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Abstract 13 

 14 

The structural performance of circular concrete-filled double skin tubular (CFDST) cross-15 

sections with stainless steel outer tubes has been examined herein based on experiments and 16 

numerical modelling. A laboratory testing programme comprising a total of 22 four-point 17 

bending tests was performed on seven CFDST cross-sections with varying concrete grades. 18 

The details of the test rig and procedures, as well as the key test observations, including the 19 

failure moment capacities, moment–curvature curves and failure modes, are fully reported. A 20 

numerical modelling programme was then carried out; a finite element (FE) model was first 21 

established to replicate the test observations, and then adopted to conduct a parametric study 22 

to acquire further FE data over a broader spectrum of material strengths and cross-section 23 

slendernesses. Based on the combined set of test and FE results, the general design provisions 24 

for concrete-filled carbon steel members in the current European and American design codes 25 

were evaluated for their applicability to the studied CFDST cross-sections. Overall, the results 26 

revealed that both of the examined design codes yield unduly conservative (less so for the 27 

higher concrete grades) and scattered moment resistance predictions, though some moment 28 
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resistances predicted from the European code were on the unsafe side. Modifications, including 29 

a concrete reduction factor η to reflect the reduced relative effectiveness of using higher 30 

concrete grades and a modified stress distribution considering the partial spread of plasticity, 31 

were proposed and shown to improve the consistency of the resistance predictions. Finally, the 32 

reliability of the current and modified design rules was demonstrated through statistical 33 

analyses. 34 

 35 
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 38 

1. Introduction 39 

Concrete-filled steel tubular (CFST) sections have been shown to offer enhanced efficiency 40 

over conventional reinforced concrete and bare steel sections for the vertical load-bearing 41 

components in heavy structural applications, such as columns in high rise buildings and piers 42 

in long-span bridges [1–4]. The improved structural performance derives principally from the 43 

composite action between the steel tube and concrete infill; in particular, the strength and 44 

ductility of the concrete infill are increased due to the confinement provided by the outer tube 45 

and the local buckling resistance of the outer tube is enhanced due to the restraining effect from 46 

the concrete infill [5]. However, with the increasing cross-section sizes needed for larger 47 

structures, the self-weight of the members grows, while the contribution of the central core area 48 

of the concrete infill to the overall flexural stiffness becomes increasingly insignificant. To 49 

address this issue, an emerging solution is to replace the inner concrete core with a hollow steel 50 

tube, thereby creating concrete-filled double skin tubular (CFDST) cross-sections [6]. This new 51 

type of concrete-filled section retains the advantages of CFST sections, while, owing to the 52 
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lower self-weight, is more efficient and can offer superior performance in seismic-resisting 53 

applications [7,8]. The cost-effectiveness of the structural system can also be improved through 54 

savings in material, foundation and labour costs. CFDST cross-sectional configurations are 55 

diverse, with different combinations of outer and inner tubular profiles to suit different 56 

structural applications. CFDST cross-sections with circular outer and inner profiles (see Fig. 57 

1), which exploit composite action to the greatest extent [9], are the focus of the present study.  58 

 59 

Stainless steel is a high-performance construction material that provides an appealing 60 

combination of desirable mechanical and physical properties, including high strength, stiffness, 61 

and ductility, corrosion resistance and recyclability [10,11]. Use of stainless steel for the outer 62 

tubes of CFDST cross-sections has been recently proposed [12] and is expected to become 63 

more prominent in future construction to meet increasing demands on sustainability and 64 

resilience. CFDST cross-sections with outer stainless steel tubes combine the advantages of 65 

high ductility and durability that characterise stainless steel with the structural efficiency of 66 

double skin composite construction, and have clear potential for applications in aggressive and 67 

demanding environments, such as in the nuclear industry, marine and offshore engineering 68 

sectors and earthquake-prone zones.  69 

 70 

To date, the most common application of CFDST cross-sections in practice has been for 71 

structural members in compression [6]. This has been mirrored in research, where there has 72 

been a number of experimental and numerical studies into the compressive response of CFDST 73 

members with stainless steel outer tubes subjected to axial compression, such as those on stub 74 

columns [12–17] and long columns [18,19]. In the majority of practical applications, 75 

compression members are in fact subjected to a combination of axial compression and bending, 76 
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with flexure arising due to inevitable eccentricities of axial loads, frame action, second order 77 

effects and transverse loads (e.g. wind and seismic loadings) [20]. The design of such members 78 

under combined loading typically features beam-column interaction curves, for which the pure 79 

compression and pure bending resistances act as the end points. To facilitate the application of 80 

CFDST members in practice, it is of fundamental importance to advance the knowledge of the 81 

behaviour of CFDST cross-sections in bending; this has therefore become the subject of a 82 

number of recent research investigations. Experimental studies have been carried out on 83 

CFDST beams with carbon steel circular [21–24], square [22,25], rectangular [26] or 84 

dodecagonal [27] hollow sections for both the outer and inner skins; CFDST beams with 85 

different outer and inner profiles were examined in [28]. Tests on CFDST beams with slender 86 

stainless steel outer tubes have been reported by Zhao et al. [29]. Finite element (FE) modelling 87 

has also been utilised to examine the structural response of CFDST beams [23,24,27,29]. A 88 

common feature of the above studies is the conclusion that CFDST beams exhibit high ductility 89 

and enhanced moment capacity, beyond the sum of the individual parts, due to the development 90 

of composite action between the steel tubes and concrete infill; current design provisions for 91 

composite structures were also found to be rather conservative. Overall, there have been 92 

relatively few previous studies on CFDST cross-sections in bending. Further research is thus 93 

required to examine the flexural behaviour of CFDST cross-sections and to devise safe, 94 

efficient and reliable design provisions.  95 

As part of a wider research programme initiated by the authors to explore the structural 96 

behaviour and design of CFDST members with outer stainless steel tubes [13–16], the present 97 

study focuses on circular CFDST cross-sections in bending, and features extensive testing and 98 

numerical modelling. The physical testing was conducted on seven CFDST cross-sections with 99 

three concrete grades, and comprised material testing on the metal tubes and concrete as well 100 
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as 22 four-point bending tests on CFDST beam specimens. The experimental results were 101 

subsequently used for validating the FE model, based on which a parametric study was 102 

conducted considering a range of material strengths and cross-section slendernesses. The 103 

combined set of test and FE results were compared with the moment resistance predictions 104 

calculated using the general design provisions for concrete-filled carbon steel members given 105 

in EN 1994-1-1 [30] and AISC 360-16 [31], enabling the applicability of these design 106 

provisions to the studied CFDST cross-sections to be evaluated. Finally, modifications to the 107 

current design rules were proposed and verified through statistical analyses. 108 

 109 

2. Laboratory testing 110 

2.1 Overview 111 

A comprehensive laboratory testing programme on the flexural response of CFDST beams with 112 

stainless steel outer tubes and high strength steel inner tubes is described. Seven CFDST cross-113 

sections, employing Grade EN 1.4062 austenitic stainless steel CHS 165×3 (diameter × 114 

thickness in mm) and 140×3 as the outer profiles, and high strength steel hot-rolled CHS 22×4, 115 

32×6, 38×8, 55×11 and cold-formed CHS 89×4 as the inner profiles, were examined. For each 116 

cross-section, three grades of sandwiched concrete—C40, C80 and C120—with nominal 117 

concrete cylinder compressive strengths of 40, 80 and 120 MPa, respectively, were employed. 118 

A total of 22 CFDST beam specimens, including one repeat specimen, were prepared and tested 119 

in a four-point bending configuration.  120 

Particular attention was given to the preparation of the CFDST beam specimens. To ensure that 121 

the inner and outer tubes were located concentrically, four steel strips, with a depth of 10 mm 122 

and a thickness of 2 mm, were welded to the tubes near each end of the CFDST beams, as 123 
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illustrated in Fig. 2. Together, the inner and outer tubes were milled flat at one end to achieve 124 

full contact with the flat baseplate of the concrete casting device; this ensured that concrete 125 

leakage was eliminated during the casting and curing processes.  126 

The labelling convention of the CFDST beam specimens was designed to allow the key features 127 

of the CFDST cross-sections to be identified directly, and is explained by the following 128 

example—for specimen B-AC165×3-HC22×4-C40, the letter ‘B’ represents a CFDST beam 129 

specimen, the subsequent two terms, AC165×3 and HC22×4, correspond to the outer and inner 130 

tubes with the first letter referring to the tube material (‘A’ and ‘H’ denoting austenitic stainless 131 

steel and high strength steel, respectively), and the second letter ‘C’ indicating a CHS, followed 132 

by the nominal cross-section dimensions in mm; the last term C40 signifies the grade of the 133 

concrete infill with the nominal strength of 40 MPa. A letter ‘R’ is used for the repeat test. The 134 

geometric dimensions of the CFDST beam specimens, including the diameter D and thickness 135 

t of the outer and inner tubes, distinguished by subscripts ‘o’ and ‘i’– see Fig. 1, and member 136 

length L were measured and are reported in Table 1. Material testing on the metal tubes and 137 

concrete infill of the examined CFDST sections is reported in Section 2.2, while the conduct 138 

and results of the CFDST beam testing are described in Sections 2.3 and 2.4, respectively.  139 

 140 

2.2 Material testing and results 141 

Tensile coupon tests were carried out to obtain the key mechanical properties and full stress–142 

strain response of the adopted metal tubes. The material test setups, procedures and results have 143 

been fully described by the authors in Ref. [14], and are briefly summarised herein. The coupon 144 

specimens were machined longitudinally from a random location within the cross-sections of 145 

the hot-rolled tubes, and from the quarter location around the cross-sections relative to the weld 146 
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position of the cold-formed tubes. The geometric dimensions of the curved coupons were 147 

generally designed in conformity with the guidance set out in ASTM E8/E8M-15a [32], but 148 

also featured two 10.5 mm diameter holes reamed at 17 mm from each end, through which 149 

steel rods were inserted to facilitate the application of tensile force to the coupons. A 150 

displacement-controlled 50 kN servo-hydraulic testing machine was employed for the purpose 151 

of testing. The acquired full stress–strain curves for the curved coupons are shown in Fig. 3, 152 

whilst the key obtained material properties, including the Young's modulus E, the static 0.2% 153 

proof and ultimate stresses σ0.2 and σu, elongation at fracture εf, and Ramberg-Osgood (R-O) 154 

parameters n and m [33], are summarised in Table 2. 155 

The material properties of the concrete infill used in the CFDST beam specimens were obtained 156 

through the testing concrete cylinders that were cast and cured alongside the corresponding 157 

beam specimens. In this study, three concrete grades—C40, C80 and C120—were prepared in 158 

the laboratory, employing the mix proportions of cement, water, fine and coarse aggregates, 159 

condensed silica fume and super plasticizer shown in Table 3. Concrete cylinder tests were 160 

carried out at 28 days after casting and on the days of the corresponding CFDST beam tests, 161 

following the testing procedures set out in ACI 318 [34].The number of cylinder tests, average 162 

measured strengths and corresponding coefficient of variation (COV) for each concrete grade 163 

is summarised in Table 4.  164 

 165 

2.3 Four-point bending tests 166 

A total of 22 CFDST beam specimens was tested in four-point bending to investigate their 167 

flexural behaviour and capacity under constant bending moment. A 1000 kN servo-controlled 168 

hydraulic testing machine was employed for the application of vertical loads onto the beam 169 
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specimens. A repeat test was performed on a representative CFDST beam specimen B-170 

AC165×3-HC22×4-C40R to assess the variability of the results. A photograph and a schematic 171 

diagram of the four-point bending test rig are depicted in Figs. 4(a) and 4(b), respectively. The 172 

beam specimens were simply supported between two roller supports, located 45 mm away from 173 

the specimen end sections, and loaded through a half-round and a roller at two points offset by 174 

a distance of 200 mm from the mid-span, thereby attaining central constant moment (span LM 175 

of 400 mm—see Fig. 4(b)). The moment span was deemed to be sufficiently long to not inhibit 176 

the cross-sectional failure modes of the beams, while the shear span (i.e. the distance between 177 

the roller support and the loading point, see Fig. 4(b)) was defined to ensure that the influence 178 

of shear was small. Four profiled seatings with a length of 90 mm were used at the supports 179 

and loading points to mitigate against premature failure of the beams due to local deformation 180 

from the concentrated forces. Any possible gaps between the seatings and the specimen, arising 181 

from initial imperfections of the outer tubes, were filled using thin steel sheets. Prior to testing, 182 

the spherical bearing shown in Fig. 4 was free to adjust its position under a preload of 3 kN to 183 

achieve full contact at two loading points, after which four restraining bolts were tightened to 184 

prevent any rotation during the tests. Three 100 mm-stroke Linear Variable Displacement 185 

Transducers (LVDTs), arranged evenly along the moment span, were used to measure the 186 

vertical deflections of the specimens during testing. A displacement-controlled testing scheme 187 

with a loading rate equal to 0.2 mm/min was adopted to perform the tests. The applied loads 188 

and the readings from the LVDTs were recorded by a data logger at one-second intervals. 189 

 190 

2.4 Test results 191 

All the tested CFDST beams failed within the constant moment region, featuring outward local 192 

buckling of the stainless steel outer tube, cracking and crushing of the concrete infill and 193 
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bending of the inner tube; a typical tested specimen, B-AC140×3-HC55×11-C80, is displayed 194 

in Fig. 5. The full range moment–curvature responses of the tested specimens are arranged by 195 

cross-section and presented in Fig. 6, where the curvature κ in the constant moment span was 196 

determined [34,35] from Eq. (1),  197 
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based on the measured vertical deflections at the mid-span and loading points (denoted as DM 199 

and DL, respectively). The discrepancy between the curves of the repeated tests is small, as 200 

shown in Fig. 6(a), which demonstrates the repeatability and consistency of the test results. All 201 

the moment–curvature curves of the tested CFDST beams were observed to exhibit rounded 202 

and ductile responses; this is associated with the nonlinear and ductile material stress–strain 203 

behaviour, with pronounced strain hardening, that is a characteristic of stainless steel [10]. It is 204 

also observed from the results that the increases in concrete strength within the same CFDST 205 

cross-section lead to rather limited enhancements in the moment capacity; this mirrors the 206 

findings reported in [36,37] for CFST beams.  207 

The experimental failure moment Mu,test and the initial flexural stiffness EIini of each CFDST 208 

beam are presented in Table 1. The flexural stiffness EIini was compared with the full flexural 209 

stiffness of the beam (prior to the occurrence of cracking or nonlinearity in the concrete), taken 210 

as EIfull =EoIo+EiIi+EcIc. It should be noted that the peak values of the moment were not attained 211 

for five of the 22 specimens, as marked with an asterisk in Table 1, since the moment–curvature 212 

curves were still rising despite large curvatures. For these specimens, the failure moment was 213 

defined as the bending moment at which the tangent stiffness of the moment–curvature curve 214 

at increment i, EIi, dropped to 1% of the initial stiffness, EIini, — i.e. failure was taken at the 215 
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point where EIi/EIini = 0.01, an example of which is presented in Fig. 7. Note that, for those 216 

specimens that did reach their peak moment, the difference between the measured peak 217 

moment and the calculated moment when EIi/EIini = 0.01 was less than 3% in all cases. Hence, 218 

for consistency, this 1% tangent stiffness definition of failure has been applied to all the 219 

specimens in the experimental and numerical programmes throughout the present study. This 220 

method was originally proposed in [39] and has been implemented to define the ultimate 221 

capacities of concrete-filled tubular members in [14–16,39]. Note that fluctuations in the 222 

recorded test data arose herein when the tangential stiffness reduced to below about 5%EIini. 223 

To address this, the determination of the point at EIi/EIini = 0.01 was facilitate by fitting a cubic 224 

regression curve to the data for tangential stiffness ratios below 5%, as shown in Fig. 7, and 225 

defining failure as the point at which the fitted curve reached EIi/EIini = 0.01.  226 

 227 

3. Numerical modelling  228 

3.1. Overview 229 

Following the test programme, a numerical investigation was carried out utilising the finite 230 

element (FE) software ABAQUS [41], as reported in this section. The numerical modelling 231 

programme comprised a validation study, in which a FE model was established and validated 232 

with reference to the test results reported in Section 2 of this paper, and a parametric study, in 233 

which the validated FE model was employed to generate further numerical data over a broader 234 

range of material strengths and cross-section slendernesses.  235 
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3.2. Validation study 236 

3.2.1. Development of FE model 237 

Each of the CFDST beam test specimens presented in Section 2 of this paper was modelled 238 

based on the measured geometric dimensions using C3D8R solid elements for the concrete and 239 

S4R shell elements for the metal tubes; these element types have been widely used for the 240 

numerical simulation of concrete-filled tubular members [3,27,41–43]. Symmetry about the 241 

mid-span plane and the plane perpendicular to the axis of bending was exploited for 242 

computational efficiency—only half of the CFDST cross-section and half of the member length 243 

were modelled, with suitable boundary conditions assigned to the planes of symmetry, as 244 

shown in Fig. 8. The nodes of the stiffened area at the loading point and roller support were 245 

coupled to reference points, through which boundary conditions were applied to mimic the 246 

four-point bending configuration employed in the tests. Specifically, the reference point at the 247 

roller support (denoted Rs) was restrained against all degrees of freedom except rotation about 248 

the axis of bending and translation in the longitudinal direction of the beam, while the reference 249 

point at the loading point (denoted RL) was restrained against all degrees of freedom other than 250 

rotation about the axis of bending and translation in both the longitudinal and vertical directions. 251 

Vertical displacements were imposed at RL to simulate the displacement-controlled testing. 252 

Following a prior mesh sensitivity study, uniform mesh seed sizes of πDo/80 and πDi/40 were 253 

chosen for the outer and inner cross-sections, respectively, while the element sizes for the 254 

concrete in the CFDST cross-section were selected to be generally consistent with those of the 255 

neighbouring tubes to ensure numerical convergence. As for the mesh density in the 256 

longitudinal direction, a finer mesh was applied within the moment span where failure was 257 

expected, while a coarser mesh was adopted for the remainder of the FE model. These mesh 258 
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settings were found to generate results with acceptable accuracy and computationally 259 

efficiency. 260 

The constitutive models used in the present numerical investigation are similar to those 261 

developed in a previous numerical study conducted by the authors [14] to simulate the 262 

compressive behaviour of equivalent CFDST cross-sections. A detailed description of the 263 

constitutive models for the metal tubes and the concrete infill has been provided in [14], and 264 

only the key aspects are reported herein. For the metal tubes, the full engineering stress–strain 265 

curves, as measured from the tensile coupon tests, were defined in a piecewise linear fashion 266 

with at least 100 intervals, and introduced into ABAQUS in the form of true stress–logarithmic 267 

plastic strain. For the concrete infill, the in-built ABAQUS concrete damage plasticity (CDP) 268 

model [41] was employed. The compressive properties were characterised by a confined 269 

concrete stress–strain curve, originally proposed by Tao et al. [45] for CFST stub columns and 270 

modified by the authors [14–16] for application to CFDST stub columns with stainless steel 271 

outer tubes, while the tensile properties of the concrete were defined by a linear stress–strain 272 

curve up to 0.1fc, followed by a post-peak branch defined by means of fracture energy GF, as 273 

determined from Eq. (2), 274 

 
0.7

2

max max(0.0469 0.5 26)
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 
= − +  

 
 (2) 275 

where fc is the concrete cylinder strength in MPa and dmax is the maximum coarse aggregate 276 

size in mm. Note that there are large regions of concrete in tension in CFDST cross-sections in 277 

bending; therefore, in some FE simulations, convergence problems triggered by concrete 278 

tensile fracture may arise and inhibit the attainment of  the peak load or tracing of the post-279 

ultimate response. In these cases, enlarged fracture energies equal to 10, 100 or 1000 times the 280 

value calculated using Eq. (2) and termed GF-10, GF-100, and GF-1000 respectively, were 281 
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sequentially employed until numerical convergence was achieved, as illustrated in Fig. 9 for a 282 

typical FE model of specimen B-AC165×3-HC22×4-C40. The underlying concept is that 283 

appropriate amplification of the fracture energy delays the onset of tensile fracture in the 284 

concrete, thereby stabilising the numerical simulations; meanwhile the influence on the results 285 

is minimal, since the contribution of the concrete in tension to the overall bending resistance 286 

of CFDST cross-sections is small. This approach has been successfully used in the modelling 287 

concrete-filled tubular members in [46], and shown to achieve satisfactory results with good 288 

computational efficiency.  289 

 290 

The interaction at the two interfaces, i.e., the outer tube-to-concrete infill and the concrete 291 

infill-to-inner tube, was mimicked by means of surface-to-surface contact in ABAQUS [41], 292 

where the normal direction at the interface was modelled by “Hard contact” and the tangential 293 

direction was simulated by adopting a Coulomb friction model, with a friction coefficient of 294 

0.6. The same approach and friction coefficient were adopted in [14] to simulate the behaviour 295 

of equivalent CFDST cross-sections in compression. Note that shear stress limits were not 296 

specified in ABAQUS since the friction continued beyond the loss of initial bond. Residual 297 

stresses and initial local geometric imperfections were found to have no significant impact on 298 

the ultimate response of CFDST beams, primarily due to the fact that the sensitivity of the tubes 299 

to local stabilities is reduced by the support provided from the concrete infill. The inclusion of 300 

the local imperfections and residual stresses was hence considered to be unnecessary; the 301 

suitability of this assumption is supported by the successful validation against the test results 302 

in the next subsection. 303 

 304 
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3.2.2. Validation of FE model 305 

The modified Riks method, widely adopted for solving static numerical problems with 306 

geometrical and material nonlinearities [41], was employed for the solution of all CFDST beam 307 

FE model to acquire the numerical failure moments, moment–curvature responses and failure 308 

modes. The accuracy of the developed FE model was evaluated by comparing the numerical 309 

results with the experimental observations presented in Section 2. The failure moments Mu,FE 310 

derived from the FE model normalised by the corresponding experimentally obtained moments 311 

Mu,test are reported in Table 1, together with the key statistical results, showing a mean value of 312 

Mu,FE/Mu,test of 0.99 and a COV of 0.068. This indicates that the developed FE model yields a 313 

high degree of accuracy and consistency in predicting the experimental failure moments. Good 314 

agreement was also observed between the experimental and numerical moment–curvature 315 

curves, an example of which is displayed in Fig. 10 for a typical CFDST beam specimen, B-316 

AC165×3-HC22×4-C40, where the initial stiffness, failure moment and general form of the 317 

experimental loading history are fully captured by the FE simulation. Excellent agreement 318 

between the test and numerical failure modes was also observed, as shown in Fig. 5. Overall, 319 

the established FE model is capable of replicating the four-point bending tests on CFDST 320 

beams, and are thus deemed to be suitable for utilisation in the parametric study.  321 

 322 

3.3. Parametric study 323 

Upon completion of the validation study, the developed CFDST beam FE model was used to 324 

carry out a parametric study, with the aim of expanding the test dataset over a broader range of 325 

cross-section dimensions and material strengths. The key parameters of the CFDST beam FE 326 

model are summarised in Table 5. A total of 13 cross-sections was chosen for the outer tube, 327 
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with the outer diameter Do fixed at 600 mm and the thickness to varied to obtain a spectrum of 328 

local slenderness Do/to ranging from 10 to 200. As for the inner tube, the outer diameter Di was 329 

kept constant at 300 mm while six different thicknesses ti were adopted to achieve a broad 330 

range of local slenderness Di/ti spanning from 5 to 150. Note that the cross-section slenderness 331 

of the modelled CFDST beams, as determined by the local slenderness of the outer tube in line 332 

with the definition for CFST members, were extended beyond the current scope of EN 1994-333 

1-1 [30] and covered both compact and non-compact sections according to the classification 334 

limits for composite sections set out in AISC 360-16 [31]. The moment spans of all the 335 

modelled CFDST beams were set equal to 1500 mm. Regarding the material strengths for the 336 

three constituent parts of the modelled CFDST beams, the measured material properties of the 337 

tested austenitic stainless steel section AC140×3 were used for the outer tubes, those of the 338 

tested high strength steel sections HC38×8, HC55×11 and HC89×4, with varying yield 339 

strengths from 433 to 1029 MPa, were adopted for the inner tubes, and three concrete strengths 340 

(C40, C80 and C120) were assigned to the concrete infill. In total, 258 numerical parametric 341 

results on CFDST beams were generated, which are employed, together with the test results 342 

reported in Section 2 and existing experimental data from Zhao et al. [29], to assess the 343 

applicability of existing provisions for the design of the studied CFDST cross-sections in the 344 

following section.  345 

 346 

4. Discussion and assessment of design rules 347 

4.1 General 348 

The existing international design rules for composite structures, as set out in the European Code 349 

EN 1994-1-1 (EC4) [30] and the American Specification AISC 360-16 [31], are strictly only 350 

applicable to fully filled carbon steel tubular members. Therefore, neither of the current design 351 
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codes can be directly employed for the design of CFDST members with stainless steel outer 352 

tubes. In this study, the codified design provisions in EN 1994-1-1 and AISC 360-16 for carbon 353 

steel CFST members in bending are first discussed and then assessed for their applicability to 354 

the studied CFDST beams in Sections 4.2 and 4.3. The assessment utilises the 355 

measured/modelled geometric dimensions and material properties of the test/FE specimens, 356 

with safety factors set equal to unity. Limitations on material strengths stipulated in the 357 

examined design codes are provided in Table 6, which are exceeded for some of the tested and 358 

modelled specimens; nonetheless, comparisons were still made so that possible extension of 359 

the codes beyond their current scope can be explored. Modifications to the existing design rules 360 

are proposed and presented in Section 4.4. Standard statistical analyses are subsequently 361 

performed to evaluate the reliability associated with the application of the existing and 362 

modified design rules, as reported in Section 4.5.  363 

 364 

4.2. EN 1994-1-1 (EC4) 365 

EN 1994-1-1 [30] allows plastic moment capacities to be utilised for circular concrete-filled 366 

steel tubular cross-sections, provided that the cross-section slenderness Do/to is no greater than 367 

a maximum permitted value of 90(235/fy). This limit, established largely by calibration against 368 

available test data, is more relaxed compared to the Class 2 (plastic) slenderness limit of 369 

70(235/fy) for bare steel CHS in bending [47]; this is because consideration is taken of the 370 

beneficial restraining effect of the concrete infill on ovalisation and inward local buckling of 371 

the outer tube. In the present study, the slenderness limit is modified for application to stainless 372 

steel to account for the difference in Young’s modulus relative to carbon steel; the modified 373 
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limit is given by Do/to ≤ 90ε2, in which ε2=(235/ σ0.2,o)(Eo/210000). Possible relaxation of this 374 

slenderness limit is assessed in Section 4.4, following analysis of the test and FE data.  375 

The plastic moment resistance of the studied CFDST cross-sections was calculated on the basis 376 

of a fully plastic stress distribution over the entire cross-section, by analogy with the treatment 377 

of CFST cross-sections prescribed in EN 1994-1-1 [30]. The stress distributions in the steel 378 

and concrete components are illustrated in Fig. 11(a). The stainless steel outer tube and high 379 

strength steel inner tube are capable of reaching their yield stresses σ0.2,o and σ0.2,i in both 380 

compression and tension. The contribution of the concrete infill in the tensile region is ignored 381 

as a result of concrete cracking, which is observed prior to the attainment of the failure moment 382 

capacity. As for the concrete infill in compression, due account of the confinement afforded 383 

from the outer tube is taken by allowing a concrete coefficient of 1.0, rather than the general 384 

0.85, to be applied to the compressive concrete cylinder strength fc. A fibre analysis approach, 385 

which has been previously adopted in the study of circular CFST members in flexure [48-51], 386 

was employed herein to determine the neutral axis position and moment resistance of the 387 

examined CFDST beams. The cross-sections were discretised into a total of 1000 horizontal 388 

fibres, as shown in Fig. 12; the thickness of each fibre was thus Do/1000. The areas of the outer 389 

tube, inner tube and concrete infill within each fibre were determined based on the vertical 390 

position of the fibre. The position of the neutral axis (y) was set at an initial location at fibre i; 391 

the overall axial force F was then calculated by summing the axial forces in the outer and inner 392 

tubes and the concrete infill, denoted as Fo, Fi and Fc, which were obtained through integration 393 

of the corresponding stress distributions over the respective areas with reference to the assumed 394 

neutral axis location y; the neutral axis was then shifted incrementally to fibre i+1 and the 395 

process continued until the sign of F changed, implying that axial force equilibrium had been 396 

achieved and hence the true neutral axis position had been identified. Upon determination of 397 
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the position of the neutral axis, the bending moment resistance predicted according to EC4 398 

MEC4 was subsequently obtained for each test and FE specimen.  399 

The applicability of the EC4 design provisions for CFST sections to the studied CFDST 400 

sections was assessed by comparing the calculated design bending moment resistances MEC4 401 

with the test/FE failure moment capacities Mu. Statistical evaluations are provided in Table 7, 402 

where the mean ratios of the test/FE to the predicted failure moments Mu/MEC4 are equal to 403 

1.37 and 1.17 for the CFDST cross-sections falling within and outside the cross-section 404 

slenderness limits, respectively, with the corresponding COVs equal to 0.108 and 0.140, 405 

indicating a high degree of design conservatism and scatter. This is also evident in the graphical 406 

comparisons shown in Fig. 13, where the ratios of Mu/MEC4 are plotted against the normalised 407 

cross-section slenderness λEC=Do/toε
2; the current EC4 limiting value of λEC=90 is also 408 

indicated. For the CFDST cross-sections falling within this limit, a general trend of increasing 409 

conservatism with decreasing λEC values can be observed. The underestimated bending 410 

resistances in the lower slenderness domain are attributed to the lack of account taken for strain 411 

hardening in the metal, particularly the stainless steel tubes [52], and the higher degree of 412 

confinement afforded by the stockier outer tubes to the concrete infill. For the CFDST cross-413 

sections that lie beyond λEC=90, the resistance predictions remain generally conservative, but 414 

with some results on the unsafe side, indicating that these CFDST cross-sections are unable to 415 

achieve their full plastic moment capacity. This may be attributed to the occurrence of local 416 

buckling of the outer tubes prior to the development of full plasticity and the consequential 417 

reduced confinement afforded to the concrete infill. Overall, it is concluded that the EC4 design 418 

provisions yield safe-sided bending resistance predictions for CFDST cross-sections with 419 

λEC<90, but the results are somewhat scattered, indicating scope for improvement. For CFDST 420 
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cross-sections with λEC>90, the resistance predictions remain generally conservative, but with 421 

an increased number on the unsafe side.  422 

 423 

4.3. American Specification AISC 360-16 424 

In AISC 360-16 [31], the bending moment resistance for a CFST member is dependent on the 425 

class of the cross-section. Three classes of CFST cross-sections are defined in AISC 360-16 426 

[31], namely compact, noncompact and slender sections, on the basis of the cross-section 427 

slenderness , defined as Do/to. The slenderness limits for compact and noncompact circular 428 

CFST sections are given by p=0.09(E/fy) and r=0.31(E/fy), respectively. The CFST compact 429 

slenderness limit p is 25% higher than the corresponding limit of 0.07(E/fy) for bare steel CHS 430 

to account for the beneficial restraining effect of the concrete infill in delaying the local 431 

buckling of the outer tube [48], while the noncompact slenderness limit r is taken 432 

conservatively to be the same as that for bare steel CHS in bending. Slender CFST sections are 433 

not covered by AISC 360-16 due to a lack of experimental data and concrete placement 434 

concerns during construction [48]; r is therefore also taken as the maximum permitted 435 

slenderness for CFST cross-sections in bending. In this study, p and r are again modified for 436 

application to stainless steel, as follows: p=0.09(Eo/σ0.2,o) and r=0.31(Eo/σ0.2,o), respectively. 437 

The AISC 360-16 [31] moment resistances MAISC for the studied CFDST cross-sections are 438 

determined herein with reference to the cross-section classification. Compact sections are 439 

capable of developing their full plastic moment capacity Mp, which is determined using the 440 

same approach as that given in EC4, with the only difference being that a lower concrete 441 

confinement coefficient of 0.95 is employed in AISC 360-16 [31], as shown in Fig. 11(a). 442 
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Noncompact sections cannot achieve their full plastic moment capacity due to the occurrence 443 

of local buckling in the outer tube, but are capable exceeding their elastic moment capacity My 444 

due to the partial spread of plasticity in the outer tube, as shown in Fig. 11 (b). The moment 445 

resistance of a noncompact cross-section is determined by linear interpolation between the 446 

plastic moment capacity Mp and the yield moment capacity My with respect to the cross-section 447 

slenderness , bound by the compact and noncompact slenderness limits of 0.09(Eo/σ0.2,o) and 448 

0.31(Eo/σ0.2,o) respectively, as given by Eq. (3), 449 

 

( )
( )

for compact sections

for noncompact sections

p

p yAISC

p p

r p

M

M MM
M  

 




−= 
− − −



 (3) 450 

where My is determined based on first yield, assuming a linear elastic stress distribution with 451 

the maximum compressive stress limited to the yield stress σ0.2,o at the extreme compressive 452 

fibre of the outer tube and a maximum concrete compressive stress of 0.7fc. Note that the stress 453 

distribution in the inner tube is derived on the basis of strain compatibility, limited by first yield 454 

of the outer tube.  455 

 456 

The accuracy of the AISC 360-16 [31] bending resistance predictions MAISC was appraised with 457 

reference to the failure moment capacities Mu obtained from the experiments and numerical 458 

simulations. A graphical evaluation of the design predictions is illustrated by plotting the 459 

normalised test and FE moment capacities Mu/MAISC against the normalised cross-section 460 

slenderness λAISC=(Do/to)(σ0.2/Eo) in Fig 14, together with the compact and noncompact (and 461 

maximum) limiting slenderness values of p=0.09 and r=0.31. It can be seen that AISC 360-462 

16 [31] generally yields rather conservative resistance predictions across the range of the 463 
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examined cross-section slenderness values. The design predictions tend to be less conservative 464 

as the slenderness increases for the compact sections, though generally remain on the safe side; 465 

conversely, the conservatism increases, along with the scatter, with increasing slenderness for 466 

the noncompact sections. The significant conservatism and disparities are also evident from the 467 

quantitative evaluation results presented in Table 7, where the mean ratios of Mu/MAISC are 468 

equal to 1.39 and 1.60, and the COVs are equal to 0.102 and 0.321, for the compact and 469 

noncompact CFDST cross-sections, respectively. In comparison with EN 1994-1-1 [30], AISC 470 

360-16 [31] leads to more conservative moment resistance predictions for compact sections, 471 

due mainly to the lower concrete confinement coefficient, which reduces the contribution of 472 

the concrete in compression. The conservatism and scatter in the resistance predictions for 473 

noncompact sections indicates that AISC 360-16 [31] may underestimate the spread of 474 

plasticity in the metal tubes and the level of confinement afforded to the concrete in this 475 

slenderness range. Overall, the evaluation results reveal that AISC 360-16 [31] yields 476 

somewhat conservative and rather scattered moment resistance predictions when applied to 477 

CFDST cross-sections with stainless steel outer tubes.  478 

 479 

4.4. Modifications to design rules 480 

4.4.1 Modifications for high strength concrete  481 

The test results showed that increasing the concrete grade from C40 to C120 only resulted in 482 

marginal increases in moment capacities for the studied CFDST beams. However, this issue is 483 

not reflected in the current design approaches in the treatment of high grade concrete; the 484 

design predictions were thus found to be less conservative with increasing concrete grades, as 485 

shown in Fig. 15. These observations have been previously made for CFST members [53] and 486 
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also mirror the findings for the examined CFDST cross-sections in compression [14]. To 487 

distinguish between the effectiveness of the confinement afforded to the different concrete 488 

grades, the concrete strengths were multiplied by a reduction factor η, as given by Eq. (4), in 489 

determining the plastic moment capacities of the CFDST cross-sections studied herein.  490 
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 (4) 491 

This modification was originally proposed by Liew et al [53] for CFST members and has been 492 

implemented by the authors for CFDST cross-sections in compression [13–16]. The accuracy 493 

of the modified EC4 and AISC 360-16 capacity predictions (denoted as MEC4* and MAISC*) is 494 

assessed in the graphical comparisons shown in Fig. 15, revealing that more consistent and less 495 

scattered design predictions are achieved with the inclusion of η in the design calculations. This 496 

is also shown quantitatively by the reduced COV values across the range of concrete grades 497 

from C40 to C120, as reported in Table 8.  498 

 499 

4.4.2 Modifications to bending resistance calculation 500 

The current EC4 design approach was found to result in overpredicted moment resistances for 501 

some CFDST cross-sections that lay beyond the maximum slenderness limit of λEC=90, owing 502 

to the fact that the full plastic moment capacities could not be consistently attained for λEC>90. 503 

To address this, a modified stress distribution, considering the partial spread of plasticity over 504 

the whole section, is proposed in this study, as shown in Fig. 11(c). The stress distribution in 505 

the stainless steel outer tube is based on first yield, i.e., plastic reserves in the tension region 506 

may be utilised without any strain limit until yielding occurs at the extreme compressive fibre; 507 

hence, the resulting stress distribution is bilinear in the tension region and linear in the 508 
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compression region. The stress distribution in the concrete infill features a rectangular stress 509 

block with a concrete compressive strength of 0.85fc, with the reduced confinement coefficient 510 

of 0.85 reflecting the reduced effectiveness of the steel tube in confining the concrete due to 511 

local buckling for λEC>90.  512 

The proposed EC4 design approach, incorporating a modified stress distribution considering 513 

the partial spread of plasticity for CFDST cross-sections beyond the current maximum 514 

slenderness limit, as well as the concrete reduction factor η for CFDST cross-sections falling 515 

within the limit, is assessed based on the results obtained from the experimental and numerical 516 

programmes. Comparisons of the modified design predictions MEC4* with the test/FE results 517 

are illustrated by plotting the normalised test/FE failure moment capacities Mu/MEC4* against 518 

the cross-section slenderness λEC in Fig. 16, and quantified in terms of the mean and COV 519 

values of Mu/MEC4* in Table 7. It can be seen that the proposed EC4 design approach improves 520 

design consistency and significantly reduces the number of predictions on the unsafe side 521 

compared with those from the unmodified EC4 design approach. This indicates that the design 522 

proposal with the incorporation of a modified stress distribution and a concrete strength 523 

reduction factor can be applied to the design of CFDST beams across a wide range of cross-524 

section slenderness values; the reliability of the proposals are verified by means of statistical 525 

analyses in the next subsection.  526 

 527 

4.5. Reliability analysis and discussion 528 

The reliability associated with the application of the current and modified EN 1994-1-1 design 529 

rules to the studied CFDST cross-sections is assessed through statistical analyses, in 530 

accordance with EN 1990 [54]. The key parameters and results from the Eurocode reliability 531 
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analysis are summarised in Table 9, where kd,n is the design (ultimate limit state) fractile factor, 532 

b is the average ratio of the test and FE resistances to the design resistance, as defined in [55], 533 

Vδ is the COV of the tests or FE simulations relative to the resistance model, Vr is the combined 534 

COV incorporating both model and basic variable uncertainties, and γM0 is the partial safety 535 

factor. As can be seen from Table 9, the required partial factors for the original and modified 536 

design rules are 0.93 and 0.92, which are less than the currently adopted value of 1.0 in EN 537 

1994-1-1 [30], and thus both the current and modified design rules are considered to satisfy the 538 

reliability requirements of EN 1990 [54].  539 

 540 

5. Conclusions 541 

Laboratory testing and numerical modelling have been conducted to investigate the structural 542 

performance of circular CFDST cross-sections with stainless steel outer tubes in bending. A 543 

total of 22 four-point bending tests was performed on seven CFDST cross-sections with 544 

different concrete grades. The results obtained from the test programme, including the failure 545 

moment capacities, moment–curvature curves and failure modes, are fully reported. A 546 

numerical modelling programme was then performed to supplement the test programme. Finite 547 

element model was firstly established and validated with reference to the test results, and then 548 

adopted to perform a parametric study to obtain a numerical databank over an extended range 549 

of material strengths and cross-section slendernesses. The combined set of test and FE results 550 

was employed to assess the applicability of the general design provisions for concrete-filled 551 

carbon steel members in EN 1994-1-1 [30] and AISC-360-16 [31] to the studied CFDST cross-552 

sections. On the basis of the graphical and quantitative assessment results, it may be concluded 553 

that (i) EN 1994-1-1 [30] results in unduly scattered and conservative moment resistance 554 
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predictions, though for some cross-sections falling outside the limits of applicability specified 555 

in the code, the predictions are slightly unconservative, and (ii) AISC 360-16 [31] yields a 556 

higher degree of conservatism and scatter than EN 1994-1-1 when used to predict the moment 557 

resistance of CFDST cross-sections with stainless steel outer tubes. Modifications to the current 558 

EN 1994-1-1 [30] provisions were proposed—a concrete reduction factor η to reflect the 559 

reduced relative effectiveness of using higher concrete grades and a modified stress distribution 560 

considering the partial spread of plasticity for CFDST cross-sections beyond the current 561 

maximum slenderness limit defined in the code. The modified design rules offer improved 562 

design consistency, and the reliability was confirmed through statistical analyses in accordance 563 

with EN 1990 [54]. 564 
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Fig. 1. Typical circular CFDST cross-section. 

 

 
 

 

 

Fig. 2. Fabrication of the tubes prior to concrete casting. 

 

 

 
Fig. 3. Stress–strain curves measured from tensile coupon tests [14]. 
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Fig. 4. Experimental setup for CFDST beam specimens: (a) Photograph (B-AC160×3-HC55×11-C80); 

(b) Schematic diagram.  
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(c) Inner tube bending  

Fig. 5. Test and FE failure modes of CFDST beam specimen B-AC140×3-HC55×11-C80. 
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Fig. 6. Moment–curvature curves of the tested CFDST beam specimens.  

 

 

 

Fig. 7. Definition of experimental failure moment Mu,test
 at Ki/Kini = 0.01. 
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Fig. 8. CFDST beam FE model in ABAQUS. 

 

 

 
Fig. 9. Moment–curvature curves obtained from test and FE model with varying GF values for CFDST specimen 

B-AC165×3-HC22×4-C40. 
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Fig. 10. Comparison of test and FE moment–curvature curves for CFDST beam specimen B-AC165×3-

HC22×4-C40. 

 

 

 
(a) Determination of Mp for compact sections in EC4 and AISC 360 

 

 
(b) Determination of My for noncompact sections in AISC 360 

 
(c) Proposal for sections falling outside the slenderness limit of EC4 

 

Fig. 11. Stress distributions for determining bending moment resistances of CFDST cross-sections. 
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Fig. 12 Fibre analysis approach for determining the position of the neutral axis (when Fc+Fi+Fo=0) of CFDST 

cross-section in bending. 

 

 

 
 

Fig. 13. Comparisons of test and FE results with moment resistance predictions from EC4. 

  
 

Fig. 14. Comparisons of test and FE results with moment resistance predictions from AISC 360-16. 
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Fig. 15. Comparisons of test and FE results with current and modified moment resistance 

predictions from design codes. 
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Fig. 16. Comparisons of test and FE results with moment resistance predictions from modified EC4. 
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Table 1. Measured geometric dimensions for CFDST beam specimens. 

Specimen ID 
L Do to 

Do/to 
Di ti 

Di/ti 
σ0.2,o σ0.2,i fc Mu,test EIini 

EIini/EIfull Mu,FE/Mu,test 
(mm) (mm) (mm) (mm) (mm) (MPa) (MPa) (MPa) (kNm) (kNm) 

B-AC165×3-HC22×4-C40 900 165.2 2.91 56.8 22.1 4.15 5.3 276 794 43.1 46.6 1354 0.66 0.94 

B-AC165×3-HC22×4-C40R 900 165.3 2.93 56.4 22.0 4.00 5.5 276 794 43.1 48.3 1262 0.61 0.91 

B-AC165×3-HC22×4-C80 900 165.3 2.90 57.0 22.0 4.05 5.4 276 794 85.0 48.7 1564 0.68 0.91 

B-AC165×3-HC22×4-C120* 900 165.2 2.90 57.1 21.9 3.97 5.5 276 794 114.1 48.1 1723 0.71 1.11 

B-AC165×3-HC32×6-C40* 900 165.4 2.90 57.0 31.9 5.36 6.0 276 619 43.1 48.3 1601 0.77 0.92 

B-AC165×3-HC32×6-C80 900 165.3 2.90 57.0 31.9 5.61 5.7 276 619 85.0 50.2 1742 0.76 1.00 

B-AC165×3-HC32×6-C120* 900 165.3 2.91 56.8 32.0 5.34 6.0 276 619 114.1 53.9 1834 0.75 1.04 

B-AC165×3-HC89×4-C40 1200 165.4 2.93 56.4 89.0 3.91 22.8 276 1029 43.1 72.7 1380 0.64 0.97 

B-AC165×3-HC89×4-C80 1200 165.0 2.91 56.8 88.9 3.93 22.7 276 1029 85.0 73.1 1445 0.61 0.99 

B-AC165×3-HC89×4-C120 1200 165.3 2.91 56.7 89.0 3.90 22.8 276 1029 114.1 73.9 1827 0.74 1.00 

B-AC140×3-HC22×4-C40 900 140.3 2.90 48.4 22.0 3.99 5.5 300 794 43.1 31.1 753 0.66 1.03 

B-AC140×3-HC22×4-C80 900 140.4 2.89 48.6 21.8 3.99 5.5 300 794 85.0 34.5 800 0.64 1.02 

B-AC140×3-HC22×4-C120 900 140.1 2.89 48.5 22.0 4.07 5.4 300 794 114.1 34.1 862 0.66 1.11 

B-AC140×3-HC32×6-C40 900 139.9 2.89 48.4 31.9 5.23 6.1 300 619 43.1 33.6 825 0.73 0.99 

B-AC140×3-HC32×6-C80 900 140.0 2.90 48.3 31.9 5.42 5.9 300 619 85.0 35.8 843 0.67 1.01 

B-AC140×3-HC32×6-C120 900 140.2 2.89 48.6 32.0 5.59 5.7 300 619 114.1 36.0 904 0.69 1.10 

B-AC140×3-HC38×8-C40 900 140.1 2.90 48.4 37.9 7.46 5.1 300 433 43.1 36.8 850 0.75 0.94 

B-AC140×3-HC38×8-C80 900 140.2 2.87 48.8 38.0 7.63 5.0 300 433 85.0 37.1 869 0.69 0.99 

B-AC140×3-HC38×8-C120 900 140.1 2.87 48.7 38.1 7.63 5.0 300 433 114.1 38.8 918 0.70 1.04 

B-AC140×3-HC55×11-C40* 900 140.1 2.90 48.4 55.3 10.99 5.0 300 739 43.1 55.8 913 0.77 0.87 

B-AC140×3-HC55×11-C80 900 140.2 2.88 48.6 55.1 10.72 5.1 300 739 85.0 54.0 975 0.74 0.93 

B-AC140×3-HC55×11-C120* 900 140.1 2.89 48.5 55.2 10.66 5.2 300 739 114.1 55.9 1040 0.76 0.92 

Mean             0.70 0.99 

COV             0.074 0.068 

Note: * Ultimate moment was determined as the moment where the tangent stiffness of the moment–curvature curve dropped to 1% of its initial stiffness [38]. 

 



 

Table 2. Measured material properties obtained from tensile coupon tests [14]. 

Section 
0.2 

(MPa) 

u 

(MPa) 

E 

(GPa) 

εf 

(%) 
n m u/0.2 

AC140×3 300 705 197 62 5.3 2.5 2.35 

AC165×3 276 753 200 68 4.4 2.3 2.73 

HC22×4 794 901 197 5 5.8 4.1 1.14 

HC32×6 619 811 208 9 5.4 3.7 1.31 

HC38×8 433 765 197 15 6.2 3.0 1.77 

HC55×11 739 941 211 9 8.4 3.7 1.27 

HC89×4 1029 1093 209 6 5.7 4.3 1.06 

 

Table 3. Concrete mix design [14]. 

Concrete grade 
Mix proportions (relative to the weight of cement) 

Cement Water Fine aggregate 10 mm aggregate CSFa SPb 

C40 1.0 0.56 1.67 2.51 0.00 0.004 

C80 1.0 0.32 1.25 1.88 0.00 0.020 

C120 1.0 0.21 1.02 1.53 0.09 0.053 

Note: aCSF = Condensed silica fume; bSP = Super plasticizer. 

 

Table 4. Measured concrete cylinder strengths. 

Concrete grade 

Cylinder tests at 28 days Cylinder tests at days of CFDST beam tests 

No. 

of tests 

Mean 

(MPa) 
COV 

No. 

of tests 

Mean 

(MPa) 
COV 

C40 5 36.6 0.058 7 43.1 0.017 

C80 6 76.3 0.022 6 85.0 0.032 

C120 5 111.2 0.043 6 114.1 0.033 

 

 

Table 5. Cross-section dimensions and material properties of CFDST beams chosen for parametric study. 

Do×to σ0.2,o Di×ti σ0.2,i fc 

(mm×mm) (MPa) (mm×mm) (MPa) (MPa) 

600×60, 600×40, 600×30, 600×24, 

600×20, 600×15, 600×12, 600×10, 

600×9, 600×6, 600×5, 600×4, 600×3 

300 
300×60, 300×15, 300×10, 

300×5, 300×3, 300×2 

433,  

739,  

1029 

40,  

80,  

120 

 

 

Table 6. Limitations on material strengths in design codes. 

 

 

 

 

 

Design code 

 fc 

(MPa) (MPa) 

Min. Max. Min. Max. 

EN 1994-1-1 235 460 20 50 

AISC 360-16 N/a 525 21 70 



Table 7. Comparisons of test and FE ultimate moments with predicted moment resistances from EC4 and AISC 360-

16. 

Design codes  Section type 
No. of results Mu/Mcode 

Test FE Mean COV 

EC4 

Falling within the EC4 limit 22 156 1.37 0.108 

Falling outside the EC4 limit 3 102 1.17 0.140 

Total  25 258 1.29 0.140 

EC4* 

Falling within the EC4 limit 22 156 1.38 0.102 

Falling outside the EC4 limit 3 102 1.24 0.139 

Total  25 258 1.33 0.126 

AISC 360 

Compact  22 126 1.39 0.102 

Noncompact 3 132 1.60 0.321 

Total  25 258 1.49 0.256 

 

 

Table 8. Comparison of test and FE strengths with design predictions based on full plastic moment resistances for 

specimens falling within their respective codified slenderness limits. 

fc 
  

Ratio of test-to-predicted strengths 

(MPa) Mu/MEC4 Mu/MEC4* Mu/MAISC Mu/MAISC* 

40 
Mean 1.39 1.39 1.42 1.42 

COV 0.102 0.102 0.089 0.089 

80 
Mean 1.36 1.38 1.37 1.40 

COV 0.130 0.124 0.122 0.114 

120 
Mean 1.32 1.36 1.33 1.36 

COV 0.133 0.124 0.127 0.118 

Sum 
Mean 1.36 1.38 1.37 1.39 

COV 0.122 0.116 0.115 0.107 

 

 

Table 9. Summary of reliability analysis results for current and modified EC4 design approaches. 

Design codes Sample type Sample number kd,n b Vδ γM0 

EC4 Tests+FE 283 3.125 1.30 0.134 0.93 

EC4* Tests+FE 283 3.125 1.33 0.120 0.92 

 

 

 


