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1. Introduction 

 

Steel coupling beams, taking the advantages of high 

strength, stiffness and energy-dissipation capacity, have 

attracted growing interests in the reinforced concrete shear 

wall systems (Fortney et al. 2007). Previous studies have 

generally focused on the coupling beams which are directly 

inserted into the wall (Harries et al. 1998, Kurama and Shen 

2004, Shahrooz et al. 2004, Xuan et al. 2008, EI-Tawil et 

al. 2010, Eljadei 2012, Hung and Lu 2015, Chan-Anan et 

al. 2016). The energy is absorbed as the steel coupling 

beams undergo inelastic shear deformations and flexural 

hinges are formed at the bottom of wall piers (Shi et al. 

2013). To ensure the energy-absorbing capability of steel 

coupling beams, a reliable connection between the steel 

coupling beam and concrete shear wall is essential. It is 

recognized that the connection is always subjected to brittle 

failure and a sufficient embedding length should be 

guaranteed to ensure the complete load transfer from the 

coupling beam to the shear wall (Park and Yun 2006a, Zhu 

2008, Hosseini et al. 2011, Nie et al. 2014, Gholhaki and 

Ghadaksaz 2016). Recently, Eljadei and Harries (2014) 

proposed a performance design of coupled shear wall 
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systems which were transformed from a coupled core wall 

system to a system of linked wall piers systems. This was 

based on the assumption that the damage of coupling beams 

occurred prior to the plastic capacity of the system. Morelli 

et al. (2016) investigated the seismic behavior of two types 

of coupling beams with beam splices at the middle and end 

of the beam. It was found that the failure occurred at the 

beam splice due to the tearing of the web or the bolt hole. 

Bengar and Aski (2016) found that the coupled shear wall 

systems with steel coupling beams had better ductility and 

energy dissipation capacity than that of RC beams. The 

results showed that the latter. Traditional steel beam-to-wall 

connections have high stiffness to effectively transfer the 

shear forces between coupling beam and wall, but have low 

ductility and suffer from severe strength degradation 

(ASCE 2010). 

To improve the performance of hybrid coupled shear 

walls and enhance its construction efficiency, a new 

detailing of connections between steel coupling beam and 

concrete shear wall is proposed in this paper, as shown in 

Fig. 1. A steel bracket, welded to the flange of the imbedded 

column, projects beyond the face of the concrete shear wall 

and connects to the steel coupling beam through an 

extended bolted connection. The coupling beam is thus 

replaceable, which facilitates and accelerates the restoration 

after major earthquakes. There are rare studies on steel 

coupling beam-concrete shear wall connection with 
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Abstract.  This paper theoretically studies the cyclic behavior of hybrid connections between steel coupling beams and 

concrete shear walls with embedded steel columns. Finite element models of connections with long and short embedded steel 

columns are built in ABAQUS and validated against the test results in the companion paper. Parametric studies are carried out 

using the validated FE model to determine the key influencing factors on the load-bearing capacity of connections. A close-form 

solution of the load-bearing capacity of connections is proposed by considering the contributions from the compressive strength 

of concrete at the interface between the embedded beam and concrete, shear yielding of column web in the tensile region, and 

shear capacity of column web and concrete in joint zone. The results show that the bond slip between embedded steel members 

and concrete should be considered which can be simulated by defining contact boundary conditions. It is found that the load-

bearing capacity of connections strongly depends on the section height, flange width and web thickness of the embedded 

column. The accuracy of the proposed calculation method is validated against test results and also verified against FE results 

(with differences within 10%). It is recommended that embedded steel columns should be placed along the entire height of shear 

walls to facilitate construction and enhance the ductility. The thickness and section height of embedded columns should be 

increased to enhance the load-bearing capacity of connections. The stirrups in the joint zone should be strengthened and 

embedded columns with very small section height should be avoided. 
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embedded steel columns. 

This paper theoretically investigated the mechanical 

behavior and failure mode of the connection between steel 

coupling beams and shear walls by means of embedded 

steel columns. The influence of the length of embedded 

steel columns was studied. Finite element models of the 

proposed connections with embedded steel columns were 

built in ABAQUS, and were validated against experimental 

results. Parametric studies were carried out to investigate 

the influence of dimension and location of embedded 

columns on the performance of connections. Based on the 

experimental and numerical studies, a close-form solution 

of the load-bearing capacity of connections was finally 

proposed. The theoretical results were compared with 

experimental and numerical results. 
 

 

2. Brief description of experiments 
 

The detailed layout and results of tests were presented in 

a companion paper by the authors (Li et al. 2016). Fig. 2 

shows the details of the tested connections with short (1100 

mm) and long (2900 mm) embedded steel columns. 

Dimensions of two of the tested specimens are listed in 

Table 1. 
 

 
 

 

 

3. Numerical modeling and validation 
 

3.1 Finite element modeling 
 

The 8-nodes 3D solid element, C3D8R, was used for 

structural steel members, concrete shear walls and the end-

plate with bolts. The 2-nodes linear truss element, T3D2, 

was used for modeling reinforcing bars. To improve the 

accuracy and efficiency of simulation, a fine mesh was used 

for the joint panel, and a relatively coarse mesh for other 

regions, especially the supporting beam and steel coupling 

beam. The FE models of the specimens DJ and CJ are 

shown in Fig. 3. The shear wall was fixed on the supporting 

beam. 

The bilinear kinematic hardening model of Mises 

yielding criteria and related flow rules were used for all 

steel members and reinforcement. The material properties 

of steel were taken from the uniaxial tensile tests. The yield 

strengths of steel beams, embedded columns, reinforce-

ments, stirrups were 284 MPa, 329 MPa, 557 MPa and 317 

MPa, respectively. Their ultimate strengths were 442 MPa, 

480 MPa, 573 MPa, 535 MPa, respectively. The Young’s 

modulus of steel was taken as 200 GPa. High strength 

grade10.9 friction-grip bolts were used for the beam-to 

beam connection. The 28-day compressive strength of 

 
 
 

 

Fig. 1 Schematic of connections between steel coupling 

beam and concrete shear wall with embedded 

steel columns 

 
 

(a) Long embedded steel column (b) Short embedded steel column 

Fig. 2 Layout of the tested connections with short and long embedded columns (all units in mm) 

Table 1 Parameters of specimens (units: mm) 
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DJ 
Short 

column 
800×300×3000 1100 Monotonic 

DW 
Short 

column 
800×300×3000 1100 Cyclic 

CJ 
Long 

column 
800×300×2000 2900 Monotonic 

CW 
Long 

column 
800×300×2000 2900 Cyclic 
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concrete was 30.1 MPa. The stress-strain relation of 

concrete was based on GB (2010), as shown in Fig. 4. The 

damage plastic model in ABAQUS was used for concrete 

(Zhang et al. 2008, Ren and Li 2015). 

 

 

 

 

 

 

 

 

Two types of bond relation between embedded steel 

members and concrete were considered in this study: (1) no 

bond slip was considered by using ―tie‖; (2) consider the 

friction sliding by using face-to-face ―contact‖. The bond 

  

(a) Short embedded column (DJ) (b) Long embedded column (CJ 

Fig. 3 The FE model of the tested connections with short and long embedded columns 
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(a) Compression (b) Tension 

Fig. 4 Stress-strain relationship of concrete 

  

(a) DJ (b) CJ 

Fig. 5 Predicted stress distribution in steel members and reinforcement at failure of specimens 
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Fig. 6 Comparison of measured and predicted load-displacement curves for the specimens 
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relation is used to simulate the shear resistance provided by 

shear studs placed on the flanges of embedded column. A 

friction coefficient should be defined for the tangential 

contact between the embedded steel member and concrete. 

The friction coefficient mainly depends on the arrangement 

of the shear studs on the flanges of the column. The short 

and long embedded columns have different number of studs 

and thus different friction coefficients. Two friction 

coefficients of 0.25 and 1.0 were used for the short and long 

embedded column, respectively. They were determined by 

parametric studies in which the same stiffness of the 

connection was ensured by comparing the predicted and 

measured load-displacement curve, as shown in Fig. 6. The 

separation of embedded steel members and concrete was 

allowed in the normal direction. The reinforcement was 

embedded in the concrete (i.e., share the same nodes with 

the concrete wall) and thus no bond slip between 

reinforcement and concrete was considered. 
 

3.2 Validation against test results 
 

The stress distributions in the steel members and 

reinforcement for the specimens DJ and CJ at failure are 

shown in Fig. 5. The yielding part is in red and elastic state 

is in blue. The failure modes for the short and long-column 

connections were different. For the short-column 

connection (DJ), the steel column remained elastic and the 

vertically distributed reinforcement in the tension side first 

yielded (Fig. 5(a)). The yielding of reinforcement was 

caused by the rigid rotation of steel column resulting from a 

short anchorage length and thus high flexural stiffness. The 

long-column connection CJ failed due to the shear yielding 

of the web of the embedded column in the joint panel, 

followed by the yielding of the column web and 

reinforcement in the tension side (Fig. 5(b)). The premature 

shear yielding of the column web was attributed to the S-

shape deformation of the embedded long column due to its 

small flexural stiffness. 
 

 

 

 

Fig. 6 shows the comparison of measured and predicted 

load-displacement curves for the specimens DJ and CJ. The 

effect of bond slip between embedded steel members and 

concrete using the ―Tie‖ and ―Contact‖ was studied. In 

general, these two types of bond conditions produced 

similar results for the ultimate load-bearing capacity of 

connections. The predicted load-bearing capacity from the 

tie bond was larger than that from the contact bond. The 

increased capacity was due to the higher stiffness in the tie 

bond model than the reality since the tie bond cannot 

simulate the slip between steel members and concrete. This 

slip became more severe after the cracking of the wall. The 

contact bond can capture the slip and thus gave a better 

agreement with the test results. The descent stage of load-

displacement curves depended on the softening part of the 

constitutive model, especially the complex concrete damage 

and slip between reinforcement and concrete. This is 

beyond the scope of this paper. The comparison of observed 

and predicted failure model of the specimen DJ and CJ is 

shown in Figs. 7 and 8, respectively. For the specimen DJ as 

shown in Fig. 7, a through crack formed along the interface 

between embedded column and concrete, extending from 

the left top to the right, which was also predicted by the 

numerical model. The cracking in the long-column 

connection (Fig. 8) was concentrated in the tension side and 

the numerical prediction agreed well with the test 

observation. Therefore, the tension contour of concrete in 

ABAQUS can reasonably represent the practical cracking 

pattern of the shear wall, and thus the FE model is capable 

of reasonably simulating the mechanical behavior of shear 

walls. 

Table 2 summaries the test and numerical results of 

load-bearing capacities of the connections. For the 

specimens DJ and CJ, the numerically predicted bearing 

capacities were 592 kN and 732 kN, respectively, compared 

to measurements of 569 kN and 765 kN. Good agreement 

was obtained since the errors were within 5%. 
 

 

 
 

  

(a) Test (b) Numerical analysis 

Fig. 7 Comparison of measured and predicted cracking pattern of the specimen DJ 

  

(a) Test (b) Numerical analysis 

Fig. 8 Comparison of measured and predicted cracking pattern of the specimen CJ 
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4. Parametric study 
 

To further study the mechanical behavior of the 

proposed connection, parametric studies were conducted by 

varying the dimension and location of embedded steel 

columns. The influencing factors and their variation range 

are listed in Table 3. These included the column length (900 

mm ~ 2900 mm), embedment depth (100 mm ~ 300 mm), 

flange width (100 mm ~ 300 mm), section height (100 mm 

~ 400 mm), flange thickness (8 mm ~ 24 mm) and web 

thickness (6 mm ~ 14 mm) of embedded columns. Only one 

parameter was changed with others kept constant. 

For a convenient comparison between theoretical 

predictions and test measurements hereafter, the moment 

resistance of the connection was used instead of ultimate 

loads. This is because the load-bearing capacity of the 

connection deduced in Section 5 was in a form of bending 

moment resistance. The moment resistances of the 

specimens were calculated from the measured force-

displacement curves (by multiplying the force with the 

length of the cantilever coupling beam). 

 
 

4.1 Influence of column length Lc 
 

Fig. 9 shows the variation of load-bearing capacity of 

the connection against the length of the embedded column 

Lc. The load-bearing capacity increased as the column 

length increased. There was an obvious cut-off point on the 

curve. The increasing rate of load-bearing capacity for Lc > 

1500 mm was far smaller than that for Lc < 1500 mm. The 

different rates can be explained by different failure modes 

for the connections with short and long embedded columns. 

For longer columns (greater than a certain critical length), 

the shear capacity of column web in the joint panel 

governed the ultimate bearing capacity of the connection. 

While for shorter columns, the column web remained 

elastic and experienced rigid rotation, and thus the failure of 

connection was governed by the yielding of reinforcement 

in the tensile side around the column. 
 

4.2 Influence of column length dc 
 

Fig. 10 shows the linear variation of load-bearing 

capacity of connections with the embedment depth of 

columns dc. The deeper the embedded column, the larger 

compression area of the interface between the bracket beam 

and concrete, and thus the higher load-bearing capacity of 

connections. 
 

4.3 Influence of section dimension (bf, tf, hw, tw) 
 

The variations of load-bearing capacity of connections 

against the dimensions (bf, tf, hw, tw) of column cross-section 

are shown in Fig. 11. The load-bearing capacity of 

connections was sensitive to the height of the column web 

followed by the flange width and web thickness. The flange 

thickness of columns had little effect given differences of 

3%. 
 

 

5. Analytical study 
 

This section presents the analytical model of the load-

bearing capacity of connections between steel coupling 

beam and shear wall with long embedded steel columns 

(which shows better load-bearing capacity than that with 

 

 

Table 2 Comparison of measured and predicted load-bearing 

capacities of connections 

Specimen 
Bearing capacity 

from test (kN) 

Bearing capacity of 

FEM (contact) (kN) 

Absolute 

error 

DJ 569 592 3.9% 

CJ 765 732 4.3% 
 

Table 3 Variation of influencing factors (all units in mm) 

No. Lc dc bf hf tf tw 

1 900~2900 100 200 200 8 14 

2 2900 100~300 200 200 8 14 

3 2900 100 100~300 200 8 14 

4 2900 100 200 100~400 8 14 

5 2900 100 200 200 8~24 14 

6 2900 100 200 200 8 6~14 
 

 

Fig. 9 Variation of load-bearing capacity of connections 

against Lc 

 

Fig. 10 Variation of load-bearing capacity of connections 

against dc 
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short column). Wu et al. (2014) proposed a mechanical 

model for determining the load-bearing capacity of long-

column connections, as shown in Fig. 12. The moment was 

resisted by a couple of opposite and equal forces: 

compression provided by concrete (C) and tension by 

reinforcing bars (T). The flexural capacity can be calculated 

by the product of the force and predefined arm. However, 

this model did not consider the contribution of concrete in 

the joint zone and shear capacity of column web to the load-

bearing capacity of connections. No calculation formula 

was provided for the determination of tension T or compre- 

ssion C. In addition, for connections with embedded steel 
 

 

  

(a) bf (b) hw 
 

 

 

 

(c) tf (d) tw 

Fig. 11 Variation of load-bearing capacity of connections against the size of cross-section of columns 

 

Fig. 12 Schematic of load transmission by Wu et al. (2014) 

  

(a) Shearing failure (b) Bearing failure 

Fig. 13 Failure modes for RCS connections by Sheikh et al. (1989) 
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column, the tension or compression will not reach their 

yielding strength at the failure of the connection due the 

strong anchorage of the column. 

The steel beam-to-concrete wall connection proposed in 

this study is similar to RC columns–steel beam (RCS) 

connections. Sheikh et al. (1989) conducted a series of 

experiments on 15 RCS connections (7 monotonic loading 

tests and 8 cyclic loading tests). Two failure modes were 

found (Fig. 13): shear failure caused by the yielding of steel 

beam web and shear failure of concrete in the joint zone, 

and bearing failure due to the crushing of concrete around 

the steel beam flange and column. The proposed beam-to-

wall connection shows some differences from RCS 

connections. Firstly, only one side of the wall suffers from 

the load transmitted by the steel coupling beam. Secondly, 

the thicknesses of concrete on two sides of embedded steel 

column are different. These two differences may result in 

the residual strength of connection after the crushing of 

concrete near the coupling beam, and different stiffness and 

strength of the compression and tension regions. This 

facilitates the yielding of reinforcement in the tension 

region. Therefore, the failure mode of shear yielding of 

steel column web together with concrete bearing failure was 

assumed in this study for connections with long embedded 

columns. 

 

5.1 Assumptions for mechanical analysis 
 

The following assumptions were made to determine the 

load-bearing capacity of connections: 
 

(1) Only the compressive strength and shear strength of 

concrete were taken into account (the tensile strength 

was ignored); 

(2) The concrete around the flange of embedded steel 

coupling beam reached its compressive strength and 

rectangular stress block was assumed; 

(3) The shear force Vb transmitted by steel coupling 

beams was resisted by a combination of two parts 

(Eq. (1)): compressive force Vdc provided by 

concrete around the embedded coupling beam and 

shear resistance Vsd afforded by headed studs along 

 

 

the embedded steel column flange (Fig. 14). The 

direction of Vsd should be determined by the force 

equilibrium equation. The strength of shear stud 

should be checked to avoid the anchorage failure 

based on design requirements. 
 

𝑉𝑏 = 𝑉𝑑𝑐 + 𝑉𝑠𝑑  (1) 
 

(4) For both steel beam and embedded column, the shear 

force was resisted by their web while the moment 

was resisted by flanges. Compressive and tensile 

forces Pb formed at the flanges of embedded beams 

can be calculated by Eq. (2). As shown in Fig. 16, 

Mb represents the moment at the joint zone caused 

by the shear force Vb  in the coupling beam; Mdc 

denotes the moment resisted by compression force 

Vdc in the concrete along the embedment distance; 

Mb′  represents the moment at the interface between 

steel column and beam. 
 

𝑃𝑏 =
𝑀𝑏

′

𝑏
,  𝑀𝑏

′ = 𝑀𝑏 −𝑀𝑑𝑐  (2) 

 

5.2 Formula for the load-bearing 
capacity of connection 

 

The simplified mechanical model and dimension of 

members are shown in Fig. 15. The section height, web 

height, flange thickness of steel coupling beam are 

represented by hb, hb0 = hb ‒ 2 ∙ tfb, respectively. The section 

height, web height, flange thickness of the embedded 

column are denoted by hc, hc0 = hc ‒ 2 ∙ tf, tfb, respectively. 

The embedment distance of steel column from the edge of 

the wall is dc, and the thickness of shear wall is tq. The 

beam and column have the same the flange width bf. The bi 

represents the thickness of concrete within the half flange of 

embedded steel column while bo represents the distance 

between the external edges of steel column and reinforcing 

cage. 

Fig. 16 shows the schematic of mechanical analysis and 

deformation of the proposed connection. The sufficient 

anchorage of the long embedded column prevented the rigid 

 

 

 

Fig. 14 Schematic of shear force transmission in 

the connection 

 

Fig. 15 Dimensions of the proposed connection 

with embedded steel columns 
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rotation of column as shown in Fig. 16(a). On the contrary, 

if the column section connected to the beam had insufficient 

shear resistance Vgj as well as the shear yielding of column 

web and shear failure of concrete in the joint zone, plastic 

hinges may form and plastic rotation of the connection 

occurred, as shown in Fig. 16(b). The load-bearing capacity 

of the connection can be expressed as 
 

𝑀𝑏
′

𝑏
= 𝑉𝑗𝑙 + 𝑉𝑗  (3) 

 

where Vjl represents the shear capacity of tensile region of 

the connection; Vj represents the shear capacity of joint 

panel zone. 

In summary, there are three components for the moment 

resistance of the connection: 
 

(1) Moment resistance Mdc provided by concrete in 

compression within the embedment distance dc of 

steel beam; 

(2) Moment resistance Mc provided by shear yielding of 

reinforcement within column length in the tensile 

column web in the tensile region or yielding of all 

side; 

(3) Moment resistance Mj offered by the shear yielding 

of column web and shear failure of concrete in joint 

zone. 
 

The ultimate bending capacity of the proposed connec-

tion is expressed in Eq. (4) as 
 

𝑀𝑢 = 𝑀𝑑𝑐 + 𝑀𝑐 + 𝑀𝑗  (4) 

 

 

 

 

The test results showed the crushing and spalling of 

concrete at the interface of wall and embedded steel beam at 

the failure of connections. Therefore, it was assumed that 

the concrete reached its compressive strength. The stress 

distribution in concrete along the embedment length was 

simplified to equivalent rectangular stress block, as shown 

in Fig. 17. The depth of the stress block ―x‖ was taken as dc 

multiplied by β1 (GB 2010, Park and Yun 2005). The 

moment Mdc caused by this compressive stress block along 

the rotation center is expressed in Eq. (5) as 
 

𝑀𝑑𝑐 = 𝛽1 ∙   1 −
𝛽1

2
 ∙ 𝑑𝑐 ∙ 𝑏𝑓 ∙ 𝑑𝑐 ∙ 𝑓𝑏  (5) 

 

where f ′c is the compressive strength of concrete; fb is the 

bearing strength of concrete which depends on the width of 

steel coupling beam bf and the thickness of shear wall tq. 

The method by Kriz and Raths (1965) was used in this study 

to determine fb as 
 

𝑓𝑏 = 4.5 ∙  𝑓𝑐
′ ∙  

𝑡𝑞
𝑏𝑓
 

0.60

 (6) 

 

Calculation of Mc 
 

The FE analysis showed two failure modes of 

connections with long embedded column. If the shear 

strength of column web was large enough that all 

reinforcement within column length on the tensile side 

yielded. Otherwise, shear yielding failure of column 

occurred. 

Fig. 18 shows the mechanical model for determining 

shear strength the tensile part of the joint. The parameters 

Vc, Vgj, Vjl represent the resultant yielding force of all 

reinforcing bars within column length, shear strength of 

column web, shear capacity of tensile region of the 

connection, respectively. The Vjl was taken as the minimum 

value of Vg, Vgj as in Eqs. (7) and (8) 
 

𝑉𝑗𝑙 = 𝑉𝑔 ,       𝑖𝑓       𝑉𝑔𝑗 > 𝑉𝑔  (7) 
 

𝑉𝑗𝑙 = 𝑉𝑔𝑗 ,       𝑖𝑓        𝑉𝑔𝑗 < 𝑉𝑔  (8) 
 

The parameters Vgj and Vg can be calculated as 

  

(a) Long embedded column (b) Short embedded column 

Fig. 16 Schematic of mechanical model of connections with different lengths of embedded columns 

 

Fig. 17 Schematic of stress distribution in the concrete 

for calculating Mdc 
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𝑉𝑔𝑗 = 0.58 ∙ 𝑓𝑦 ∙ 𝑐0 ∙ 𝑡𝑤  (9) 

 

V𝑔 =
 𝐿𝑐 − 𝐻𝑏 

𝑠
∙ 𝑓𝑣𝑦 ∙ 𝐴𝑣𝑠  (10) 

 

Where tw is the thickness of steel column web; fy is the 

yield strength of column web; Hb is the section height of 

steel coupling beam; Avs is the area of single vertical 

distributed reinforcing bar in shear wall; s is the spacing of 

reinforcing bars; fvy is the yield strength of reinforcing bars. 

As the embedded steel column is usually placed along 

the entire height of shear wall, it is not likely for the 

occurrence of the yielding of all reinforcement in the wall. 

In this study, only the shear yielding of column web was 

considered and thus Mc can be calculated by Eq. (11) as 

 

𝑀𝑐 = 𝑉𝑗𝑙 ∙ 𝑏  (11) 

 

Calculation of Mj 
 

Based on the research on RCS connections (Parra-

Moniesinos and Wight 2001, Shen 2007, Zhang 2008), a 

new model to determine Mj was proposed according to the 

shear deformation of the joint panel. There are three 

mechanisms contributing to the shear strength of the joint 

panel (Fig. 19): (a) column web mechanism; (b) inner strut 

mechanism from concrete; (c) outer truss mechanism from 

stirrups. The shear capacity of the connection 𝑉𝑗  is 

expressed in Eq. (12) as 

 

𝑉𝑗 = 𝑉𝑤 + 𝑉𝑗𝑐 + 𝑉𝑗𝑜  (12) 
 

Thus 
 

𝑀𝑗 = 𝑉𝑗 ∙  𝑏 − 𝑡𝑓𝑏   (13) 

 

 

 

 
 

where Mj is the flexural capacity of the joint panel; Vwh is 

the shear strength of steel column web in the joint panel; Vjc 

is the shear capacity of concrete through inner strut 

mechanism in the joint panel; Vjo is the shear capacity 

through outer strut mechanism in the joint panel. 
 

(a) Calculation of Vwh 

Previous studies showed a non-uniform distribution of 

strain in the joint panel of steel beam-concrete column 

connection (Parra-Moniesinos and Wight 2001), as shown 

in Fig. 20(a). Test results showed that after yielding the 

ultimate shear strain exceeded over 60% of the steel web 

panel width for exterior joints (Parra-Moniesinos and Wight 

2001, Zhang 2008). A trapezoidal distribution of shear 

stresses was thus assumed, as shown in Fig. 20(b). The 

shear strength of the steel web panel can be expressed as 
 

𝑉𝑤 = 𝑘𝑤 ∙
𝑓𝑦

 3
∙ 𝑐0 ∙ 𝑡𝑤  (14) 

 

where 𝑘𝑤 = 0.8 is a reduction coefficient. 
 

(b) Calculation of Vjc 

The test results on RCS connections showed that the 

connection remained elastic before its cracking. The 

concrete in the panel zone resisted most of shear forces. As 

the load increased, there developed diagonal cracking and 

formed strut mechanism, which was similar to the RC 

connections. Due to the confining of the flanges, stiffening 

ribs and stirrups, the shear capacity of RCS connections was 

much greater than that of traditional reinforced concrete 

connections. According to the inner strut model shown in 

Fig. 21, the shear capacity of concrete in the joint zone was 

expressed as (Zhang 2008) 
 

𝑉𝑗𝑐 = 0.6𝜈𝑖𝑏𝑎𝑠𝑒 𝑓𝑐
′ −0.0048𝑓𝑐

′ + 1.13 𝑘1𝑐0𝑏𝑖  (15) 

 
 

 

 

 

 (a) Steel web panel (a) Inner strut (c) Outer truss  

Fig. 19 Mechanisms contributed to the shear capacity of joint panel for calculating Vj 

  

(a) Distribution of shear strain (b) Distribution of shear stress 

Fig. 20 Distribution of strains and stresses in the column web panel (Parra-Moniesinos and Wight 2001) 
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𝑏𝑖 =
 𝑏𝑓 − 𝑡𝑤 

2
 (16) 

  

Where 𝜈𝑖𝑏𝑎𝑠𝑒  is basic strength factor for inner strut, 

𝜈𝑖𝑏𝑎𝑠𝑒 = 1.0; 𝑘1  is a coefficient related to the configuration 

of connections, 𝑘1 = 1.0. 
 

(c) Calculation of Vjo 

For reinforced concrete connections, stirrups play an 
 

 

 

 

important role in improving the seismic performance of 

connections by directly resisting shear load, confining core 

concrete in the joint zone and preventing buckling of 

longitudinal reinforcing bars. Previous experiments on RCS 

connections showed that stirrups usually yielded after the 

shear yielding of column web panel and induced large 

deformation. However, for the ultimate limit state, stirrups 

can still yield. Fig. 22 shows the outer truss mechanism 
 

 

 

Fig. 21 Shear mechanism for inner strut model 

Table 4 Comparison of load-bearing capacity of connections between numerical results and close-form solution 

No. 
Lc 

(mm) 

dc 

(mm) 

tq 

(mm) 

bf 

(mm) 

hc 

(mm) 

tf 

(mm) 

tw 

(mm) 

Ultimate 

displacement 

(mm) 

Ultimate 

capacity 

(kN) 

FEM 

results 

(kN·m) 

Formula 

results 

(kN·m) 

Difference 

(%) 

1 2500 300 400 300 400 16 6 7.1 919 735 850 13.5 

2 2500 250 400 250 300 18 8 7.0 834 626 643 2.7 

3 2500 200 400 200 250 20 10 6.3 726 508 513 1.0 

4 2500 150 400 150 200 22 12 8.0 645 420 399 -4.9 

5 2500 100 400 100 100 24 14 11.6 415 250 227 -9.3 

6 2300 300 400 250 250 22 14 7.7 918 735 719 -2.2 

7 2300 250 400 200 200 24 6 5.6 606 455 403 -11.4 

8 2300 200 400 150 100 16 8 5.7 412 288 223 -22.6 

9 2300 150 400 100 400 18 10 21.1 758 554 572 3.1 

10 2300 100 400 300 300 20 12 14.2 948 559 557 -0.4 

11 2100 300 400 200 100 18 12 6.1 572 458 405 -11.5 

12 2100 250 400 150 400 20 14 17.4 928 775 808 4.2 

13 2100 200 400 100 300 22 6 14.1 578 423 414 -2.2 

14 2100 150 400 300 250 24 8 5.5 719 467 444 -5.0 

15 2100 100 400 250 200 16 10 5.8 646 388 367 -5.3 

16 1900 300 400 150 300 24 10 8.9 784 629 619 -1.7 

17 1900 250 400 100 250 16 12 9.5 655 512 499 -2.4 

18 1900 200 400 300 200 18 14 6.9 790 553 4.96 -10.3 

19 1900 150 400 250 100 20 6 4.5 401 260 213 -18.1 

20 1900 100 400 200 400 22 8 8.5 896 539 527 -2.2 

21 1700 300 400 100 200 20 8 7.9 570 457 440 -3.7 

22 1700 250 400 300 100 22 10 5.9 561 421 329 -21.8 

23 1700 200 400 250 400 24 12 9.5 106 746 744 -0.3 

24 1700 150 400 200 300 16 14 8.2 927 592 572 -3.4 

25 1700 100 400 150 250 18 6 5.7 559 336 309 -8.1 
 

 

Fig. 22 Shear mechanism for outer truss model 
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produced by stirrups. Based on JGJ (2002), the same 

calculation of shear capacity of stirrups as reinforced 

concrete connections was used for RCS connections. The 

shear capacity Vjo was determined as 
 

𝑉𝑗𝑜 = 0.9 ∙ 𝑓yv ∙
𝐴𝑠𝑣
𝑠

∙  𝑏 − 𝑡𝑓𝑏  + 0.4 ∙  𝑓𝑐
′ ∙ 𝑏𝑜 ∙ 𝑐  (17) 

 

Substituting Eqs. (5), (11) and (13) into Eq. (4) yields 

the load-bearing capacity of connections with embedded 

steel column as 
 

𝑀𝑢 = 𝛽1 ∙   1 −
𝛽1

2
 ∙ 𝑑𝑐 ∙ 𝑏𝑓 ∙ 𝑑𝑐 ∙ 𝑓𝑏  

+𝑉𝑗𝑙 ∙ 𝑏 + 𝑉𝑗 ∙  𝑏 − 𝑡𝑓𝑏   

(18) 

 

The above determination of the load-bearing capacity of 

the connection between the embedded column and coupling 

beam is based on the observed failure mode in the test 

conducted by the authors. In the test, a weak connection 

was designed and tested to ensure that failure occurred at 

the connection. In practice, the connection should be over 

designed based on the predicted load-bearing capacity in 

this study to concentrate the failure at the coupling beam. In 

this way, the coupling beam will yield and dissipate 

considerable seismic energy. 
 

5.3 Validation against test results 
 

The proposed analytical solution was first validated 

against test results of CJ. If the yielding strength was used 

in the calculation, a smaller load-bearing capacity (554 

kN·m) was obtained than the test results (613 kN·m) with 

an error of nearly 10%. While by using ultimate strength as 

an alternative, the predicted bearing capacity increased to 

622 kN·m and the error was reduced to 1.4%, which shows 

good agreement with test results. This indicates that the 

steel column web has entered hardening stage when the 

connection reaches its ultimate bearing capacity. 
 

5.4 Verification against FE results 
 

The accuracy of the proposed closed-form solution was 

further verified against FE results by varying the length of 

embedded column Lc, embedment depth dc, flange width bf, 

section height hc, flange thickness tf and web thickness tw. 

The comparison was listed in Table 4. The theoretical 

results agreed well with the numerical results since the 

differences of most cases are within 10%. The large 

differences of about 20% for cases 8, 19, 22 were due to the 

relatively small section height of steel columns that flexure 

failure was easy to take place. This dimension of embedded 

columns should be avoided. 
 

 

6. Conclusions 
 

This paper theoretically studied the cyclic behavior of 

hybrid connections between steel coupling beams and 

concrete shear walls with embedded steel columns. 

Parametric studies were carried out using finite element 

models to figure out the key influencing factors. The 

closed-form solution of load-bearing capacity of the 

proposed connection was deduced and compared with 

experimental and numerical results. The conclusions may 

be drawn as follows: 

The contact boundary condition should be used in the 

FE model to simulate the bond slip between embedded steel 

members and concrete, which shows better stiffness of 

connections. 

Two failure modes were found for connections with 

embedded steel columns in different lengths. The 

connection with long embedded columns under cyclic loads 

failed due to the shear yielding of column web in the joint 

panel while that with short columns failed by the yielding of 

reinforcement restraining the embedded column due to its 

rigid rotation. 

The section height of the embedded column played a 

key role in the load-bearing capacity of connections. The 

flange width and web thickness of columns also have 

significant effects. 

The close-form solution of bending strength of the 

connection was proposed by considering three contributions 

from the compressive strength of concrete at the interface 

between embedded beam and concrete, shear yielding of 

column web in the tensile region, and shear capacity of 

column web and concrete in joint zone. 

The accuracy of the proposed solution of load-bearing 

capacity was validated against experimental results with an 

error of 1.4%, and verified against FE results with 

differences within 10%. 

In practice, it is recommended that the embedded steel 

column should be placed along the entire height of shear 

walls to not only facilitate the construction process but 

enhance the ductility of walls. The diameter and spacing of 

stirrups in a range of one quarter of storey height should be 

increased to enhance the load-bearing capacity of 

connections. The embedded steel column with very small 

section height should be avoided. Face bearing plates (FBP) 

should be placed at the interface of the reinforced concrete 

wall and steel coupling beam to enhance the confining 

effect on the concrete in the joint and the load-bearing 

capacity of the connection. 

In practice, a safety factor of 1.3 is recommended for the 

design strength of the connection to ensure that the yielding 

of the coupling beam occurs before the failure of the 

connection. On the other hand, the bending strength of the 

embedded column should be designed larger than that of the 

coupling beam. A safety factor of 1.1 can be used. In 

addition, a beneficial effect from the compressive forces in 

embedded column is not considered for determining the 

ultimate capacity of the connection, which will further 

increase the safety margin. For the detailing measurements. 

Stiffening ribs should be arranged in the embedded portion 

of coupling beams. The stirrups in the connection region 

should have a spacing no more than 150mm and diameter 

no less than that at the end of the wall. 
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