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Abstract: This paper investigates the mechanism of load introduction and transfers for K-type 8 

concrete-filled steel tubular (CFST) circular section connections experimentally and numerically. 9 

Six K-type CFST connections were tested. Three-dimensional finite element (FE) models were then 10 

developed and validated against the test results, where the degradation and failure of the direct 11 

bond interaction were considered explicitly. The longitudinal strain distribution along the 12 

circumferential direction of chord-wall demonstrated that the non-uniform force transfer in the 13 

chord was caused by the one side load introduction through braces. The effects of the chord length, 14 

cross-sectional slenderness and interfacial interactions on the force transfer of tube-concrete 15 

interface were evaluated: 1) the chord length above the connecting region has a positive influence 16 

on the force transfer; 2) for the K-type CFST connections in this study, the material strength of 17 

concrete in the chord with non-compact and slender sections could not be fully utilised due to the 18 

insufficient force transfer; 3) the direct shear interaction dominated the force-transferring process 19 

from chord-wall to concrete for the compact section chord with reinforcing plates. Furthermore, the 20 

test and FE result confirmed that the load introduction length of the CFST chord with braces 21 

included the chord above the connecting region and the full connecting region. In addition, the 22 

equation of effective load introduction length for the CFST chord of the K-type connections was 23 

proposed.  24 
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1 Introduction 29 

With the development of construction technologies for concrete-filled steel tubular (CFST) 30 

composite structures, concrete-filled circular hollow section (CHS) connections [1–14] have also 31 

become an indispensable part of the CFST composite structures, such as in CFST arch bridges and 32 

electric transmission towers. Sufficient data have been obtained for the mechanical behaviour and 33 

design of K-type CFST connections subjected to the brace axial force [11-14], while only a few 34 

studies focused on the mechanism of load introduction and transfer for the CFST chord of K CHS 35 

connections. For K-type CFST connections, the load is introduced to the chord through the braces 36 

at the connecting region, as shown in Fig. 1. The shear force, therefore, is transferred to the chord 37 

by direct shear interaction (bond and friction) or direct bearings (internal steel plates). In this case, 38 

the load introduction to the chord from the braces and the force transfer within the chord needs to 39 

be assessed.  40 

Load introduction and transfer are conventionally considered to occur within the effective load 41 

introduction length, which shall not exceed a prescribed distance above and below the shear 42 

connection region, e.g., 2D  in AISC 360-16 [15] and the minimum value of 2D  and / 3L  in 43 

Eurocode 4 (EC4) [16]. The values of D  and L  are the cross-section diameter and the length of the 44 

filled composite member, respectively. Several experimental studies [10,17-22] were conducted on 45 

concrete-filled columns with longitudinal plate connections (referred to as ‘T-type CFST 46 

connection’) to investigate the mechanism of load introduction and transfer from shear connections 47 

to CFST columns. These studies showed that the load introduction length was beyond the specified 48 

region [15,16], and the nominal bond stress specified in the design codes [15,16] (In AISC 360-16, 49 

the nominal bond stress is the minimum of 25300 /T D  and 1.4 MPa for circular CFST members, 50 

where T  is the wall thickness of steel tube in mm; In EC4, the nominal bond stress is 0.55 MPa for 51 

circular CFST members) could also be conservative compared with the experimentally measured 52 

stress values. This can be attributed to that the nominal bond stress in design codes [15,16] was 53 
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obtained by the push-out tests [23-31], in which the initial defects of tube and tube deformation 54 

during loading were too small to lead to additional mechanical resistance. However, for the CFST 55 

column with shear connections, the CFST column inevitably has a certain disturbance due to the 56 

horizontal load component of the braces, consequently, mechanical resistance can contribute to the 57 

interfacial interaction of the CFST column. Therefore, the shear stress in the tube-concrete interface 58 

of chord is much larger than the nominal bond strengths in design codes [15,16]. In this paper, the 59 

shear stress would not be discussed again for K-type CFST connections because the additional 60 

mechanical resistance occurs randomly during loading. 61 

For the K-type CFST connections, the load is introduced from the brace to the chord through 62 

the welded connecting region between the chord and braces, and the shear force might be non-63 

uniformly transferred in the chord circumferential direction due to that only one side of the chord is 64 

connected to the braces. Therefore, the load introduction length for the CFST chord of K CHS 65 

connection might be different from that of the CFST column with shear connection [10,17-22].  66 

The authors have previously conducted a series of research on K-type CFST connections 67 

based on a project of a 370-meter electrical transmission tower [11,32]. The present study aims to 68 

evaluate the mechanism of load introduction and transfer for concrete-filled chords of K-type CFST 69 

connections. Six K-type CFST connections were tested to failure, and the finite element (FE) 70 

models were developed and validated against the corresponding test results. The longitudinal strain 71 

distributions along the circumferential direction of chord-wall at different heights were captured to 72 

study the non-uniform shear force transfer. The force transfer on the CFST chord was assessed 73 

according to the internal force allocation and contribution of chord-wall and inner concrete. The 74 

effects of the chord length, cross-sectional slenderness and interfacial interactions on the force 75 

transfer of tube-concrete interface were then discussed. In the end, the formula of effective load 76 

introduction length was proposed with a 95% confidence interval. The design approach would 77 

enable a rational and safe design of steel-encased K-type CFST connections in practical 78 

engineering. 79 
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2 Experimental investigation 80 

2.1 Test specimens 81 

Six K-type CFST connections were designed and tested. The configuration details of specimens are 82 

shown in Fig. 2. Both chord and brace members were fabricated from the commercially available 83 

straight seam CHS steel tubes, and only the chord members were filled with self-compacting 84 

concrete, as shown in Figs. 2(a)-(d). The fillet weld was adopted to connect the braces and chord. 85 

The brace ends and the bottom end of the chord were welded with end-plates. The weld profiles of 86 

the specimens were carried out in accordance with the AWS specification [33]. They were then 87 

checked using the ultrasonic technique. The ultrasonic test results deemed the quality of the welds 88 

acceptable. The end-plate thickness was 50 mm for the chord and 20 mm for each brace. The 89 

stiffening plates were welded to the end-plates at the tube end of the chord and braces for 90 

strengthening purposes, as shown in Fig. 2(a). It should be noted that the connecting region was 91 

defined as the region between the chord and braces. 92 

The effects of the chord length above the connecting region 
AL (see Fig. 2(a)) and 93 

reinforcement configuration were investigated in the test programme. The chord length above the 94 

connecting region AL  (hereinafter, denoted as ‘upper chord length’) varied between 600 mm and 95 

900 mm, whilst the chord length below the connecting region BL  (hereinafter, denoted as ‘lower 96 

chord length’) and the chord length of connecting region CL  ( hereinafter, denoted as ‘connecting 97 

length’) was kept at a constant value of 1208 mm and 584mm, respectively, for all the specimens. 98 

Noting that the upper and lower chord length were set to ensure sufficient force transfer region 99 

[15,16] and meet the installation dimensions of the loading device [11], whilst the connection 100 

length was determined based on the cross-sectional dimensions of the chord and braces and the 101 

angles between the chord and braces to keep the extension lines of axial loads of chord and braces 102 

intersect at one point. Previous research [10,20,21] has demonstrated that the reinforcing plates 103 
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above the connection region can improve the load introduction efficiency in concrete-filled 104 

members. In this study, different configuration details of these reinforcing plates, i.e., zero, one, or 105 

two reinforcing plates, were used to evaluate the influence of the direct bearing on the load 106 

introduction within CFST chords. Figs. 2(e) and (f) show the configuration details of reinforcing 107 

plates for the SP and DP series. Table 1 summarizes the specimen dimension details. The definition 108 

of this specimen label will be discussed later in this section. 109 

The test specimens were labelled based on the upper and lower chord length, and the number 110 

of reinforcing plates. For example, the labels “A600-B1208-NP(SP/DP)” define the specimens as 111 

follows:  112 

1) The letter and the following digits of ‘A600’ and ‘B1208’ indicate that the length above and 113 

below connecting region is 600 mm and 1208 mm, respectively. The capital letters ‘A’ and ‘B’, 114 

refer to the first letter of above and below, respectively. 115 

2) The last two letters indicate the number of reinforcing plates, where the letters ‘NP’, ‘SP’ 116 

and ‘DP’ refer to no plate, a single plate and double plates in the chord, respectively. 117 

Tensile coupon tests [34] were conducted to obtain the material properties of the steel used in 118 

K-type CFST connections, i.e., the chord-wall, brace and reinforcing plate. The steel coupons were 119 

cut from the steel belonging to the same batch as the test specimens. The coupon dimensions 120 

conformed to the Chinese Standard GB/T 228.1-2010 [34] for the tensile testing of metals using 20 121 

mm wide coupons. The obtained yield strength ( yf ), tensile strength(
uf ) and elastic modulus (

sE ) 122 

of the chord wall, brace and reinforcing plate are presented in Table 2. Three 150 mm  150 mm 123 

 150 mm cubes were designed for the concrete compressive strength test. The tested cube 124 

concrete had the same mix proportion as the inner concrete in the chord of the K-type CFST 125 

connection. The curing condition of the cubes was consistent with that of the K-type CFST 126 

connection specimens. The compressive strength tests were conducted at 28 days after the casting 127 

of concrete. The average compressive strength ( cuf ) of the concrete measured from three cubes is 128 
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52 MPa. The conversion equation 
c cu=0.8 =41.6MPaf f  was adopted to obtain the cylinder 129 

compressive strength of concrete. 130 

2.2 Test setup 131 

A photograph and a schematic view of the test setup are shown in Fig. 3. The fixed hinges and fixed 132 

support were connected to the ends of braces and one end of the chord, respectively, and the 133 

spherical omnidirectional loading device was used for loading [11]. As shown in Fig. 3, the 134 

extension lines of axial loads of chord and braces intersect at one point to eliminate the possible 135 

bending moment. 136 

As shown in Figs. 3 and 4, the axial displacement of the concrete top surface was measured 137 

using displacement transducer D1. The detailed strain gauge arrangement is shown in Fig. 4. It can 138 

be seen that fifty-two longitudinal strains of chord-wall were measured using the strain gauges 139 

mounted evenly within three regions, i.e., regions above (
AL ), within (

CL ) and below (
BL ) the 140 

connecting region in height. It should be noted that the strain gauges of D-5 and D-6 can not be 141 

mounted because the braces exists in this region and the strain gauges (B-*, C-* and B-* , C-* ) 142 

were symmetrically distributed on both sides of the chord. 143 

The braces were pre-loaded to 100 kN to check if all the equipment and measuring instruments 144 

work well before conducting the test. In the test, the braces were loaded by force control at an 145 

increment of 100 kN until yielding. After that, the load step was reduced to 50 kN until fracture 146 

failure. A duration of 6 minutes between two consecutive load steps was applied to ensure the stable 147 

status before the next load step. The test data of the attached strain gauges, displacement 148 

transducers, and loading cells were collected at a frequency of 1 Hz. 149 

2.3 Experimental results and discussions 150 

2.3.1 Failure modes and bearing capacities 151 

As shown in Fig. 5, all the specimens failed at punching shear fracture of the chord-wall at the 152 
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tensile side, and no obvious cracks were observed on the inner concrete after removing the outer 153 

chord-wall. The punching shear strength ( u,testP  ) and corresponding axial compressive load ( c,testN ) 154 

of all the specimens are present in Table 1. It should be noted that the positive load, displacement 155 

and strain values refer to compressive behaviour in this paper. The corresponding axial compressive 156 

loads on the chord c,testN  can be expressed as: 157 

( )u,test t cc,test = cos cosN P  +                                                         (1) 158 

where 
t  and 

c are the included angle between tensile brace and chord, compressive brace and 159 

chord, respectively. It can be seen that the chord length above the connecting region and the 160 

internal reinforcing plate type have a minor effect on the punching shear strength of K-type CFST 161 

connection. In addition, the axial compressive loads ( c,testN ) from the test results were compared 162 

with the predicted design strengths calculated according to AISC 360–16 [15] ( u,AISCN ) and EC4 163 

[16] ( u,EC4N ), respectively, as presented in Table 3. All the test specimens failed to reach the 164 

predicted design strengths of u,AISCN and u,EC4N , with the mean values of c,test u,AISC/N N  and 165 

c,test u,EC4/N N  being 0.96 and 0.81, respectively. This indicates that chord-wall punching shear 166 

failure precedes chord compression failure. Therefore, the force required to be transferred to the 167 

concrete shall be considered based on the axial compressive load (
cN ) corresponding to the 168 

predicted punching shear strength (
uP ) instead of the predicted axial compressive strength (

uN ) in 169 

Table 3. 170 

2.3.2 Load-displacement curves 171 

The axial compressive load-displacement curves are compared in Fig. 6. The axial 172 

displacement was obtained from the readings of transducer D1. As shown in Fig. 6, a minor 173 

discrepancy can be identified from the load-displacement curves of each specimen with respect to 174 

the initial stiffness and axial compressive load. The influences of upper column length and 175 

reinforcing plates on the force transfer were not clearly observed based on the punching shear 176 
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strength and corresponding axial load-displacement curves. Thus, the longitudinal strain 177 

distributions of the tube were then used to study the effects of the above two parameters in the 178 

following section.  179 

2.3.3 Longitudinal strain distributions 180 

Fig. 7 presents the longitudinal strain distributions of the chord-wall at an axial load level of 181 

about c,test0.95N , i.e., 
c 3218kNN = , to avoid possible strain gauge failing before specimen failure. 182 

The longitudinal strain distributions of the chord-wall along the chord height were obtained from 183 

the readings of the longitudinal strain gauge. It should be noted that the longitudinal strains on 184 

positions B and C (Fig. 5) were calculated based on the average values of the strain gauges 185 

( *B * ,  C- and B-* - a* nd C- ) readings at the symmetrical locations. As shown in Fig. 7, the strains of 186 

chord-wall increased significantly in the lower half of the connecting region, i.e., the height 187 

between 1200 mm and 1600 mm. The maximum strain values occurred near the lower boundary of 188 

the connecting region, indicating the occurrence of local buckling for chord-wall in this location. 189 

Furthermore, the maximum strain of chord-wall near the braces was more than that of chord-wall 190 

far away from. It can also be found that the strain values of chord-wall were nearly identical for 191 

different specimens within the chord height below the connecting region (0 ~ 1208 mm). For 192 

specimens with the same AL , reinforcing plates had little influence on the strains of chord-wall, as 193 

shown in Fig. 7. This indicates the upper chord length (
AL ) of 600 mm for the test specimen was 194 

adequate to achieve load introduction by the direct shear interaction. 195 

3 Finite element analyses 196 

3.1 Finite element models 197 

3.1.1 General descriptions 198 

The FE models were developed using ABAQUS/ Explicit 6.14 [35]. As shown in Fig. 8, only one-199 

half of the K-type CFST connection was modelled through employing the symmetry of the tested 200 
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specimens based on the solid element of C3D8R for both steel tube and inner concrete. The 201 

reinforcing rings were merged with the chord-wall. The axial tensile and compressive loads were 202 

applied on Reference Points-1 and -2 (RP-1 and RP-2) based on the local coordinates, respectively. 203 

All degrees of freedom at the bottom chord were coupled to the RP-3 of the rigid endplate. The 204 

constraints of the RP-1, -2, and -3 were set according to the real boundary conditions in the test. 205 

The element sizes around the connecting region of chord-wall were approximately 4-8 mm, and a 206 

coarse mesh setting with element sizes of 20-25 mm was adopted for the other regions. The 207 

numbers of elements in the thickness direction of the chord-wall and reinforcing plates were two. 208 

3.1.2 Material models of concrete and steel 209 

For the concrete compressive behaviour, the concrete damage plasticity model in ABAQUS 210 

was adopted, with default values of  0.1, 1.16 and 0.00025 assigned to parameters of flow potential 211 

eccentricity (
cone ), the ratio of the compressive strength under biaxial loading to uniaxial 212 

compressive strength (
bo co/f f ) and viscosity parameter (

v ), respectively. The other two 213 

parameters, i.e., the compressive meridian (
cK ) and dilation angle ( ), were determined using Eqs. 214 

(2) and (3) suggested by Tao et al. [36]. 215 

c 0.075

c

5.5

5 2( )
K

f
=

+
                                                           (2) 216 

( )
7.4

4.64

56.3 1            0.5

=

6.672e            0.5

 


+

 − 


 

                                                     (3) 217 

where st y,t c ck /A f A f =   is the confinement factor; y,tf  and  ck cu0.67f f=  are the yield strength of 218 

chord-wall steel and characteristic cube compressive strength of concrete, respectively; 
stA and 219 

cA are the cross-sectional area of chord-wall and concrete, respectively. The elastic modulus and 220 

Poison’s ratio were taken as c c4730E f=  [37] and 0.2. The measured strength of concrete cf  was 221 

used in defining the uniaxial stress-strain relationship by the concrete constitutive model suggested 222 
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by Saenz [38] (the stage before stress reaches
cf ) and Han et al [39] (post-peak stage). 223 

For the tensile behaviour of concrete, a linear relationship was adopted before reaching the 224 

tensile strength 
tf , which is determined using Eq. (4) [40]. After that, the fracture energy cracking 225 

model was used to simulate the tension-softening behaviour of tensile concrete. The fracture-energy 226 

criterion was defined as Eq. (5). 227 

( )
2/3

t ck 0.3f f=                                                                  (4) 228 

( ) ( )
0.18

F ck73 8 N/mG f= +                                                            (5) 229 

For steel material, the constitutive model was defined as the von Mises yield criterion 230 

associated with the flow rule of isotropic strain hardening. For both the validation of the developed 231 

FE models and the FE-based parametric study, the stress-strain relation of steel was defined as a 232 

five-stage stress-strain model [41]. The elastic modulus, yield stress and ultimate stress were taken 233 

from tensile coupon test results, as presented in Table 2. The Poisson's ratio of steel was taken as 234 

0.3. The modified Mohr-Coulomb criterion (MMC) model was adopted in FE simulations to predict 235 

fracture initiation and propagation [4,11,42-44]. 236 

3.1.3 Contact interaction between the steel tube and concrete  237 

According to the specification of AISC 360-16 [15], the interaction behaviour of the tube-238 

concrete interface includes: 1) direct bearing, i.e., mechanical resistance which is a physical 239 

interlocking mechanism, such as steel headed stud or steel channel anchors; 2) direct bond 240 

interaction, i.e., a chemical bond which is resulted from the adherence of the cement to the steel 241 

surface. In addition, the frictional resistance shall be considered in the FE models based on the 242 

guideline of ABAQUS [35] due to the mutual extrusion between the chord-wall and inner concrete. 243 

It should be noted that the direct bond interaction together with frictional resistance are considered 244 

as the direct shear interaction in this paper. 245 

1) Direct bearing 246 
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In this study, the contribution of direct bearing caused by chord-wall initial imperfection 247 

(deformation) was not considered in the contact simulation. For K-type CFST connection without 248 

internal reinforcing plates, only the direct shear interaction (i.e., direct bond interaction and friction 249 

resistance) was involved to the force transfer. For K-type CFST connection with internal 250 

reinforcing plates, the reinforcing plates shall be considered as a contributing part to the force 251 

transfer from chord-wall to concrete. Therefore, the reinforcing plates were modelled to be 252 

embedded in the concrete to simulate the mechanical resistance in the developed FE model, whilst 253 

surface-to-surface contact behaviours, i.e., the direct bond interaction and friction resistance, were 254 

assigned to the tube-concrete interface.  255 

2) Direct bond interaction 256 

For the direct bond interaction simulated in the FE model, surface-based cohesive behaviour 257 

[10] provides a simplified way to model cohesive contacts with negligibly small interface 258 

thicknesses. As shown in Fig. 9, the traction-separation relationship that governs the surface-based 259 

cohesive behaviour contains: 1) linear elastic traction-separation (stage O-A); 2) damage initiation 260 

and evolution law (stage A-B). It should be noted that the damage in surface-based cohesive 261 

behaviour is an interaction property, not a material property.  262 

In the linear elastic traction-separation stage, the normal and shear stresses (
n , 

s  and 
t ) to 263 

the normal and shear separations (
n , 

s  and 
t ) across the interface were related based on the 264 

underlying element stiffness (
nnK , ssK  and 

ttK ), as expressed in Eq. (6). All slave nodes of the 265 

tube-concrete interface were assigned with the cohesive behaviour which were assumed to be 266 

uncoupled. When the tube and concrete separated, no traction stress was generated. Therefore, the 267 

normal stiffness nnK  was assumed to be zero as the resistance to the surface separation is negligible 268 

[4]. The two shear stiffnesses ssK  and ttK were determined to be 500 N/mm3 based on the previous 269 

experimental results [10]. The quadratic stress criterion was used as the damage initiation criteria of 270 

surface-based cohesive behaviour, as expressed in Eq. (7), whilst the deterioration factor ( traD ) was 271 
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zero. As shown in Fig. 9, the cohesive behaviour was degraded with the increase of the 272 

deterioration factor, which is defined as a linear damage evolution law based on the separation. The 273 

formulae of damage evolution law are expressed as Eqs. (8) and (9).  274 

n nn n

s ss s

t tt t

0 0

= 0 0

0 0

K

K

K

 

 

 

    
    
    
    
    

                                                       (6) 275 

2 22

s tn

o o o

n s t

1
 

  

    
+ + =    

     
                                                          (7) 276 

max o o min

m m m m
tra f o o

m m m

D
   

  

− −
= =

−
                                                             (8) 277 

 

n tra n

s tra s

t tra t

=(1- )

=(1- )

=(1- )

D

D

D

 

 

 

                                                                        (9) 278 

c
ini 2.314 0.0195

D

T
 = −                                                                (10) 279 

where 
n , 

s  and
t are the traction stress components in the normal and two shear directions, 280 

which are predicted by the elastic traction-separation behaviour for the current separations without 281 

damage; n , s , t  and nnK , ssK , ttK  are the corresponding separation and stiffness values in the 282 

same direction with
n , 

s  and
t , respectively; o

n , o

s  and o

t  are the traction stress components of 283 

damage initiation in the normal and two shear directions, and o o

s t =  is determined using Eq. (10) 284 

in this study; max

m  is the maximum separation value achieved during the damage evolution process 285 

and min

m is the corresponding minimum traction stress value achieved during the damage evolution 286 

process; o

m  and o

m  are the effective separation and traction stress at damage initiation, 287 

respectively; f

m  is the effective separation at bond failure; the subscript ‘m’ can be replaced by ‘n’, 288 

‘s’ and ‘t’, representing the variables in corresponding directions; ini is the bond stress between 289 

steel tube and inner concrete; Dc= D-2T is the diameter of the concrete; D is the diameter of the 290 
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chord; T is the thickness of chord-wall. It should be noted that, before a surface-based cohesive 291 

behaviour was defined as general contact in ABAQUS/Explicit [35], the contact pairs and initially 292 

bonded crack surfaces (interfaces of tube-concrete) shall be established. 293 

3) Friction resistance 294 

The friction resistance is also part of the direct shear interaction to be used to transfer load 295 

between the chord-wall to concrete. The Coulomb friction model with a frictional coefficient (
f ) 296 

of 0.6 [39]  was adopted to simulate the roughness of friction behaviour, and the hard contact 297 

behaviour in the normal direction was defined to ensure strong contact pressure ( P ) on the 298 

interface of tube-concrete. It was assumed that only the cohesive model was active before damage 299 

initiation. Otherwise, the friction resistance (
f P ) would contribute to the shear resistance. 300 

3.2 Validations 301 

The failure modes of K connections obtained from the FE simulation were compared with the test 302 

results, as shown in Fig. 5. It can be seen that the developed FE models can replicate the punching 303 

shear fracture and cracking propagation. The axial load-displacement curves of specimens obtained 304 

from the FE models and tests are compared in Fig. 10. The experimental and numerical results of 305 

strain distributions along the heights of the chord-wall are compared in Fig. 7. It should be noted 306 

that during the loading process, the strain gauge D7 was damaged due to large deformation of the 307 

chord-wall at this position. The axial compressive load of chord corresponding to the punching 308 

shear strength from the tests and FE models are compared in Table 3, with the mean value and 309 

coefficient of variation (COV) of u,FE u,test/P P  being 1.01 and 0.012, respectively. The comparison 310 

results demonstrate that the established FE models can accurately and reliably predict the load 311 

introduction and transfer of K-type CFST connection.  312 

4 Typical force transfer behaviour  313 

4.1 Non-uniform strain distributions 314 

Longitudinal strain distributions obtained from the FE models along the circumferential direction of 315 
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chord-wall are presented in Fig. 11. It can be seen that the chord-wall strain was unevenly 316 

distributed along the circumferential direction: 1) At the chord height of 168 mm, the compressive 317 

strains at the point A-0 (angle of 0°), i.e., the point far away from the braces, were approximately 318 

two times greater than that at the point A-180 (angle of 180°), i.e., the point near the braces; 2) At 319 

the chord height of 1190 mm and 1820 mm, respectively, the strains of chord-wall at the point A-0 320 

(angle of 0°), i.e., the point far away from the braces, were much less than that at the point A-180 321 

(angle of 180°), i.e., the point near the braces. The former was approximately one-tenth of the latter, 322 

and the strains increased significantly in the angle range of 120° to 240° (the connection region of 323 

braces and chord). The non-uniform strain distribution was more obvious as the height was closer 324 

to the connecting region. It would be attributed to 1) the stress concentration existing in this region, 325 

as discussed in the previous studies [11,45]; 2) the non-uniform force transfer in the chord caused 326 

by the one side load introduction through braces. 327 

4.2 Force allocation 328 

Fig. 12 presents the force distributions along the chord height with different load levels, i.e., 40%, 329 

60%, 80% and 95% of the maximum compressive load c,FEN . The forces of different components 330 

(chord, chord-wall and inner concrete) were obtained by the FE results of the A600-B1208-NP and 331 

A600-B1208-DP models. As shown in Figs. 12(a) and (d), the total force of chord increased 332 

gradually within the connecting region. It indicates that the load introduction through braces can be 333 

achieved for K-type CFST connections. In addition, as shown in Figs. 12(b) and (e), when the 334 

chord load reached 95% of the maximum compressive load c,FEN , the maximum compression force 335 

in the chord-wall achieved the yield strength at the height of about 50 mm. Moreover, it can be 336 

found that the force can be transferred from chord-wall to inner concrete as shown in Figs. 12(c) 337 

and (f). This demonstrates that the force transfer from chord-wall to inner concrete can be achieved 338 

by the interfacial interactions, i.e., the direct shear interaction and direct bearing.  339 

The load introduction and transfer within the tube-concrete interface were initiated from the 340 

chord above the connecting region, as shown in Figs. 12(b)-(c) and (e)-(f). With the increase of 341 
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chord load, the bearing load in the inner concrete kept increasing until reaching the axial 342 

compression strength of concrete at the height of 1500 mm which was the intersection location of 343 

the central extension lines of the two braces. At this height of chord (1500 mm), the shearing action 344 

(as illustrated in Fig. 13) caused by the horizontal force component FL of the compressive brace 345 

shall be considered in the local concrete resulting in the cross-sectional stress of concrete was more 346 

than that of concrete at the other height. The lateral force component also caused the localised 347 

resultant force, approximately forming an angle of about 45° with the column axis. This case was 348 

different from the T-type CFST connection. Within the height range of 1500 mm to 1200 mm, the 349 

shear action was gradually decrease due to the horizontal force component of tensile brace, which 350 

would lead to the bearing load of concrete decrease. 351 

For the chord above the connecting region, the interfacial shear force led to that the chord-wall 352 

was in tension while the concrete was in compression, as shown in Fig. 12. The load introduction 353 

length above the connecting region was 300 mm approximately. This indicates that the upper chord 354 

length of 600 mm was long enough for the effective force transfer in each component of the K-type 355 

CFST connection. Within the connecting region, the bearing loads of chord-wall and inner concrete 356 

changed significantly and the maximum bearing load in the inner concrete was achieved in this 357 

region. This shows that the full connecting region can be considered as the effective force transfer 358 

length. For the chord underneath the connecting region, the bearing loads on the chord-wall and 359 

inner concrete were kept almost invariant. It demonstrates that the force of each component would 360 

not be transferred under the connecting region. It should be noted that the force transfer was 361 

affected by the end restraint effect (as shown in Fig. 8) near the fixed end of the chord.  362 

For the specimen with double reinforcing plates A600-B1208-DP, the reinforcing plates have a 363 

minor impact on the force distribution of each component compared with that of the A600-B1208-364 

NP specimen without reinforcing plates. Take the reinforcing plate at the location of SP-1 as 365 

examples, Fig. 14 (a) demonstrated that the highly concentrated stresses of reinforcing plate were 366 

found near the intersection region and plate stress of the other region were much less than the yield 367 
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strength, i.e., 276.2 MPa, when the ultimate state of connections reached. This indicates that the 368 

direct shear interaction on the tube-concrete interface was the main contribution to the force 369 

transfer of the A600-B1208-DP specimen.  370 

4.3 Strength contributions 371 

The strength contribution from chord, chord-wall and inner concrete at different member heights, 372 

i.e., 20 mm, 1200 mm, 1500 mm, are presented in Figs. 15 and 16 by taking the specimens of 373 

A600-B1208-NP and A600-B1208-DP as examples. In Fig. 15, the strength contributions of chord-374 

wall and inner concrete were normalized by the chord bearing load, and the strength contribution of 375 

chord (as shown in the red curve in Fig. 15) was normalized by the maximum compressive load 376 

c,FEN  of chord, which is corresponding to the punching shear strength of the K connection. The 377 

horizontal dotted lines refer to the strength proportions of the chord, chord-wall and inner concrete 378 

in the same colours as the corresponding curves. The proportion values were calculated as the 379 

component plastic strengths, i.e., y,t st c cf A f A+  (chord), y,t stf A  (chord-wall) and 
c cf A  (inner 380 

concrete), normalized by the total plastic strength, i.e., y,t st c cf A f A+ , respectively. In Fig. 16, the 381 

bearing loads of chord, chord-wall and inner concrete were normalized by the corresponding 382 

component strengths, i.e., y,t st c cf A f A+  (chord), y,t stf A  (chord-wall) and 
c cf A (inner concrete).  383 

As shown in Figs. 15(a) and (b), at the height of 1500 mm, the bearing load was mainly 384 

contributed from the inner concrete where the load proportions were much higher than the plastic 385 

strength proportions, and the material strength of inner concrete was almost fully utilized at this 386 

height, as presented in Figs. 16(a) and (b). This indicates that the shear force can be efficiently 387 

transferred from the chord-wall to inner concrete. At the height of 1200 mm, the strength 388 

contributions of chord-wall and inner concrete were about 50% and were both close to the 389 

corresponding plastic strength proportions, whilst the utilization rates of material strengths of 390 

chord-wall and inner concrete could reach 90% and 85%, respectively, at the ultimate stage of 391 

connection, as shown in Figs. 15(c)-(d) and Figs. 16(c)-(d). This demonstrates that most of the 392 
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material strengths for each component can be utilized below the connecting region. At the height of 393 

20 mm, a minor increase of the chord-wall and reduction of the inner concrete strengths can be 394 

found in Figs. 15(e)-(f) and Figs. 16(e)-(f). This indicates that further force transfer within each 395 

component would occur near the end of chord, which was caused by the restraint effect of fixed 396 

support at this position. 397 

From the comparison of the A600-B1208-NP and -A600-B1208-DP specimens, the reinforcing 398 

plates have a minor impact on the force transfer mechanism. Generally, both NP and DP specimens 399 

can develop the effective utilization rates of material strengths for each component when the K 400 

connections fail at punching shear fracture. It should be noted that when the K connections reached 401 

the plastic yield stage, the curves of chord-wall and inner concrete in Fig. 16 exhibited minor 402 

fluctuations caused by a small amount of the shear force transferred between the chord-wall and 403 

inner concrete. 404 

5 Parametric analyses 405 

The developed FE models were used for parametric analyses to further investigate the mechanisms 406 

of load introduction and transfer. The considered parameters include the upper and lower chord 407 

lengths, the cross-sectional slenderness of chord and the interfacial interactions. The label of the 408 

parametric FE models is defined based on the outer diameter and thickness of chord wall, upper and 409 

lower chord length, and the number of reinforcing plates. The angle between the chord and brace in 410 

FE models is consistent with that of the specimens. Therefore, the connection lengths ( CL ) were 411 

584 and 614 mm for D273T8 and D300T8 series, respectively. For comparison purposes, the 412 

properties of the inner concrete, chord-wall and brace are the same as the test material. The loading 413 

and boundary conditions in the models for parametric studies are identical to the validated FE 414 

models in Section 3. 415 

5.1 Effect of upper and lower chord lengths, LA and LB 416 

The effect of CFST chord lengths above and below the connection region on the mechanism of load 417 
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introduction and transfer had been evaluated by previous studies [10,17,20,21]. Dunberry et al [17] 418 

showed that the introduction length extended for a distance of 3D to 3.5D below and D to 2D above 419 

the connection, which is the basis of current design methods [15,16]. Differently, Mollazadeh et al 420 

and Xu et al [10,20,21] showed that only the lengths above and within the connection region were 421 

active in load introduction. Therefore, to assess the influence of the upper and lower chord lengths 422 

on the mechanism of load introduction and transfer, five K-type CFST connections with the 423 

D273T8 series chord (
A 0,  300,  600,  900,  and 1200 mmL = , 

C 584 mmL = , 
B 1208 mmL =  ) and 424 

four connections with the D300T8 series chord (
B 600,  900,  1208 and 1500 mmL = , 

A 600 mmL = , 425 

C 614 mmL = ) were simulated numerically in this section.  426 

A comparison of load-axial strain curves with different parameters is presented in Fig. 17. As 427 

shown in Fig. 17(a), a slight increase in maximum compressive load ( c,FEN  ) of the chord can be 428 

observed with the increase of upper chord length (
AL ). Furthermore, the comparison results (in 429 

terms of strength utilization and contribution of each component) of the FE models with the same 430 

lower column length but different upper column lengths varying as 0, 300, 600, 900 and 1200 mm 431 

are present in Fig. 18. It can be seen that the increase of the upper chord length ( AL ) could increase 432 

the strength contribution of inner concrete, whilst decrease the strength contribution of chord-wall. 433 

This demonstrates that the load introduction efficiency can be improved by increasing the length of 434 

upper chord ( AL ), resulting in more shear force that can be transferred from the chord-wall to inner 435 

concrete. Moreover, the increase in upper chord length can improve the external load allocation 436 

(strength allocation scheme) ability in the chord. The numerical and experimental results confirm 437 

that the load introduction length can be increased by increasing the upper chord length ( AL ). On the 438 

contrary, as shown in Fig. 17(b), the lower chord length ( BL  ) had a negligible effect on the 439 

maximum compressive load of the chord, which indicates that the load introduction and transfer 440 

were not critical below the connecting region. 441 
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5.2 Effect of cross-sectional slenderness 442 

According to the specification of AISC 360–16 [15], the sections of compressive concrete-filled 443 

members can be classified as compact, non-compact and slender based on the value of width-to-444 

thickness ratio ( /D T ). The CFST chord of K CHS connections with a chord-wall diameter ( D ) of 445 

273 mm and thicknesses (T ) of 8, 4, 2, and 1.6 mm were classified as compact, compact, non-446 

compact and slender members, respectively. As shown in Fig. 17(c), the compressive load ( c,FEN ) 447 

of chord corresponding to the punching shear strength increased with the increase of chord-wall 448 

thicknesses. It may be attributed to that the ultimate compressive load of chord is a vertical 449 

component of the punching shear strength ( u,FEP ) (as expressed in Eq. (1)), and Song et al [11] 450 

showed that the punching shear strength of K-type CFST connections was positively correlated 451 

with the chord-wall thicknesses. On the other hand, the chord-wall confinement effect increases 452 

with the decrease of the width-to-thickness ratio, which improves the ability of the load 453 

introduction and force transfer of the CFST chord, resulting in the increased compressive load of 454 

the chord.  455 

The strength utilization and contribution curves of each component are present in Fig. 19. The 456 

chords with non-compact and slender sections, i.e., D273T2 and D273T1.7 series had similar 457 

strength utilization and contribution curves, and their strength utilization of inner concrete was less 458 

than 50% because of insufficient load transfer. Meanwhile, when the punching shear strength 459 

reached, it can be seen from Figs. 19(d) and (e) that compared with the the non-compact and 460 

slender section chords of D273T2 and D273T1.7 series, the bearing load proportions of chord-wall 461 

and inner concrete of the compact section chord of D273T8 series were closer to the corresponding 462 

plastic strength proportions. The numerical results indicate that the load introduction and transfer 463 

are insufficient for the non-compact and slender chords of K-type CFST connections in this study. 464 

For compact chords, with the decrease of width-to-thickness ratio, the material utilization ratio of 465 

each component and the load introduction length in the upper chord increased, as shown in Figs. 466 
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19(a)-(c) and 20. This can be attributed to the improved ability of confinement provided by the tube. 467 

5.3 Effect of interfacial interactions 468 

As mentioned in Section 5.1, the upper chord length (the direct shear interaction) had a positive but 469 

not significant effect on the force transfer of tube-concrete interface, and Xu et al [10] showed that 470 

the direct bearing, i.e., reinforcing plates, could effectively improve the force transfer ability for 471 

steel-encased CFST columns of T-type CFST connections. Therefore, the direct bearing should be 472 

considered to improve the ability of force transfer for the CFST chord of K CHS connection.  473 

For concrete-filled members, the external force is transferred into the inner concrete by the 474 

direct bearing from reinforcing plates and the direct shear interaction. The largest nominal strength 475 

of the two interfacial interactions (direct bearing and direct shear interaction) will be provided for 476 

the shear transfer within the tube-concrete interface. In this section, the reinforcing plates [10] were 477 

used as the direct bearing in the CFST chords of the K CHS connections, such as the test specimens 478 

in the SP and DP series. It should be noted that to consider the position influence, three FE models 479 

with one reinforcing plate located at 10 mm (SP-1) and 300 mm (SP-2) above and 10 mm below 480 

(SP-3) the connecting region were established for the SP series. To assess the effects of interfacial 481 

interactions (direct bearing and direct shear interaction) on the force transfer mechanism for K-type 482 

CFST connections, D300T8A600B1208 and D300T8A900B1208 series were selected. It should be 483 

noted that the upper length of 600 mm is sufficient to achieve the maximum effect of the direct 484 

shear interaction. The configuration details of reinforcing plates for the SP and DP series are shown 485 

in Fig. 2(e) and (f). The width of the reinforcing ring plates p( )w  was calculated according to Eq. 486 

(11). 487 

( )
2 2

1 1 p y,t st

in,bearing c c(NP)

no,AISC

( 2 )
=1.7 1

4

D D w f
N

N
V

A
f

 − −    = −  
 

                     (11) 488 

where in,bearingV  is the available bearing strength of the concrete for the limited state of concrete 489 
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crushing, and it should meet the requirement of the shear force to be sufficiently transferred from 490 

chord-wall to the inner concrete by the reinforcing plates [15]. 
1D is the diameter of reinforcing ring 491 

plate; c(NP)N  is the vertical force component of predicted punching shear load [11] (Pu) of the 492 

corresponding K connections in NP series, i.e., D300T8A600B1208NP and D300T8A900B1208NP. 493 

no,AISCN  is the nominal axial compressive strength of the corresponding CFST chord without 494 

consideration of length effects and can be calculated according to AISC 360-16. The plate thickness 495 

is the same as the test specimens, i.e., 6 mm.  496 

The load-strain curves with different numbers and positions of reinforcing plates are presented 497 

in Figs. 17(d) and (e). A negligible discrepancy was observed in the load-strain curves of CFST 498 

chords with different numbers and positions of reinforcing plates. This demonstrates that the 499 

interfacial interactions, i.e., the direct bearing and direct shear interaction, can not be superimposed, 500 

and the direct shear interaction dominated the force transfer before the initiation of direct bearing. It 501 

may be attributed to the fact that the vertical component of punching shear load for K-type CFST 502 

connections was insufficient to cause relative sliding between the chord-wall and inner concrete. 503 

The stress distribution of reinforcing plate at the location of SP-1 for the D300T8A600B1208DP 504 

specimen is presented in Fig. 14(b). The stresses of reinforcing plate were far below the yield 505 

strength when the ultimate state of connections was reached. Furthermore, the plying force could be 506 

found in the region away from the connection region, as illustrated in Fig. 21, although the local 507 

compression was actively localised in the connecting region. Therefore, the stress distribution and 508 

plying force of reinforcing plates above the connecting region indicate the reason for the little 509 

contribution of the direct bearing from the reinforcing plates to load transfer. The direct bearing, 510 

therefore, was not involved in the force transfer process. The numerical results confirm that for the 511 

CFST chord of K connections, the direct shear interaction is sufficient for load transfer from chord-512 

wall to concrete, and the external load allocation in the chord-wall and inner concrete is ideal, as 513 

shown in Fig. 22. It should be noted that the plate below the connecting region (SP-3 series) for the 514 
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CFST chord of K connection would result in stress concentration right below the connection region, 515 

which triggered a local buckling of the tube, as indicated in Fig. 23. 516 

6 Load introduction length 517 

The comparison results from the parametric study demonstrate that the non-compact and slender 518 

sections should not be used in the CFST chord with braces because of inadequate load transfer. 519 

Therefore, the non-compact and slender section chords would not be studied in this section. On the 520 

other hand, the direct shear interaction is sufficient for the load transfer from chord-wall to inner 521 

concrete for K-type CFST connections, and both the upper chord length and confinement effect 522 

contribute to the process of load introduction and transfer. Generally, these critical parameters shall 523 

be considered in the design method.   524 

For K-type CFST connections with punching shear failure, typical distributions of the 525 

normalized strength of chord-wall with different width-to-thickness ratios are present in Fig. 24. It 526 

can be seen that the load introduction was initiated at a location above the connecting region. 527 

Meanwhile, the load introduction length varied with different cross-sectional slenderness. 528 

According to AISC 360–16 [15], load introduction length shall not exceed a distance of two times 529 

the diameter of a round steel member, i.e., 2D, both above and below the force transfer region for 530 

filled composite members. In this paper, for the chord above the connecting region, the introduction 531 

length in AISC 360–16, i.e., 2D, was conservatively overestimated, and the observed introduction 532 

length above the connecting region was slightly larger than the chord-wall diameter D (i.e., less 533 

than the 2D in AISC 360–16). It should be noted that the starting point of the introduction length 534 

above the connecting region was defined when the normalized strength reached 1%. The tangent at 535 

the start point was used to determine the location of starting point, as shown in Fig. 24. For the 536 

connecting region of chord, the full length of connecting region ( CL ) shall be considered as the 537 

load introduction because that the chord-wall bearing loads changed significantly. For the chord 538 
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underneath the connecting region, the load introduction length can be neglected, as mentioned in 539 

Section 5.1.  540 

Generally, the load introduction length of the CFST chord with braces should include two parts: 541 

1) the load introduction length above the connecting region, i.e., in,AL ; 2) the full length of 542 

connecting region, i.e., 
CL . The relationship between introduction lengths in,AL  above the 543 

connecting region and the parameter T_C  (in Eq. (14)) is shown in Fig. 25. The best-fitting curve 544 

of a power relationship with a 95% prediction band is presented in Fig. 25 and expressed in Eq. 545 

(15). The parameter T_C  reflects the ability of the chord-wall to provide lateral constrain on the 546 

specific interfacial perimeter T_C /C D .  547 

( )

( )
s,t

T_C

T_C y,t

GPa

MPa

ED D

T C f


  
    

=


                                                 (14) 548 
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A A

2.84    ( )

                           ( )

D L D
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L L D


− 

= 


                                           (15) 549 

where T_CC  is the circumference of inner concrete section. The design recommendation and the 550 

proposed equation in this section are validated for compact section chords where the range of the 551 

width-to-thickness ratio ( /D T )  is 25.0 to 68.3. It should be noted that the analyzed load 552 

introduction and transfer mechanism and proposed introduction length were derived based on the 553 

connection configuration in this study. In addition, the specimens were designed based on the 554 

author's previous research results on the mechanical behaviours of corresponding members 555 

[2,10,11,45], in which the potential internal defects caused by size effects of the steel-encased 556 

CFST specimens, i.e., concrete cracks, weld quality of steel, and disengaging at the tube-concrete 557 

interface, exhibit minor influence on the mechanical behaviours. 558 

7 Conclusions 559 
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This paper experimentally and numerically investigated the mechanism of load introduction and 560 

transfer for K-type CFST connections. The interfacial behaviour on the tube-concrete interface was 561 

assessed, based on which, the effective load introduction length and interfacial shear stress for the 562 

K-type CFST connection were proposed. The following conclusions can be made in this paper:   563 

(1) All the test specimens failed at the chord-wall punching shear fracture, meanwhile no 564 

obvious cracks were observed on the inner concrete. The upper chord length of 600 mm for the test 565 

specimens was adequate to achieve the load introduction by the direct shear interaction.  566 

 (2) The developed FE models were validated against the test results and were capable of 567 

accurately simulating the degradation and failure of the direct bond interaction for the steel-568 

concrete interface. Based on the developed FE models, the behaviours of load introduction and 569 

transfers of concrete-filled K connection were analysed. 570 

(3) The longitudinal strain distributions along the circumferential direction of chord-wall 571 

demonstrated that the non-uniform force transfer in the chord was caused by the one side load 572 

introduction through braces.  573 

(4) The influence of the chord length, cross-section slenderness and interfacial interactions on 574 

the force transfer of tube-concrete interface was assessed in the parametric study. It is 575 

recommended that i) the chord length above the connecting region has a positive influence on the 576 

force transfer; ii) the ability of force transfer can be improved by increasing the width-to-thickness 577 

ratio of chord; iii) the material strength of concrete in the chord with non-compact and slender 578 

sections could not be fully utilised due to insufficient force transfer for connections in this study; iv) 579 

the direct shear interaction dominated the load transfer before the initiation of direct bearing, and 580 

the former was sufficient to enable the external load to be transferred from chord-wall to concrete 581 

for compact section. 582 

 (5) The load introduction occurred on the chord above and within the connecting region. The 583 

full connecting region shall be considered as a part of the load introduction length. In addition, the 584 

effective length of load introduction above the connecting region was proposed. 585 
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Notation  

The following symbols are used in this paper: 

Latin upper case letters 

cA   = the sectional area of inner concrete; 

stA   = the sectional area of chord-wall; 

T_CC   = the circumference of inner concrete section; 

D   = the outer diameter of the chord member; 

1D  = the diameter of reinforcing ring plate; 

cD   = the diameter of the inner concrete; 

traD   = the bonding deterioration factor; 

cE   = the elastic modulus of concrete; 

sE   = the elastic modulus of coupon steel; 

s,tE   = the elastic modulus of chord-wall; 

FG   = the fracture-energy-based cracking criterion; 

cK   
= the ratio of the second stress invariant on the tensile meridian to that on the 

compressive meridian; 

nnK  = the stiffness value in the normal direction; 

ssK  = the stiffness value in the orthogonal direction; 

ttK  

= the stiffness value in the orthogonal direction and perpendicular to the direction 

of 
ssK ; 

L   = the length of the chord member; 

AL   = the chord length above the connecting region; 

BL   = the chord length below the connecting region; 

CL   = the length of the connection region; 

in,AL   
= the load introduction lengths above the connection on the tube-concrete 

interface; 

cN   
= the axial compressive loads of CFST chord corresponding to the punching shear 

strength of K-type CFST connection; 

c,testN   
= the axial compressive loads of CFST chord corresponding to the punching shear 

strength of K-type CFST connection from the test result; 

c,FEN   = the axial compressive loads of CFST chord corresponding to the punching shear 
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strength of K-type CFST connection from the FE result; 

( )c NP
N   

= the axial compressive loads of CFST chord corresponding to the predicted 

punching shear strength of K-type CFST connection in NP series; 

no,AISCN   = the nominal axial compressive strength of corresponding CFST members 

without consideration of length effects calculated according to AISC 360-16; 

uN   = the axial compressive strength; 

u,AISCN   = the axial compressive strength according to AISC 360-16; 

u,EC4N   = the axial compressive strength according to EC4; 

P   = the contact pressure between steel tube and inner concrete; 

uP   = the punching shear strength of K-type CFST connection; 

u,FEP   = the punching shear strength of K-type CFST connection from the FE result; 

u,testP   = the punching shear strength of K-type CFST connection from the test result; 

T   = the thickness of chord-wall; 

in,bearingV  
= the available bearing strength of the concrete for the limited state of concrete 

crushing; 

Latin lower case letters  

d   = the diameter of the brace; 

cone   = the flow potential eccentricity; 

bof   = the compressive strength under biaxial loading; 

cf   = the cylinder compressive strength of the concrete; 

ckf   = the characteristic compressive strength of concrete; 

cof   = the compressive strength under uniaxial loading; 

cuf   = the cubic compressive strength of the concrete; 

yf   = the yield strength of coupon steel; 

y,tf   = the yield strength of chord-wall; 

tf   = the tensile strength of concrete; 

uf   = the tensile strength of coupon steel; 

bl   = the length of brace; 

t   = the thickness of brace; 

pw  =the width of the reinforcing ring plates. 

Greek case letters 

c  = the included angle between the compressive brace and chord; 

t  = the included angle between the tensile brace and chord; 
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f

m  = the effective separations at bond failure; 

max

m  = the maximum separation value achieved during the damage evolution process; 

o

m  = the effective separation at damage initiation; 

n  = the traction separation in the normal direction; 

s   = the traction separation in the orthogonal direction; 

t   

= the traction separation in the orthogonal direction and perpendicular to the 

direction of
s ; 

   = the dilation angle; 

   =
st y,t

c ck

A f

A f
, the confinement factor; 

T_C  = 
s,t

T_C y,t

(GPa)

(MPa)

ED D

T C f

  
     

; 

f   = 0.6 the frictional coefficient between steel tube and inner concrete; 

v   = the viscosity parameter; 

ini  = the damage initiation traction stress; 

o

m  = the effective traction stress at damage initiation; 

min

m  
= the minimum traction stress value achieved during the damage evolution 

process; 

n  = the traction stress in the normal direction; 

o

n  = the damage initiation traction stress in the normal direction; 

s   = the traction stress in the orthogonal direction; 

o

s  = the damage initiation traction stress in the orthogonal direction; 

t   

= the traction stress in the orthogonal direction and perpendicular to the direction 

of 
s ; 

o

t  

= the damage initiation traction stress in the orthogonal direction and 

perpendicular to the direction of o

s . 
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Figure 1. Load introduction and transfer mechanism 
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Figure 2. Dimension of test specimens (unit: mm)  
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Figure 3. Test setup 
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 (a) Photo of test specimen  

 
(b) Schematic diagram of the test setup  

Figure 4. Arrangements of the displacement transducers and strain gauges 
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(a) Punching shear failure of chord  

 
(b) Inner concrete  

Figure 5. Failure modes of A600-B1208-NP 
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Figure 6. Axial compressive load-displacement curves of test specimens
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(a) A600-B1208-NP 

 
(b) A600-B1208-SP 

 
(c) A600-B1208-DP 
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(d) A900-B1208-NP 

 
(e) A900-B1208-SP 

 
(f) A900-B1208-DP 

Figure 7. Strain distributions of specimens
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Figure 8. Schematic view of the FE model  
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Figure 9. Traction-separation behaviour 
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(a) A600-B1208-SP                                      (b) A900-B1208-SP 

Figure 10. Comparison of load-displacement curves between test and FE results
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(c) 1190 mm height  (LA=600)                                   (d) 1190 mm height  (LA=900) 
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Figure 11. Longitudinal strain distribution along the circumferential direction of chord-wall 
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                                               (a) Chord                     (b) Chord-wall                       (c) Concrete 

   
                                                (d) Chord           (e) Chord-wall                       (f) Concrete 

Figure 12. Force distribution of each component of the chord along with the height

A600-B1208-DP 

A600-B1208-NP 
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Figure 13. Lateral force components of the braces in the connecting region
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(a) A600-B1208-DP                          (b) D300T8A600B1208DP 

 Figure 14. Stress distribution of the reinforcing plate at the location of SP-1 
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(c) 1200 mm height of A600-B1208-NP                          (d) 1200 mm height  of A600-B1208-
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(e) 20 mm height of A600-B1208-NP                        (f) 20 mm height  of A600-B1208-DP 

Figure 15. Strength contributions of each component in the chord
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(c) 1200 mm height of A600-B1208-NP                        (d) 1200 mm height of A600-B1208-DP 
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(e) 20 mm height of A600-B1208-NP                                 (f) 20 mm height of A600-B1208-DP 

Figure 16. Strength utilization of each component in the chord
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(a) Upper column length                                                  (b) Lower column length  

         
        (c) Cross-section                                                         (d) Number of reinforcing plates 

 
(e) Position of reinforcing plates 

Figure 17. Comparison of load-axial strain curves
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(a) Strength utilization chord-wall                             (b) Strength utilization concrete 

         
(c) Strength contribution chord-wall                             (d) Strength contribution concrete 

Figure 18. Strength utilization and contribution of each component: column length effect
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(a) Strength utilization chord                             (b) Strength utilization chord-wall 

            
(c) Strength utilization of concrete                                        (d) Strength contribution of chord-wall    

    
 (e) Strength contribution of concrete 

Figure 19. Strength utilization and contribution of each component: cross-section effect 
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                                              (a) Chord                         (b) Chord-wall                    (c) Concrete 

Figure 20. Force distributions of each component: cross-section effect
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Figure 21. Plying force of reinforcing plate 
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Figure 22. Strength contribution of each component: numbers of reinforce plate effect
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                      (a) Chord                                         (b) Chord-wall                                   (c) Concrete 

Figure 23. Force distributions of each component: position of reinforcing plate effect 
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(a) D273 series                                (b) D300 series                                  (c) D400 series 

Figure 24. Load introduction length above the intersecting region of chord-wall 
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 1 
Figure 25. Predictions of load introduction length above the intersecting region 2 

 3 

 4 

 5 

Table 1 Dimension details of specimens 6 

Specimens 

Nominal dimension of  

chord (mm) 

Nominal dimension of 

brace (mm) 

Punching 

shear 

strength 

u,testP  (kN) 

Axial  

compressive  

load c,testN   

(kN) 
AL   BL   CL   D  T   bl   d  t   

A600-

B1208-NP 
600 1208 584 273 8 1033 199 12 2374 3472 

A600-

B1208-SP 
600 1208 584 273 8 1033 199 12 2437 3565 

A600-

B1208-DP 
600 1208 584 273 8 1033 199 12 2365 3459 

A900-

B1208-NP 
900 1208 584 273 8 1033 199 12 2334 3414 

A900-

B1208-SP 
900 1208 584 273 8 1033 199 12 2401 3512 

A900-

B1208-DP 
900 1208 584 273 8 1033 199 12 2450 3584 

Note: AL  is the length above connecting region; BL  is the length below connecting region; CL  is 7 

the length of connecting region between chord and K-type braces; D  is the diameter of chord wall; 8 

T  is the thickness of chord wall; 
bl  is the length of brace; d  is the diameter of the brace; t  is the 9 

thickness of brace; u,testP  is the punching shear strength of concrete-filled K CHS connection; c,testN  10 

is the axial compression load of chord when the specimen fails at punching shear fracture.11 
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 12 

Table 2 Test results of tensile steel coupons 13 

Item 
Nominal thickness 

(mm) sE  (GPa) yf  (MPa) uf  (MPa) 

Chord wall 8.0 205.1 270.5 486.7 

Brace 12.0 217.0 519.7 582.3 

Reinforcing 

plate 
6.0 203.2 276.2 432.8 

14 
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15 
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 16 

Table 3 Comparison of experimental maximum compressive load and design predictions 17 

Specimens 

Punching shear strength 

(kN) 

Axial compressive load 

(kN) 

AISC design 

strength for 

CFST 

[15] u,AISCN  

(kN) 

EC-4 design 

strength for 

CFST 

[16] u,EC4N  

(kN) 

u,FE

u,test

P

P
 u,test

u

P

P
 

u

u,FEP

P
 

c,test

u,AISC

N

N
  

c,test

u,EC4

N

N
 

Test  

u,testP  

FE 

u,FEP  
Prediction 

[11] 
uP  

Test 

c,testN   

FE 

c,FEN   Prediction 

[11] 
cN  

A600-B1208-NP 2374 2340 2440 3472 3423  3569 3655 4331 0.99  0.97  0.96  0.95  0.80  

A600-B1208-SP 2437 2474 2400 3565 3618  3569 3655 4331 1.02  1.02  1.03  0.98  0.82  

A600-B1208-DP 2365 2407 2440 3459 3521  3569 3655 4331 1.02  0.97  0.99  0.95  0.80  

A900-B1208-NP 2334 2365 2440 3414 3460  3569 3655 4331 1.01  0.96  0.97  0.93  0.79  

A900-B1208-SP 2401 2428 2440 3512 3551  3569 3655 4331 1.01  0.98  1.00  0.96  0.81  

A900-B1208-DP 2450 2499 2440 3584 3655  3569 3655 4331 1.02  1.00  1.02  0.98  0.83  

        Mean 1.01  0.98  0.99  0.96  0.81  

        COV 0.012  0.023  0.029  0.019  0.019  
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