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ABSTRACT 12 

 13 

This paper reports an experimental investigation into structural behaviour of T-joints between 14 

S690 cold-formed circular hollow sections (CFCHS). A total of twelve T-joints of both S355 15 

and S690 CFCHS under i) brace axial compression, and ii) brace in-plane moments are tested 16 

to failure in order to examine their deformation characteristics, in particular, their joint 17 

resistances and failure modes. These tests are conducted with extensive instrumentation on 18 

both overall deformations of the T-joints and local deformations of their welded brace/chord 19 

junctions. Welding of all these T-joints between S690 CFCHS is carefully performed so that 20 

the heat input energy during welding varies narrowly between 1.2 and 1.5 kJ/mm. Standard 21 

tensile tests are also conducted on both flat and curved coupons extracted from the sections to 22 

provide mechanical properties for subsequent strength analysis. 23 

 24 

All the tests have been successfully conducted.  For those T-joints between S690 CFCHS 25 

under brace axial compression, chord plastification is always found to be a critical failure mode 26 

while for those T-joints between S690 CFCHS under brace in-plane moments, both brace 27 

fracture and chord punching shear failure are found to be critical at the end of the tests.  28 

 29 

All the measured joint resistances of the T-joints between S690 CFCHS are found to be larger 30 

than those design resistances obtained with EN 1993-1-8 and Design Guide 1 of CIDECT. 31 

Consequently, this investigation provides structural insights and scientific data for possible 32 

improvements onto prediction capabilities of the design methods. 33 

 34 
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NOTATIONS 40 

Cf   Reduction factors to joint resistances for high strength steels 41 

d0   Outer diameter of the chord 42 

d1   Outer diameter of the brace 43 

E   Young’s modulus 44 

fy   Yield strength of steel 45 

fy0   Yield strength of the chord 46 

fu   Ultimate strength of steel 47 

I   Welding current 48 

kp   Chord stress function defined by EN 1993-1-8 49 
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L   Span between two pinned supports of a T-joint between CFCHS 50 

L0   Length of the chord 51 

L1    Length of the brace 52 

M0   Bending moment applied to the chord 53 

M0,R   Plastic moment resistance of the chord 54 

M1   Bending moment applied to the brace 55 

M1,R   Plastic moment resistance of the brace 56 

M1,Rd   Design moment resistance of the brace to EN 1993-1-1 57 

 58 

Mj,R   Measured moment resistance of the chord of a T-joint predicted to CIDECT or  59 

EN 1993-1-8 with a reduction factor for high strength steels 60 

Mj,Rd   Design moment resistance of a T-joint 61 

Mj,Rt   Measured moment resistance of a T-joint 62 

M0,R   Plastic moment resistance of the chord to EN 1993-1-1 63 

Mpl,0   Plastic moment resistance of the chord 64 

N0   Axial force applied to the chord 65 

Npl,0   Axial resistance of the chord 66 

Nx   Measured applied brace lateral force of the T-joint 67 

Nx,R   Axial resistance predicted to CIDECT or EN 1993-1-8 with a reduction factor for high  68 

strength steels 69 

Nx,Rt   Measured lateral resistance of the T-joint 70 

Nz   Measured applied brace axial force of the T-joint 71 

Nz,R   Axial resistance predicted to CIDECT or EN 1993-1-8 with a reduction factor for high  72 

strength steels 73 

Nz,Rd  Design axial resistance of the T-joint  74 

Nz,Rt   Measured axial resistance of the T-joint 75 

Nz,Rt,N   Measured axial resistance of the T-joint according to a peak load 76 

Nz,Rt,δ   Measured axial resistance of the T-joint according to a 3% deformation limit 77 

Qu   Design strength function defined by CIDECT  78 

Qf   Chord stress function defined by CIDECT 79 

V0   Shear force in the chord 80 

V1   Shear force in the brace 81 

n and np  Chord stress ratio 82 

t0   Wall thickness of the chord 83 

t1   Wall thickness of the brace 84 

α   Chord length parameter 85 

β   Brace to chord diameter ratio 86 

2γ   Chord diameter to chord thickness ratio 87 

γM5   Partial factor for resistance of joints in hollow section lattice girders accroding to 88 

EN 1993-1-8 89 

τ   Ratio of brace wall thickness to chord wall thickness 90 

Δ   Displacement measured with displacement transducers 91 

Δj,x   Lateral displacement of a T-joint 92 

Δu   Displacement measured at failure 93 

δi,z   Chord indentation of the T-joint 94 
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δj,z   Joint nodal displacement of the T-joint 95 

εu   Elongation at tensile strength 96 

εf   Elongation at fracture 97 

θ1   Angle between the chord and the brace of a T-joint 98 

σp,Ed   Maximum compressive stress in the chord excluding the stress due to 99 

components parallel to the chord axis 100 

  101 
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 102 

1. Introduction 103 

 104 

Since the 1970’s, structural hollow sections (SHS) have been widely applied in construction 105 

projects around the world, including space frames in large enclosing structures, long span roofs 106 

of sports stadia and public terminals, and foot bridges, as shown in Figure 1.  Circular hollow 107 

sections (CHS) are often preferred by architects because of their attractive appearance. 108 

Structural behaviour of both hot finished and cold-formed SHS of S235 to S460 steels has been 109 

studied by many researchers in the past forty years. Research outcomes of those studies have 110 

been widely published [1], and developed into various design specifications, such as Design 111 

Guide 1 of CIDECT [2], and EN 1993-1-8 [3], which are widely regarded as definitive 112 

technical guides for structural design for both hot finished and cold-formed SHS.  113 

 114 

Owing to complex structural behaviour of different types of joints between CHS under various 115 

practical loading conditions, both experimental and numerical investigations on these joints 116 

have been conducted in the past decades. Research findings of these investigations have 117 

facilitated development of various design methods for engineering applications through 118 

international collaboration among researchers and engineers. It should be noted that design 119 

recommendations for these joints were published by the International Institute of Welding 120 

(IIW) Sub-commission XV-E in 1981, and then, in 1991[4]. More recently, EN 1993-1-8 [3] 121 

adopted the design recommendations presented in the 2nd edition of IIW recommendations [5], 122 

and the latest version of Design Guide 1 of CIDECT [2] follows closely to the 3rd edition of 123 

IIW recommendations [6]. 124 

 125 

Owing to technological advancement in steel-making in the past twenty years, high strength 126 

steels with yield strengths equal to or exceeding 460 N/mm2, such as S460, S550 and S690 127 

steels, are produced in many parts of the world. Their typical applications are large lifting 128 

equipment in which strong but light structures, all with large strength to self-weight ratios, are 129 

highly beneficial to their daily operation.  In general, S690 cold-formed circular hollow 130 

sections (CFCHS) are highly efficient structural members for construction, and they are readily 131 

manufactured through transverse bending and longitudinal welding of steel plates to suit 132 

specific requirements on cross-sectional dimensions and quantities. Hence, it is highly 133 

desirable to develop complementary design rules to assess the structural behaviour of these 134 

S690 CFCHS and their joints under various actions. 135 

 136 

It should be noted that as many of these high strength S690 steel plates achieve their strengths 137 

through heat-treatment, such as quenching (Q) and tempering (T) during their production, i.e. 138 

S690-QT, so that both the processes of heating up and cooling down are carefully controlled 139 

during steel-making to ensure that grain sizes of their microstructures are sufficiently small in 140 

order to attain favourable mechanical properties.  However, welding of these S690-QT steel 141 

plates may cause phase transformation, re-crystallization and grain growth on their 142 

microstructures if the heat energy input of the welding is not controlled properly. It is well 143 

established in the fields of materials science and metallurgy that reduction in the mechanical 144 

properties in the heat-affected-zones of these S690-QT welded sections are often directly 145 

related to their cooling rates, t8/5 , which is the time elapsed for their temperature to drop from 146 
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800 oC to 500 oC.  In general, the cooling rate t8/5 is heavily dependent on various welding 147 

procedures and parameters, such as the heat input energy during welding, the plate thickness, 148 

and the pre-heating temperatures. 149 

 150 

1.1 Research work on joints between high strength CHS 151 

 152 

Figure 2 illustrates typical configuration of the T-joints between CFCHS. Up till the presence, 153 

experimental investigations on the T-joints between S690 CFCHS are found to be limited in 154 

both numbers and section sizes in general. It is straightforward to test simply supported T-155 

joints under brace axial compression, and typical failure modes due to i) local chord 156 

plastification, and ii) overall plastic bending are commonly found. However, these two modes 157 

may not be easily identified separately, and their corresponding section resistances are rather 158 

difficult to be assessed individually owing to interaction between the applied forces and the 159 

induced bending moments, both acting onto the chords. For those T-joints under brace in-plane 160 

moments, the critical failure mode is typically a section failure of the braces under in-plane 161 

moments while local plastification in the welded brace/chord junctions may become apparent. 162 

 163 

A total of four T-joints between hot-finished CHS under brace axial compression were tested 164 

and reported by Choi et al. [7], and the measured yield strength of these CHS was 517 N/mm2.  165 

All these four T-joints failed in local chord plastification. Kim et al. [8] reported an 166 

experimental study on a total of twelve T-joints between high strength CHS under cyclic in-167 

plane moments; the measured yield strengths of these CHS were 464 and 584 N/mm2. From 168 

these tests, the T-joints were found to possess large joint resistances against local chord 169 

plastification without any significant reduction in ductility, when compared with those of joints 170 

between S355 CHS. 171 

 172 

It should be noted that existing design methods given for joints between high strength CHS in 173 

the Design Guide 1 of CIDECT and EN 1993-1-8 were mostly developed according to 174 

extensive numerical results as well as re-assessments of test results in the literature [9]. Since 175 

there were insufficient test data on joints between high strength CHS available at that time, 176 

both strength reduction factors and limitations on the tensile-to-yield strength ratios, fu / fy , 177 

were introduced to provide simple and safe structural design on the expense of certain structural 178 

efficiency. In recent years, a number of experimental investigations on joints between high 179 

strength CHS and RHS have been reported in the literature, and various types of X- and K-180 

joints with different cross-section geometry were tested to provide valuable test data for re-181 

evaluating the current design methods [9, 10, 11, 12, 13, 14, 15, 16]. It should be noted that 182 

analyses on experimental results on X-joints between high strength CHS and RHS subjected to 183 

brace axial compression suggested that the reduction factors given in EN 1993-1-8 might be 184 

too conservative for S690 steels [17, 18]. 185 

 186 

In general, additional experimental and numerical investigations on the structural behaviour of 187 

typical joints between high strength S690 CFCHS are always desirable to demonstrate 188 

applicability of existing design methods and suitability of various reduction factors in 189 

achieving a balance between structural adequacy and efficiency at the same time. 190 

 191 
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1.2 Related research on structural behaviour of high strength S690 steels by the authors 192 

 193 

In order to promote effective use of high strength S690 steels in construction, a comprehensive 194 

research and development programme is undertaken by the authors to investigate mechanical 195 

properties of S690 steels as well as structural behaviour of S690 steel sections.  One of the 196 

key research areas is to investigate effects of manufacturing processes onto structural behaviour 197 

of S690 steel members and joints, and these include: 198 

 199 

a) microstructural changes in heat-affected zones of welded sections and joints [19]; 200 

b) reductions in mechanical properties of welded sections with various heat input energy 201 

during welding [20]; 202 

c) thermo-mechanical analyses on residual stresses of cold-formed structural hollow sections 203 

due to i) transverse bending, and ii) longitudinal welding [21, 22]; and  204 

d) early yielding in both cold-formed and welded sections due to presence of residual stresses, 205 

and hence, reductions in member resistances and joint resistances [23, 24]. 206 

 207 

In general, reductions in the mechanical properties, in particular, both the yield and the tensile 208 

strengths, of these S690-QT welded sections are demonstrated to be significantly smaller than 209 

those reported in the literature, especially in those steel plates with thicknesses in the range of 210 

6 to 16 mm. The corresponding cooling rates t8/5 for welding of 16 mm thick steel plates with 211 

various heat input energy, q , at 1.0, 1.5 and 2.0 kJ/mm are 5.5, 12.4 and 22.0 seconds 212 

respectively. According to various research mentioned above, it is demonstrated that: 213 

 214 

• For S690 welded sections under compression, a total of twelve S690 welded H-sections of 215 

4 different cross-sectional dimensions with butt-welded joints at their mid-heights were 216 

tested. The nominal thicknesses of these steel plates were 6, 10 and 16 mm. It was 217 

demonstrated that there was no reduction in the compression resistances of these sections 218 

at all when their heat input energy during welding was kept to or below 2.0 kJ/mm. 219 

 220 

• For S690 welded sections under tension, a total of eighteen cylindrical coupons of S690 221 

welded sections with butt-welded joints at their mid-lengths were tested. The nominal 222 

thickness of the steel plates is 16 mm, and the diameters along gauge lengths the cylindrical 223 

coupons are 5.0 mm. While it was demonstrated that there was only a small degree of 224 

softening in these coupons of the welded sections, and hence, a small reduction in their 225 

yield strengths, there was no reduction in their tensile strengths when the heat input energy 226 

during welding was kept to or below 1.0 kJ/mm.  However, for welded sections with a 227 

heat input energy equal to 5.0 kJ/mm, both the yield and the tensile strengths are reduced 228 

according to the reduction factors at 0.70 and 0.83 respectively [20].  There are also 229 

significant reductions in both strain hardening and elongation limit at fracture.   230 

 231 

Consequently, it is highly desirable to extend the experimental investigation to examine the 232 

structural behaviour of the high strength S690 welded sections with a good control on the heat 233 

input energy, q, during welding, and to assess the deformation characteristics of typical joints 234 

under i) axial compression, and ii) in-plane moments. 235 

 236 
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 237 

1.3 Objectives and scope of work 238 

 239 

This paper reports an experimental investigation into the structural behaviour of a total of four 240 

T-joints between S355 CFCHS, and eight T-joints between S690 CFCHS. All of these T-joints 241 

were fabricated with a proper control on the heat input energy during welding, and they were 242 

tested to structural failure to examine their deformation characteristics, in particular, joint 243 

resistances, ductility and critical modes of failure. There are a total of four series of tests in the 244 

test programme, and they are classified according to different types of actions and different 245 

dimensions of the braces as follows: 246 

 247 

• Structural tests on T-joints under brace axial compression  248 

- Series P1 - 150/250: Joints T1, T2 and T3; 249 

- Series P2 - 200/250: Joints T4, T5 and T6. 250 

• Structural tests on T-joints under brace in-plane moments 251 

- Series Q1 - 150/250: Joints T7, T8 and T9; 252 

- Series Q2 - 200/250: Joints T10, T11 and T12. 253 

 254 

Figure 3 shows the cross-sectional dimensions of the four CFCHS.  The test programme for 255 

T-joints of the present investigation is summarized in Table 1 together with geometrical 256 

dimensions and key parameters of the CFCHS. 257 

 258 

It should be noted that these joint tests are conducted with extensive instrumentation on both 259 

overall deformations of the T-joints and local deformations of their welded brace/chord 260 

junctions. Moreover, a non-contact measurement technique with high precision, namely, a 261 

Digital Image Correlation (DIC) technique [25, 26], is employed to measure surface 262 

deformations of the welded brace/chord junctions of selected tests. Comprehensive data 263 

analysis and interpretation on these measured data is also performed. 264 

 265 

As the existing design methods for the T-joints between CHS are primarily developed 266 

according to those test results of T-joints between S355 CHS together with supplementary 267 

numerical results of finite element modelling [9, 10], there is a clear need to verify validity of 268 

these design methods when they are extended to cover T-joints between S690 CFCHS.  Hence, 269 

the measured resistances of these T-joints are compared against the design resistances obtained 270 

with those relevant design rules in both EN 1993-1 and Design Guide 1 of CIDECT, and 271 

structural adequacy and efficiency of the design methods on these T-joints is assessed. 272 

 273 

The key areas of interest of the present investigation include: 274 

a) deformation characteristics with different degrees of mobilization in strength and ductility, 275 

and failure modes of these T-joints between S690 CFCHS, when compared with those of 276 

T-joints between S355 CFCHS;  277 

b) applicability of existing design methods to predict resistances of these T-joints between 278 

S690 CFCHS with a proper control of the welding process. 279 

 280 

1.4 Fabrication of CFCHS 281 
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 282 

The cold-formed circular hollow sections (CFCHS) were fabricated in a qualified steelwork 283 

fabricator from steel plates through a series of processes as follows:  284 

i)  press-braking of plate edges with a circular punch,  285 

ii)  transverse bending of plates using a three-roller bending machine, and  286 

iii)  longitudinal welding using a gas metal arc welding (GMAW) method.  287 

 288 

The fabrication processes of the CFCHS are illustrated in Figure 4. After fabrication of the 289 

CFCHS for the braces and the chords, edge preparation was performed at the brace ends in 290 

order to make profiled connecting surfaces for joint welding.  291 

 292 

Table 2 summarizes the measured geometric dimensions of both the chords and the braces of 293 

all the joints. It should be noted that all the brace/chord junctions between these CFCHS were 294 

welded with a combination of i) fillet welds, and ii) full penetration butt welds by a highly 295 

skilled welder who was able to perform the welding consistently. It should be noted that: 296 

 297 

• the welding electrode E71T-1 with a diameter of 1.2 mm according to AWS A5.20 [27] is 298 

adopted for welding of S355 steels; and 299 

• for welding of S690 steels, the welding electrode ER110S-G with a diameter of 1.2 mm 300 

according to AWS A5.28 [28] is adopted. 301 

 302 

Both chemical compositions and mechanical properties of these welding electrodes are 303 

summarized in Tables 3 and 4. 304 

 305 

Welding details at both the crown points and the saddle points of the junctions are illustrated 306 

in Figure 5 while typical measured weld sizes at both the crown and the saddle points of each 307 

of the welded brace/chord junctions of the T-joints are shown in Table 5. It should be noted 308 

that the heat input energy during welding of all the S690 CFCHS and their welded brace/chord 309 

junctions were found to range from 1.2 to 1.5 kJ/mm. Based on the experiences on similar 310 

investigations [20, 29], there was no significant reduction in the mechanical properties of these 311 

S690 welded sections under this level of heat input energy. 312 

 313 

It should be noted that residual stresses due to i) transverse bending, and ii) longitudinal 314 

welding in these S690 CFCHS were investigated extensively through a complementary 315 

experimental and numerical investigation [21, 22].  While the longitudinal residual stresses 316 

due to transverse bending were found to be fairly uniformly distributed throughout the 317 

circumferences of these CFCHS, highly localized longitudinal residual stresses due to 318 

longitudinal welding were found to be present in the vicinity of the welding seams.  As these 319 

residual stresses were self-equilibrant, they were commonly considered to have little effects on 320 

the section resistances of these CFCHS though they caused pre-mature yielding in some parts 321 

of these sections [18, 22, 30].  322 

 323 

1.5 Material properties 324 

 325 
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Standard tensile tests were carried out according to BS EN ISO-6892-1 [31] on curved coupons 326 

extracted from both the S355 and the S690 CFCHS to obtain mechanical properties for 327 

subsequent strength analysis. Typical locations of these curved coupons cut from the CFCHS, 328 

and their shapes and dimensions are illustrated in Figure 6. The test set-up is shown in Figure 329 

7a), and strain gauges are attached to both sides of the curved coupons, as shown in Figure 7b), 330 

to measure their elongations throughout the tests. Owing to the page limit, only the measured 331 

stress-strain curves of the curved coupons extracted from various S690 CFCHS of different 332 

dimensions are plotted in Figure 7c) for easy comparison. Key results of these tensile tests, and 333 

hence, the mechanical properties of all the S355 and the S690 CFCHS are presented in Table 6. 334 

 335 

 336 

2. Experimental Investigation 337 

 338 

A total of twelve T-joints between CFCHS are tested in the present investigation, and both 339 

S355 and S690 CFCHS are covered in order to examine the structural behaviour of these T-340 

joints with different steel grades as well as different dimensions of the braces under i) brace 341 

axial compression, and ii) brace in-plane moments. 342 

 343 

2.1 Test programme 344 

 345 

Details of various test series are described as follows: 346 

 347 

• Series P1 - 150/250: Joints T1, T2 and T3 under brace axial compression 348 

In Joint T1, there is a brace of S355 CFCHS 150×6 mm welded onto a chord of S355 349 

CFCHS 250×10 mm. In Joint T2, the dimensions of both the brace and the chord are the 350 

same as those in Joint T1, but with S690 steels. Joint T3 is nominally identical to Joint T2, 351 

and it serves as a repeat test for confirmation of the structural behaviour.  Hence, this 352 

series is devised to compare the structural behaviour of the T-joints with chords of S355 353 

CFCHS and of S690 CFCHS under axial compression applied through the braces with a 354 

relatively small diameter, i.e. d1 = 150 mm. 355 

 356 

• Series P2 - 200/250: Joints T4, T5 and T6 under brace axial compression 357 

In Joint T4, there is a brace of S355 CFCHS 200×6 mm welded onto a chord of S355 358 

CFCHS 250×10 mm. In Joint T5, the dimensions of both the brace and the chord are the 359 

same as those in Joint T4, but with S690 steels. Joint T6 is nominally identical to Joint T5 360 

except the thickness of the brace is increased from 6 to 10 mm, and it serves as a variant to 361 

Joint T5. Hence, this series is devised to compare the structural behaviour of the T-joints 362 

with chords of S355 CFCHS and of S690 CFCHS under axial compression applied through 363 

the braces with a relatively large diameter, i.e. d1 = 200 mm.  364 

 365 

It should be noted that the effects of cross-sectional dimensions of the braces, d1 and t1, 366 

onto the axial resistances of the T-joints are also examined. As the diameters of the braces 367 

are increased to 200 mm, the axial resistances of all the T-joints in Series P2 are expected 368 

to be larger than those of the T-joints in Series P1. All the dimensions and their geometrical 369 
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ratios of these T-joints are considered to be typical in practice, and chord plastification is 370 

expected to be critical in all these joints. 371 

 372 

• Series Q1 - 150/250: Joints T7, T8 and T9 under brace in-plane moments 373 

 374 

All the T-joints in this series are similar to those in Series P1 in terms of both the steel 375 

grades and the dimensions of the braces, i.e. Joints 1 and 7 are the same while Joints 2 and 376 

3, and Joints 8 and 9 are the same.  The only difference is the presence of the brace in-377 

plane moments in this series, instead of the brace axial compression in Series P1. 378 

 379 

• Series Q2 - 200/250: Joints T10, T11 and T12 380 

 381 

Similarly, all the T-joints in this series are similar to those in Series P2 in terms of both the 382 

steel grades and the dimensions of the braces, i.e. Joints 4 and 10 are the same while Joints 383 

5 and 6, and Joints 11 and 12 are the same. The only difference is the presence of the brace 384 

in-plane moments in this series, instead of the brace axial compression in Series P2.  All 385 

the dimensions and their geometrical ratios of these T-joints are considered to be typical in 386 

practice. Among the four common modes of failure in T-joints between CHS under in-387 

plane bending, namely, i) chord plastification, ii) chord punching shear failure, iii) brace 388 

failure, and iv) weld fracture, both brace failure and chord punching shear failure are 389 

expected to be critical in these joints while local deformations in the brace/chord junctions 390 

may be apparent. It should be noted that weld fracture is readily prevented through the use 391 

of a proper welding procedure performed by an experienced welder. 392 

 393 

Refer to Table 1 for the cross-sectional dimensions of both the chords and the braces together 394 

with their section classifications according to EN 1993-1-1 [32].  It should be noted that:  395 

i) the ratio of brace to chord diameter, β = d1 / d0 , is assigned to range from 0.6 to 0.8, and 396 

ii)  the ratio of brace wall thickness to chord wall thickness, τ = t1 / t0 , is assigned to range 397 

from 0.8 to 1.0. 398 

 399 

While the distance between the two simple supports of the T-joints are 1500 mm, the lengths 400 

of the chord, L0, and of the brace L1 are 1200 and 600 mm, respectively, as shown in Figure 2. 401 

 402 

3  Structural tests on T-joints under brace axial compression – Series P1 and P2 403 

 404 

The experimental investigation into the structural behaviour of the T-joints under brace axial 405 

compression are described in this section. Details of test set-up, instrumentation and loading 406 

procedures, deformation characteristics and failure modes of these joints are thoroughly 407 

presented as follows. 408 

 409 

3.1 Test set-up, instrumentation and loading procedures  410 

All the joint tests under brace axial compression were carried out with a Servo Hydraulic 411 

Control Testing System with a loading capacity of 1,000 tons, as shown in Figure 8a), and 412 

typical test set-up and instrumentation is illustrated in Figure 8b). 413 

 414 
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In each test, the chord of the T-joint was simply supported at both ends through steel pins, i.e. 415 

while in-plane rotations were allowed at both ends, lateral movement along long slotted holes 416 

in the base plate of the support was allowed at one end only. Two laser levels were placed in 417 

front of and to the left of the T-joint to ensure good alignment between the centreline of the 418 

brace and the centreline of the loading attachment. A total of twelve displacement transducers, 419 

namely, Transducers L01 to L12, were used to measure both horizontal and vertical 420 

displacements of specified locations of the T-joints, and deformations at both the crown and 421 

the saddle points of the welded brace/chord junctions were measured systematically. Moreover, 422 

four strain gauges, namely, SG1 to SG4, each with a gauge length of 5 mm, were mounted onto 423 

the brace to monitor its axial strains throughout the test. A non-contact measurement method, 424 

namely, Digital Imaging Correlation technique, is also adopted to measure surface deformation 425 

fields of the brace/chord junctions of selected T-joints. Refer to Section 5 for further details. 426 

In each test, an axial compression force was applied onto the top of the brace of the T-joint, 427 

and the following loading procedure was adopted: 428 

a)  Before testing, a preloading process was conducted. A force at 30% of the predicted joint 429 

resistance of the T-joint was applied. Then, the force was reduced at a rate of 150 kN per 430 

minute. This process was repeated for a total of three times to minimize initial bedding. 431 

b) In the initial stage of testing, the force was applied at a rate of 50 kN per minute, and it was 432 

steadily increased up to 80% of the predicted joint resistance. 433 

c) Then, the force was applied through displacement control, and an axial displacement was 434 

applied at a rate of 0.3 mm/min until apparent unloading; the peak load Nz,Rt,N was recorded. 435 

d) Finally, the axial displacement was applied at a rate of 0.5 mm/min, and the test was 436 

terminated when the value of the force was found to drop below 80% of the peak load. 437 

 438 

The applied force, Nz , was measured together with all the readings of the transducers and the 439 

strain gauges at small time intervals, and all these data were recorded in the data logger for 440 

subsequent analysis. 441 

 442 

It should be noted that the initial out-of-straightness of the T-joints were measured before 443 

testing, as shown in Figure 8c). As these T-joints were fabricated in a qualified steelwork 444 

fabricator, the workmanship of fabrication, in particular, pre-welding alignment and distortion 445 

control, was guaranteed.  In each test, measurements were made to each T-joint after it was 446 

installed onto the supports, and adjusted carefully for proper alignment. As both the values of 447 

v1 and v2 were found to be smaller than 0.5 to 1.0 mm, the initial out-of-straightness of the T-448 

joints were considered to be very small. 449 

 450 

3.2 Test results 451 

All these tests have been completed successfully, and the test results are presented in the 452 

following sections while key data are summarized in Table 7. 453 

 454 

3.2.1 Failure modes 455 

Figure 9 illustrates the deformed shapes of all the six T-joints at large deformation stages of 456 

the tests, and local chord plastification in all the chords of the T-joints are apparent. Section 457 

distortion in the form of local indentation of the welded brace/chord junction due to extensive 458 

plastic deformations is also evident, as shown in Figure 10. 459 
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 460 

As the chords of all the T-joints are subjected to both shear forces and bending moments as 461 

well as co-existing axial compression forces through the braces, as shown in Figure 11, there 462 

is a significant reduction to the section resistances of the chords at the welded junctions after 463 

extensive plastic deformations under high brace axial compression. 464 

 465 

After termination of the tests, all the T-joints were inspected closely, and no crack in the welded 466 

junctions nor any fracture in the welds was found. Typical detail of the welded connections at 467 

the crown points of the T-joints after etching is shown in Figure 10d).  Hence, there is no 468 

evidence to show any significant deterioration in the structural behaviour of the T-joints 469 

between S690 CFCHS due to welding in the presence of brace axial forces. 470 

 471 

3.2.2 Applied force-nodal displacement curves 472 

In each of the six T-joints, the vertical nodal displacement of the joint, δj,z , is given by: 473 

 474 

 δj,z   =  
 ∆6 + ∆7 

2
             (1) 475 

where  476 

Δ6 and Δ7  are the vertical displacements measured by Transducers L06 and L07 shown 477 

   in Figure 8b). 478 

 479 

The applied force versus nodal displacement (Nz - δj,z) curves of the T-joints are shown in 480 

Figure 12.  It should be noted that: 481 

 482 

• In Series P1-150/250, the curve of Joint T1 exhibits a load-deformation characteristic with 483 

limited ductility while the curves of both Joints T2 and T3 show a significant reduction in 484 

resistances after unloading, i.e. a non-ductile characteristic. 485 

• In Series P2-200/250, a fairly ductile load-deformation characteristic is evident in the curve 486 

of Joint T4. However, the curves of both Joints T5 and T6 are considered to be very 487 

different as they exhibit a non-ductile characteristic after the peak loads are attained. 488 

 489 

3.2.3 Applied force-chord indentation curves 490 

In each of the six tests, the maximum indentation, or distortion, of the T-joint is found to occur 491 

at the crown point of the chord. Hence, this deformation, namely, chord indentation δi,z of the 492 

T-joint, is taken as the relative vertical deformation at the crown points to the centreline of the 493 

chord, which is given by: 494 

 495 

 δi,z =  
 ∆4 + ∆5 

2
− δj,z             (2) 496 

where  497 

 Δ4 and Δ5  are the vertical displacements measured by Transducers L04 and L05 shown 498 

    in Figure 8b). 499 

 δj,z   is the vertical nodal displacement of the joint given by Eqn. (1). 500 

 501 
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The applied force versus chord indentation (Nz - δi,z) curves of the T-joints are also shown in 502 

Figure 12. It should be noted that: 503 

• In Series P1-150/250, the curves exhibit a deformation characteristic with limited ductility, 504 

and there are significant reductions in the joint resistances after gross local indentations in 505 

the chords have taken place. 506 

• Similarly, in Series P2-200/250, these curves exhibit a non-ductile characteristic, and the 507 

presence of gross local indentations in the chords causes significant reductions to the joint 508 

resistances. 509 

• In both Series P1 and P2, the maximum chord indentations of all the T-joins between S690 510 

CFCHS are found to exceed the deformation (indentation) limits at 3% of the chord 511 

diameters, i.e. 7.5 mm. 512 

 513 

In general, the applied force versus chord indentation (Nz - δi,z) curves are considered to be 514 

representative to the overall structural behaviour of these T-joints under brace axial 515 

compression. 516 

 517 

3.2.4 Measured strains 518 

Figure 13 plots the measured strains of the braces of all the T-joints.  It is shown that all the 519 

braces remain elastic throughout the entire deformation ranges as these strains are well below 520 

the yield strains of the S355 and the S690 steels, i.e. 0.169 % and 0.329% respectively. 521 

 522 

3.2.5 Joint resistances 523 

The measured brace axial resistance, Nz,Rt , of each T-joint is defined as follows:  524 

i) the peak load, Nz,Rt,N , if it occurs prior to the deformation limit, which is obtained directly 525 

 in the test, or 526 

ii) the applied force corresponding to a deformation limit, Nz,Rt,δ , i.e. a limit to local chord 527 

indentation at 3% of the outer diameter of the chord, or 0.03 d0 , according to Design 528 

Guide 1 of CIDECT [2, 33]. 529 

 530 

It is observed from the applied force versus chord indentation (Nz - δi,δ) curves of all the tests 531 

that the applied forces reach their peak values prior to any deformation limit, i.e. 0.03 d0 or 7.5 532 

mm, is reached. Hence, these peak values of the applied forces are taken as their joint 533 

resistances against brace axial compression, and these joint resistances, Nz,Rt , are summarized 534 

in Table 7. It is shown that 535 

 536 

i) The measured yield strength of the 10 mm S690 steel plate is 766 N/mm2 while that of the 537 

10 mm S355 steel plate is 365 N/mm2, as shown in Table 6. Hence, the ratio between these 538 

two values is 2.10.  539 

ii) However, the measured resistances of Joints T2 and T3 with S690 steels are 1.58 and 1.69 540 

times of that of Joint T1 with S355 steels respectively. Similarly, the measured resistances 541 

of Joints T5 and T6 with S690 steels are 1.80 and 1.73 times of that of Joint T4 with S355 542 

steels respectively. 543 

iii) Hence, structural benefits owing to an increase in yield strengths cannot be fully achieved 544 

in those T-joints with S690 steels, when compared with those with S355 steels, because 545 
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of a reduced strain hardening.  Hence, a reduction factor should be applied in design to 546 

allow for different extents of strain hardening after yielding when S690 steels are used.  547 

Refer to Section 6 for further details.  548 

 549 

4. Structural tests on T-joints under brace in-plane moments – Series Q1 and Q2 550 

 551 

The experimental investigation into the structural behaviour of the T-joints under brace in-552 

plane moments are described in this section. Details of test set-up, instrumentation and loading 553 

procedures, deformation characteristics and failure modes of these joints are thoroughly 554 

presented as follows. 555 

 556 

4.1 Test set-up and loading procedures  557 

All the joint tests under brace in-plane moments were carried out with a 150 tons loading 558 

system with a hydraulic jack, as shown in Figure 14a), and typical test set-up and 559 

instrumentation is illustrated in Figure 14b). In each test, the chord of the T-joint was simply 560 

supported at both ends through steel pins, i.e. while in-plane rotations were allowed at both 561 

ends, lateral movement along long slotted holes in the base plate of the support was allowed at 562 

one end only. Both the vertical plane of the T-joint and the line of action of the hydraulic jack 563 

were carefully aligned with the help of two laser levels. A total of eight displacement 564 

transducers, namely, Transducers L01 to L08, were used to measure both horizontal and 565 

vertical displacements of specified locations of the T-joints, and deformations at both the crown 566 

and the saddle points of the welded brace/chord junctions were measured systematically. 567 

Moreover, three strain gauges, namely, SG1 to SG3, each with a gauge length of 5 mm, were 568 

mounted onto the brace to monitor its axial strains throughout the test.  The Digital Imaging 569 

Correlation technique is also adopted to measure surface deformation fields of the brace/chord 570 

junctions of selected T-joints. Refer to Section 5 for further details. 571 

 572 

In each test, a lateral force was applied onto the top of the brace of the T-joint, and the following 573 

loading procedure was adopted: 574 

 575 

a)  Before testing, a preloading process was conducted. A force at 30% of the predicted joint 576 

resistance of the T-joint was applied. Then, the force was reduced at a rate of about 20 kN 577 

per minute. This process was repeated for a total of three times to minimize initial bending. 578 

 579 

b) In the initial stage of testing, the force was applied at a rate of about 20 kN per minute, and 580 

it was steadily increased up to 80% of the predicted joint resistance. Then, the force was 581 

applied at a reduced rate of about 5 to 10 kN per minute or a displacement of about 1 to 2 582 

mm per minute up to unloading; the peak load Nx,Rt,N was recorded. 583 

 584 

c) The test was terminated when the value of the force was found to drop below 80% of the 585 

peak load. 586 

 587 

The applied force, Nx , was measured together with all the readings of the transducers and the 588 

strain gauges at small time intervals, and all these data were recorded in the data logger for 589 

subsequent analysis. 590 
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 591 

It should be noted that the initial out-of-straightness of the T-joints were measured before 592 

testing, as shown in Figure 14c). As these T-joints were fabricated in a qualified steelwork 593 

fabricator, the workmanship of fabrication, in particular, pre-welding alignment and distortion 594 

control, was guaranteed. In each test, measurements were made to each T-joint after it was 595 

installed onto the supports, and adjusted carefully for proper alignment. As both the values of 596 

v1 and v2 were found to be smaller than 0.5 to 1.0 mm, the initial out-of-straightness of the T-597 

joints were considered to be very small. 598 

 599 

4.2 Test results 600 

 601 

All these tests have been completed successfully, and the test results are presented in the 602 

following sections while key data are summarized in Table 8. 603 

 604 

4.2.1 Failure modes 605 

Figure 15 illustrates the deformed shapes of all the six T-joints at large deformation stages of 606 

the tests, and gross bending deformations in both the braces and the chords in all the T-joints 607 

are also apparent.  In general, no weld fracture was found in any of these joints in close 608 

inspection after termination of the tests.  As the welded brace/chord junctions of these joints 609 

are subjected to co-existing bending moments and shear forces, as shown in Figure 16, 610 

significant local deformations in the brace/chord junctions are evident.  After a careful 611 

examination into the structural behaviour of these T-joints, the deformed shapes of the 612 

junctions of all these T-joints after testing are shown in Figures 17 and 18 as follows: 613 

 614 

• Brace failure with local buckling under bending in both T-joints between S355 CFCHS, i.e. 615 

Joints T7 and T10, is apparent. 616 

 617 

• For those T-joints between S690 CFCHS, brace failure with fracture in the heat-affected 618 

zones at the brace bases in Joints T8 and T9 as well as Joint T11 are apparent while chord 619 

punching shear failure in Joint T12 is critical. 620 

 621 

• Typical detail of a fractured heat-affected zone of the welded brace/chord junction is shown 622 

in Figure 18c).  623 

It should be noted that gross plastic deformations in the chords are also apparent. 624 

4.2.2 Applied force-nodal displacement curves 625 

In each of the six T-joints, the lateral displacement of the loaded point of the brace, Δj,x , is 626 

given by: 627 

 Δj,x   =  Δ1 −
 ∆4 − ∆6 

2
            (3) 628 

where  629 

Δ1 , Δ4 and Δ6  are the lateral displacements measured by Transducers L01, L04 and L06 630 

    shown in Figure 14b). 631 

 632 
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The applied force versus nodal displacement (Nx - Δj,x) curves of the T-joints are shown in 633 

Figures 17b) and 18b).  It should be noted that Δj,x includes inelastic deformations from both 634 

chord indentation and brace yielding in the present study. 635 

 636 

• In Series Q1-150/250, the curve of Joint T7 exhibits a highly ductile load-deformation 637 

characteristic as its lateral displacement Δj,x exceeds 135.0 mm.  The curves of both Joints 638 

T8 and T9 show a significant increase in strength together with a reduced ductility, when 639 

compared with that of Joint T7. After full mobilization of the design joint resistances, a 640 

sudden fracture in the heat-affected-zones of the braces occurs after the lateral 641 

displacements Δj,x of Joints T8 and T9 reach 84.7 and 87.7 mm respectively. 642 

 643 

• In Series Q2-200/250, a highly ductile load-deformation characteristic is also evident in 644 

the curve of Joint T10 as its lateral displacement Δj,x exceeds 104.6 mm. The curves of 645 

both Joints T11 and T12 are considered to have a significant increase in strength together 646 

with a reduced ductility, when compared with that of Joint T10. After full mobilization of 647 

the joint resistance in Joint T11, a sudden fracture in the heat-affected-zones of the brace 648 

base occurs after its lateral displacement Δj,x reaches 67.7 mm.  For Joint T12, a sudden 649 

punching shear failure occurs in the chord after its lateral displacement Δj,x reaches 88.4 650 

mm. 651 

 652 

It should be noted that as brace failure is observed among Series Q1 and Q2, the 3% 653 

deformation limit is not considered in determining the resistances of these T-joints. 654 

 655 

4.2.3 Measured strains 656 

 657 

Figure 19 plots the measured strains of the braces of all the T-joints. It is shown that all the 658 

measured strains are shown to be smaller than the yield strains of the S355 and the S690 steels, 659 

i.e. 0.169 % and 0.329% respectively.  Unfortunately, as these strains are installed at the mid-660 

height of the braces, these data do not reflect the critical yielding conditions of the braces at 661 

their bases. 662 

 663 

4.2.4 Joint resistances 664 

 665 

The measured in-plane moment resistance, Mj,Rt , of each T-joint is defined as the moment 666 

corresponding to the lateral load resistance, Nx,Rt , obtained directly in the test, and these joint 667 

resistances are summarized in Table 8. It is shown that 668 

 669 

i) The measured yield strength of the 10 mm S690 steel plate is 766 N/mm2 while that of the 670 

10 mm S355 steel plate is 365 N/mm2, as shown in Table 6.  Hence, the ratio between 671 

these two values is 2.10. 672 

ii) However, the measured resistances of Joints T8 and T9 with S690 steels are 1.82 and 1.85 673 

times of that of Joint T7 with S355 steels respectively. Similarly, the measured resistances 674 

of Joints T11 and T12 with S690 steels are 1.73 and 1.76 times of that of Joint T10 with 675 

S355 steels respectively. 676 
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iii) Hence, structural benefits owing to an increase in yield strengths cannot be fully achieved 677 

in those T-joints with S690 steels, when compared with those with S355 steels. That is 678 

similar to those test results of Series P1 and P2. 679 

 680 

As the moment resistances of those T-joints between S690 CFCHS have been readily mobilized 681 

well before brace failure with HAZ fracture, the sudden fracture does not cause a significant 682 

reduction in strength though there is definitely a reduction in ductility. 683 

 684 

5 Assessment on deformation fields at the welded junctions 685 

 686 

It was important to investigate the deformations of the welded brace/chord junctions of the T-687 

joints under the presence of the applied forces. Thus, a DIC system with two high resolution 688 

cameras was employed to monitor the surface deformations of the welded junctions throughout 689 

the tests. The set-up of the DIC system is shown in Figure 20a) while Figure 20b) illustrates 690 

typical images captured from the cameras. According to the focal lengths of the two digital 691 

cameras, an area of 240 mm × 200 mm was adopted to cover the welded junctions of the T-692 

joints, and their deformation fields were obtained through continuous tracking of speckle 693 

patterns on the junction surfaces. Surface principal strain contours in the vicinity of the welded 694 

junctions were readily evaluated using correlation algorithms. It should be noted that in each 695 

test, an image was taken by each of the cameras before testing as a reference. Then, images 696 

were captured at an interval of 60 seconds throughout the test. Details of the measured 697 

deformation fields of both Joints T3 and T11 are described as follows.  698 

 699 

5.1  Deformation fields of Joint T3 under brace axial force 700 

 701 

Figure 21a) presents the surface principal compressive strain contours of Joint T3 at five 702 

different deformation stages, namely, Stages D1 to D5, together with the corresponding force-703 

displacement curves at various reference points of the welded junctions, i.e. Points R1 to R7.  704 

It is evident that: 705 

 706 

a) Surface principal strains of the junction are found to be generally small when the applied 707 

axial force Nz is equal to 396 kN or 0.4 Nz,Rt , i.e. Stage D1. The maximum surface principal 708 

strain is found to occur at Point R4, i.e. the saddle point of the junction, at a value of 0.48%. 709 

Thus, Point R4 may be considered to be a stiff point in the junction which is always ready 710 

to take up a high proportion of the axial force, and hence, first yielding in the chord will 711 

take place at Point R4. 712 

 713 

b) When the applied force Nz reaches 737 kN or 0.8 Nz,Rt , i.e. Stage D2, a small area at Point 714 

R4 exhibits a concentration of large surface principal strains with a maximum value at 1.1%.  715 

 716 

c) As the applied force Nz increases, extensive plastic deformations are evident at Point R4, 717 

and large surface principal strains with a maximum value at 3.4% are developed in the 718 

junction when the applied force Nz reaches 920 kN or 1.0 Nz,Rt , i.e. Stage D3. 719 

 720 
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d) After the peak load is reached, unloading occurs in the T-joint. Local indentation with gross 721 

deformations in the chord takes place almost across the entire junction, i.e. from Point R4 722 

towards Point R1 as well as towards R7. Hence, very large surface principal strains are 723 

obtained at all these points. The maximum surface principal strains at Point R4 are found to 724 

be 6.3% and 10.9% in Stages D4 and D5, respectively. It is apparent that the widths of the 725 

contours with a surface principal strain larger than 5.0% have been increased significantly, 726 

when compared with that in Stage D3. 727 

 728 

Figure 21c) illustrates the surface principal compressive strains of various reference points at 729 

the welded junction of Joint T3 in various deformation stages, and it is shown that: 730 

 731 

e) Point R4 always exhibits the largest surface principal strain while both Points R1 and R7 732 

always exhibit the smallest. 733 

 734 

f) The maximum surface principal strain of the junction under the peak load, i.e. Stage D3, is 735 

found to be 3.4% at Point R4 while the corresponding minimum surface principal strain is 736 

found to be 1.5% at Points R1 and R7. 737 

 738 

g) After significant unloading, i.e. in Stage D5, the maximum and the minimum surface 739 

principal strains of the junction are found to be 10.9% at Point R4, and 6.8% at both Points 740 

R1 and R7 respectively. 741 

 742 

Consequently, based on a detailed analysis on these precise measurements, the maximum 743 

surface principal compressive strain in these T-joints at failure is found to exceed 10.0%. 744 

 745 

5.2  Deformation fields of Joint T11 under brace in-plane moments 746 

 747 

Similar to above, Figure 22a) presents the surface principal tensile strain contours of Joint T11 748 

at five deformation stages, namely Stages E1 to E5, together with the corresponding applied 749 

force-deformation curve in Figure 22b). It is evident that: 750 

 751 

a) When the applied lateral force Nx is equal to 115 kN or 0.5 Nx,Rt , i.e. Stage E1, surface 752 

principal strains are found to be small in the junction though the maximum value is found 753 

to occur at Point R0, i.e. the crown point of the junction, at a value of 0.8 %. At Stage E2, 754 

which may be regarded as the point of proportional limit, the applied lateral force Nx is 755 

increased to 167 kN, or 0.7 Nx,Rt , and the maximum surface principal strain at Point R0 756 

reaches 1.3 %. 757 

 758 

b) As the applied lateral force Nj,x increases, extensive plastic deformations are evident in the 759 

vicinity of Point R0.  At Stages E3 and E4, large surface principal strains with a maximum 760 

value at 2.3 % and 4.3% are developed in the junction when the applied lateral force Nx 761 

reaches 192 kN or 0.8 Nx,Rt , and 217 kN or 0.9 Nx,Rt respectively. 762 

 763 
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c) At Stage E5, the peak load at 230 kN is reached. After exhibition of a limited degree of 764 

ductility, a sudden fracture occurs in the vicinity of the heat-affect-zones of the welded 765 

junction. Hence, the maximum surface principal tensile strain is found to exceed 10.0%, and 766 

this is significantly larger than the expected strain at failure, i.e. 5.0%, in these joints 767 

recommended in Annex C of EN 1993-1-5[34]. 768 

 769 

Hence, an assessment on the surface principal strain contours at the welded junctions of both 770 

Joints T3 and T11 provides insights to the deformation characteristic of the T-joints in addition 771 

to various applied force-displacement curves of the T-joints presented in Sections 3 and 4. It 772 

provides a detailed picture on the development of plastic deformations of the welded junctions 773 

throughout the tests for an improved structural understanding on the failure mechanisms of the 774 

T-joints. 775 

 776 

6  Design methods 777 

 778 

The resistances of these T-joints under i) brace axial compression, and ii) brace in-plane 779 

moments are determined according to the design methods given in the following two design 780 

specifications: 781 

 782 

6.1 Axial resistances of T-joints between CFCHS 783 

 784 

Design Guide 1 of CIDECT 785 

The design brace axial resistance of a T-joint between CHS against local chord plastification, 786 

Nz,Rd , is given by : 787 

 788 

 𝑁𝑧,𝑅𝑑 = 𝐶𝑓 𝑄𝑢 𝑄𝑓  
𝑓𝑦0𝑡0

2

𝑠𝑖𝑛 𝜃1
              (4a) 789 

 790 

where 791 

   𝑄𝑢 = 2.6 (1 + 6.8 𝛽2) 𝛾0.2              (4b) 792 

 793 

𝑄𝑓 = (1 − |𝑛|)𝐶1               (4c) 794 

 795 

𝑛 =
𝑁0

𝑁𝑝𝑙,0
+

𝑀0

𝑀𝑝𝑙,0
 in connecting face           (4d) 796 

 797 

where  fy0  is the yield strength of the chord for S235 to S355 steels; 798 

 t0  is the thickness of the chord ; 799 

 θ  is the angle between the centrelines of the chord and of the brace ; 800 

 β  is the ratio of brace diameter to chord diameter, i.e. β = d1 / d0 ; 801 

 γ  is  d0 / 2t0 ; 802 

 N0  is the axial force applied to the chord ; 803 

 M0  is the bending moment applied to the chord ; 804 

 Npl,0  is the axial resistance of the chord ; 805 

 Mpl,0  is the plastic moment resistance of the chord ; 806 

 C1  = 0.45 - 0.25 β    for chord compression stress, i.e. n < 0; and  807 

   = 0.20     for chord tension stress, i.e. n ≥ 0 ;  808 
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 Cf is a reduction factor, and it is equal to 1.0 for S235 to S355 steels and 809 

  0.90 for S460 steels. 810 

 811 

In the present investigation, it is proposed to adopt the above formula for design of T-joints 812 

between S690 CFCHS, and the same value of Cf , i.e. 0.90, is used. 813 

 814 

EN 1993-1-8 815 

The design brace axial resistance of a T-joint between CHS for local chord plastification, Nz,Rd, 816 

is given by: 817 

 818 

 𝑁𝑧,𝑅𝑑 = 𝐶𝑓 𝑄𝑢 𝑘𝑝  
𝑓𝑦0𝑡0

2

sin 𝜃1
 / 𝛾𝑀5             (5a)

 
819 

 
820 

 𝑄𝑢 = (2.8 + 14.2𝛽2) 𝛾0.2               (5b) 821 

 822 

 𝑛𝑝 =
𝜎𝑝,𝐸𝑑

𝑓𝑦0
 in connecting face             (5c) 823 

where  kp  = 1 - 0.3 np (1 + np)    for   np  ＞  0 (compression); 824 

 kp  = 0         when  np  ≤  0 (tension);  825 

 σp,Ed  is the maximum compressive stress in the chord excluding the stress due to 826 

components parallel to the chord axis ; 827 

 Cf is a reduction factor, and it is equal to 1.0 for S235 to S355 steels and  828 

  0.90 for S460 steels;  829 

 γM5 is the partial safety factor for joints between structural hollow sections and 830 

  it is taken as 1.0. 831 

 832 

In the present investigation, it is proposed to adopt the above formula for design of T-joints 833 

between S690 CFCHS, but the value of Cf is taken to be 0.80 according to EN 1993:1-12 [35]. 834 

 835 

By adopting the measured dimensions and the measured yield strengths of the CFCHS given 836 

in Tables 2 and 6 respectively, the back analysis values of Nz,R of the six T-joints according to 837 

both Design Guide 1 of CIDECT and EN 1993 are summarized in Table 7.  A comparison on 838 

the back analysis values of the brace axial resistances reveals that 839 

 840 

a) The ratios of Nz,Rt / Nz,R are found to range from 1.08 to 1.12 for those T-joints between 841 

S690 CFCHS, and 1.15 to 1.36 for those T-joints between S355 CFCHS according to 842 

Equation 4. Hence, the design method in Design Guide 1 of CIDECT is shown to be 843 

adequate for application to those T-joints between S690 CFCHS, though it is fairly 844 

conservative to those T-joints between S355 CFCHS. 845 

 846 

Similarly, the ratios of Nz,Rt / Nz,R are found to range from 1.36 to 1.46 for those T-joints 847 

between S690 CFCHS, and 1.48 to 1.55 for those T-joints between S355 CFCHS according 848 

to Equation 5.  Hence, the design method in EN 1993-1-8 is also shown to be fairly 849 

conservative for application to those T-joints between S690 CFCHS as well as to those T-850 

joints between S355 CFCHS. 851 

 852 
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b) In all T-joints between S690 CFCHS, i.e. Joints T2 and T3, and Joints T5 and T6, the ratios 853 

of the applied moments to the plastic moment resistances of the chords, Mj,Rt / M0,R , vary 854 

from 0.66 to 0.90, indicating that the full plastic moment resistances of the chords are not 855 

readily mobilized due to local chord plastification. 856 

 857 

c) It is interesting to consider those two T-joints between S355 CFCHS, i.e. Joints T1 and T4, 858 

as follows: 859 

 860 

• For Joint T1, owing to the presence of a brace with a relatively small diameter at 150 861 

mm, the effect of chord plastificiation becomes critical.  Hence, the full plastic 862 

moment resistance of the chord is not mobilized, and the ratio of the applied moment 863 

acting onto the chord to its plastic moment resistance, Mj,Rt / M0,R , is thus found to be 864 

0.87. 865 

• For Joint T4, owing to the presence of a brace with a relatively large diameter at 200 866 

mm, the ratio of the applied moment acting onto the chord to its plastic moment 867 

resistance, Mj,Rt / M0,R , is found to be 1.05.  Hence, the full plastic moment resistance 868 

of the chord is fully mobilized with a certain extent of strain hardening despite of an 869 

occurrence of local chord plastification. 870 

 871 

It should be noted that in both design methods, there are reduction factors which consider the 872 

effect of co-existing (overall) bending moments and axial forces acting onto the chords, 873 

namely, Qf in Design Guide 1 of CIDECT, and kp in EN 1993-1-8. In these T-joints under brace 874 

axial compression, the applied forces cause large moments onto the chords, and these adverse 875 

effects are incorporated into the design methods through these reduction factors. The numerical 876 

values of these reduction factors Qf and kp for these T-joints are also presented in Table 7. As 877 

the values of Qf and kp are found to range from 0.64 to 0.79, these effects are considered to be 878 

very significant to the brace axial resistances of these T-joints. 879 

 880 

6.2 Moment resistances of T-joints between CFCHS 881 

 882 

Design Guide 1 of CIDECT 883 

The design moment resistance of a T-joint between CHS against local chord plastification, 884 

Mj,Rd , is given by : 885 

𝑀𝑗,𝑅𝑑 = 𝐶𝑓 𝑄𝑢 𝑄𝑓  
𝑓𝑦0𝑡0

2

sin 𝜃1
 𝑑1          (6a) 886 

where 887 

𝑄𝑢 = 4.3 𝛽 𝛾0.5               (6b) 888 

𝑄𝑓 = (1 − |𝑛|)𝐶1              (6c) 889 

𝑛 =
𝑁0

𝑁𝑝𝑙,0
+

𝑀0

𝑀𝑝𝑙,0
 in connecting face          (6d) 890 

 891 
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The design moment resistance of a T-joint between CHS against chord punching shear, Mj,Rd , 892 

is given by : 893 

 894 

𝑀𝑗,𝑅𝑑 = 𝐶𝑓 0.58 𝑓𝑦0 𝑡0𝑑1
2  

1+3 sin 𝜃1

4sin2𝜃1
         (6e) 895 

where 896 

 Cf is a reduction factor which is equal to 1.0 for S235 to S355 steels, and 0.90 for S460 897 

steels. 898 

 899 

The design moment resistance of a T-joint between CHS against brace failure, Mj,Rd , is given 900 

by : 901 

 902 

Mj,Rd = M1,Rd               (6f) 903 

 904 

where 905 

 M1,Rd is the moment resistance of the brace according to EN1993-1-1[32]. 906 

 907 

 Refer to Section 6.1 for definitions of the symbols.  908 

 909 

In the present investigation, it is proposed to adopt the above formula for design of T-joints 910 

between S690 CFCHS, and the same value of Cf , i.e. 0.90, is used.  911 

 912 

EN 1993-1-8 913 

The design moment resistance of a T-joint between CHS against local chord plastification, 914 

Mj,Rd , is given by : 915 

 916 

𝑀𝑗,𝑅𝑑 = 𝐶𝑓 4.85 
𝑓𝑦0𝑡0

2

sin 𝜃1
𝑑1 √𝛾𝛽𝑘𝑝 / 𝛾𝑀5             (7a) 917 

where 918 

  𝑛𝑝 =
𝜎𝑝,𝐸𝑑

𝑓𝑦0
  in connecting face            (7b) 919 

 920 

Moreover, the design moment resistance of a T-joint between CHS against chord punching 921 

shear, Mj,Rd , is given by : 922 

 923 

𝑀𝑗,𝑅𝑑 =  𝐶𝑓  
𝑓𝑦0𝑡0𝑑1

2

√3
 
1+3 sin 𝜃1

4sin2𝜃1
 / 𝛾𝑀5           (7c) 924 

 925 

 Cf is a reduction factor which is equal to 1.0 for S235 to S355 steels, and 0.90 for S460 926 

steels. 927 

γM5 is the partial safety factor for joints between structural hollow sections and it is taken 928 

 as 1.0. 929 

 930 

 Refer to Section 6.1 for definitions of the symbols. 931 

 932 

In the present investigation, it is proposed to adopt the above formula for design of T-joints 933 

between S690 CFCHS, but the value of Cf is taken to be 0.80 according to EN 1993:1-12 [35]. 934 
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 935 

By adopting the measured dimensions and the measured yield strengths of the CFCHS given 936 

in Tables 2 and 6 respectively, the values of Mj,R of the six T-joints according to both Design 937 

Guide 1 of CIDECT and EN 1993 against i) chord plastification, ii) chord punching shear 938 

failure, and iii) brace failure are summarized in Table 8.  It should be noted that although 939 

Braces BR01 and BR02 are merely classified as Class 3 or 4 sections according to the current 940 

design rules on section classification, their plastic moment resistances are demonstrated to be 941 

fully mobilized at their braces in the tests as they are properly welded onto the supporting 942 

chords.  Hence, their plastic moment resistances are adopted in the back analyses. A 943 

comparison on the back analysis values of the brace moment resistances reveals that 944 

 945 

• Series Q1 – 150/250: Joints T7, T8 and T9 under brace in-plane moments 946 

 947 

For Joint T7 (d1 = 150 and t1 = 6 mm), i.e. a T-joint between S355 CFCHS, the back analysis 948 

value of the brace moment resistance is 46.2 kNm which is smaller than the joint moment 949 

resistances due to i) chord plastification at 49.9 kNm, and ii) chord punching shear failure 950 

at 47.6 kNm. This agrees with the observed mode of failure, i.e. brace failure. 951 

 952 

For Joints T8 and T9 (both d1 = 150 and t1 = 6 mm), i.e. both T-joints between S690 CFCHS, 953 

the back analysis value of the joint moment resistance due to punching shear failure is 90.0 954 

kNm which is smaller than the joint moment resistances due to i) chord plastification at 94.3 955 

kNm, and ii) brace failure at 93.0 kNm. However, it should be noted that the difference 956 

among these moment resistances is merely 3.0 kNm, i.e. 3.3%, and hence, these T-joints 957 

deform towards a combined failure mode of chord plastification and brace failure. 958 

 959 

• Series Q2 – 200/250: Joints T10, T11 and T12 under brace in-plane moments 960 

 961 

For Joint T10 (d1 = 200 and t1 = 6 mm), i.e. a T-joint between S355 CFCHS, the back 962 

analysis value of the brace moment resistance is 83.8 kNm which is smaller than the joint 963 

moment resistance due to i) chord plastification at 88.8 kNm, and ii) chord punching shear 964 

failure at 84.7 kNm. This agrees with the observed mode of failure, i.e. brace failure. 965 

 966 

For Joint T11 (d1 = 200 and t1 = 6 mm), i.e. a T-joint between S690 CFCHS, the back 967 

analysis value of the joint moment resistance due to chord punching shear failure is 159.9 968 

kNm which is marginally larger than the joint moment resistances due to i) chord 969 

plastification at 167.7 kNm, and ii) brace failure at 168.3 kNm. However, this does not agree 970 

with the observed mode of failure, i.e. brace failure. Nevertheless, the difference among 971 

these moment resistances is merely 8.4 kNm, i.e. 5.3%, and these T-joints deform towards 972 

a combined failure mode of chord plastification and brace failure. 973 

Hence, a combined failure mode is considered to occur in Joints T10 and T11. 974 

 975 

For Joint T12 (d1 = 200 and t1 = 10 mm), i.e. a T-joint between S690 CFCHS, the back 976 

analysis value of the joint moment resistance due to chord punching shear failure is 159.9 977 

kNm which is marginally larger than the joint moment resistances due to i) chord 978 
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plastification at 167.7 kNm, and ii) brace failure at 269.2 kNm. This agrees with the 979 

observed mode of failure, i.e. chord punching shear failure, though significant plastic 980 

deformations in the chord are also apparent. 981 

Hence, after a careful examination into various moment resistances of these joints, two modes 982 

of failure are identified, and effectiveness of the current design methods is assessed. It should 983 

be noted that: 984 

• Brace failure in both T-joints between S355 CFCHS, i.e. Joints T7 and T10, is readily 985 

predicted with the use of the current design rules. 986 

 987 

• Both chord punching shear failure and brace failure in those T-joints between S690 988 

CFCHS, i.e. Joints T8 and T9 as well as T11 and T12, are readily predicted with the use 989 

of the current design rules. The back analysis values of the moment resistances of these 990 

competing modes of failure are found to be very close to one another as they differ merely 991 

by 3.3 to 5.3%. 992 

 993 

• Section classification rules for S690 CFCHS should be improved, and their plastic moment 994 

resistances should be fully mobilized at their bases when they are properly welded onto 995 

the supporting chords.  996 

 997 

7. Conclusions 998 

 999 

This paper reports an experimental investigation into the structural behaviour of T-joints 1000 

between S690 cold-formed circular hollow sections (CFCHS). A total of twelve T-joints of 1001 

both S355 and S690 CFCHS under i) brace axial compression, and ii) brace in-plane moments 1002 

are tested to failure in order to examine their deformation characteristics, in particular, their 1003 

joint resistances and failure modes. These tests are conducted with extensive instrumentation 1004 

on both overall deformations of the T-joints and local deformations of their welded brace/chord 1005 

junctions. Welding of all of these T-joints between S690 CFCHS are carefully performed so 1006 

that the heat input energy during welding vary narrowly between 1.2 and 1.5 kJ/mm. Standard 1007 

tensile tests are also conducted on both flat and curved coupons extracted from the sections to 1008 

provide mechanical properties for subsequent strength analysis. 1009 

 1010 

After a careful data analysis and interpretation on both the measured and the design resistances 1011 

of the T-joints, the following conclusions are drawn: 1012 

 1013 

a) For those T-joints under brace axial compression, they are found to fail primarily in local 1014 

chord plastification together with local indentation and overall bending in the chords.  1015 

The maximum surface principal compressive strains measured in typical T-joints between 1016 

S690 CFCHS are found to exceed 10.0 %.  Nevertheless, structural benefits due to an 1017 

increase in yield strengths, i.e. from S355 steels to S690 steels, cannot be fully mobilized 1018 

in these T-joints between S690 CFCHS because of a reduced strain hardening. 1019 

 1020 

b)  For those T-joints between S690 CFCHS under brace in-plane moments, both brace failure 1021 

with HAZ fracture at the welded brace bases and chord punching shear failure are found 1022 

to be critical. It is evident that the plastic moment resistances of these braces are fully 1023 
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mobilized, but they exhibit a reduced ductility, when compared with those T-joints 1024 

between S355 CFCHS.  Nevertheless, the maximum surface tensile principal strains 1025 

measured in typical T-joints between S690 CFCHS are also found to exceed 10.0 %. 1026 

 1027 

c) The measured resistances of those T-joints between S690 CFCHS under i) brace axial 1028 

compression, and ii) brace in-plane moments are found to be adequately predicted with the 1029 

current design rules given in Design Guide 1 of CIDECT and EN 1993 with an appropriate 1030 

choice of the parameter Cf . This is clearly demonstrated in the back analyses of the design 1031 

rules with measured yield strengths of the S690 CFCHS. 1032 

 1033 

Consequently, it is established in this experimental investigation that the effects of welding 1034 

onto the mechanical properties of the S690 welded sections as well as the structural behaviour 1035 

of these T-joints are shown to be significantly less pronounced than generally anticipated, 1036 

provided that the welding processes and parameters are properly controlled. Moreover, this 1037 

investigation provides structural insights and scientific data for possible improvements onto 1038 

prediction capabilities of the design methods. It is also recommended to establish advanced 1039 

finite element models to predict the resistances of the T-joints between S690 CFCHS under i) 1040 

brace axial compression, and ii) brace in-plane moments over a wide range of cross-sectional 1041 

dimensions. The models will be carefully calibrated against the experimental data of the present 1042 

study, and this will be reported separately. 1043 
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Figure 1  Application of tubular T-joints in Vierendeel trusses 

 

 

Figure 2  Overall configuration of a typical T-joint 

 

 

Figure 3  Nominal sectional dimensions of CFCHS 
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Figure 4  Fabrication process of welded CFCHS 

 

Figure 5  Welding details of T-joints 
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Figure 6  Typical locations and geometric dimensions of curved coupons 

 

 

Figure 7  Tensile tests on curved coupons 

Note: All dimensions in millimeters (mm). 
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a) Overall arrangement 

 
b) Instrumentation 

 
c) Initial out-of-straightness 

 

Figure 8  Compression tests on T-joints between CFCHS 
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Figure 9  Deformed T-joints under brace axial compression after tests 
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Figure 10  Typical failure modes of T-joints under brace axial compression 

 

a) Bending moment diagram      b) Shear force diagram 

Figure 11  Internal forces of the chord in a typical T-joint 
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Series P1-150/250 

 

Series P2-200/250 

 

a) Applied load-joint nodal displacement curves      b) Applied load-chord indentation curves 

 

Figure 12  Measured load-deformation curves of T-joints 
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Joint T1     Joint T2 

 
     Joint T3 

   
Joint T4       Joint T5 

 
    Joint T6 

 

Figure 13 Applied load - brace axial strain curves 
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a) Test set-up 

 
b) Instrumentation 

 
c) Initial out-of-straightness 

 

Figure 14  In-plane bending tests on T-joints between CFCHS 
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Figure 15  Deformed T-joints under brace in-plane bending after tests 
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   a) Bending moment diagram    b) Shear force diagram 

Figure 16 Internal forces of a T-joint under in-plane bending 
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a) Typical failure modes of T-joints under brace in-plane bending 

 
Series Q1-150/250 

b) Lateral load-lateral displacement curves of T-joints under brace in-plane bending 

 
c) Typical detail of a welded connection after etching — Joint T11 

 

Figure 17  Test results for Series Q1 
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a)  Typical failure modes of T-joints under brace in-plane bending 

 

Series Q2-200/250 

b) Lateral load-lateral displacement curves of T-joints under brace in-plane bending 

 
c) Typical detail of a welded connection after etching — Joint T12 

Figure 18  Test results for Series Q2 

0

50

100

150

200

250

300

0 25 50 75 100 125 150

A
p

p
li

ed
 l

o
ad

, 
N

x
(k

N
)

Lateral displacement, Δj,x (mm)

× Fracture
××

T10

T11

T12

Local buckling 

Joint T10 Joint T12 

Chord punching shear failure Fracture at HAZ of the brace 

Joint T11 

Crown point 

Crack 

250 

200 

250 

Base metal 

Weld metal 

HAZ 

Punching shear 



39 

 

 

 
Joint T7        Joint T8   

 
Joint T9  

 
    Joint T10         Joint T11 

 
    Joint T12  

Figure 19  Applied load - brace axial strain curves 
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Figure 20  Set-up of DIC system for non-contact measurements of surface deformation fields 

  

Camera HR 1 Camera HR 2 

Specimen 

b) High resolution images at 5M pixels 

a) Test set-up 

Camera HR 1 Camera HR 2 



41 

 

 

a) Principal strains in various deformation stages 

 

b) Load -indentation curve    c) Load-principal strain curves 

Figure 21  Typical strain contours of the welded brace/chord junction of Joint T3 
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a) Principal strains in various deformation stages 

  

b) Load -indentation curve    c) Load-principal strain curves 

Figure 22  Typical strain contours of the welded brace/chord junction of Joint T11 
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Table 1   Test programme for T-joints  

 

Joints 
Steel 

grade 

Chord 

d0 × t0 

(mm×mm) 

*Section  

class of  

the chord 

Brace 

d1 × t1 

(mm×mm) 

*Section  

class of  

the brace 

α β γ τ 

T1 S355 250×10 Class 1 150× 6 Class 1 9.6 0.6 12.5 0.6 

T2 S690 250×10 Class 3 150× 6 Class 3 9.6 0.6 12.5 0.6 

T3 S690 250×10 Class 3 150× 6 Class 3 9.6 0.6 12.5 0.6 

T4 S355 250×10 Class 1 200× 6 Class 2 9.6 0.8 12.5 0.6 

T5 S690 250×10 Class 3 200× 6 Class 4 9.6 0.8 12.5 0.6 

T6 S690 250×10 Class 3 200×10 Class 2 9.6 0.8 12.5 1.0 

T7 S355 250×10 Class 1 150× 6 Class 1 9.6 0.6 12.5 0.6 

T8 S690 250×10 Class 3 150× 6 Class 3 9.6 0.6 12.5 0.6 

T9 S690 250×10 Class 3 150× 6 Class 3 9.6 0.6 12.5 0.6 

T10 S355 250×10 Class 1 200× 6 Class 2 9.6 0.8 12.5 0.6 

T11 S690 250×10 Class 3 200× 6 Class 4 9.6 0.8 12.5 0.6 

T12 S690 250×10 Class 3 200×10 Class 2 9.6 0.8 12.5 1.0 

* EN 1993-1-1: Cl. 5.5 and Table 5.2.  

 

Table 2   Measured geometric dimensions of T-joints 

 

Joint 
Steel 

grade 

Chord Brace 

Length, L0  

(mm) 

Diameter, d0  

(mm) 

Wall 

thickness, 

t0 

(mm) 

Length, 

L1  

(mm) 

Diameter, 

d1  

(mm) 

Wall 

thickness, 

t1 

(mm) 

T1 S355 1199.9 251.6 9.9 599.3 152.3 5.9 

T2 S690 1198.8 251.6 10.0 599.4 152.6 5.9 

T3 S690 1198.8 251.5 9.9 599.4 152.0 6.0 

T4 S355 1201.1 251.5 10.0 599.4 200.5 5.9 

T5 S690 1199.0 251.8 9.8 599.2 200.9 6.0 

T6 S690 1198.5 251.5 9.9 599.4 201.3 10.0 

T7 S355 1199.3 251.6 9.9 599.3 151.4 5.9 

T8 S690 1197.9 251.8 9.8 599.2 152.6 5.9 

T9 S690 1199.3 251.9 9.9 599.3 152.2 6.0 

T10 S355 1200.7 251.5 9.9 599.4 201.5 5.9 

T11 S690 1199.6 251.9 9.8 599.2 201.5 6.0 

T12 S690 1198.6 251.8 9.9 599.2 201.5 9.9 
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Table 3   Chemical composition (%) of welding electrodes provided by suppliers 

 

Electrode C Si Mn P S Cr Ni Mo Cu 

ER110S-G 0.090 0.80 1.70 0.015 0.015 0.3 1.85 0.6 0.1 

E71T-1 0.055 0.38 1.35 0.015 0.010 - - - - 

 

Table 4   Mechanical properties of welding electrodes provided by suppliers 

 

Standard 

 

 

Electrode 

 

 

Steel 

grade 

 

Supplier 

 

 

Weld 

method 

 

Diameter 

 

(mm) 

Yield 

strength 

(N/mm2) 

Tensile 

strength 

(N/mm2) 

Elongation 

 

(%) 

AWS 

A5.28 
ER110S-G S690 Bohler GMAW 1.2 720 880 15 

AWS 

A5.20 
E71T-1 S355 Lanyu GMAW 1.2 490 580 27 

 

Table 5   Measured weld sizes at crown and saddle points 

 

 

Joint 
h1 

(mm) 

h2 

(mm) 

h3 

(mm) 

h4 

(mm) 

T1 9.0 11.2 4.3 3.3 

T2 10.1 11.5 3.5 3.7 

T3 11.0 12.5 3.9 4.0 

T4 11.3 12.6 3.3 4.2 

T5 11.1 12.9 5.5 4.5 

T6 12.0 12.8 1.7 2.7 

T7 9.5 11.5 6.9 6.0 

T8 9.5 10.8 5.0 4.0 

T9 9.9 12.5 4.5 3.5 

T10 10.2 11.9 4.0 5.8 

T11 12.5 13.0 4.9 4.8 

T12 8.9 13.4 2.9 2.5 
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Table 6   Summary of results of standard tensile tests  

 

 Coupon 

Plate 

thickness 

(mm) 

Young's 

modulus 

E 

Yield 

strength 

fy 

Tensile 

strength 

fu 

fu / fy 

(kN/mm2) (N/mm2) (N/mm2)  

Curved 

coupon 

S355-BR01 6 208 371 538 1.45  

S355-BR02 6 206 372 533 1.43  

S355-CH04 10 205 365 590 1.62  

S690-BR-01 6 202 747 811 1.08 

S690-BR-02 6 203 745 814 1.09 

S690-BR-03 10 202 749 835 1.12 

S690-CH-04 10 201 766 828 1.08 

 

Note:  

For each section, the values of E, fy and fu are taken as averaged values of the stress-strain curves 

shown in Figure 7c). 
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Table 7 Summary of test results of T-joints between CFCHS under brace axial compression 

   

Joint Steel grade 

Test results Chord moment resistances 

 

Brace axial resistances 

Failure 

mode 

Nz,Rt 

(kN) 

CIDECT EN1993-1-8 

Mj,Rt 

(kNm) 

M0,R 

(kNm) 

Mj,Rt

M0,R
 Qf 

Nz,R 

(kN) 

Nz,Rt

Nz,R
 kp 

Nz,R 

(kN) 

Nz,Rt

Nz,R
 

T1 S355 CP 544 183.6 210.4 0.87  0.74 399 1.36  0.74  352 1.55  

T2 S690 CP 861 290.6 441.5 0.66 0.76 780 1.10 0.79 631 1.36 

T3 S690 CP 920 310.5 441.5 0.70 0.76 780 1.18 0.79 631 1.46 

T4 S355 CP 679 220.7 210.4 1.05  0.64 538 1.15  0.64  459 1.48  

T5 S690 CP 1223 397.5 441.5 0.90 0.68 1075 1.12 0.70 843 1.45 

T6 S690 CP 1175 381.8 441.5 0.86 0.68 1075 1.08 0.70 843 1.39 

 

Notes: 

 Nz,Rt   denotes the measured axial resistance of a T-joint. 

 Nz,R   denotes the axial resistance predicted to CIDECT or EN 1993-1-8 with a reduction factor for high strength steels. 

 

 Mj,Rt   denotes the measured moment resistance in the chord of a T-joint. 

 M0,R   denotes the basic plastic moment resistance of the chord to EN 1993:1. 

 Qf   denotes the chord stress function to Design Guide 1 of CIDECT. 

 kp   denotes the chord stress function to EN 1993-1-8. 

  

 CP    denotes a local failure mode of chord plastification 
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Table 8  Summary of test results of T-joints between CFCHS under brace in-plane bending 

a)  CIDECT 

Joint 
Steel 

grade 

Test results Back analysis Test results 

Failure 

mode 

Resistances Chord plastification 
Chord  

punching shear 

Brace  

failure 
Deformations 

Nx,Rt 

(kN) 

Mj,Rt 

(kNm) 

Mj,R 

(kNm) 

Mj,Rt

Mj,R
 

Mj,R 

(kNm) 

Mj,Rt

Mj,R
 

M1,R 

(kNm) 

Mj,Rt

M1,R
 

Δu 

(mm) 

T7 S355 BF 76.4 55.0 49.9 1.10 47.6 1.16 46.2* 1.19 > 135.0 

T8 S690 BF 132.7 99.9 94.3 1.06 90.0* 1.11 93.0 1.07 84.7 

T9 S690 BF 134.2 101.8 94.3 1.08 90.0* 1.13 93.0 1.09 87.7 

T10 S355 BF 138.5 101.1 88.8 1.14 84.7 1.19 83.8* 1.21 > 104.6 

T11 S690 BF 234.2 175.0 167.7 1.04 159.9* 1.09 168.3 1.04 67.7 

T12 S690 CP-S 243.3 178.2 167.7 1.06 159.9* 1.11 269.2 0.66 88.4 

Notes: 

 BF   denotes a brace failure: yielding in a S355 brace, or HAZ fracture in a S690 brace; 

 CP-S  denotes a failure mode of chord punching shear. 

 

 Nx,Rt   denotes the measured lateral resistance of a T-joint. 

 

 Mj,Rt   denotes the measured moment resistance of a T-joint. 

 Mj,R   denotes the joint moment resistance predicted to various failure modes. 

 M1,R   denotes the full plastic moment resistance of the brace. 

 *   denotes the smallest value among the design resistances to the three failure modes.  

 

   Δu   denotes the joint displacement at failure 
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b) EN 1993-1-8 

Joint Steel grade 

Test results Back analysis 

Failure 

mode 

Nx,Rt 

(kN) 

Mj,Rt 

(kNm) 

Chord  

plastification 

Chord 

punching shear 

Brace  

failure 

Displacement 

at failure  

Mj,R Mj,Rt

Mj,R
 

Mj,R Mj,Rt

Mj,R
 

M1,R Mj,Rt

M1,R
 

Δu 

(kNm) (kNm) (kNm) (mm) 

T7 S355 BF 76.4 58.1 56.3 1.03 47.4 1.23  46.2* 1.26 > 135.0 

T8 S690 BF 132.7 100.9 94.6 1.07 79.6* 1.27  93.0 1.08 84.7 

T9 S690 BF 134.2 102.0 94.6 1.08 79.6* 1.28  93.0 1.10 87.7 

T10 S355 BF 138.5 105.3 100.1 1.05 84.3 1.25  83.8* 1.26 > 104.6 

T11 S690 BF 234.2 178.0 168.1 1.06 141.5* 1.26  168.3 1.06 67.7 

T12 S690 CP-S 243.3 184.9 168.1 1.10 141.5* 1.31  269.2 0.69 88.4 

 

Notes: 

 BF   denotes a brace failure: yielding in a S355 brace, or HAZ fracture in a S690 brace; 

 CP-S  denotes a failure mode of chord punching shear 

 

 *   denotes the smallest value among the design resistances to the three failure modes.  
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