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A B S T R A C T  A R T I C L E  H I S T O R Y 

 

This work proposes a partially through-beam joint system to connect square concrete-filled steel tubular (CFST) columns 

and reinforced concrete (RC) beams. In the system, the holes in the steel tube allow longitudinal beam reinforcements to be 

continuous through the joint zone to achieve direct load-transfer of the beam, and the square steel tube with holes is 

strengthened by welding diagonal ribs located at the corners of the steel tube. Finite element (FE) analyses on joints with 

RC beams were carried out based on verified models. The analysis results showed that diagonal ribs welded to the joint 

tube confined the concrete in the joint zone efficiently and made up for the reduction in axial load capacity caused by the 

holes of the steel tube, so the joint system can meet the requirements of strong-joint weak-component under axial 

compression with ease. Finally, mechanics-based models and axial strength equations of joints were proposed, and the 

predicted results agreed well with the FE results. These results proved that the square CFST column to RC beam joints 

stiffened by diagonal ribs were feasible and can be applied in engineering practice based on reasonable design . 

 
 

Received: 

Revised: 

Accepted: 

 

 

20 July 2022 

22 August 2022 

10 January 2023 

 K E Y W O R D S 

 
 

Concrete-filled steel tube;  

RC beam;  

Steel-concrete composite joint; 

Diagonal ribs; 

Axial compression behavior 

 

Copyright © 2023 by The Hong Kong Institute of Steel Construction. All rights reserved.   

1.  Introduction 

 

Concrete-filled steel tubular (CFST) columns get more and more 

applications as the main structural elements for resisting both vertical and lateral 

loads in multistory and high-rise buildings [1–4]. Compared with the circular 

CFST columns, the square CFST column has relatively large bending stiffness, 

high bending capacity and convenient construction, and has been well applied 

in engineering. Square CFST columns are usually connected to steel beams or 

reinforced concrete (RC) beams. In consideration of the cost, square CFST 

column to RC beam joints are widely used in China [5]. 

Various joint systems connecting CFST columns with RC beams have been 

proposed. Generally, there are two types of joint systems, namely through-

column and through-beam joints, as shown in Fig. 1. In the through-column 

joint (Fig. 1 (a)), the column steel tube is continuous through the joint zone, and 

the longitudinal reinforcements of RC beams are usually connected to steel 

corbels or stiffening rings which stiffen the joint zone and transfer both the 

shearing forces and bending moments [6,7]. In the through-beam joint (Fig. 1 

(b)), the column steel tube is discontinuous, and the beam longitudinal 

reinforcements pass through the joint zone directly. Besides, the ring beam and 

column longitudinal reinforcements are used to strengthen the joint zone and to 

compensate for the reduction in axial load capacity caused by the discontinuous 

column tube [8–13]. Nevertheless, for through-column joints various stiffeners 

such as stiffening rings are needed to transfer the force from the reinforcements 

and welding on site cannot be avoided, and for through-beam joints the details 

for ring beams are complex and the protruded ring beams are architecturally 

undesirable. 

 

  

(a) Through-column joint [7] (b) Through-beam joint [10] 

Fig. 1 Typical CFST column to RC beam joints 

 

In recent years, a new kind of joint system, namely partially through-beam 

joints, was proposed due to the practical engineering demands, as shown in Fig. 

2. In the partially through-beam joints, the holes in the hollow steel tube allowed 

beam longitudinal reinforcements to be continuous through the joint zone to 

transfer the bending moment and shearing force of the RC beam directly and 

effectively. Besides, the additional outer steel tube [14] or internal diaphragms 

[15] were welded to the joint steel tube to make up for the reduction in axial 

load capacity caused by the holes. The experimental and analytical results 

showed that these joint systems showed good axial and cyclic performance [14–

16]. 

On the basis of previous research, a novel, more simplified and reliable 

partially through-beam joints was proposed in this work. As shown in Fig. 3, 

diagonal ribs were welded to the edge of the hole to confine concrete in the joint 

zone and to co-carry the axial load. The square CFST columns stiffened by 

diagonal ribs were experimentally and analytically evaluated by the authors 

[17,18]. The results showed that: 1) the diagonal ribs changed the buckling 

mode and effectively delayed the local buckling of the square steel tube; 2) the 

diagonal ribs not only confined the steel tube and concrete, but also co-carried 

the axial load; 3) in comparison to square CFST columns with other stiffeners, 

the columns with diagonal ribs had higher strength, better ductility and larger 

energy dissipation capacity under the same steel ratio. Consequently, the newly 

proposed square CFST column to RC beam joints stiffened by diagonal ribs are 

anticipated to possess good mechanical properties. 
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(a) Joint with rectangular holes [14] (b) Stiffiened interior joint [15] 

Fig. 2 Typical partially through-beam joints 

 

However, it remains questionable that whether the proposed joint system 

can meet the requirements of the strong-joint weak-component under axial 

compression due to the holes in the joint steel tube. In this work, the feasibility 

of square CFST column to RC beam joints stiffened by diagonal ribs was carried 

out, and the axial compression behavior of the joints was studied through finite 

element (FE) analyses using ABAQUS. The FE models were verified by the test 

results in relevant literature, followed by extensive parametric analyses. Finally, 

based on the analytical results, the mechanics-based models and axial strength 

equations for the joints were proposed. 

 

 

Fig. 3 Square thin-walled CFST column to RC beam joints 

 

2.  Finite element model 

 

2.1. Model description 

 

(1) Benchmark model  

Fig. 4 shows the details of the benchmark model. The width (Bc) and height 

(Hc) of the column were 300 mm and 1400 mm, respectively. The width (Bb) 

and height (Hb) of the beam were 150 mm and 300 mm, respectively. The width 

of the end sub-plate (b) was 75mm, namely the diagonal ribs were welded at 1/4 

of the column width (i.e., b=1/4Bc). The thickness of the diagonal rib (ts) and 

steel tube (tt) were taken as 8mm. The spacing between two adjacent holes (s), 

the diameter of holes in the diagonal ribs (d) and the width of diagonal ribs (bs) 

were 75mm, 25mm and 106.07mm, respectively. The ratio of hole area to the 

beam cross-sectional area was defined as the hole ratio of joint steel tube (ρ) 

(i.e., ρ=2bh/Hb), which was 0.5 in the benchmark model. The concrete 

compressive strength (fc) was 40MPa and the steel yield strength (fy) was 

345MPa. The yield strength of beam longitudinal reinforcements was 400MPa. 

The studied parameters are listed in Table 1.  

(2) Modeling method 

The concrete was modeled by solid element (type C3D8R). For concrete 

under compression, the Concrete Damaged Plasticity (CDP) model was used to 

model concrete, and the stress-strain relationships proposed by Han et al.[1] and 

GB50010 2010 [19] were applied for the column and beam concrete, 

respectively. For concrete under tension, the stress-strain model was obtained 

by defining the tensile stress and tensile fracture energy presented in CEB-FIP 

MC90 [20]. The elastic modulus and Poisson's ratio of concrete were 

4730*sqrt(fc) and 0.2 [21], respectively.  

 

 

 

Fig. 4 Details of the benchmark model (units: mm) 
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Table 1 

Joint parameters 

Parameter Variables Fixed values 

 

 

Width of end sub-plate (b)  0.25Bc, 0.27Bc, 0.28Bc, 0.30Bc, 0.32Bc, 0.33Bc 1/4Bc 

Width-to-thickness ratio of steel tube (Bc/tt) 18.75, 21.43, 25, 30, 37.5, 50 37.5 

Ratio of diagonal rib thickness to tube thickness 

(ts/tt)  
0, 0.25, 0.50, 0.75, 1.00, 1.25, 1.50 1.00 

Diameter of hole in diagonal rib (d) 0bs, 0.20bs, 0.24bs, 0.40bs, 0.60bs,0.70bs 0.24bs 

Spacing between two adjacent holes (s)  3d, 4d, 5d, 6d, 9d 3d 

Hole ratio of joint steel tube (ρ) 0.5, 0.6, 0.7, 0.8, 0.9, 1.0 0.5 

Concrete compressive strength (fc: MPa) 30, 40, 50, 60, 70, 80 40 

Steel yield strength (fy: MPa) 235, 345, 460, 550, 600, 700, 800 345 

 

Steel tubes and diagonal ribs were simulated by shell element (type S4R), 

and reinforcements were simulated by truss element (type T3D2). The elastic-

perfectly plastic stress-strain model was adopted for steel. The elastic modulus 

and Poisson’s ratio of steel were selected as 206GPa and 0.3, respectively.  

In the FE model, diagonal ribs and beam reinforcements were embedded in 

the concrete. The interface between the steel tube and concrete was modeled by 

surface-to-surface contact interaction, where the hard contact was used for the 

normal behavior and Mohr-Coulomb friction model with a fiction coefficient of 

0.6 was used for the tangential behavior. The column end was fixed, and only 

the vertical degree of freedom of the column top was released. 

As shown in Fig. 5, the mesh size was 1/10 of the column width based on 

sensitivity study.  

 

 

 

Fig. 5 FE model of joints 

 

2.2. Model verification 

 

(1) Square CFST column stiffened by diagonal ribs 

Typical square CFST columns stiffened by diagonal ribs in previous tests 

[18] were simulated. As shown in Fig. 6, the FE model well predicted the initial 

stiffness and peak strength. 

(2) TRC column to RC beam joints 

Similar joint specimens in the literature [11,12] were simulated. As shown 

in Fig. 7 and Fig. 8, the failure modes, initial stiffness and peak strength were 

in good agreement with test results. Based on these verifications, the proposed 

model can be used for further analyses. 
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Fig. 6 Comparison on FE and experimental results for square CFST columns stiffened by diagonal ribs 
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Fig. 7 Comparison on FE and experimental results for circular TRC column to RC beam joints 
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Fig. 8 Comparison on FE and experimental results for square TRC column to RC beam joints 
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3.  Parametric study 

 

As shown in Fig. 9, two failure modes for the interior joints stiffened by 

diagonal ribs were observed based on the strain distribution of the concrete, 

namely the joint failure and column failure. 

(1) Effect of end sub-plate width (b) and hole ratio of joint steel tube (ρ) 

Fig. 10(a) shows the effect of b. The failure mode and peak strength 

remained almost unchanged with b increased from 1/4Bc to 1/3Bc, and the 

requirements of the strong-joint weak-component under axial compression were 

satisfied. Consequently, the end sub-plate width was suggested to be 1/4 Bc -

1/3Bc (i.e., b =1/4Bc -1/3Bc). Note that the beam width also changed with 

variation of b, since the diagonal ribs were welded to the edge of the hole. 

As shown in Fig. 10(b), the peak strength was unchanged due to the same 

column failure with ρ smaller than 0.9. However, the strength was reduced 

obviously and the failure mode was changed to joint failure due to larger ρ of 

1.0. Therefore, ρ should be no larger than 0.9 to avoid excessively weakening 

the joint steel tube and to achieve the strong-joint weak-component. 

Additionally, the potential direct shear failure of the interface between the 

column and beam would occur when ρ was smaller than 0.5 [22]. Consequently, 

it is recommended the hole ratio lager than 0.5 while smaller than 0.9 (i.e., ρ = 

0.5-0.9). 

 

 

 

   

 (a) Column failure (b) Joint failure 

Fig. 9 Failure modes of joints stiffened by diagonal ribs 

 

(2) Effect of thickness of joint steel tube (tt) and thickness of diagonal rib (ts)  

As shown in Fig. 11(a), the peak strength was increased with larger tt, 

whereas the failure mode remained unchanged, as the load capacity provided by 

the column and joint zone varied simultaneously.  

As shown in Fig. 11(b), thicker ts increased the load capacity of the joint 

zone, and thus the peak strength was enhanced significantly for specimens with 

joint failure. However, the strength enhancement was slight after the value of 

ts/tt larger than 0.75, as the failure mode was changed to the column failure and 

the load capacity was provided by the unstiffened CFST column. For ease of 

design, the thickness of the diagonal rib was suggested to be the same as that of 

the steel tube (i.e., ts/tt =1.0). 

(3) Effect of concrete strength (fc) and steel yield strength (fy)  

As showed in Fig. 12, the strength increased linearly with larger fc and fy, 

as fc and fy didn’t change difference of the confinement stress between different 

zones, and thus the failure mode was unchanged. 

(4) Effect of spacing between two adjacent holes (s) and diameter of holes (d) 

As shown in Fig. 13(a), the spacing of holes affected the strength little and 

the failure mode was unchanged. This was attributed to fact that the effective 

cross-sectional areas of diagonal ribs were unchanged. According to Zhou et al. 

[23], the spacing was recommended at least 2.25 times the hole diameter (i.e., s 

≥2.25d) to avoid the potential highly stressed regions between two adjacent 

concrete dowels. 

Fig. 13(b) showed that the strength of specimens decreased with d increased 

from 0 to 0.7bs, but the strength reduction was within 3%, and the failure mode 

was also unchanged. A larger d could facilitate concreting, increase the 

anchorage and improve the load transfer between the steel and concrete, while 

also weak the diagonal ribs. Therefore, the hole diameter (d) is recommended 

to be with the range of 0.2-0.7bs (i.e., d = 0.2-0.7bs). 
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Fig. 11 Effect of ts and tt 
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Fig. 13 Effect of s and d 

 

4.  Prediction for axial load capacity of joint zone 

 

4.1. Plastic stress distribution method 

 

In this section, the plastic stress distribution (PSD) method was firstly used 

to predict the axial load capacity of the joint zone, as the PSD method was 

widely used as the primary method for calculating the strength of steel-concrete 

composite members [24,25]. In the PSD method, steel components are assumed 

to have attained their yield stress in either tension or compression and the 

concrete is assumed to have attained their compressive stress in compression 

[24]. Tension strength of the concrete is neglected. Note that neglecting the local 

buckling of the steel tube was reasonable, as the column steel tubes were 

designed to meet the width-to-thickness ratio limitations in typical standards 

[26]. 
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The axial load capacity of the joint zone depended on the minimum load 

capacity provided by Zones I and II, as shown in Fig. , and thus the load capacity 

of Zone I was focused on due to the holes. Consequently, the axial load capacity 

of joint zone (Nj) was calculated as 

 

j c c tj ty sj syN A f A f A f= + +  (1) 

 

Where Ac, Atj and Asj are the net cross-sectional areas of the concrete, joint steel 

tube and diagonal rib, respectively. fc, fty and fsy are the concrete compressive 

strength, and yield strength of the steel tube and diagonal rib, respectively. 

 

 

Fig. 14 Diagram of joint zone 

 

As shown in Fig. 15, the average ratio and standard deviation of the 

calculated to the FE predicted were 0.827 and 0.045, respectively, indicating 

that the PSD method was very conservative . 

 

0 2000 4000 6000 8000 10000 12000
0

2000

4000

6000

8000

10000

12000

P
re

d
ic

te
d

 v
al

u
e 

(k
N

)

FE results (kN)

Average ratio=0.827

Standard deviation=0.045 
-30%

 

Fig. 15 Comparison between FE results and computation results from PSD method 

 

4.2. Proposed model 

 

Based on the above-mentioned calculation results, the PSD method was too 

conservative due to the unconsidered confinement from the steel tube and 

diagonal ribs to the concrete. Therefore, in this section, the axial load capacity 

for the joint zone was calculated based on the confined concrete theory [27]. It 

was assumed that the arching action acted in the form of second-degree 

parabolas with an initial tangent angle of 45° both in the horizontal and vertical 

directions. Both diagonal ribs and steel tubes were considered to not only 

confine the concrete through horizontal tensile stress, but also carry vertical 

forces through longitudinal compressive stress.  

The axial load capacity of the joint zone (Nj) was calculated as: 

 

j c cc tj tv sj sv jbN A A A N  = + + +  (2)  

,

c
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(3) 

 
'

r e rf k f=  
(4) 

 

Where σcc is the compressive strength of confined concrete. σcc, σtv and σsv are 

the compressive strength of confined concrete and the vertical compressive 

stress of the steel tube and diagonal rib, respectively. Njb is the load capacity 

provided by the RC beam. fr
’ and fr are the effective confinement stress and 

confinement stress, respectively. ke is the confinement effectiveness coefficient.  

For Zone I, the confinement stress was provided by the joint steel tube with 

holes and diagonal ribs. The effectively confined zones were shown in Fig. 16. 

Note that the beam longitudinal reinforcements were mainly used to resist the 

bending moment and thus their confining effect was ignored. Therefore, the 

effective confinement stress was calculated by 

 

'

r ev eh rf k k f=  (5) 

 

Where kev is the vertical confinement effectiveness coefficient of Zone I. keh is 

the horizontal confinement effectiveness coefficient for the square steel tube 

with diagonal ribs.  

 

 

Fig. 16 Effectively confined zones 

 
The confinement stress fr from the diagonal ribs stiffened square steel tube 

with holes was calculated by: 

 

( ) ( )th t sh s r c t2 1 2 cos45 (1 ) 2
d

t t f B t
s

 r − + − = −  (6) 

 

Where σth and σsh are horizontal tensile stress of the steel tube and diagonal rib. 

d and s are the diameter and spacing of the holes on one diagonal rib, 

respectively. ρ is the hole ratio. 

According to Sakino et al. [28], the vertical compressive stress (σtv) and 

horizontal tensile stress (σth) of the steel tube were taken as 0.89fyt and 0.19fyt, 

respectively, which satisfied the von Mises criteria since the steel tube yielded 

at the peak load. Analogously, the vertical compressive stress of diagonal ribs 

σsv and σsh were respectively taken as 0.89fys and 0.19fys due to no local buckling. 

The load capacity provided by the RC beams was [16] 

 

b

'

b hcjN f nb B =  (7) 

 

Where ꞵ is the uneven distribution coefficient of the concrete compressive 

stress of the diffusion cross-section and is taken as 0.33. α is the diffusion angle 

of local compression and is taken as 0.5. n is the number of orthogonal beams. 

Bb and bh is the beam width and hole height. 

As shown in Fig. 17, the average ratio and standard deviation of the 

calculated to the tested and FE predicted is 0.988 and 0.064, respectively. 

Therefore, the proposed axial load capacity equations well predicted the 

strength of the joint zone stiffened by diagonal ribs. 
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Fig. 17 Comparison between FE results and predicted results from proposed model 

 

5.  Conclusions 

 

In this work, the feasibility of square CFST column to RC beam joints 

stiffened by diagonal ribs was carried out, and the axial compression behavior 

of the joints was studied through FE analyses. The following conclusions can 

be drawn: 

(1) Two failure modes, namely joint failure and column failure, were 

observed based on parametric analyses. The results showed that the increase of 

material strength enhanced the joint strength linearly, while not affected the 

failure mode; the thickness of the diagonal rib and hole ratio affected both the 

joint strength and the failure mode.  

(2) The strong-joint weak-componen can be achieved without conducting 

calculation once the following joint details were satisfied, namely the diagonal 

rib was welded at 1/4 to 1/3 times the column width (i.e., b =1/4Bc-1/3Bc), the 

hole ratio was larger than 0.5 while smaller than 0.9 (i.e., the hole area to the 

beam cross-sectional area ratio ρ = 0.5-0.9), the thickness of the diagonal rib 

was the same as that of the steel tube, the spacing between two adjacent holes 

was no less than 2.25 times of the hole diameter (i.e., s ≥2.25d), and the hole 

diameter was within 0.2-0.7 times the diagonal ribs width (i.e., d = 0.2-0.7bs).  

(3) The plastic stress distribution (PSD) method was found to be very 

conservative with the average ratio and standard deviation of 0.827 and 0.045, 

respectively, as the confinement from the steel tube and diagonal ribs to the 

concrete was ignored. Based on the confined concrete theory, the mechanics-

based models were proposed and agreed well with the FE results with the 

average ratio and standard deviation of 0.98 and 0.064, respectively. 
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