] and kn in the EC3 

[2]. In order to keep the format of chord stress function consistent between various CHS and RHS 

joints, the chord stress function in its new format was proposed by Wardenier et al. [57], which was 

then later adopted in the latest edition of the CIDECT [3]. However, the current chord stress function 

(Qf) for RHS T- and X-joints was based on the numerical studies of Yu [42], which was conducted 

on tubular joints made up of normal strength steel grades. Hence, it is imperative to examine the 

applicability of the current chord stress function (Qf) function for CFHSS tubular T-joints made up 

of S900 and S960 steel grades. Therefore, in this study, an attempt has been made to calculate Qf 

from the FE analysis (i.e. Qf,FE) and compared with the Qf calculated from the CIDECT [3] (i.e. 

Qf,CIDECT). The Qf from the FE analysis (i.e. Qf,FE) was determined by comparing the joint failure 

strength of simply supported T-joint (i.e. Nf) with the compression capacity of identical T-joint with 

full chord support (i.e. Nf,TF). Hence, by comparing the ratio of Nf/Nf,TF, the effect of chord in-plane 

bending moment on the static joint resistance of CFHSS tubular T-joint of S900 and S960 steel grades 

can be determined. On the other hand, Qf from the CIDECT [3] (i.e. Qf,CIDECT) was calculated by also 

first considering T-joint with full chord support, i.e. calculating the nominal strength from the 

CIDECT [3] (NC,T) by assuming Qf=1. It should be noted that, in order to calculate NC,T, the tubular 

member dimensions and material properties were kept similar to its respective FE model. This 

nominal strength (NC,T) was then further used in the second iteration to compute the chord stress 

factor (n) for the corresponding chord in-plane bending moment, and thus, Qf,CIDECT. Finally, in order 

to check the applicability of the current chord stress function (Qf) function for CFHSS tubular T-
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joints made up of S900 and S960 steels, the Qf,FE was then compared with the Qf,CIDECT, i.e. 

Qf,FE/Qf,CIDECT. If the ratio of Qf,FE/Qf,CIDECT was more than unity, then the current chord stress 

function given in the CIDECT [3] was considered as conservative, whereas it was considered as 

unconservative if the ratio of Qf,FE/Qf,CIDECT was less than unity. 

In order to check the applicability of the current chord stress function (Qf) given in the CIDECT 

[3] for all RHS-RHS and CHS-RHS T-joints of this investigation, all 189 RHS-RHS and 96 CHS-

RHS T-joints were again numerically simulated in the ABAQUS [10] by changing the boundary 

conditions of the chord members from simply supported to full chord supported [58]. Upon 

successful convergence of these FE models of T-joints with full chord support, joint failure strengths 

of these joints (Nf,TF) [58] were then determined using the same principle as used for simply supported 

T-joints, i.e. the strength corresponding to the first occurrence of peak load or 0.03b0 deformation 

limit load. The numerical results for the comparison of Qf,FE vs Qf,CIDECT for RHS-RHS and CHS-

RHS T-joints and their corresponding observed failure modes are graphically shown in Figs. 39-43 

with respect to different  values. It is worth noting that those cases were ignored for these 

comparisons where either chord stress factor (n) was more than unity or Qf,FE (Nf/Nf,TF) was more 

than unity. For RHS-RHS T-joints failed in chord face failure (F) mode, the comparison results are 

shown in Fig. 39 for =0.30, 0.70 and 0.75. It can be seen from Fig. 39 that for each  series, some 

T-joints have Qf,FE less than Qf,CIDECT, i.e. the current chord stress function given in the CIDECT [3] 

is not safe for these T-joints. For RHS-RHS T-joints failed in combined failure (F+S) mode, the 

comparison results are shown in Fig. 40 for =0.80 and 0.90. It can be noticed from Fig. 40 that the 

current chord stress function given in the CIDECT [3] could not predict the lower bound results for 

CFHSS T-joints and for nearly half of the cases, Qf,FE was less than Qf,CIDECT. For RHS-RHS T-joints 

failed in chord side wall failure (S) mode, the comparison results are shown in Fig. 41. It can be 

observed from Fig. 41 that for the majority of equal-width CFHSS T-joints, the current chord stress 

function given in the CIDECT [3] is quite unconservative. Looking the overall trend of Qf,FE and 

Qf,CIDECT comparison with chord stress factor (n) for RHS-RHS T-joints, it can generally be noticed 

that the current chord stress function given in the CIDECT [3] becomes increasingly unconservative 

with the increase of  ratio. The comparisons of Qf,FE and Qf,CIDECT results with chord stress factor (n) 

of CHS-RHS T-joints failed in chord face failure (F) mode are shown in Fig. 42 for =0.30, 0.50 and 

0.70. From Fig. 42, it is evident that for many CHS-RHS T-joints with =0.50 and 0.70, the current 

chord stress function given in the CIDECT [3] was unconservative. On the other hand, for CHS-RHS 

T-joints failed in combined failure (F+S) mode, the comparisons of Qf,FE and Qf,CIDECT results with 

chord stress factor (n) are shown in Fig. 43 for =0.75, 0.80 and 0.90. The comparison showed that 

the existing chord stress function given in the CIDECT [3] is not safe for many CHS-RHS CFHSS 

T-joints failed in combined failure mode.  

Finally, from all these comparisons, it can be concluded that the current chord stress function 
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given in the CIDECT [3] cannot be directly used for RHS-RHS and CHS-RHS CFHSS simply 

supported T-joints of S900 and S960 steel grades, where, generally, it becomes increasingly 

unconservative with the increase of  ratio. In part (b) of Figs. 39-43, the data which fall below the 

unit-slope line represent the cases where the current chord stress function given in the CIDECT [3] 

was found unsafe for the CFHSS T-joints covered in this study. For large values of  ratio, the 

strengths of simply supported CFHSS T-joints (Nf) were considerably smaller than the compression 

capacities of identical CFHSS T-joint with full chord support (Nf,TF). Consequently, the values of 

Qf,FE (Nf/Nf,TF) ratio sharply decreased. Unlike T-joints with small values of  ratio, the effect of 

change in boundary condition on the joint strength was quite significant for T-joints with large values 

of  ratio. On the other hand, the current chord stress function given in the CIDECT [3] (Qf) was 

developed by performing statistical regression analyses on the data of T-joints made up of normal 

strength steel grades by duly excluding those cases where the values of chord stress factor (n) was 

equal to or more than 0.90 [57]. Thus, the current chord stress function given in the CIDECT [3] (Qf) 

needs modification before it can be safely used for cold-formed tubular T-joints of S900 and S960 

steel grades. 

Figs. 44-48 present the comparison between the joint failure strengths of simply supported T-

joints (Nf) and compression capacities of identical T-joints with full chord support (Nf,TF) [58]. The 

joint failure strengths of both these types of joints were determined using both load and 0.03b0 

deformation limit criteria, whichever occurred earlier in their respective load vs chord face 

indentation curves. From Figs. 44-48, it is evident that for the majority of RHS-RHS and CHS-RHS 

CFHSS T-joints, the joint failure strengths of full chord supported T-joints (Nf,TF) were greater than 

their corresponding simply supported T-joints (Nf). For simply supported T-joints with large values 

of  ratio , the normal stresses developed in the chord members due to chord in-plane 

bending significantly reduced the strengths of the chord members, and thus, the overall joint strengths 

of such T-joints were sharply decreased. However, the detrimental effect of chord in-plane bending 

was absent for T-joints with full chord support, therefore, full chord supported T-joints possessed 

generally high joint strengths compared to their identical simply supported counterparts.   

 

6. Proposed design rules and comparison with joint strengths 

6.1. General 

The appropriate procedure to propose design resistance expressions of hollow section joints is 

as follows: 

 Obtain the best-fit equation from the regression analysis of experimental and/or numerical data 

which give rise to its mean strength equation. It should be noted that the experimental and/or 

numerical data should be based on the measured properties. 
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 Determine the nominal strength (or characteristic strength) equation from the mean strength 

equation considering mean values, scattering of experimental and/or numerical data, 

fabrication tolerances and variation in material strengths. 

 Determine the design strength equation from the nominal strength equation by including a 

partial safety factor depending on the failure mode and code. 

In this study, the experimental [1] and numerical joint strengths are based on the measured 

properties, therefore, the best-fit equation obtained from the regression analysis corresponds to the 

mean strength equation. Further, while developing the design proposal, mean of the comparison, 

scatter of the comparison and joint factor were duly considered. As T-joints in this study had shown 

sufficient deformation, thus, in this study, the joint factor ( m) was taken as 1.0 for all the observed 

failure modes. The new proposed design rules, in this study, are semi-empirical in nature, therefore, 

the strength equation obtained after duly considering the mean, COV and joint factor lead to its 

corresponding characteristic strength equation. Finally, in order to obtain the design strength equation 

from its characteristic strength equation, a resistance factor ( ) was introduced for each design 

proposal of RHS-RHS and CHS-RHS CFHSS T-joints. Compared to a pure analytical approach, a 

semi-empirical approach could be a more appropriate option for the design of HSS tubular joints, as 

it combines the backgrounds of analytical approach with the observations of experimental and 

numerical findings. In an attempt to extend the validity limits of the governing parameters in the 

proposed design rules, their limits, in this study, exceeds their corresponding limits mentioned in the 

current EC3 [2] and CIDECT [3] specifications. The effects of weld leg size, chord stress and WHAR 

are included in the proposed design equations. In the absence of any experimental evidence on the 

effect of chord stress on the joint failure strengths of CFHSS tubular T-joints of S900 and S960 steel 

grades, the chord stress function is not explicitly mentioned in the proposed design rules. However, 

the experimental and numerical joint strengths have already included the adverse effect of normal 

stresses in the chord member due to chord in-plane bending. 

In addition to the proposed semi-empirical design rules, the authors have also proposed 

simplified design rules (where the proposed nominal strength is denoted by Nspn) by employing 

correction factors on the latest design rules of T-joints given in the EC3 [2,59]. For each simplified 

proposed design rule, the correction factors include the effects of WHAR and other governing 

geometric parameters affecting the behaviour of CFHSS T-joints failed in that particular mode. As 

the effect of WHAR relates to the reduction of material strength in the WHAR, which in turn depends 

on the thickness of the tubular member. Therefore, the simplified correction factor for WHAR, in this 

study, was expressed in terms of a linear function of the chord member thickness (t0). In order to 

observe the direct impact of WHAR on the joint failure strengths of simply supported T-joints, and 

thus, to propose correction factor for the WHAR effect, FE simulations using ABAQUS [10] were 

performed on all identical simply supported T-joint FE models by ignoring their WHAR material 
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properties. The joint failure strengths of FE T-joints obtained without incorporating the WHAR were 

compared with the joint failure strengths of FE T-joints with WHAR incorporated in order to propose 

the WHAR correction factor. With regard to other governing geometric parameters, simplified linear 

correction factors were proposed. It is worth noting that for both types of proposed design rules, the 

corresponding design strength (Nd) can be obtained from the proposed nominal strengths (Npn and 

Nspn) by multiplying the proposed nominal strengths (Npn and Nspn) with their respective resistance 

factors ( ), i.e. Nd = ( Npn) and Nd = ( Nspn). 
 

6.2. Influence of various governing parameters for their inclusion in the proposed semi-empirical 

design rules 

The design rules proposed in the following sub-sections for RHS-RHS and CHS-RHS T-joints 

of S900 and S960 steels and their corresponding observed failure modes were based on 

comprehensive, reliable and meticulous experimental and numerical evidence. The parametric study 

was performed in a systematic way, wherein each critical parameter was varied for at least three times 

by duly keeping the other parameters constant. The existing design rules for the static resistances of 

T-joints in the EC3 [2] and CIDECT [3] are based on simplified analytical models, wherein some 

important geometrical parameters were neglected in order to keep the design rules simple, 

conservative and designer friendly. For example, this study showed the importance of 2  parameter 

for chord face failure mode, which is neglected in the current design equation for simplicity. The 

behaviour of tubular joints of HSS grades is complicated and depends on many factors, including 

strength reductions in WHAR, applicability of chord stress function for HSS grades and so on. 

Further, at this point of time, there is no other investigation available on cold-formed T-joints of S900 

and S960 TMCP steels. Therefore, due to all these reasons, the authors have adopted a semi-empirical 

approach, wherein before developing the semi-empirical design equations, the basic backgrounds of 

existing simplified analytical models and the overall trend of critical parameters were duly considered. 

For example, considering the yielding of the chord connecting face, and thus, adopting its plastic 

moment capacity per unit length ( 2
0 4yof t ) for the proposed chord face failure design rule. On the 

other hand, the background of the proposed chord side wall failure design rule is entirely based on 

the current simplified web bearing and buckling analytical model. 

Figs. 49-53 present the variations of the values of Nf/NE,T ratio (where Nf is the joint failure 

strengths of simply supported T-joints obtained from the FE parametric study, while NE,T is the 

nominal strength of identical T-joint obtained from the EC3 [2,59] by including the reduction factor) 

with various governing geometrical parameters which mainly influence the behaviour of RHS-RHS 

and CHS-RHS CFHSS T-joints failed in different observed failure modes. For RHS-RHS T-joints 

failed in chord face failure (F) mode, the variations of the values of Nf/NE,T ratio are presented in Fig. 

49 with respect to 2  for different values of ,  and h0/t0 ratios. It can be noticed from Fig. 49 that 
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the values of Nf/NE,T ratio decreased with the increase of 2  for =0.30 to 0.75, =0.30 to 1.20 and 

h0/t0=16.67 to 50. On the other hand, for a particular 2  value and on increasing the values of  and 

 ratios, the values of Nf/NE,T ratio increased by a significant amount. The values of Nf/NE,T ratio 

marginally decreased with the increase of h0/t0 ratio, thus, its contribution has been neglected in the 

proposed design equation for RHS-RHS T-joints failed in chord face failure (F) mode. The variations 

of the values of Nf/NE,T ratio for RHS-RHS T-joints failed in combined failure (F+S) mode with 

respect to h0/t0 for different values of  and  ratios are shown in Fig. 50. For T-joints with =0.80, 

the values of Nf/NE,T ratio decreased for 2 =16.67 with the increase of h0/t0 ratio, whereas for the 

same value of h0/t0 ratio, the values of Nf/NE,T ratio reduced with the increase of 2  ratio. On the other 

hand, for =0.90, the values of Nf/NE,T ratio increased with the increase of h0/t0 and 2  ratios. In 

addition, an unclear trend is observed for the variations of the values of Nf/NE,T ratio on increasing 

the  ratio. Thus, the proposed design equation for RHS-RHS T-joints failed in combined failure 

(F+S) mode accordingly included the influences of all these parameters. For equal-width RHS-RHS 

T-joints failed in chord side wall failure (S) mode, the variations of the values of Nf/NE,T ratio for 

different values of h0/t0, , 2  and  ratios are shown in Fig. 51. It is evident from Fig. 51 that the 

values of Nf/NE,T ratio increased with the increase of h0/t0 ratio and decreased with the increase of  

ratio. Whereas, the values of Nf/NE,T ratio first increased with the increase of 2  and  ratios, followed 

by the decrease of the values of Nf/NE,T ratio at higher values of 2  and  ratios. Hence, accordingly, 

the influence of these critical parameters was included in the proposed design equation of chord side 

wall failure mode of RHS-RHS T-joints. With regard to CHS-RHS T-joints failed in chord face failure 

(F) and combined failure (F+S) modes, the variations of the values of Nf/NE,T ratio with respect to 2  

ratio for different values of ,  and h0/t0 ratios are presented in Figs. 52 and 53, respectively. It is 

clear from Figs. 52 and 53 that the overall trend of the values of Nf/NE,T ratio generally increased with 

the increase of  ratio and decreased with the increase of 2  ratio. On the other hand,  and h0/t0 ratios 

had small influences on the variations of the values of Nf/NE,T ratio, except for =0.90. 
 

6.3. RHS-RHS T-joints 

6.3.1. Chord face failure (0.30    0.75)  

The observations of experimental [1] and numerical studies confirmed that chord face failure 

(F) mode of RHS-RHS T-joints occurred when 0.30    0.75. In this study, the findings of 

experimental [1] and numerical studies concluded a significant effect of 2  ratio on the joint strength. 

Keeping the  and  ratios unchanged, the values of Nf/NE,T ratios decreased with the increase of 2  

ratios. After duly considering the mean and scatter of comparison, a new semi-empirical equation is 

proposed, to predict the nominal strength (or characteristic strength) of CFHSS RHS-RHS T-joints 

of S900 and S960 steel grades failed in chord face failure (F) mode, as follows:      
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30 4.5 6.6

0.5 0.03 2pn yN f t  (15a) 

The corresponding design strength (Nd) can be obtained by employing a resistance factor ( ) 

of 0.80 on Eq. (15a). This proposed design rule is valid for 16.6  2   50, 16.7  

h0/t0  50, 0.3    1.2 and 0.67    1.27. In Eq. (15a), the term 2
0 0yf t  partially represents the 

plastic moment capacity of the chord connecting face per unit length. The comparison of joint 

strengths with proposed nominal strengths yielded a mean value of 1.0 with the corresponding COV 

of 0.145, as shown in Table 9. Using a resistance factor ( ) of 0.80, the calculated value of 0 is 2.51. 

The comparison of current and proposed design rules for chord face failure mode of RHS-RHS T-

joints is graphically shown in Fig. 54. Therefore, it can be concluded that the proposed design 

equation is relatively more accurate, less scatter and reliable. 

The simplified proposed nominal strength (Nspn) for cold-formed RHS-RHS T-joints of S900 

and S960 steel grades failed in chord face failure (F) mode, by duly considering the effects of WHAR 

and affecting governing geometrical parameters, is as follows:  

0
,

0.01 0.85 1.5 0.6

0.03 2 0.4 En Tsp

t
N N  (15b) 

The corresponding design strength (Nd) can be obtained by employing a resistance factor ( ) 

of 0.80 on Eq. (15b). The NE,T can be obtained using Eq. (8), where Eq. (8) represents the nominal 

chord face failure strength of T-joint and calculated in accordance with the EC3 [2,59]. As shown in 

Table 9, the mean and COV of the comparison between joint failure strengths and simplified proposed 

nominal strengths are 1.04 and 0.167, respectively. Using a resistance factor ( ) of 0.80, the 

calculated value of 0 is 2.54. 

 

6.3.2. Combined failure (0.80    0.90)  

In the current EC3 [2] and CIDECT [3] specifications, a linear interpolation is recommended 

between chord face failure (   0.85) and chord side wall failure ( =1), and there is no specific design 

rule to consider the combined failure mode (F+S). The description of the combined failure mode 

(F+S) is explained in Section 3.3.4 of this paper. The outcomes of experimental [1] and numerical 

studies, showed that the combined failure (F+S) mode for RHS-RHS T-joints occurred when 0.80  

  0.90. The comparisons showed that the existing design rule of the EC3 [2] and CIDECT [3] are 

quite conservative and scattered for CFHSS RHS-RHS T-joints failed in combined failure mode. 

Thus, by duly accounting the mean and scatter of comparisons, a new semi-empirical equation is 

proposed, to predict the nominal strength (or characteristic strength) of CFHSS RHS-RHS T-joints 

of S900 and S960 steel grades failed in combined failure (F+S) mode, as follows: 
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0.75 0.0075(2 )ypnN f t  (16a) 

The design strength (Nd) corresponding to Eq. (16a) can be obtained by employing a resistance 

factor ( ) of 0.70 on Eq. (16a). This proposed design rule is valid for 16.6  2   50, 12.7  h0/t0  

50, 0.6    1.2 and 0.52    1. As shown in Table 10, the mean and corresponding COV of the 

comparison of joint strengths with proposed nominal strengths are 1.0 and 0.218, respectively. The 

respective calculated value of 0 is 2.59, using a resistance factor ( ) of 0.70. The comparison of 

current and proposed design rules for combined failure mode of RHS-RHS T-joints is graphically 

shown in Fig. 55. Hence, it can be seen that the proposed design equation is relatively more accurate, 

less scatter and reliable. 

The simplified proposed nominal strength (Nspn) for cold-formed RHS-RHS T-joints of S900 

and S960 steel grades failed in combined failure (F+S) mode, by duly considering the effects of 

WHAR and affecting governing geometrical parameters, is as follows:  

0
,

0.02 0.8 5 2.5

0.01 2 1 En Tsp

t
N N  (16b) 

The corresponding design strength (Nd) can be obtained by employing a resistance factor ( ) 

of 0.75 on Eq. (16b). When  he NE,T can be obtained using Eq. (8), whereas when 0.85 < 

< 1.0, the NE,T can be obtained using Eqs. (8) and (10), where Eq. (10) represents the nominal chord 

side wall buckling strength of T-joint and calculated in accordance with the EC3 [2,59]. As shown in 

Table 10, the mean and COV of the comparison between joint failure strengths and simplified 

proposed nominal strengths are 1.05 and 0.211, respectively. Using a resistance factor ( ) of 0.75, 

the calculated value of 0 is 2.57. 

 

6.3.3. Chord side wall failure ( =1.0)  

Similar to the recommendations given in the current EC3 [2] and CIDECT [3], chord side wall 

failure (S) mode was proposed in this study for equal-width ( =1) RHS-RHS T-joints. The findings 

proved a remarkable effect of chord side wall slenderness ratio (h0/t0) on the joint strengths. The 

values of Nf/NE,T ratio abruptly increased with the increase of h0/t0 ratio. On the other hand, the values 

of Nf/NE,T ratio gradually decreased with the increase of  ratio. The comparisons showed that the 

existing design rule given in the EC3 [2] and CIDECT [3] are very conservative and very scattered 

for CFHSS RHS-RHS T-joints failed in chord side wall failure mode, as shown in Table 11. Therefore, 

by incorporating the effects of the mean and scatter of comparisons, a new semi-empirical equation 

is proposed, to predict the nominal strength (or characteristic strength) of CFHSS RHS-RHS T-joints 

of S900 and S960 steel grades failed in chord side wall failure (S) mode, as follows:    



35 

0
2.17

0

0

2 1.83 0.05 2 1.2

1.5 1
588

k w
pn

f b t
N

h

t

 (17a) 

The design strength (Nd) corresponding to the nominal strength shown in Eq. (17a) can be 

obtained by using a resistance factor ( ) of 0.70. This proposed design rule is valid for 16.6  2   

50, 10  h0/t0  60, 0.5    1.2 and 0.75    1.25. In Eq. (17a), the term fk is the chord side wall 

 of EC3 [55]. Table 12 presents a comparison 

of mean, COV and reliability index corresponding to different buckling curves given in the EC3 [55] 

for this failure mode. Overall, it can be noticed that the buckling curve is more appropriate over 

other buckling curves. As the boundary condition of the chord webs is somewhere between pin-end 

and fixed-end conditions, thus, the effective length factor of 0.85 was adopted in this study. In this 

failure mode, the flat region of the chord web (i.e. h0-2R0) was considered as a semi-fixed column. 

Therefore, the effective length of the semi-fixed column becomes equal to 0.85 (h0-2R0). However, 

the effective width of the semi-fixed column was kept similar to the recommendations given in the 

current specifications [2,3], i.e. bw=h1+5t0. The comparison of the tests [1] and numerical data with 

proposed nominal strengths is shown in Table 11, wherein the respective mean and COV of the 

comparison are 1.02 and 0.219. Using a resistance factor ( ) of 0.70, the calculated value of 0 is 

2.63. The comparison of current and proposed design rules for chord side wall failure mode of RHS-

RHS T-joints is graphically shown in Fig. 56. Hence, it can be concluded that the proposed design 

equation is relatively more accurate, less scatter and reliable. 

The simplified proposed nominal strength (Nspn) for cold-formed RHS-RHS T-joints of S900 

and S960 steel grades failed in chord side wall failure (S) mode, by duly considering the effects of 

WHAR and affecting governing geometrical parameters, is as follows:  

0
0

0
,

0.03 0.6 0.3 2
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h
t

t
N N  (17b) 

The corresponding design strength (Nd) can be obtained by employing a resistance factor ( ) 

of 0.50 on Eq. (17b). The NE,T can be obtained using Eq. (10). As shown in Table 11, the mean and 

COV of the comparison between joint failure strengths and simplified proposed nominal strengths 

are 1.02 and 0.374, respectively. Using a resistance factor ( ) of 0.50, the calculated value of 0 is 

2.66. 

It is noteworthy to mention that when the  ratio of CFHSS RHS-RHS T-joint falls between 

0.75 to 0.80, i.e. 0.75 <  < 0.80, the corresponding proposed design strength has to be obtained by 
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performing a linear interpolation between Eqs. 15(a)-16(a) and 15(b)-16(b). Moreover, when the  

ratio of CFHSS RHS-RHS T-joint falls between 0.90 to 1, i.e. 0.90 <  < 1, the corresponding 

proposed design strength has to be obtained by performing a linear interpolation between Eqs. 16(a)-

17(a) and 16(b)-17(b).     

 

6.4. CHS-RHS T-joints 

6.4.1. Chord face failure (0.30    0.70)  

In this study, the chord face failure (F) mode of CHS-RHS T-joints occurred when 0.30    

0.70. It should be noted that no particular design rules are available for CHS-RHS T-joints in the 

current EC3 [2] and CIDECT [3] specifications. The findings of this investigation have shown a 

significant effect of 2  ratio on the CHS-RHS T-joint strengths. The values of Nf/NE,T ratio decreased 

with the increase of 2  ratio. By taking account of the mean and scatter of the experimental and 

numerical comparisons, a new semi-empirical equation is proposed, to predict the nominal strength 

(or characteristic strength) of CFHSS CHS-RHS T-joints of S900 and S960 steel grades failed in 

chord face failure (F) mode. The proposed nominal strength equation is shown below:    

3.1
2

0 0

1.2

0.6 0.025 2p yn

e
N f t  (18a) 

The corresponding design strength (Nd) can be obtained by employing a resistance factor ( ) 

of 0.85 on Eq. (18a). This proposed design rule is valid for 16.6  2   50, 16.7  h0/t0  50 and 0.5 

   1. In Eq. (18a), the term 
2

0 0yf t  partially represents the plastic moment capacity of the chord 

connecting face per unit length. The comparison of joint strengths with proposed nominal strength 

yields a mean value of 1.02 with the corresponding COV of 0.093, as shown in Table 13. Using a 

resistance factor ( ) of 0.85, the calculated value of 0 is 2.58. The comparison of current and 

proposed design rules for chord face failure mode of CHS-RHS T-joints is graphically shown in Fig. 

57. Therefore, it can be concluded that the proposed design equation is relatively more accurate, less 

scatter and reliable. 

The simplified proposed nominal strength (Nspn) for cold-formed CHS-RHS T-joints of S900 

and S960 steel grades failed in chord face failure (F) mode, by duly considering the effects of WHAR 

and affecting governing geometrical parameters, is as follows: 
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0.07 2 0.3 En Tsp

t
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The corresponding design strength (Nd) can be obtained by employing a resistance factor ( ) 

of 0.65 on Eq. (18b). The NE,T can be obtained using Eq. (8). As shown in Table 13, the mean and 

COV of the comparison between joint failure strengths and simplified proposed nominal strengths 
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are 1.04 and 0.277, respectively. Using a resistance factor ( ) of 0.65, the calculated values of 0 is 

2.58. 

 

6.4.2. Combined failure (0.73    0.90)  

The findings of experimental [1] and numerical studies concluded that the combined failure 

(F+S) mode was found in CHS-RHS T-joints when 0.73    0.90. From the comparisons, it can be 

noticed that the 2  ratio has an important effect, wherein the values of Nf/NE,T ratio decreased with 

the increase of 2  ratio. As mentioned before that there are no specific design rules for CHS-RHS T-

joints in the current EC3 [2] and CIDECT [3] specifications. The existing procedure of calculating 

the design strengths of CHS-RHS T-joints in the EC3 [2] and CIDECT [3], using the design rules of 

T-joints with RHS chord, proved to be very conservative and scattered for CFHSS CHS-RHS T-joints 

failed in combined failure mode. Hence, by appropriately taking into account the mean and scatter 

of the comparisons, a new semi-empirical equation is proposed, to predict the nominal strength (or 

characteristic strength) of CFHSS CHS-RHS T-joints of S900 and S960 steel grades failed in 

combined failure (F+S) mode, as follows:     

2
0 0

57 30

0.8 0.013 2pn yN f t  (19a) 

The design strength (Nd) corresponding to the nominal strength shown in Eq. (19a) can be 

obtained by using a resistance factor ( ) of 0.80. This proposed design rule is valid for 16.6  2   

50, 15.2  h0/t0  50 and 0.66    1. The comparison of tests [1] and numerical data with proposed 

nominal strengths is shown in Table 14, wherein the respective mean and COV of the comparison 

are 0.99 and 0.128. Using a resistance factor ( ) of 0.80, the calculated value of 0 is 2.56. The 

comparison of current and proposed design rules for combined failure mode of CHS-RHS T-joints is 

graphically shown in Fig. 58. Therefore, it can be concluded that the proposed design equation is 

relatively more accurate, less scatter and reliable. 

The simplified proposed nominal strength (Nspn) for cold-formed CHS-RHS T-joints of S900 

and S960 steel grades failed in combined failure (F+S) mode, by duly considering the effects of 

WHAR and affecting governing geometrical parameters, is as follows:  
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t
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The corresponding design strength (Nd) can be obtained by employing a resistance factor ( ) 

of 0.75 on Eq. (19b). When  NE,T can be obtained using Eq. (8), whereas when 0.85 < 

< 1.0, the NE,T can be obtained using Eqs. (8) and (10). As shown in Table 14, the mean and COV of 

the comparison between joint failure strengths and simplified proposed nominal strengths are 1.10 
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and 0.216, respectively. Using a resistance factor ( ) of 0.75, the calculated values of 0 is 2.67. It is 

important to note that when the  ratio of CFHSS CHS-RHS T-joint falls between 0.70 to 0.73, i.e. 

0.70 < < 0.73, the corresponding proposed design strengths have to be obtained by performing a 

linear interpolation between Eqs. 18(a)-19(a) and 18(b)-19(b). 

 

7. Conclusions  

This paper presents a detailed finite element analysis of cold-formed high strength steel tubular 

T-joints made up of S900 and S960 thermo-mechanically controlled process steels. The brace 

members were made up of square, rectangular and circular hollow sections, whereas the chord 

members were made up of square and rectangular hollow sections. Finite element models were 

developed and verified against the tests conducted by Pandey and Young [1], showing the capability 

of replicating the joint strengths, failure modes and load-deformation histories. Subsequently, an 

extensive parametric study comprising of 285 finite element analyses was performed by duly 

covering a wide range of governing geometrical parameters. The validity ranges of governing 

parameters in this study exceeded the current validity ranges given in the EC3 [2] and CIDECT [3]. 

The experimental [1] and numerical joint strengths were compared with the nominal strengths 

calculated from the EC3 [2] and CIDECT [3]. The key findings of this investigation are as follows: 

 The use of second-order solid elements for welds and tubular members helped in obtaining 

realistic joint behaviour and strength. The ignorance of welds in FE models underestimated the 

joint strengths by 6 to 32%. 

 Cold-formed high strength steel tubular members produced using the thermo-mechanically 

controlled process are sensitive towards welding and need careful attention to avoid excessive 

softening of the fusion and heat affected zones. The inclusion of material properties of weld heat 

affected regions (WHAR) has a significant effect on the joint behaviour and helped in achieving 

the actual joint failure strengths of CFHSS T-joints. 

 Three types of failure modes were observed namely chord face failure, chord side wall failure 

and combined failure. The strengths of T-joints failed in chord face failure were purely 

deformation controlled, however, the strengths of T-joints failed in chord side wall failure and 

combined failure were both load and deformation controlled. 

 The applicability of current chord stress function given in the CIDECT [3] was also evaluated 

for T-joints of S900 and S960 steel grades. In this study, the chord stress function generally 

becomes increasingly unconservative with the increase of  ratio. 

 Existing design rules given in the EC3 [2] and CIDECT [3] are not directly suitable for T-joints 

of S900 and S960 steel grades with validity ranges of governing parameters exceeding the limits 

specified in these specifications. 
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 The experimental and numerical evidence found a significant effect of 2  ratio on the joint 

strength, wherein, in general, the joint strength decreased with the increase of 2  ratio. On the 

other hand, the degree of over-conservatism of the EC3 [2] and CIDECT [3] predictions for 

chord side wall failure increased with the increase of h0/t0 ratio. 

 Using two approaches, i.e. semi-empirical and by applying correction factors on the latest EC3 

[2,59] equations, design rules are proposed for cold-formed tubular T-joints of RHS and CHS 

braces and RHS chords of S900 and S960 steel grades. 

 A new equation was proposed to design the chord length of T-joint, where the simply supported 

chord span was kept equal to 4.5 times the maximum cross-sectional width or depth. Accordingly, 

in this study, the chord length-to-chord width and chord length-to-chord depth ratios ranged from 

5 to 15.  

 T [55] was found more appropriate in the determination of chord 

side wall buckling stress for cold-formed high strength steel tubular T-joints made up of S900 

and S960 steel grades. 
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Notation 

b1    Brace flange width 
b0    Chord flange width 
b0,max   Maximum chord cross-sectional width 
bw    Effective width of the semi-fixed chord web column 
C    Width of end bearing plate 
C     Calibration coefficient 
CP    Correction factor to consider test sample size 
d1    Brace diameter 
fy0    Design yield strength of the chord member 
fk and fb   Chord side wall buckling strength 
Fm    Mean value for fabrication factor 
h1    Brace web height 
h0    Chord web height 
h0,max   Maximum chord cross-sectional web height 
h0/t0    Chord side wall slenderness 
kn    Chord stress function as per EC3 
L0    Chord length 
L1    Brace length 
Le    Simply supported chord length 
Mm    Mean value for material factor 
n    Chord stress factor 
N    Applied load (experimental and/or numerical) 
Nd    Design strength 
NFE    Numerical strength 
Nf    Joint failure strength (experimental and/or numerical) 
Nf,TF Compression capacity of fully chord supported T-joint (experimental and/or numerical) 

,E TN  Nominal strength of T-joint calculated from EC3 without including the reduction 
factor 

NE,T Nominal strength of T-joint calculated from EC3 with reduction factor included 

,C TN  Nominal strength of T-joint calculated from CIDECT without including the reduction 
factor 

NC,T Nominal strength of T-joint calculated from CIDECT with reduction factor included 
Npn Proposed nominal strength (or proposed characteristic strength) 
Nspn Simplified proposed nominal strength (or simplified proposed characteristic strength) 
Pm Mean value of the comparison 
Qf or QCIDECT Chord stress function as per CIDECT 
QFE Chord stress function calculated from FE 
r1 Internal radius of brace member corner region 
r0 Internal radius of chord member corner region 
R1 External radius of brace member corner region 
R0 External radius of chord member corner region 
Srl Linear strength reduction 
t Tubular wall thickness 
t1 Brace thickness 
t0 Chord thickness 
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tw Effective throat thickness of fillet weld 
u Chord face indentation 
v Chord side wall deformation 
VM COV for material factor 
VF COV for fabrication factor 
VP COV of the comparison 
VQ COV for load effects 
w Fillet weld leg size 

 Weld measurement for PJP flare bevel groove weld for equal-width T-joints 
wr Weld reinforcement for PJP flare bevel groove weld for equal-width T-joints 
 Axial shortening of T-joint 
 Brace width-to-chord width ratio 

0 Reliability index 
 Chord width-to-chord thickness ratio 

M5 Partial safety factor for tubular joints as per EC3 
 Reduction factor for HSS material 
 Brace web height-to-chord flange width ratio 

1 Included angle between brace and chord members 
 Brace-to-chord thickness ratio 
 Resistance factor 

CHS Circular hollow sections 
CHS-RHS Circular hollow section brace-to-Square and rectangular hollow section chord 
CFHSS Cold-formed high strength steel 
COV Coefficients of variation 
DL Dead load 
F Chord face failure mode 
FE Finite element 
F+S Combined failure mode 
FW Fillet weld 
FZ Fusion zone 
GW Partial joint penetration flare bevel groove weld 
HAZ Heat affected zone 
HSS High strength steel 
LL Live load 
RHS Square and rectangular hollow sections 
RHS-RHS Square and rectangular hollow section brace-to-Square and rectangular hollow section 

chord 
S Chord side wall failure mode 
TMCP Thermomechanical control process 
WHAR Weld heat affected region 
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Fig. 16. Governing convex bulges for different failure modes 
 

 
Fig. 17. Effect of convex bulges on RHS-RHS T-joints 

 
Fig. 18. Effect of convex bulges on CHS-RHS T-joints 

0

100

200

300

400

500

600

700

800

0 2 4 6 8 10 12 14 16
Chord Face Indentation, u (mm)

Tests
FE-Without Convex Bulge
FE-With Convex Bulge

T-50 100 4-150 150 6
( =0.34)

T-140 140 4-
140 140 4

( =1)

T-120 120 4-
150 150 6

( =0.81)

0

50

100

150

200

250

300

350

400

0 2 4 6 8 10 12 14 16
Chord Face Indentation, u (mm)

Tests
FE-Without Convex Bulge
FE-With Convex Bulge

T-88.9 4-150 150 6
( =0.59)

T-88.9 4-100 100 4
( =0.88)



50 

 
a. Load vs chord face indentation curves 

 
b. Load vs chord side wall deformation curves 

 
c. Load vs axial shortening curves 

Fig. 19. Comparison of test and FE load-deformation curves for RHS-RHS T-joints 
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a. Load vs chord face indentation curves 

 
b. Load vs chord side wall deformation curves 

 
c. Load vs axial shortening curves 

Fig. 20. Comparison of test and FE load-deformation curves for CHS-RHS T-joints
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Specimens   

 

  
Test Strengths 

(kN) 

  Numerical Strengths (kN)   
Comparisons 

T-b1×h1×t1-b0×h0×t0    No Weld + 

No WHAR 

  Weld + No 

WHAR 

  Weld + 

WHAR 

 

or       (b)

(a)
 

 (c)

(a)
 

 (d)

(a)
 

T-d1×t1-b0×h0×t0     (a)   (b)   (c)   (d)     

T-50×100×4-150×150×6  0.34  163.4  150.1  182.3  163.1  0.92  1.12  1.00 

T-120×120×4-150×150×6  0.81  606.7  548.2  775.1  601.2  0.90  1.28  0.99 

T-100×50×4-100×50×4  1.00  334.5  228.5  374.2  333.0  0.68  1.12  1.00 

T-88.9×4-150×150×6  0.59  212.5  200.1  237.5  207.2  0.94  1.12  0.98 

T-88.9×4-100×100×4   0.88   286.5   253.3   384.6   290.4   0.88  1.34  1.01 

Table 1. Effect of weld and WHAR on typical RHS-RHS and CHS-RHS T-joint strengths 

Specimens Nominal Chord 

Widths (mm) 

Measured Maximum 

Chord Widths (mm) 

Maximum Convex 

Bulges (%) T-b1×h1×t1-b0×h0×t0 

T-d1×t1-b0×h0×t0   b0   b0,max   (b0,max - b0)/b0 

T-50×100×4-150×150×6  150  154.80  3.20 

T-50×100×4-140×140×4  140  144.70  3.36 

T-50×100×4-120×120×4  120  124.80  4.00 

T-80×80×4-140×140×4  140  144.90  3.50 

T-80×80×4-120×120×4  120  124.45  3.71 

T-80×80×4-120×120×3  120  124.10  3.42 

T-100×50×4-140×140×4  140  144.30  3.07 

T-80×80×4-100×50×4  100  102.21  2.21 

T-120×120×4-150×150×6  150  153.84  2.56 

T-120×120×4-150×150×6-R  150  154.33  2.89 

T-120×120×3-150×150×6  150  154.15  2.77 

T-120×120×4-140×140×4  140  144.23  3.02 

T-100×50×4-100×50×4  100  102.98  2.98 

T-120×120×4-120×120×4  120  123.02  2.52 

T-140×140×4-140×140×4  140  143.07  2.19 

T-120×120×3-120×120×3  120  123.10  2.58 

T-88.9×4-150×150×6  150  154.15  2.77 

T-88.9×3-120×60×4  120  123.26  2.72 

T-88.9×3-120×60×4-R  120  122.91  2.43 

T-88.9×4-120×60×4  120  122.87  2.39 

T-88.9×4-120×60×4-R  120  122.93  2.44 

T-88.9×4-120×120×6  120  123.67  3.06 

T-88.9×4-100×60×4  100  102.74  2.74 

T-88.9×4-100×100×4   100   103.15   3.15 

        Average   2.90 

Table 2. Measured maximum convex bulges in the chord members  
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Specimens   Geometric Ratios   
Failure 

Mode(s) 

  Test Strengths 

(kN) 

  Numerical 

Strengths (kN) 

  Comparisons 

T-b1×h1×t1-b0×h0×t0 
 

   h0/t0 
    f

FE

N

N
 

      Nf   NFE   

T-50×100×4-150×150×6  0.34 0.67 25.25 25.45  F  163.4  163.1  1.00 

T-50×100×4-140×140×4  0.36 0.99 35.00 35.23  F  65.7  64.1  1.02 

T-50×100×4-120×120×4  0.41 1.01 31.12 31.08  F  83.8  81.5  1.03 

T-80×80×4-140×140×4  0.57 0.98 34.77 35.06  F  95.4  97.0  0.98 

T-80×80×4-120×120×4  0.66 1.00 31.01 30.97  F  162.6  163.2  1.00 

T-80×80×4-120×120×3  0.67 1.27 38.55 38.67  F  91.8  94.8  0.97 

T-100×50×4-140×140×4  0.72 0.98 34.62 34.86  F  130.6  131.2  1.00 

T-80×80×4-100×50×4  0.80 0.99 25.23 12.69  F+S  286.9  283.1  1.01 

T-120×120×4-150×150×6  0.81 0.66 25.29 25.48  F+S  606.7  601.2  1.01 

T-120×120×4-150×150×6-R  0.81 0.66 25.24 25.44  F+S  599.9  601.6  1.00 

T-120×120×3-150×150×6  0.80 0.52 25.38 25.61  F+S  545.1  547.8  1.00 

T-120×120×4-140×140×4  0.86 0.98 35.16 35.37  F+S  375.5  377.9  0.99 

T-100×50×4-100×50×4  1.00 1.00 25.25 12.71  S  334.5  333.0  1.00 

T-120×120×4-120×120×4  1.00 1.00 30.89 30.83  S  606.8  599.5  1.01 

T-140×140×4-140×140×4  1.00 1.00 34.95 35.30  S  626.6  624.7  1.00 

T-120×120×3-120×120×3   1.00 1.00 38.52 38.80   S   402.8   403.1   1.00 

           Mean  1.00 

                      COV   0.014 

Table 3. Comparison between test and FE strengths for RHS-RHS T-joints 

 

Specimens   Geometric Ratios   
Failure 

Mode(s) 

  Test Strengths 

(kN) 

  Numerical 

Strengths (kN) 

  Comparisons 

T-d1×t1-b0×h0×t0 
 

   h0/t0 
    f

FE

N

N
 

      Nf   NFE   

T-88.9×4-150×150×6  0.59 0.66 25.28 25.48  F  212.47  212.90  0.99 

T-88.9×3-120×60×4  0.74 0.75 30.25 15.47  F+S  170.49  165.07  1.03 

T-88.9×3-120×60×4-R  0.74 0.75 30.33 15.47  F+S  176.43  170.50  1.03 

T-88.9×4-120×60×4  0.74 1.00 30.30 15.48  F+S  176.90  176.10  1.00 

T-88.9×4-120×60×4-R  0.74 1.00 30.37 15.49  F+S  169.37  163.90  1.03 

T-88.9×4-120×120×6  0.73 0.66 20.63 20.58  F+S  362.14  354.10  1.02 

T-88.9×4-100×60×4  0.89 0.99 25.26 15.23  F+S  291.02  285.79  1.02 

T-88.9×4-100×100×4   0.88 0.99 25.42 25.40   F+S   286.53   290.40   0.99 

           Mean  1.02 

           COV   0.018 

Table 4. Comparison between test and FE strengths for CHS-RHS T-joints 
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Specimens   
Geometric Ratios 

  Joint 
Failure 
Strengths 
(kN) 

  Comparisons 

T-b1×h1×t1-b0×h0×t0 
   

      
    h0/t0     Nf   

T-30×30×4.5-100×100×6  0.30 16.67 16.67 0.75 0.30  163.1  0.90 1.02 1.06 1.15 1.14 0.96 
T-30×60×4.5-100×100×6  0.30 16.67 16.67 0.75 0.60  205.5  1.03 1.15 1.18 1.28 1.06 1.08 
T-30×90×4.5-100×100×6  0.30 16.67 16.67 0.75 0.90  245.3  1.13 1.25 1.27 1.37 1.00 1.17 
T-54×54×4.5-180×100×6  0.30 30.00 16.67 0.75 0.30  114.3  0.66 0.73 0.76 0.82 1.12 1.00 
T-54×108×4.5-180×100×6  0.30 30.00 16.67 0.75 0.60  145.4  0.76 0.84 0.85 0.92 1.05 1.14 
T-54×162×4.5-180×100×6  0.30 30.00 16.67 0.75 0.90  172.1  0.83 0.90 0.91 0.98 0.98 1.22 
T-90×90×4.5-300×100×6  0.30 50.00 16.67 0.75 0.30  69.2  0.56 0.56 0.53 0.56 0.97 1.11 
T-90×180×4.5-300×100×6  0.30 50.00 16.67 0.75 0.60  86.3  0.67 0.64 0.60 0.63 0.89 1.28 
T-90×270×4.5-300×100×6  0.30 50.00 16.67 0.75 0.90  103.5  0.77 0.72 0.66 0.68 0.84 1.43 
T-70×60×6-100×100×6  0.70 16.67 16.67 1.00 0.60  546.1  1.36 1.58 1.90 2.03 0.84 0.95 
T-70×90×6-100×100×6  0.70 16.67 16.67 1.00 0.90  648.5  1.44 1.64 2.03 2.13 0.92 0.99 
T-70×120×6-100×100×6  0.70 16.67 16.67 1.00 1.20  718.4  1.43 1.62 2.05 2.12 0.95 0.97 
T-126×108×6-180×100×6  0.70 30.00 16.67 1.00 0.60  427.2  1.10 1.26 1.54 1.62 0.92 1.09 
T-126×162×6-180×100×6  0.70 30.00 16.67 1.00 0.90  502.3  1.14 1.30 1.63 1.69 1.00 1.12 
T-126×216×6-180×100×6  0.70 30.00 16.67 1.00 1.20  555.5  1.14 1.28 1.66 1.69 1.03 1.11 
T-210×180×6-300×100×6  0.70 50.00 16.67 1.00 0.60  230.3  0.74 0.80  1.28 0.71 1.01 

T-210×270×6-300×100×6  0.70 50.00 16.67 1.00 0.90  356.1  1.06 1.11   1.01 1.41 

T-210×360×6-300×100×6  0.70 50.00 16.67 1.00 1.20  390.3  1.08 1.11   1.03 1.40 
T-75×60×6-100×100×6  0.75 16.67 16.67 1.00 0.60  619.8  1.40 1.61 1.98 2.08 0.87 0.92 
T-75×90×6-100×100×6  0.75 16.67 16.67 1.00 0.90  717.5  1.43 1.63 2.10 2.15 0.94 0.93 
T-75×120×6-100×100×6  0.75 16.67 16.67 1.00 1.20  797.1  1.44 1.61 2.24 2.18 0.98 0.92 
T-135×108×6-180×100×6  0.75 30.00 16.67 1.00 0.60  479.2  1.11 1.27 1.60 1.66 0.95 1.05 
T-135×162×6-180×100×6  0.75 30.00 16.67 1.00 0.90  552.3  1.14 1.28 1.73 1.72 1.02 1.06 
T-135×216×6-180×100×6  0.75 30.00 16.67 1.00 1.20  620.2  1.15 1.28 1.94 1.78 1.07 1.06 
T-225×180×6-300×100×6  0.75 50.00 16.67 1.00 0.60  356.2  1.07 1.13   1.00 1.37 

T-225×270×6-300×100×6  0.75 50.00 16.67 1.00 0.90  410.2  1.14 1.17   1.08 1.42 

T-225×360×6-300×100×6  0.75 50.00 16.67 1.00 1.20  448.5  1.17 1.17   1.10 1.41 
T-40×40×6-133×240×8  0.30 16.63 30.00 0.75 0.30  276.2  0.74 0.90 0.95 1.04 1.08 0.83 
T-40×80×6-133×240×8  0.30 16.63 30.00 0.75 0.60  343.1  0.83 0.97 1.04 1.14 0.99 0.89 
T-40×120×6-133×240×8  0.30 16.63 30.00 0.75 0.90  404.2  0.90 1.03 1.10 1.20 0.92 0.95 
T-72×72×6-240×240×8  0.30 30.00 30.00 0.75 0.30  194.5  0.51 0.64 0.64 0.70 1.07 0.85 
T-72×144×6-240×240×8  0.30 30.00 30.00 0.75 0.60  247.6  0.56 0.70 0.71 0.78 1.00 0.94 
T-72×216×6-240×240×8  0.30 30.00 30.00 0.75 0.90  274.5  0.55 0.69 0.70 0.77 0.88 0.92 
T-120×120×6-400×240×8  0.30 50.00 30.00 0.75 0.30  151.5  0.40 0.50 0.51 0.56 1.19 0.96 
T-120×240×6-400×240×8  0.30 50.00 30.00 0.75 0.60  184.7  0.43 0.52 0.55 0.60 1.07 1.02 
T-120×360×6-400×240×8  0.30 50.00 30.00 0.75 0.90  218.1  0.45 0.55 0.58 0.63 1.00 1.06 
T-93×80×8-133×240×8  0.70 16.63 30.00 1.00 0.60  855.3  1.12 1.40 1.52 1.65 0.74 0.82 
T-93×120×8-133×240×8  0.70 16.63 30.00 1.00 0.90  1131.6  1.27 1.57 1.77 1.91 0.90 0.92 
T-93×160×8-133×240×8  0.70 16.63 30.00 1.00 1.20  1263.2  1.28 1.52 1.78 1.90 0.94 0.89 
T-168×144×8-240×240×8  0.70 30.00 30.00 1.00 0.60  785.4  1.03 1.28 1.30 1.43 0.95 1.09 
T-168×216×8-240×240×8  0.70 30.00 30.00 1.00 0.90  980.1  1.09 1.36 1.39 1.53 1.10 1.15 
T-168×288×8-240×240×8  0.70 30.00 30.00 1.00 1.20  1140.2  1.10 1.37 1.42 1.56 1.19 1.16 
T-280×240×8-400×240×8  0.70 50.00 30.00 1.00 0.60  592.5  0.77 0.97 1.02 1.12 1.02 1.20 
T-280×360×8-400×240×8  0.70 50.00 30.00 1.00 0.90  742.7  0.82 1.03 1.11 1.21 1.19 1.27 
T-280×480×8-400×240×8  0.70 50.00 30.00 1.00 1.20  844.9  0.81 1.02 1.11 1.21 1.26 1.26 
T-100×80×8-133×240×8  0.75 16.63 30.00 1.00 0.60  1096.3  1.26 1.57 1.73 1.88 0.87 0.88 
T-100×120×8-133×240×8  0.75 16.63 30.00 1.00 0.90  1280.4  1.28 1.54 1.78 1.91 0.94 0.86 
T-100×160×8-133×240×8  0.75 16.63 30.00 1.00 1.20  1430.5  1.28 1.49 1.80 1.91 0.99 0.83 
T-180×144×8-240×240×8  0.75 30.00 30.00 1.00 0.60  884.3  1.02 1.27 1.30 1.42 0.98 1.03 
T-180×216×8-240×240×8  0.75 30.00 30.00 1.00 0.90  1109.5  1.08 1.35 1.39 1.52 1.15 1.09 
T-180×288×8-240×240×8  0.75 30.00 30.00 1.00 1.20  1285.8  1.08 1.35 1.40 1.54 1.25 1.09 
T-300×240×8-400×240×8  0.75 50.00 30.00 1.00 0.60  738.6  0.85 1.06 1.13 1.24 1.17 1.26 
T-300×360×8-400×240×8  0.75 50.00 30.00 1.00 0.90  840.1  0.82 1.02 1.11 1.21 1.24 1.21 
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T-300×480×8-400×240×8  0.75 50.00 30.00 1.00 1.20  1063.4  0.89 1.11 1.24 1.34 1.47 1.32 
T-50×50×7.5-167×500×10  0.30 16.70 50.00 0.75 0.30  403.5  0.69 0.85 0.88 0.97 1.02 0.76 
T-50×100×7.5-167×500×10  0.30 16.70 50.00 0.75 0.60  495.4  0.77 0.90 0.96 1.05 0.92 0.81 
T-50×150×7.5-167×500×10  0.30 16.70 50.00 0.75 0.90  579.6  0.82 0.95 1.01 1.10 0.85 0.86 
T-90×90×7.5-300×500×10  0.30 30.00 50.00 0.75 0.30  272.8  0.46 0.57 0.57 0.63 0.96 0.74 
T-90×180×7.5-300×500×10  0.30 30.00 50.00 0.75 0.60  343.4  0.50 0.62 0.63 0.69 0.89 0.81 
T-90×270×7.5-300×500×10  0.30 30.00 50.00 0.75 0.90  389.1  0.50 0.62 0.64 0.70 0.80 0.81 
T-150×150×7.5-500×500×10  0.30 50.00 50.00 0.75 0.30  203.2  0.34 0.43 0.41 0.46 1.02 0.81 
T-150×300×7.5-500×500×10  0.30 50.00 50.00 0.75 0.60  245.4  0.36 0.45 0.44 0.48 0.91 0.85 
T-150×450×7.5-500×500×10  0.30 50.00 50.00 0.75 0.90  283.8  0.36 0.46 0.45 0.49 0.83 0.87 
T-117×100×10-167×500×10  0.70 16.70 50.00 1.00 0.60  1461.5  1.22 1.53 1.65 1.79 0.81 0.88 
T-117×150×10-167×500×10  0.70 16.70 50.00 1.00 0.90  1735.8  1.24 1.54 1.73 1.86 0.89 0.88 
T-117×200×10-167×500×10  0.70 16.70 50.00 1.00 1.20  1917.9  1.24 1.48 1.72 1.85 0.92 0.85 
T-210×180×10-300×500×10  0.70 30.00 50.00 1.00 0.60  1173.5  0.98 1.23 1.24 1.37 0.91 1.02 
T-210×270×10-300×500×10  0.70 30.00 50.00 1.00 0.90  1420.7  1.01 1.26 1.30 1.43 1.02 1.05 
T-210×360×10-300×500×10  0.70 30.00 50.00 1.00 1.20  1625.9  1.00 1.25 1.31 1.44 1.09 1.04 
T-350×300×10-500×500×10  0.70 50.00 50.00 1.00 0.60  897.8  0.75 0.94 0.92 1.01 0.99 1.14 
T-350×450×10-500×500×10  0.70 50.00 50.00 1.00 0.90  1095.5  0.78 0.97 0.96 1.06 1.12 1.18 
T-350×600×10-500×500×10  0.70 50.00 50.00 1.00 1.20  1245.2  0.77 0.96 0.95 1.05 1.19 1.16 
T-125×100×10-167×500×10  0.75 16.70 50.00 1.00 0.60  1690.9  1.25 1.57 1.71 1.86 0.86 0.86 
T-125×150×10-167×500×10  0.75 16.70 50.00 1.00 0.90  1947.8  1.25 1.52 1.74 1.87 0.93 0.84 
T-125×200×10-167×500×10  0.75 16.70 50.00 1.00 1.20  2150.7  1.25 1.45 1.75 1.86 0.96 0.80 
T-225×180×10-300×500×10  0.75 30.00 50.00 1.00 0.60  1320.9  0.97 1.22 1.24 1.36 0.94 0.97 
T-225×270×10-300×500×10  0.75 30.00 50.00 1.00 0.90  1615.1  1.00 1.25 1.30 1.43 1.07 0.99 
T-225×360×10-300×500×10  0.75 30.00 50.00 1.00 1.20  1855.6  1.00 1.24 1.32 1.44 1.15 0.99 
T-375×300×10-500×500×10  0.75 50.00 50.00 1.00 0.60  1145.6  0.85 1.06 1.04 1.14 1.16 1.22 
T-375×450×10-500×500×10  0.75 50.00 50.00 1.00 0.90  1384.7  0.86 1.08 1.06 1.17 1.31 1.25 
T-375×600×10-500×500×10  0.75 50.00 50.00 1.00 1.20  1575.6  0.85 1.06 1.05 1.16 1.40 1.23 
T-50×100×4-150×150×6  0.33 25.00 25.00 0.67 0.67  163.4  0.62 0.78 0.80 0.88 0.84 0.89 
T-50×100×4-140×140×4  0.36 35.00 35.00 1.00 0.71  65.7  0.56 0.71 0.69 0.76 0.86 1.01 
T-50×100×4-120×120×4  0.42 30.00 30.00 1.00 0.83  83.8  0.67 0.83 0.78 0.86 0.78 0.99 
T-80×80×4-140×140×4  0.57 35.00 35.00 1.00 0.57  95.4  0.67 0.84 0.82 0.90 0.70 0.94 
T-80×80×4-120×120×4  0.67 30.00 30.00 1.00 0.67  162.6  0.96 1.20 1.13 1.24 0.89 1.09 
T-80×80×4-120×120×3  0.67 40.00 40.00 1.33 0.67  91.8  0.90 1.12 1.08 1.19 1.02 1.28 
T-100×50×4-140×140×4   0.71 35.00 35.00 1.00 0.36   130.6   0.81 1.01 0.98 1.08 0.76 0.99 

     Mean (Pm)  0.92 1.10 1.20 1.29 1.00 1.04 

     COV (Vp)  0.309 0.304 0.385 0.364 0.145 0.167 

     Resistance factor ( )  0.80 0.80 0.80 0.80 0.80 0.80 

     Reliability index ( 0)   1.54 1.98 1.97 2.21 2.51 2.54 

kn or Qf  

Table 9. Comparison of test and numerical strengths with existing and proposed nominal strengths 
for RHS-RHS T-joints failed in chord face failure mode . 
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Specimens   
Geometric Ratios 

  Joint 
Failure 
Strengths 
(kN) 

  Comparisons 

T-b1×h1×t1-b0×h0×t0 
   

      
    h0/t0     Nf   

T-80×60×4.5-100×100×6  0.80 16.67 16.67 0.75 0.60  551.5  1.11 1.27 1.66 1.67 0.92 1.07 
T-80×90×4.5-100×100×6  0.80 16.67 16.67 0.75 0.90  640.2  1.15 1.28 2.15 1.81 0.98 1.08 
T-80×120×4.5-100×100×6  0.80 16.67 16.67 0.75 1.20  747.3  1.21 1.33  2.18 1.05 1.13 
T-144×108×4.5-180×100×6  0.80 30.00 16.67 0.75 0.60  458.1  0.95 1.08 1.52 1.46 0.86 1.01 
T-144×162×4.5-180×100×6  0.80 30.00 16.67 0.75 0.90  542.5  1.01 1.11  1.69 0.92 1.05 

T-144×216×4.5-180×100×6  0.80 30.00 16.67 0.75 1.20  543.8  0.91 0.99  2.63 0.85 0.94 

T-240×180×4.5-300×100×6  0.80 50.00 16.67 0.75 0.60  349.6  0.98 1.01   0.75 1.10 

T-240×270×4.5-300×100×6  0.80 50.00 16.67 0.75 0.90  392.4  1.05 1.03   0.77 1.12 

T-240×360×4.5-300×100×6  0.80 50.00 16.67 0.75 1.20  430.8  1.11 1.04   0.78 1.13 
T-90×60×6-100×100×6  0.90 16.67 16.67 1.00 0.60  604.2  1.08 1.23 2.14 1.65 0.72 0.78 
T-90×90×6-100×100×6  0.90 16.67 16.67 1.00 0.90  758.3  1.19 1.32   0.85 0.84 

T-90×120×6-100×100×6  0.90 16.67 16.67 1.00 1.20  864.9  1.22 1.33   0.91 0.84 

T-162×108×6-180×100×6  0.90 30.00 16.67 1.00 0.60  640.0  1.12 1.24   0.85 0.87 

T-162×162×6-180×100×6  0.90 30.00 16.67 1.00 0.90  710.3  1.12 1.18   0.88 0.83 

T-162×216×6-180×100×6  0.90 30.00 16.67 1.00 1.20  757.5  1.11 1.12   0.88 0.79 

T-270×180×6-300×100×6  0.90 50.00 16.67 1.00 0.60  497.9  1.49 1.26   0.77 1.03 

T-270×270×6-300×100×6  0.90 50.00 16.67 1.00 0.90  539.9  2.69 1.47   0.78 1.20 

T-270×360×6-300×100×6  0.90 50.00 16.67 1.00 1.20  535.7   1.77   0.72 1.44 
T-106×80×6-133×240×8  0.80 16.63 30.00 0.75 0.60  1012.2  1.03 1.26 1.42 1.53 0.95 1.02 
T-106×120×6-133×240×8  0.80 16.63 30.00 0.75 0.90  1182.4  1.05 1.23 1.48 1.56 1.01 0.99 
T-106×160×6-133×240×8  0.80 16.63 30.00 0.75 1.20  1345.8  1.08 1.23 1.56 1.61 1.06 1.00 
T-192×144×6-240×240×8  0.80 30.00 30.00 0.75 0.60  960.8  0.95 1.19 1.22 1.33 1.01 1.07 
T-192×216×6-240×240×8  0.80 30.00 30.00 0.75 0.90  1148.3  0.94 1.18 1.23 1.35 1.10 1.07 
T-192×288×6-240×240×8  0.80 30.00 30.00 0.75 1.20  1330.5  0.94 1.17 1.24 1.35 1.17 1.06 
T-320×240×6-400×240×8  0.80 50.00 30.00 0.75 0.60  708.0  0.70 0.87 0.95 1.03 0.86 0.91 
T-320×360×6-400×240×8  0.80 50.00 30.00 0.75 0.90  878.7  0.73 0.90 1.01 1.09 0.97 0.94 
T-320×480×6-400×240×8  0.80 50.00 30.00 0.75 1.20  1030.3  0.75 0.91 1.04 1.12 1.04 0.94 
T-120×80×8-133×240×8  0.90 16.63 30.00 1.00 0.60  1025.3  1.10 1.38 1.43 1.56 0.69 0.84 
T-120×120×8-133×240×8  0.90 16.63 30.00 1.00 0.90  1286.9  1.13 1.41 1.53 1.65 0.81 0.85 
T-120×160×8-133×240×8  0.90 16.63 30.00 1.00 1.20  1505.5  1.17 1.38 1.60 1.69 0.89 0.84 
T-215×144×8-240×240×8  0.90 30.00 30.00 1.00 0.60  1235.8  1.21 1.51 1.49 1.64 0.93 1.02 
T-215×215×8-240×240×8  0.90 30.00 30.00 1.00 0.90  1559.5  1.23 1.54 1.54 1.68 1.09 1.04 
T-215×288×8-240×240×8  0.90 30.00 30.00 1.00 1.20  1899.1  1.25 1.56 1.58 1.73 1.25 1.06 
T-360×240×8-400×240×8  0.90 50.00 30.00 1.00 0.60  1540.9  1.41 1.76 1.82 1.98 1.33 1.38 
T-360×360×8-400×240×8  0.90 50.00 30.00 1.00 0.90  1804.2  1.31 1.63 1.76 1.89 1.46 1.27 
T-360×480×8-400×240×8  0.90 50.00 30.00 1.00 1.20  1975.1  1.24 1.47 1.68 1.77 1.50 1.15 
T-134×100×7.5-167×500×10  0.80 16.70 50.00 0.75 0.60  1580.9  1.00 1.24 1.39 1.50 0.95 0.96 
T-134×150×7.5-167×500×10 0.80 16.70 50.00 0.75 0.90 1835.1 1.02 1.20 1.44 1.52 1.01 0.93
T-134×200×7.5-167×500×10  0.80 16.70 50.00 0.75 1.20  1995.2  1.01 1.15 1.47 1.51 1.01 0.90 
T-240×180×7.5-300×500×10  0.80 30.00 50.00 0.75 0.60  1465.9  0.93 1.16 1.19 1.31 0.99 1.00 
T-240×270×7.5-300×500×10  0.80 30.00 50.00 0.75 0.90  1745.2  0.92 1.15 1.21 1.32 1.07 0.99 
T-240×360×7.5-300×500×10  0.80 30.00 50.00 0.75 1.20  1965.3  0.89 1.11 1.19 1.30 1.10 0.96 
T-400×300×7.5-500×500×10  0.80 50.00 50.00 0.75 0.60  1261.1  0.80 1.00 0.98 1.08 0.98 1.00 
T-400×450×7.5-500×500×10  0.80 50.00 50.00 0.75 0.90  1513.5  0.80 1.00 0.99 1.09 1.07 1.00 
T-400×600×7.5-500×500×10  0.80 50.00 50.00 0.75 1.20  1645.2  0.74 0.93 0.93 1.02 1.07 0.93 
T-150×100×10-167×500×10  0.90 16.70 50.00 1.00 0.60  1605.1  1.16 1.45 1.50 1.64 0.69 0.85 
T-150×150×10-167×500×10  0.90 16.70 50.00 1.00 0.90  1985.1  1.18 1.47 1.58 1.71 0.80 0.86 
T-150×200×10-167×500×10  0.90 16.70 50.00 1.00 1.20  2245.1  1.16 1.41 1.59 1.70 0.85 0.82 
T-270×180×10-300×500×10  0.90 30.00 50.00 1.00 0.60  1894.8  1.36 1.70 1.66 1.83 0.91 1.10 
T-270×270×10-300×500×10  0.90 30.00 50.00 1.00 0.90  2362.2  1.38 1.72 1.71 1.88 1.06 1.12 
T-270×360×10-300×500×10  0.90 30.00 50.00 1.00 1.20  2738.6  1.34 1.68 1.70 1.86 1.15 1.09 
T-450×300×10-500×500×10  0.90 50.00 50.00 1.00 0.60  2618.6  1.81 2.26 2.15 2.38 1.45 1.70 
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T-450×450×10-500×500×10  0.90 50.00 50.00 1.00 0.90  3084.4  1.72 2.15 2.05 2.27 1.59 1.61 
T-450×600×10-500×500×10  0.90 50.00 50.00 1.00 1.20  3437.2  1.60 2.00 1.93 2.12 1.67 1.50 
T-80×80×4-100×50×4  0.80 25.23 12.69 0.99 0.80  286.9  2.15 2.06   1.21 1.95 
T-120×120×4-150×150×6  0.81 25.29 25.48 0.66 0.81  606.7  0.94 1.17 1.27 1.38 1.02 1.06 
T-120×120×4-150×150×6-R  0.81 25.24 25.44 0.66 0.81  599.9  0.93 1.16 1.26 1.37 1.01 1.05 
T-120×120×3-150×150×6  0.80 25.38 25.61 0.52 0.80  545.1  0.84 1.05 1.14 1.24 0.92 0.96 
T-120×120×4-140×140×4  0.86 35.16 35.37 0.98 0.86  375.5  1.10 1.38 1.38 1.51 1.31 1.18 

          Mean (Pm)   1.15 1.33 1.47 1.60 1.00 1.05 

     COV (Vp)  0.293 0.234 0.219 0.221 0.218 0.211 

     Resistance factor ( )  0.70 0.70 0.70 0.70 0.70 0.75 

     Reliability index ( 0)   2.47 3.19 3.70 3.94 2.59 2.57 

kn or Qf  

Table 10. Comparison of test and numerical strengths with existing and proposed nominal strengths 
for RHS-RHS T-joints failed in combined failure mode  
 
 
 
 

Specimens   
Geometric Ratios 

  Joint 
Failure 
Strengths 
(kN) 

  Comparisons 

T-b1×h1×t1-b0×h0×t0 
   

      
    h0/t0     Nf   

T-67×40×3-67×40×4  1.00 16.75 10.00 0.75 0.60  155.9  8.59 1.68   1.28 2.09 

T-67×60×3-67×40×4  1.00 16.75 10.00 0.75 0.90  166.8      1.27  
T-67×80×3-67×40×4  1.00 16.75 10.00 0.75 1.19  179.9      1.31  
T-100×60×4.5-100×100×6  1.00 16.67 16.67 0.75 0.60  718.0  1.39 1.71 1.77 1.87 1.07 0.66 
T-100×90×4.5-100×100×6  1.00 16.67 16.67 0.75 0.90  855.7  1.35 1.56  2.05 1.19 0.90 

T-100×120×4.5-100×100×6  1.00 16.67 16.67 0.75 1.20  933.9  1.28 1.44   1.23 1.10 
T-83×50×3.75-83×125×5  1.00 16.60 25.00 0.75 0.60  462.9  2.50 3.12 2.69 2.97 0.76 0.68 
T-83×75×3.75-83×125×5  1.00 16.60 25.00 0.75 0.90  563.9  2.28 2.85 2.50 2.75 0.86 0.94 
T-83×100×3.75-83×125×5  1.00 16.60 25.00 0.75 1.20  648.8  2.10 2.62 2.35 2.57 0.94 1.15 
T-133×80×6-133×240×8  1.00 16.63 30.00 0.75 0.60  1462.4  4.32 5.40 4.52 5.01 0.85 0.83 
T-133×120×6-133×240×8  1.00 16.63 30.00 0.75 0.90  1780.0  3.94 4.93 4.17 4.61 0.96 1.13 
T-133×160×6-133×240×8  1.00 16.63 30.00 0.75 1.20  1934.8  3.43 4.28 3.66 4.04 1.00 1.31 
T-50×30×3-50×120×3  1.00 16.67 40.00 1.00 0.60  164.1  5.97 7.46 6.13 6.80 0.58 0.79 
T-50×45×3-50×120×3  1.00 16.67 40.00 1.00 0.90  200.8  5.48 6.85 5.65 6.26 0.64 1.06 
T-50×60×3-50×120×3  1.00 16.67 40.00 1.00 1.20  212.5  4.64 5.80 4.80 5.32 0.69 1.28 
T-167×100×7.5-167×500×10  1.00 16.70 50.00 0.75 0.60  2365.6  11.95 14.94 12.18 13.52 0.87 1.15 
T-167×150×7.5-167×500×10  1.00 16.70 50.00 0.75 0.90  2785.2  10.56 13.20 10.79 11.97 0.95 1.52 
T-167×200×7.5-167×500×10  1.00 16.70 50.00 0.75 1.20  3023.0  9.17 11.46 9.39 10.42 0.99 1.76 
T-180×108×6-180×100×6  1.00 30.00 16.67 1.00 0.60  719.4  1.14 1.26   0.87 0.49 

T-180×162×6-180×100×6  1.00 30.00 16.67 1.00 0.90  766.6  1.09 1.12   0.82 0.65 

T-180×216×6-180×100×6  1.00 30.00 16.67 1.00 1.20  822.4  1.13 1.08   0.82 0.83 
T-90×54×3-90×75×3  1.00 30.00 25.00 1.00 0.60  218.7  2.14 2.67 2.34 2.57 0.81 0.63 
T-90×81×3-90×75×3  1.00 30.00 25.00 1.00 0.90  246.1  1.73 2.16 1.95 2.13 0.81 0.77 
T-90×108×3-90×75×3  1.00 30.00 25.00 1.00 1.20  263.6  1.44 1.81 1.69 1.83 0.80 0.86 
T-240×144×8-240×240×8  1.00 30.00 30.00 1.00 0.60  2233.6  4.30 5.38 4.50 4.99 1.05 0.82 
T-240×216×8-240×240×8  1.00 30.00 30.00 1.00 0.90  2566.8  3.55 4.44 3.75 4.15 1.08 1.02 
T-240×288×8-240×240×8  1.00 30.00 30.00 1.00 1.20  2871.8  3.10 3.88 3.31 3.65 1.12 1.19 
T-120×72×4-120×160×4  1.00 30.00 40.00 1.00 0.60  477.9  6.38 7.97 6.54 7.26 0.94 1.00 
T-120×108×4-120×160×4  1.00 30.00 40.00 1.00 0.90  546.6  5.24 6.55 5.41 5.99 0.96 1.23 
T-120×144×4-120×160×4  1.00 30.00 40.00 1.00 1.20  546.5  4.09 5.11 4.24 4.70 0.89 1.28 
T-300×180×10-300×500×10  1.00 30.00 50.00 1.00 0.60  3272.9  10.79 13.48 10.99 12.20 0.98 1.04 
T-300×270×10-300×500×10  1.00 30.00 50.00 1.00 0.90  3450.1  8.17 10.22 8.36 9.27 0.91 1.18 
T-300×360×10-300×500×10  1.00 30.00 50.00 1.00 1.20  3999.1  7.39 9.24 7.58 8.41 0.99 1.42 
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T-240×144×8-240×480×8  1.00 30.00 60.00 1.00 0.60  2213.8  16.30 20.37 16.52 18.35 1.02 1.36 
T-240×216×8-240×480×8  1.00 30.00 60.00 1.00 0.90  2582.2  13.66 17.08 13.88 15.41 1.06 1.72 
T-240×288×8-240×480×8  1.00 30.00 60.00 1.00 1.20  2911.7  12.02 15.03 12.24 13.59 1.11 2.01 
T-300×180×7.5-300×100×6  1.00 50.00 16.67 1.25 0.60  511.9  2.89 1.39   0.75 0.54 

T-300×270×7.5-300×100×6  1.00 50.00 16.67 1.25 0.90  554.4      0.70  
T-300×360×7.5-300×100×6  1.00 50.00 16.67 1.25 1.20  609.1      0.71  
T-200×120×5-200×100×4  1.00 50.00 25.00 1.25 0.60  350.9  1.27 1.58 1.57 1.67 0.88 0.36 
T-200×180×5-200×100×4  1.00 50.00 25.00 1.25 0.90  376.8  1.06 1.22   0.82 0.42 

T-200×240×5-200×100×4  1.00 50.00 25.00 1.25 1.20  406.6  0.97 1.08   0.81 0.49 
T-400×240×10-400×240×8  1.00 50.00 30.00 1.25 0.60  1888.6  2.39 2.99 2.60 2.86 1.08 0.46 
T-400×360×10-400×240×8  1.00 50.00 30.00 1.25 0.90  2048.6  1.81 2.27 2.05 2.24 1.01 0.52 
T-400×480×10-400×240×8  1.00 50.00 30.00 1.25 1.20  2206.6  1.50 1.88 1.78 1.92 1.00 0.58 
T-150×90×3.75-150×120×3  1.00 50.00 40.00 1.25 0.60  289.0  4.51 5.63 4.66 5.16 1.23 0.73 
T-150×135×3.75-150×120×3  1.00 50.00 40.00 1.25 0.90  326.0  3.56 4.45 3.71 4.11 1.20 0.87 
T-150×180×3.75-150×120×3  1.00 50.00 40.00 1.25 1.20  357.2  3.00 3.75 3.15 3.48 1.21 0.98 
T-500×300×12.5-500×500×10 1.00 50.00 50.00 1.25 0.60  3835.4  8.31 10.38 8.46 9.40 1.38 0.80 
T-500×450×12.5-500×500×10 1.00 50.00 50.00 1.25 0.90  4364.4  6.62 8.27 6.76 7.51 1.36 0.95 
T-500×600×12.5-500×500×10 1.00 50.00 50.00 1.25 1.20  4870.9  5.68 7.10 5.82 6.46 1.40 1.09 
T-250×150×6.25-250×300×5  1.00 50.00 60.00 1.25 0.60  884.4  10.95 13.69 11.10 12.33 1.31 1.03 
T-250×225×6.25-250×300×5  1.00 50.00 60.00 1.25 0.90  998.0  8.65 10.81 8.79 9.76 1.28 1.22 
T-250×300×6.25-250×300×5  1.00 50.00 60.00 1.25 1.20  1045.4  6.97 8.71 7.10 7.88 1.23 1.31 
T-100×50×4-100×50×4  1.00 25.00 12.50 1.00 0.50  334.5  2.46 2.08   1.66 1.24 
T-120×120×4-120×120×4  1.00 30.00 30.00 1.00 1.00  606.8  3.09 3.87 3.26 3.60 1.07 1.15 
T-140×140×4-140×140×4  1.00 35.00 35.00 1.00 1.00  626.6  3.73 4.66 3.89 4.31 1.13 1.14 
T-120×120×3-120×120×3  1.00 40.00 40.00 1.00 1.00  402.8  4.82 6.02 4.97 5.51 1.39 1.31 

          Mean (Pm)   4.94 5.93 5.76 6.29 1.02 1.02 

     COV (Vp)  0.750 0.793 0.639 0.653 0.219 0.374 
     Resistance factor ( )  0.70 0.70 0.70 0.70 0.70 0.50 
     Reliability index ( 0)   2.99 3.06 3.70 3.75 2.63 2.66 

kn or Qf  

Table 11. Comparison of test and numerical strengths with existing and proposed nominal strengths 
for RHS-RHS T-joints failed in chord side wall failure mode ( =1.0). 
 
 
 
 
 

Parameters 
Buckling Curves 

a0 a b c d 

No. of data 58 58 58 58 58 

Mean (Pm) 0.98 1.02 1.08 1.16 1.28 

COV (Vp) 0.230 0.219 0.208 0.199 0.192 
Resistance factor ( ) 0.70 0.70 0.70 0.70 0.70 
Reliability index ( 0) 2.45 2.63 2.88 3.12 3.48 

Table 12. Comparison of test and numerical strengths with proposed nominal strengths obtained using 
different buckling curves for RHS-RHS T-joints failed in chord side wall failure mode ( =1.0). 
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Specimens   
Geometric Ratios 

  Joint Failure 
Strengths 
(kN) 

  Comparisons 

T-d1×t1-b0×h0×t0 
   

      
    h0/t0    Nf   

T-30×3-100×100×6  0.30 16.67 16.67 0.50  137.1  0.86 1.02 1.08 1.18 1.20 0.79 
T-40×4-133×240×8  0.30 16.63 30.00 0.50  231.2  0.77 0.96 0.98 1.08 1.14 0.73 
T-15×3-50×120×3  0.30 16.67 40.00 1.00  25.4  0.60 0.75 0.76 0.83 0.90 0.61 
T-50×5-167×500×10  0.30 16.70 50.00 0.50  348.5  0.74 0.93 0.94 1.04 1.10 0.70 
T-54×3-180×100×6  0.30 30.00 16.67 0.50  100.1  0.65 0.75 0.80 0.87 1.17 1.23 
T-72×4-240×240×8  0.30 30.00 30.00 0.50  160.6  0.54 0.67 0.66 0.73 1.05 1.06 
T-36×3-120×160×4  0.30 30.00 40.00 0.75  35.3  0.47 0.59 0.57 0.63 0.98 1.03 
T-90×5-300×500×10  0.30 30.00 50.00 0.50  253.5  0.54 0.68 0.66 0.73 1.06 1.05 
T-72×3-240×100×6  0.30 40.00 16.67 0.50  82.5  0.55 0.63 0.66 0.72 1.14 1.44 
T-72×3-240×180×6  0.30 40.00 30.00 0.50  76.5  0.45 0.57 0.56 0.62 1.06 1.27 
T-72×3-240×240×6  0.30 40.00 40.00 0.50  72.5  0.43 0.54 0.52 0.57 1.00 1.21 
T-72×3-240×300×6  0.30 40.00 50.00 0.50  71.2  0.42 0.53 0.51 0.57 0.98 1.18 
T-90×3-300×100×6  0.30 50.00 16.67 0.50  72.6  0.59 0.64 0.64 0.69 1.16 1.89 
T-120×4-400×240×8  0.30 50.00 30.00 0.50  120.5  0.40 0.50 0.51 0.56 1.08 1.41 
T-45×3-150×120×3  0.30 50.00 40.00 1.00  15.0  0.36 0.44 0.43 0.48 1.01 1.40 
T-150×5-500×500×10  0.30 50.00 50.00 0.50  170.7  0.36 0.45 0.44 0.48 0.98 1.25 
T-50×4.2-100×100×6  0.50 16.67 16.67 0.70  238.2  1.04 1.30 1.40 1.52 1.12 0.72 
T-67×5.6-133×240×8  0.50 16.63 30.00 0.70  409.9  1.00 1.25 1.28 1.41 1.07 0.67 
T-25×3-50×120×3  0.50 16.67 40.00 1.00  42.3  0.74 0.92 0.93 1.03 0.79 0.53 
T-83×7-167×500×10  0.50 16.70 50.00 0.70  612.5  0.97 1.21 1.24 1.36 1.05 0.65 
T-90×4.2-180×100×6  0.50 30.00 16.67 0.70  166.5  0.73 0.91 0.99 1.08 1.04 1.05 
T-120×5.6-240×240×8  0.50 30.00 30.00 0.70  275.2  0.68 0.84 0.83 0.92 0.97 0.95 
T-60×4-120×160×4  0.50 30.00 40.00 1.00  51.0  0.50 0.63 0.61 0.68 0.85 0.87 
T-150×7-300×500×10  0.50 30.00 50.00 0.70  441.3  0.69 0.87 0.85 0.94 0.99 0.96 
T-120×4.2-240×100×6  0.50 40.00 16.67 0.70  140.2  0.62 0.76 0.84 0.92 1.04 1.23 
T-120×4.2-240×180×6  0.50 40.00 30.00 0.70  130.5  0.57 0.71 0.71 0.78 0.97 1.14 
T-120×4.2-240×240×6  0.50 40.00 40.00 0.70  125  0.55 0.68 0.66 0.73 0.93 1.09 
T-120×4.2-240×300×6  0.50 40.00 50.00 0.70  120.1  0.52 0.65 0.64 0.70 0.89 1.05 
T-150×4.2-300×100×6  0.50 50.00 16.67 0.70  122.6  0.62 0.71 0.82 0.87 1.05 1.51 
T-200×5.6-400×240×8  0.50 50.00 30.00 0.70  201.4  0.49 0.62 0.62 0.69 0.97 1.24 
T-75×3-150×120×3  0.50 50.00 40.00 1.00  22.5  0.39 0.49 0.48 0.53 0.81 1.09 
T-250×7-500×500×10  0.50 50.00 50.00 0.70  289.9  0.46 0.57 0.55 0.61 0.90 1.12 
T-70×5.4-100×100×6  0.70 16.67 16.67 0.90  438.5  1.23 1.53 1.71 1.85 1.11 0.66 
T-93×7.2-133×240×8  0.70 16.63 30.00 0.90  776.5  1.22 1.53 1.60 1.75 1.11 0.64 
T-35×3-50×120×3  0.70 16.67 40.00 1.00  80.5  0.90 1.12 1.16 1.27 0.84 0.52 
T-117×9-167×500×10  0.70 16.70 50.00 0.90  1186.9  1.19 1.49 1.55 1.70 1.08 0.62 
T-126×5.4-180×100×6  0.70 30.00 16.67 0.90  319.4  0.91 1.11 1.27 1.36 1.08 1.00 
T-168×7.2-240×240×8  0.70 30.00 30.00 0.90  576.6  0.90 1.13 1.12 1.24 1.09 0.99 
T-84×3.6-120×160×4  0.70 30.00 40.00 0.90  127.5  0.80 1.00 0.99 1.09 0.97 0.92 
T-210×9-300×500×10  0.70 30.00 50.00 0.90  859.8  0.86 1.08 1.07 1.18 1.04 0.93 
T-168×5.4-240×100×6  0.70 40.00 16.67 0.90  272.4  0.79 0.95 1.10 1.18 1.09 1.20 
T-168×5.4-240×180×6  0.70 40.00 30.00 0.90  278.5  0.78 0.97 0.97 1.07 1.11 1.21 
T-168×5.4-240×240×6  0.70 40.00 40.00 0.90  267.7  0.75 0.93 0.91 1.00 1.07 1.17 
T-168×5.4-240×300×6  0.70 40.00 50.00 0.90  246.5  0.69 0.86 0.84 0.93 0.98 1.07 
T-210×5.4-300×100×6  0.70 50.00 16.67 0.90  221.5  0.75 0.84 1.11 1.12 1.02 1.43 
T-280×7.2-400×240×8  0.70 50.00 30.00 0.90  420.8  0.66 0.83 0.85 0.93 1.09 1.29 
T-105×3-150×120×3  0.70 50.00 40.00 1.00  51.4  0.57 0.72 0.71 0.78 0.95 1.19 
T-350×9-500×500×10  0.70 50.00 50.00 0.90  630.4  0.63 0.79 0.77 0.85 1.05 1.21 
T-88.9×4-150×150×6   0.59 25.00 25.00 0.67   212.47   0.77 0.97 0.97 1.07 0.91 0.79 

        Mean (Pm)   0.69 0.85 0.87 0.96 1.02 1.04 

    COV (Vp)  0.319 0.324 0.352 0.347 0.093 0.277 

    Resistance factor ( )  0.85 0.85 0.85 0.85 0.85 0.65 

    Reliability index ( 0)   0.64 1.13 1.23 1.44 2.58 2.58 
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Table 13. Comparison of test and numerical strengths with existing and proposed nominal strengths 
for CHS-RHS T-joints failed in chord face failure mode 0.70). 

 

 
 

Specimens   
Geometric Ratios 

  Joint Failure 
Strengths 
(kN) 

  Comparisons 

T-d1×t1-b0×h0×t0 
   

      
    h0/t0    Nf   

T-75×6-100×100×6  0.75 16.67 16.67 1.00  540.1  1.32 1.61 1.84 1.98 1.13 1.11 
T-100×8-133×240×8  0.75 16.63 30.00 1.00  962.3  1.28 1.60 1.70 1.86 1.12 1.07 
T-37.5×3-50×120×3  0.75 16.67 40.00 1.00  102.1  0.97 1.22 1.27 1.39 0.85 0.87 
T-125×10-167×500×10  0.75 16.70 50.00 1.00  1480.1  1.28 1.60 1.69 1.84 1.12 1.06 
T-135×6-180×100×6  0.75 30.00 16.67 1.00  383.2  0.96 1.14 1.34 1.43 0.94 1.16 
T-180×8-240×240×8  0.75 30.00 30.00 1.00  740.4  0.99 1.24 1.24 1.37 1.02 1.20 
T-90×4-120×160×4  0.75 30.00 40.00 1.00  162.3  0.87 1.09 1.08 1.19 0.89 1.10 
T-225×10-300×500×10  0.75 30.00 50.00 1.00  1095.2  0.94 1.18 1.18 1.30 0.97 1.11 
T-180×6-240×100×6  0.75 40.00 16.67 1.00  308.0  0.79 0.92 1.10 1.17 0.84 1.17 
T-180×6-240×180×6  0.75 40.00 30.00 1.00  356.5  0.85 1.06 1.07 1.18 0.97 1.30 
T-180×6-240×240×6  0.75 40.00 40.00 1.00  371.5  0.89 1.11 1.08 1.19 1.01 1.35 
T-180×6-240×300×6  0.75 40.00 50.00 1.00  367.8  0.88 1.10 1.08 1.19 1.00 1.34 
T-225×6-300×100×6  0.75 50.00 16.67 1.00  238.7  0.72 0.80 1.34 1.14 0.71 1.26 
T-300×8-400×240×8  0.75 50.00 30.00 1.00  518.5  0.70 0.87 0.90 0.98 0.87 1.23 
T-112.5×3-150×120×3  0.75 50.00 40.00 1.00  76.5  0.73 0.91 0.90 1.00 0.91 1.37 
T-375×10-500×500×10  0.75 50.00 50.00 1.00  845.6  0.73 0.91 0.88 0.97 0.91 1.26 
T-80×6-100×100×6  0.80 16.67 16.67 1.00  614.8  1.30 1.51 1.82 1.93 1.05 0.89 
T-106×8-133×240×8  0.80 16.63 30.00 1.00  955.4  1.07 1.34 1.45 1.58 0.93 0.74 
T-40×3-50×120×3  0.80 16.67 40.00 1.00  120.8  0.95 1.19 1.26 1.38 0.83 0.69 
T-133×10-167×500×10  0.80 16.70 50.00 1.00  1512.9  1.09 1.36 1.47 1.60 0.94 0.74 
T-144×6-180×100×6  0.80 30.00 16.67 1.00  468.6  1.01 1.17 1.44 1.51 0.94 1.01 
T-192×8-240×240×8  0.80 30.00 30.00 1.00  933.4  1.03 1.29 1.30 1.43 1.05 1.03 
T-96×4-120×160×4  0.80 30.00 40.00 1.00  202.6  0.90 1.12 1.12 1.24 0.91 0.93 
T-240×10-300×500×10  0.80 30.00 50.00 1.00  1390.5  0.99 1.23 1.25 1.37 1.00 0.96 
T-192×6-240×100×6  0.80 40.00 16.67 1.00  390.5  0.86 0.99 1.25 1.29 0.87 1.05 
T-192×6-240×180×6  0.80 40.00 30.00 1.00  443.4  0.87 1.09 1.11 1.22 0.98 1.09 
T-192×6-240×240×6  0.80 40.00 40.00 1.00  435.9  0.86 1.07 1.05 1.16 0.97 1.07 
T-192×6-240×300×6  0.80 40.00 50.00 1.00  422.5  0.83 1.04 1.03 1.13 0.94 1.04 
T-240×6-300×100×6  0.80 50.00 16.67 1.00  346.6  0.94 1.01 * * 0.84 1.34 
T-320×8-400×240×8  0.80 50.00 30.00 1.00  700.4  0.78 0.97 1.02 1.11 0.96 1.13 
T-120×3-150×120×3  0.80 50.00 40.00 1.00  82.5  0.65 0.81 0.81 0.89 0.80 1.00 
T-400×10-500×500×10  0.80 50.00 50.00 1.00  1090.9  0.77 0.97 0.94 1.04 0.96 1.10 
T-90×6-100×100×6  0.90 16.67 16.67 1.00  765.4  1.35 1.55 1.98 1.97 0.96 0.68 
T-120×8-133×240×8  0.90 16.63 30.00 1.00  1405.5  1.56 1.95 2.00 2.18 0.98 0.78 
T-45×3-50×120×3  0.90 16.67 40.00 1.00  153.6  1.27 1.59 1.60 1.75 0.77 0.68 
T-150×10-167×500×10  0.90 16.70 50.00 1.00  2169.2  1.64 2.05 2.09 2.29 0.98 0.81 
T-162×6-180×100×6  0.90 30.00 16.67 1.00  636.1  1.06 1.19 * * 0.93 0.78 
T-216×8-240×240×8  0.90 30.00 30.00 1.00  1516.7  1.55 1.93 1.87 2.06 1.25 1.13 
T-108×4-120×160×4  0.90 30.00 40.00 1.00  306.4  1.36 1.70 1.64 1.81 1.01 1.04 
T-270×10-300×500×10  0.90 30.00 50.00 1.00  2235.2  1.66 2.07 2.02 2.22 1.18 1.18 
T-216×6-240×100×6  0.90 40.00 16.67 1.00  559.3  0.94 1.01 * * 0.91 0.84 
T-216×6-240×180×6  0.90 40.00 30.00 1.00  705.2  1.21 1.51 1.48 1.62 1.15 1.11 
T-216×6-240×240×6  0.90 40.00 40.00 1.00  705.6  1.35 1.68 1.59 1.76 1.15 1.24 
T-216×6-240×300×6  0.90 40.00 50.00 1.00  694.1  1.40 1.75 1.67 1.84 1.13 1.28 
T-270×6-300×100×6  0.90 50.00 16.67 1.00  440.8  1.17 1.03 * * 0.79 1.21 
T-360×8-400×240×8  0.90 50.00 30.00 1.00  1190.3  1.09 1.37 1.38 1.51 1.20 1.17 
T-135×3-150×120×3  0.90 50.00 40.00 1.00  140.1  1.03 1.29 1.24 1.37 1.00 1.17 
T-450×10-500×500×10  0.90 50.00 50.00 1.00  1984.6  1.41 1.76 1.66 1.84 1.28 1.47 
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T-88.9×3-120×60×4  0.74 30.00 15.00 0.75  170.5  1.24 1.42 1.65 1.71 1.14 1.59 
T-88.9×3-120×60×4  0.74 30.00 15.00 0.75  176.4  1.29 1.47 1.71 1.77 1.18 1.64 
T-88.9×4-120×60×4  0.74 30.00 15.00 1.00  176.9  1.29 1.47 1.71 1.78 1.18 1.65 
T-88.9×4-120×60×4  0.74 30.00 15.00 1.00  169.4  1.24 1.41 1.64 1.70 1.13 1.58 
T-88.9×4-120×120×6  0.74 20.00 20.00 0.67  362.1  1.00 1.25 1.25 1.37 0.92 0.99 
T-88.9×4-100×60×4  0.89 25.00 15.00 1.00  291.0  1.49 1.59 * * 1.08 1.00 
T-88.9×4-100×100×4  0.89 25.00 25.00 1.00  286.5  1.18 1.48 1.45 1.59 1.01 0.82 

        Mean (Pm)   1.08 1.31 1.39 1.50 0.99 1.10 

    COV (Vp)  0.239 0.245 0.242 0.238 0.128 0.216 

    Resistance factor ( )  0.80 0.80 0.80 0.80 0.80 0.75 

    Reliability index ( 0)   2.21 2.71 3.01 3.25 2.56 2.67 

kn or Qf  

Table 14. Comparison of test and numerical strengths with existing and proposed nominal strengths 
for CHS-RHS T- 0.90). 




