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Abstract： 7 

Brittle fracture is one of the principal disincentives to limit the use of ultrahigh-strength steels 8 

in tall buildings. This paper proposes a novel column-to-column connection without full 9 

penetration welding in reinforced concrete-filled steel tubular composite columns. The paper 10 

describes an experimental investigation into the flexural behavior of the proposed RCFST column-11 

to-column connection, in which the steel was manufactured using ultrahigh-strength steel grades 12 

H-SA700 and USD 685. Four specimens with varying configurations of reinforcing steel bars 13 

(separated type or gathered type) and column shapes (square or circular) were tested under four-14 

point bending to evaluate the failure modes, flexural capacity, and deformation capacity. The 15 

results show that the gathered type of configuration of reinforcing steel bars can effectively 16 

improve the flexural capacities while having a negligible effect on the strain distribution of steel 17 

tubes or steel bars. Besides, the column type was found to significantly influence the strain 18 

distribution of the steel tube. The design formulae show accuracy and reliability and could be 19 

applied to assess the yield and ultimate strength of the proposed new connections.  20 
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1. Introduction 23 

Concrete-filled steel tubular (CFST) sections have numerous well-known structural and 24 

constructional benefits over plain concrete or hollow steel tubes [1–4]. The interaction between 25 

the steel tube and the concrete infill leads to the efficient utilization of both constituent materials 26 

by confining the concrete core and delaying local buckling of the steel tube. This has been 27 

sufficiently utilized in CFST columns, where the most favorable properties of the constituent 28 

materials have been exploited and thereby greatly improve the strength and ductility of the 29 

structural systems. In recent years, with the advantages of light self-weight, great load-bearing 30 

capacity, and favorable ductility, the use of CFST columns has become widespread in high rise 31 

and large-span construction [5, 6]. An example of the use of CFST columns in an exhibition hall 32 

is provided in Fig.1.  33 

The axial, local and eccentric compression behaviors of CFST columns have been extensively 34 

examined in Han et al. [7] and Wang et al. [8], respectively, and the formulas for predicting 35 

compressive strengths have been established. Moreover, Jiang et al. [9] proposed a bending 36 

analysis model of thin-walled CFST for square and rectangular thin-walled CFST with the width-37 

thickness ratio of 50-100. The influence of key variables in CFST beams, such as the local 38 

slenderness of the steel tube, the concrete cross-section area, the concrete strength as well as the 39 

beneficial restraining effect of the concrete infill on the bending moment capacity and ductility of 40 

CFST beams were examined by Chitawadagi et al. [10]. The interaction between the steel tube and 41 

the concrete was further verified in a numerical study of rectangular CFST beams by Wang et al. 42 

[11]. Moreover, the bond-slip behavior between the steel tube and built-in concrete is also an 43 

important factor affecting the bending behavior of CFST columns. Tao et al. [12] investigated the 44 

pull-out tests of 24 CFST specimens and the results indicate that the bond strength decreases 45 



3 

 

significantly with the increase of section size and concrete age. Dong et al. [13,14] conducted the 46 

pull-out tests on 16 square HSCFSTs and 18 circular HSCFSTs with various configurations and 47 

found that the combination of ring ribs and vertical ribs significantly improved the bonding 48 

strength and energy dissipation capacity of columns. Alatshan et al. [15] reviewed the influence of 49 

internal and external stiffeners on different structural properties of CFST members in the past two 50 

decades and revealed that the specimens with stiffeners have been less studied under pure bending. 51 

Altogether, the aforementioned investigations have revealed that the variation of various 52 

parameters has a significant influence on the bending performance of CFST beams. 53 

At present, butt-welded connection and bolted-flange connection are the two main types of 54 

CFST column-column connections, which are used in civil engineering. Lee et al. [16] established 55 

two finite element models for butt-welded CHS members. The results showed that welding 56 

residual stress had a significant impact on the initial stiffness and ultimate strength of CHS 57 

members under bending. Wang et al. [17] conducted the bending test and finite element analysis 58 

on 4 column-column joints connected with flange plates and put forward a practical design model. 59 

Liu et al. [18] carried out a static test and finite element analysis on 12 column-column bolted-60 

flange connections. The results showed that flange thicknesses had a greater impact on connections 61 

performance compared with flange widths and bolt edge distances.  62 

The use of high strength steel allows the structural members to be designed with smaller 63 

dimensions, thereby a good economy can be achieved with the reduction of the self-weight and 64 

foundation sizes. Recent years have witnessed an increasing upsurge in the application of high 65 

strength steel in various structural construction [19,20], and employing high strength steel in 66 

composite structures is also attracting increasing attention from international engineers and 67 

researchers. Specifically, Gho and Liu [21] conducted pure bending tests on 12 high-strength 68 
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rectangular CFST specimens and found that all the examined specimens exhibited excellent post-69 

yield performance and ductility. Wang et al. [22] examined the axial compressive behavior and 70 

flexural behavior of concrete-filled double-skin tubular columns with high strength steel inner 71 

tubes and founded that the use of high strength steel greatly improves the load-carrying capacities 72 

of the composite cross-sections. Li et al. [23] conducted six high-strength concrete-filled high-73 

strength square steel tube specimens with varying steel ratios, and the results showed that the 74 

specimens with a higher steel ratio characterized by greater ultimate flexural resistance and 75 

deformation capacities. Choi et al. [24] tested the rectangular CFT columns with high strength 76 

steel HSA800 under weak axis bending and found that the hybrid RCFT sections can enhance the 77 

full plastic strength of members. Meanwhile, the bending resistance of CFST sections can also be 78 

significantly improved by employing more steel components in the column, such as arranging a 79 

certain number of rebars or structural steel angles or I-sections inside the columns [25]. A 80 

comparative study of RCFST columns with pure CFST columns also has revealed that RCFST 81 

columns exhibit higher strength, stiffness, and ductility, particularly in the post-ultimate stage [26]. 82 

To date, research work on concrete-filled tubular structures employing high strength steel has 83 

mainly focused on either column members or beam members, with few experimental data on the 84 

member connections, which are deemed to be critical to utilize concrete-filled tubular sections in 85 

real construction works. This has prompted an experimental and numerical research program 86 

currently undertaken by the authors, aiming to investigate the behavior of concrete-filled tubular 87 

beam-column or column-to-column connections and devise design formulations for them, to 88 

facilitate the applications of concrete-filled tubular sections in practice.  89 

In this study, the authors propose a novel RCFST column-to-column connection, where high 90 

strength steel rebars were set through the column, rather than employing full penetration welding, 91 
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as shown in Fig. 2. Compared with the common column-to-column connection, the proposed 92 

innovative RCFST column-to-column connection possesses superior advantages in workability, 93 

construction convenience, and assumed to be well suited to the ultrahigh strength steel structures 94 

that are difficult to weld. 95 

The current work is an attempt to study the flexural behavior of the novel RCFST column-to-96 

column connection under monotonic loading. Four one-half scale column-to-column connections 97 

were tested under four-point bending to evaluate the flexural performance of the proposed RCFST 98 

column-to-column connection. Besides, the strain distribution of steel bars and steel tube is 99 

discussed in detail. This work aims to provide experimental results to evaluate the proposed new 100 

RCFST column-to-column connection and develop design formulae for calculating their bending 101 

resistances. 102 

2. Experimental program 103 

2.1 Test specimens  104 

Four tested specimens were evaluated to investigate the flexural behavior of the new RCFST 105 

column-to-column connection manufactured by high strength steel under four-point bending. The 106 

scale factor was one half due to the limitation of the loading capacity of the testing apparatus. The 107 

key experimental parameter considered in the current study are column shape (square and circular) 108 

and the configuration of reinforcing steel bars (separated type and gathered type), as presented in 109 

Fig. 3 and Fig.4. The design process of square and circular connections is shown as follows. The 110 

section size of RCFST column is preliminarily selected by the Eq. (1) [27], 111 
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where, Nu is the designed bearing capacity of column under axial compression; φ is the stability 113 

coefficient of reinforced concrete (RC) members under axial compression; σcB is the compressive 114 

strength of concrete; σ′sy is the compressive yield strength of reinforcing bar; ρ′ is the economic 115 

reinforcement ratio obtained from engineering experience, taking 1.5%-2.0%. 116 

According to Eq. (1), the cross-section of square column is selected as 300×300 mm, and the 117 

diameter of circular column is equal to 318.5 mm. Due to the separation between the upper and 118 

lower steel tubular of the connection, the contribution of steel tubes to the shear capacity of the 119 

column is deemed negligible. The cross-section area of the compression (A′s) and tensile 120 

reinforcement (As) can be obtained by Equation (2a) and Equation (2b), respectively [27]. 121 
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The total cross-section area of the reinforcement (A0) in the circular specimen can be calculated 124 

by Equation (4), with the bars evenly distributed along the perimeter. 125 
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where M is the design bending resistance of the column section; ξb is the height of the relative 127 

compression zone; b is the side length of square section; h0 is the effective height of section; a′s is 128 

the distance from resultant point of the compressed steel bars to the edge of the section 129 

compression zone, as shown in Fig. 5(a); σsy is the tensile yield strength of steel bar, which is equal 130 

to the compressive yield strength (σ′sy). 131 
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The compression zone and the tension zone need to be equipped with 10ϕ20 USD685 132 

reinforcing bars. The thickness of steel tube (t) can be determined based on the design principle 133 

that the flexural bearing capacity of concrete filled steel tube is equal to that of reinforced concrete. 134 

The ultimate bending moment of reinforced concrete section of square and circular RCFST column 135 

(sMu and cMu) are calculated by Eq. (4) and Eq. (5) [28], respectively. The plastic ultimate bending 136 

moment of concrete filled steel tube (Mp) consists of two parts: compression zone and tension zone. 137 

The ultimate bending moment of compression zone (sMc and cMc) are calculated by Eq. (6) ~ Eq. 138 

(9) [28], and the ultimate bending moment of tension zone (sMs and cMs) are calculated by Eq. (10) 139 

~ Eq. (12) [28]. Note that the tensile strength of the concrete is ignored in the calculation. The 140 

stress distribution diagram across the examined CFST sections is shown in Fig. 5. 141 
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Where, sAc and cAc are the section area of compression zone of square and circular column; σy
sc is 151 

the yield strength of axial compression composite materials; r0 is the radius of circular concrete 152 

section; rs is the circumferential radius of rebar’s barycenter; θ is the semi-central angle of neutral 153 

axis; αt is the area ratio of tensile bars to all bars; sxc and cxc are the barycenter coordinates of the 154 

compression zone; x is the shortest distance from the center of cross-section to the edge of concrete 155 

compression zone; ξ is the hoop coefficient; sAt and cAt are the section area of steel tube in the 156 

tension zone; sxs and cxs are the barycenter coordinates of the tension zone. At the limit state of the 157 

concrete filled steel tube, the tension force is equal to the compression force, as shown in Eq. (13). 158 
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Based on the equilibrium in Eq. (14), the thickness of steel tube (t) is therefore calculated to be 159 

equal to 6 mm, which was adopted as the nominal thickness in the experimental program. 160 

=y

c sc t syA A                                                                                                                                                 (13) 161 

u pM M=                                                                                                                                                    (14) 162 

The studied square or circular column-to-column connections comprised of square hollow 163 

section (SHS) with the nominal cross-section dimensions of 300×300×6.0 mm (outer width × outer 164 

depth × wall thickness) and circular hollow section (CHS) with nominal cross-section dimensions 165 

of 318.5×6.0 mm (outer diameter × wall thickness), which were fabricated from high strength steel 166 

sheets with a grade of H-SA700 using thermomechanical control technology [29]. The reinforcing 167 

bars were made of high strength steel with grade USD 685, with a nominal yield stress of 685 MPa, 168 

following the manufacturing process setout in Japanese Industrial Standards [30]. RCFST column-169 

to-column connection specimens comprised of two identical RCFST columns with the infilled 170 

concrete and reinforcing bars continued in the connections, while leaving a gap of 10 mm between 171 

the outer steel tubes. After pouring concrete inside the steel tubes, the gap between steel tubes was 172 

filled with filling mortar. The steel bars in steel tubes were fixed by upper and lower steel bar 173 

restraint plates whose four corners were welded with steel tubes. Four steel plates were welded in 174 

the internal surfaces of the steel tubes to improve the mechanical interaction between the steel 175 

tubes and the concrete infill, as well as enhance the bond-slip strength of the column connections. 176 

The total lengths of the test specimens were 2010 mm, and the reinforcing steel bars had a nominal 177 

length of 2000 mm, offsetting 5 mm from each end of the specimen. A summary of the key 178 

parameters of the four test specimens is reported in Table 1. The identifier of each column 179 

specimen is composed of the cross-sectional shape and the reinforcement configuration type, 180 
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with‘S’ or ‘C’ representing the section shape of the square or circular column and followed by ‘S’ 181 

or ‘G’ =corresponds to the configuration of reinforcing steel bars being separated or gathered, 182 

respectively.  183 

Table 1 Properties of specimens 184 

2.2 Material properties of steel and concrete 185 

Based on JIS Z2241 [31], the material properties of steel column and reinforcing bars were 186 

obtained from tensile coupon tests. The tensile coupon specimens were tested in a 200-ton testing 187 

machine with a consistent speed of 0.3 mm/min [32]. The material properties of H-SA700 and 188 

USD 685 are shown in Table 2. 189 

Table 2 Material properties of steel tubes and reinforcing bars. 190 

The 28-day compressive strengths were obtained from cylinder tests following JIS A1108 [33]. 191 

The specimens were tested when column-to-column connection tests were conducted (35, 40, 45, 192 

and 47 days after casting). The peak strain corresponding to the ultimate strength on the concrete 193 

compressive stress-strain curve is the concrete compressive strain. The compressive strain (ɛc), 194 

compressive strength (cB), and Young’s modulus (Ec) are shown in Table 3. 195 

Table 3 Material properties of concrete 196 

2.3 Test setup and measurements 197 

Fig. 6 shows the test setup of a RCFST column-to-column specimen. A 5000 kN capacity 198 

compression testing machine was used to apply the vertical loading at the top surface of the loading 199 

girder, which was connected to two solid steel cylinders in the bottom surface to transfer loadings 200 

from the compression machine to the tested column-to-column connection. Teflon plates were 201 
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used to reduce friction that may exist if the horizontal deformations of the test specimen occurred 202 

in the transfer system. Sliding rollers were set on the bottom of the column-to-column connection 203 

to provide roller supports that allow horizontal displacements. 204 

Fig. 7 shows the instrumentation of LVDTs on the column-to-column connection. The flexure 205 

deformation of column-to-column connection is measured by fourteen LVDTs, which are set on 206 

both sides of the specimen, as shown in Fig.7. On each side, two vertical LVDTs are symmetrically 207 

arranged at 25mm, 325mm, and 550mm away from the center lines of the joint, respectively, to 208 

obtain the vertical displacement of each measuring point under bending. A horizontal LVDT is 209 

installed at the welded steel plate on the upper and lower sides of the joint to measure and calculate 210 

the horizontal relative displacement between the compression zone and the tension zone of the 211 

specimen. Strain gauges were also used to record the strain development histories near the middle 212 

sections, the configuration of the strain gauges on the steel tube and rebars are illustrated in Fig. 8. 213 

The uniaxial strain gauges on the tension and compression reinforcing bars are respectively pasted 214 

on the centerline of the joint, and 190mm and 300mm away from the centerline. Steel plates are 215 

welded up and down at the connection, resulting in the biaxial strain gauge between the ribs 216 

deviating from the central axis of the steel tube, while the other two biaxial strain gauges are 217 

affixed to the 185mm and 300mm away from joint on the centerline of the steel tube tension zone 218 

and compression zone, respectively. As a result, the strain distributions on the reinforcing bars and 219 

steel tubes around the column connections are measured. 220 

The flexure deformation angle (θ,θj) of specimen and connection, as shown in Fig. 9, are defined 221 

by Eq. (15) and Eq. (16),  222 
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where, δ1 is the horizontal displacement on the top of the specimen; δ2 is the horizontal displacement on the 224 

bottom of the specimen; δ3, δ4, and δ5 are the vertical displacements offset from the middle of the specimen 225 

by 25 mm, 325 mm, and 550 mm, respectively; The displacement value is assumed to be positive in 226 

shrinkage and negative in the stretch.   227 

2.4 Definition of key performance points 228 

The stiffness (K), yield bending moment point (My, θy), and plastic bending moment point (Mp, 229 

θp) are defined according to the skeleton curves [34,35], as shown in Fig. 10.  230 

3. Experimental Results  231 

3.1 Failure mode of column-to-column connection 232 

Fig. 11 shows the failure photographs of all the column-to-column connections. The 233 

deformations of all the tested specimens were found to be symmetric. The crack of concrete mainly 234 

distributed in the tensile region of the connection parts, while concrete was observed to crush in 235 

the compress region. The crack of the infilled concrete was initiated and propagated at the 236 

connection parts. The maximum crack width was measured to be approximately 20 mm at the drift 237 

angle θ= 0.05 rad, as shown in Fig. 11 (b.iv). 238 

Fig. 11(a.i) shows the overall failure phenomenon of Specimen S-S. Concrete cracks occurred 239 

at the column-column connection at θ=0.008 rad. The specimen S-S reached the yield point at 240 

θ=0.011 rad and entered the plastic stage at θ=0.014 rad. The specimen showed a significant 241 

bending deformation. The concrete around the column-column connection suffered from a brittle 242 

fracture in tension at θ=0.058 rad (Fig. 11(a.ii)) and crushing in compression (Fig. 11(a.iii)). The 243 

maximum crack reached 17 mm in tension (Fig. 11(a.iv)). 244 
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Fig. 11(b.i) shows the overall failure phenomenon of Specimen S-G. Concrete cracks appeared 245 

at the column-column connection at θ=0.009 rad. The specimen S-G entered the yield stage at θ = 246 

0.011 rad and reached the plastic point at θ=0.014 rad. Similar to the Specimen S-S, the Specimen 247 

S-G also manifested an obvious bending deformation. The concrete around the column-column 248 

connection occurred brittle failure in tension (Fig. 11(b.ii)) and crushing in compression (Fig. 249 

11(b.iii)) at θ=0.065 rad. The maximum crack reached 22 mm in tension (Fig. 11(b.iv)). 250 

Fig. 11(c.i) shows the overall failure phenomenon of Specimen C-S. Concrete cracks appeared 251 

at the column-column connection at θ=0.007 rad. The Specimen C-S entered the yield stage at 252 

θ=0.009 rad and reached the plastic point at θ=0.01 rad. Different from the square specimens, the 253 

Specimen C-S appeared limited bending deformation. The concrete around the column-column 254 

connection occurred brittle failure in tension (Fig. 11(c.ii)) and crushing in compression (Fig. 255 

11(c.iii)) at θ=0.041 rad. The maximum crack reached 15  mm in tension (Fig. 11(c.iv)). 256 

Fig. 11(d.i) shows the overall failure phenomenon of specimen C-G. Concrete cracks appeared 257 

at the column-column connection at θ=0.007 rad. The Specimen C-G entered the yield stage at θ 258 

= 0.009 rad and reached the plastic point at θ=0.013 rad. The Specimen C-G showed a slight 259 

bending deformation. The concrete around the column-column connection occurred brittle failure 260 

in tension (Fig. 11(d.ii)) and crushing in compression (Fig. 11(d.iii)) at θ=0.038 rad. The maximum 261 

crack reached 13 mm in tension (Fig. 11(d.iv)). 262 

3.2 Bending moment to drift angle relationship 263 

All the column-to-column connections exhibited outstanding deformation capabilities.  The 264 

monotonic bending moment to drift angle curves M–θ or M–θj are plotted in Fig. 12, where a linear 265 

relationship was observed with the drift angle reaching approximately 0.01 rad, followed by 266 

pronounced plastic deformation. Table 4 summarises the key structural performance parameters 267 
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of the column-to-column connections. It was found that with the increase of the drift angle, the 268 

θj/θ of the four specimens stabilized and finally converged at approximately 0.90, as shown in Fig. 269 

12(c). The minimal differences between M-θ and M-θj indicated that the deformations of the tested 270 

specimens mainly concentrated at the middle part of the connections, rather than the adjacent 271 

columns.   272 

The influence of the arrangement of the reinforcing steel bars on the structural performance of 273 

the investigated CFST connections was examined through comparisons of the bending moment–274 

drift angle curves for the test specimens S-S and S-G in Fig. 12(a), where it is apparent that the 275 

separated configuration of the reinforcing steel bars in connections significantly enhanced the 276 

ultimate performance of the connections with square outer tubes; the My and Mp of specimen S-G 277 

increased by 25.0% and 26.8%, respectively compared to their counterparts of specimen S-S. 278 

However, the configuration of reinforcing steel bars in connections with circular outer tubes 279 

seemed to be less influential compared to those in connections with square outer tubes, as can be 280 

seen from Fig. 12(b) that the curves obtained from No. 3 specimen with separated embedded 281 

reinforcing bars remained almost unaltered from those obtained from No. 4 specimen with 282 

gathered reinforcing bars. Compared with specimen C-S, the My and Mp of specimen S-G increased 283 

by 3.0% and 10.0%, respectively. Overall, it can be seen that the configuration of reinforcing steel 284 

bars has a great influence on the ultimate performance of column-to-column specimens. In order 285 

to further quantify the influence of the outer tube and the reinforcing bars, analysis of strain 286 

distribution was carried out based on the readings recorded from the strain gauges in the 287 

experiments and reported in the following sections. 288 

4. Strain distribution of steel bars and steel tube 289 
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The cross-sectional layout of the strain gauges attached to steel reinforcing bars in the middle 290 

parts of the connections is presented in Fig. 13(a). Additionally, two pairs of strain gauges were 291 

arranged in the adjacent column part, offsetting a distance of 190 mm and 300 mm from the 292 

centerline of a tested specimen, as shown in Fig. 13(b).  The distribution of the strain gauges 293 

attached to steel outer tubes of the connections is presented in Fig. 14, where the strain rosettes 294 

were mounted on both sides symmetrically: S1 to S4 located in the middle line of the two ribbed 295 

stiffeners, 85 mm from the connection part; S5 to S8 located on the middle line of the column, 296 

offsetting 185 mm from the connection seam; S9 to S12 located on the middle line of the column, 297 

offsetting 300 mm from the connection part. The odd number rosettes were used to make a record 298 

of the strain development in the axial longitudinal direction, while the even number rosettes 299 

measured the development of the hoop strain. 300 

4.1 Strain distribution of steel bar around the connection part 301 

Fig. 15 shows the strain of steel bars of all specimens around the connection part. The vertical 302 

axis represents the strain of the steel bar and the horizontal axis represents the drift angle. The 303 

yield strain of the steel bar was 0.0036, which was also obtained by the coupon test of the material. 304 

The outermost steel bars located far away from the centroid of the column started to yield at θ = 305 

0.01 rad. Other steel bars yield at θ = 0.01 rad, except the innermost steel bars. Column shape and 306 

configuration of reinforcing steel bars has little effect on the strain distribution of steel bars.  307 

4.2 Strain distribution of steel bar far away from the connection part 308 

Fig. 16 shows the strain of steel bars of all specimens far away from the connection part. All the 309 

steel bars stayed in the elastic stage during the whole test. It is obvious that with the increase in 310 

distance from the seam, the strain of steel bar decrease.  311 
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4.3. Strain distribution of steel tube 312 

Fig. 17 shows the strain of the steel tube of all specimens. The vertical axis represents the strain 313 

of the steel tube and the horizontal axis represents the drift angle. The yield strain was 0.0037 for 314 

the square tube and 0.0038 for the circular tube, which was obtained by the coupon test. During 315 

the whole testing, all the steel tube stayed in the elastic stage. The minimum axial strain occurred 316 

on S1 in the compress region. In addition, the maximum hoop strain occurred on S2 in the tensile 317 

region.  Although the configuration of reinforcing steel bars was different, the strain distribution 318 

of steel tube, with the same column type, showed a similar tendency. 319 

As for square specimen (S-S and S-G), the minimum axial strain occurred on the S1 and S3. 320 

With the increase of distance from the connection part, the axial strain increased gradually. The 321 

axial strain of S3 was the smallest one in the tensile region. It indicated that the tensile stress in 322 

the steel tube was transferred by the rib stiffener. The hoop strain of S6 and S10 has a large 323 

difference in the compressive region. One of the reasons is that the infilled concrete expanded, 324 

resulting in the expansion of the steel tubes. The maximum hoop strain occurred on the S2 and S4. 325 

With the increase of distance from the connection part, the hoop strain decreased gradually. The 326 

axial strain of S2 was the biggest one in the compressive region. The circular specimens (C-S and 327 

C-G) have a similar tendency, as shown in Fig. 17. 328 

5. Calculation method 329 

5.1 Yield strength of RCFST column 330 

According to the AIJ Standard for Structural Calculation of Reinforced Concrete Structures [36], 331 

the yield strength of RCFST column is calculated supposing that: 332 

(1) All the materials conform to the plane section assumption. 333 
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(2) The constitutive relationship of concrete is linear during the elastic stage, as shown in Fig. 334 

18(a) and Eq. (17). The short-term allowable stress remains constant when it reaches to the short-335 

term allowable stress (fcs). The short-term allowable strength of concrete is twice of long-term 336 

strength, which is 1/3 of concrete compressive strength (σcB) [37,38]. In addition, concrete does 337 

not bear tensile stress.  338 
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(3) The stress-strain relationship of steel is linear until it gets to the yield stress (fsy), as shown 340 

in Fig. 18(b) and Eq. (18). Moreover, the stress-strain relationship of steel is symmetric in 341 

compression and tension. 342 
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                                                                                                     (18) 343 

Where, σcB is the compressive strength of concrete; εcs is concrete strain corresponding to short-344 

term allowable stress (fcs) in the coupon test; Ecs is the ratio of short-term allowable stress (fcs) to 345 

strain (εcs); σsy and εsy are the yield stress and strain of steel bar obtained from coupon test, 346 

respectively; Es is Young's modulus of steel bar obtained from coupon test [39-42]. 347 

(4) The distribution of yielding steel bars is shown in the red part of Fig. 19. The steel bars at 348 

the outermost edge of the square RCFST reached yield point first, while the circular ones yielded 349 

at an angle of ±45° to the vertical symmetrical axis of the section. The stresses on the same row 350 

are concentrated at one point while calculating the yield stress of rebars. 351 
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Where, Dc is the diameter of infilled square concrete; dj is the distance from the edge of 352 

compression side to the steel bars in row j; xn is the distance from the outermost edge of 353 

compression side to the neutral axis; σsj and εsj are the stress and strain of steel bars in row j; σcmax 354 

and εcmax are the maximum stress and strain of concrete in the strain distribution diagram. 355 

The yield strength is obtained by directly superimposing the contribution of high strength steel 356 

bars and infilled concrete. Fig. 20 illustrates the stress-strain distribution when the connections 357 

reach to yield point. According to the position of the neutral axis and the strain of concrete, the 358 

section stress distribution at different stages is determined. The triangle and rectangular stress 359 

distributions of concrete are defined as region 1 and region 2, respectively. 360 

The yield strength (Ny and My) are obtained by Eq. (19). The steel parts (Ns and Ms) are 361 

calculated by Eq. (20). The concrete parts (Nc and Mc) are calculated by Eq. (21) and Eq. (22). In 362 

addition, the internal force of regions 1 and 2 in the square RCFST is calculated by Eq. (23) and 363 

Eq. (24), while the circular ones are calculated by Eq. (25) and Eq. (26). 364 

( 0)y c s

y c s

N N N

M M M

= + =


= +

                                                                                                                         (19) 365 

2

s sj j

c
s sj j j

N a

D
M a d





 = 

  

=   −  
 




                                                                                                         (20) 366 

1 max

1 2 max

(0 )

( )

c c cs

c

c c cs c

N
N

N N

 

 

 
= 

+ 
, 

1 max

1 2 max

(0 )

( )

c c cs

c

c c cs c

M
M

M M

 

 

 
= 

+ 
                                               (21), (22) 367 



19 

 

1 1 1

1 1 1 1

1

2

1

2

c c c

c c c g

N x D

M x D x






=


 = 


, 
2 1

2 1 2

( )

( )

c cs n c

c cs n c g

N f x x D

M f x x D x

= −


= − 
                                                              (23), (24) 368 

( )
1

1

2
31

1

1

3
31

1

1

2
sin 2 sin 2

4 3 4

21
sin 4 sin

8 8 4 3

n

n

c c c c n
c x x x

c c c c n
c x x x

D D D x
N

x

D D D x
M

x










  


  

  − 
= − −  

 


 −   
= − −  

  

                                                               (25) 369 

2

2 1 1

3 3

2 1

1
(2 sin 2 )

8

1
sin

12

c c cs

c c cs

N D f

M D f

 




=  −


 = 


                                                                                                          (26) 370 

Where, aj is the total section area of rebars in row j; σc1 is the maximum stress in region 1; x1 is the 371 

distance from the neutral axis to the boundary of region 1; xg1 and xg2 are the distances from the 372 

center of cross section to the acting points of resultant forces N1 and N2, respectively. θ1 and θn are 373 

the semicircular center angle corresponding to regions 1 and 2, respectively. 374 

5.2 Calculation of ultimate strength 375 

Supposing that the whole cross-section plane is plasticity when it reaches to the ultimate stage, 376 

as shown in Fig. 21. The calculation method of ultimate strength is similar to that of yield strength. 377 

The ultimate strength (Nu and Mu) are obtained by Eq. (27). The ultimate strength of steel bars (Nsu 378 

and Msu) are calculated by Eq. (28). The ultimate strength of concrete (Ncu and Mcu) in square and 379 

circular RCFST are respectively calculated by Eq. (29) and Eq. (30). 380 
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5.3 Comparison between experimental and calculated results 384 

Fig.22 shows the moment-angle curves compared with the experimental and calculated results. 385 

The red and blue lines represent the yield and ultimate strength obtained by calculation formula, 386 

respectively. In addition, the red triangle point and blue circular point represent the yield and 387 

ultimate strength obtained by experiments. It is obvious that the calculation formulae 388 

underestimate the yield strength of tested specimens and overestimate the ultimate strength of 389 

tested specimens. The main reason is that the stress of concrete does not reach the allowable 390 

strength when the specimens reached the yield point. Moreover, there isn’t any steel bar to get to 391 

the plastic stage when the specimens reached the ultimate point in tests. 392 

Table 5 lists the comparisons between the experimental and calculated results in detail. The 393 

yield strength and plastic strength are 104% ~116% and 85%~91% of the tested results. Although 394 

the calculated formulae match with the tested results, the finite element analysis will be conducted 395 

to verify the reliability in the following paper. 396 

6. Conclusions 397 

This paper has reported an experimental investigation into the flexural behavior of a novel high 398 

strength steel column-to-column connection. A total of four combinations of connections outer 399 

tube shape and configuration of reinforcing bars were considered. The outer tubes employed 400 
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alternative SHS or CHS, while the configuration of the reinforcing bars was either gathered or 401 

separated type. The following conclusions have been obtained: 402 

(1)  The gathered type of reinforcing steel bars can significantly improve the flexural capacities 403 

of the proposed connections with square outer tubes. However, the influence of the 404 

configuration of the reinforcing steel bars on the ultimate performance of connections with 405 

circular outer tubes was insignificant. Analyses of strain distribution indicated that the 406 

configuration of the reinforcing steel bars had minimal effects on either the strain 407 

distribution of steel tube or steel bars and as well we the failure modes of the connections. 408 

(2) Although the column shape had little influence on the strain distribution of steel bars and 409 

failure modes, it dramatically altered the strain distribution of the steel tubes. 410 

(3) The proposed formulae agree with the experimental results of the yield and ultimate strength, 411 

although the calculated formulae underestimate the yield strength and overestimate the 412 

ultimate strength. 413 
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Table 1 Properties of specimens 512 

Specimens 
Cross-section 

shape 

Outer tube section 

[mm] 

Configuration of 

reinforcing steel bars 

S-S Square 300×300×6.0 Separated type 

S-G Square 300×300×6.0 Gathered type 

C-S Circular 318.5×6.0 Separated type 

C-G Circular 318.5×6.0 Gathered type 

 513 

Table 2 Material properties of steel tubes and reinforcing bars. 514 

Part 
Steel 

type 

Thickness  

(Diameter) 

[mm] 

Young’s 

modulus 

 [N/mm2] 

Yield 

stress 

 [N/mm2] 

Tensile 

stress 

[N/mm2] 

Yield 

ratio 

[%] 

Elongation 

[%] 

Square column H-SA700 6.3 206,000 762 822 92.7 19.7 

Circular column H-SA700 6.1 202,000 769 820 93.8 18.1 

Implanted 

reinforced bar 
USD685 19.5 193,000 722 906 79.7 13.8 

 515 

Table 3 Material properties of concrete 516 

Specimen Ec [N/mm2] cB [N/mm2] ɛc [%] 

S-S 40,000 78.07 0.27 

S-G 39,200 78.13 0.25 

C-S 40,400 78.19 0.27 

C-G 39,700 78.22 0.26 

 517 

Table 4 Experimental stiffness and bending moment of specimens 518 

Specimen 
Ke 

[kN/rad] 

My 

[kN·m] 

θy 

[rad] 

Mu 

[kN·m] 

θu 

[rad] 

S-S 39384 367.61 0.0108 392.06 0.0137 

S-G 45706 459.69 0.0109 497.14 0.0144 

C-S 45130 349.06 0.0089 365.04 0.0103 

C-G 45229 359.36 0.0091 400.44 0.0130 

  519 
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Table 5 Comparison between experimental value and calculated value of strength 520 

Specimen My Mye Mye/My Mu Mue Mue/Mu 

S-S 320.0 367.8 1.15 451.0 399.5 0.89 

S-G 441.2 460.2 1.04 577.2 489.3 0.85 

C-S 308.8 349.0 1.13 397.3 361.2 0.91 

C-G 315.5 365.6 1.16 447.1 387.3 0.87 

Note: My and Mye represent the calculated and experimental values of yield strength, while Mu and Mue 521 

represent the calculated and experimental values of ultimate strength, respectively. 522 
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