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1. Introduction 
 

Concrete-encased concrete-filled steel tubular (CFST) 

column can be conveniently connected to RC beams to 

form beam-column joints (Han et al. 2018). Fig. 1 shows 

the application of various beam-column joints in a frame 

structure, including the interior joint I, the double beam 

joint II, the exterior joint III, the staggered joint IV and the 

unsymmetrical joint V. Though these composite joints have 

many applications, there is a lack of numerical modelling of 

the seismic performance and its failure mechanism. 

The seismic performance of conventional RC joints has 

been continuously studied since the 1970s, and the RC 

joints have been numerically studied by many researchers 

(Lee et al. 2009). Moustafa and Mosalam (2015) studied the 

seismic response of RC pier to bent cap joints. It was found 

that the slab width and slab reinforcement should be 

included for capacity estimation, especially in tension. A 

numerical model for RC beam-column joints was proposed 

by Lima et al. (2017) based on the pivot model. The model  
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could reasonably predict the cyclic behaviour of 

conventional RC joints and could be used in the frame 

structures. De Risi and Verderame (2017) simulated the RC 

beam-column joints with fibre model, while the seismic 

response was not analyzed. Li and Leong (2015) analyzed 

the cyclic behaviour of RC beam-column joints under a 

three-dimensional model, which got reasonably verification 

with test results. Since the stress state of longitudinal rebars 

could be applied to justify the bond-slip relationship 

between concrete and longitudinal rebars (Moustafa and 

Mosalam 2015). It was found that the axial load could 

increase the bond stress of longitudinal rebars in the panel 

zone. A rigid-plastic model was proposed by Kang and Tan 

(2017) to investigate the RC beam-column joints. The rebar 

slippage and rotation of the panel zone were considered in 

the model, and the maximum strength of the joint could be 

calculated based on the force equilibrium at the joint 

interface. However, the hysteretic curve could not be 

obtained based on this model. Hwang et al. (2017) put 

forward the shear strength degradation model for the RC 

beam-column joints. The failure mode was classified by the 

bar-bond failure and the panel zone shear failure, while the 

bar-bond strength could be guaranteed by effective 

connections in the composite joints. Due to the limited 

research method, the conventional RC beam-column joints 

were mostly analyzed by the simplified model. The studied 

axial load level was mostly below 0.5, which indicated the 

conventional RC beam-column joints were not applicable to 

sustain high axial load, especially under cyclic load. 
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The joints with CFST columns behaved similarly to the 

joints with concrete-encased CFST columns. The seismic 

performance of joints with CFST columns was widely 

analyzed by former researchers. Li et al. (2011) conducted a 

FE analysis for the beam-column joints composed of CFST 

column and steel beam. A parameter study was carried out 

on the failure modes, maximum strength and ductility, and 

various failure modes were identified by the beam to 

column bending capacity ratio. The CFST column to steel 

beam joints were also subjected to cyclic loading with bolt 

connection (Lai et al. 2017, De Nardin and El Debs 2018). 

The load-displacement relationships of bolt connections 

were firstly simulated by solid element and then were 

applied in the fibre model of composite joints. The fibre 

model was then used to evaluate load-displacement 

relationships of these joints. Chen et al. (2014) investigated 

the CFST column to RC beam joints analytically. The 

reinforcement ratio and the axial compressive force were 

evaluated through the parametric studies. While the model 

could only simulate the monotonic loading behaviour of the 

composite joint, the cyclic behaviour was not studied by 

FEA model. The joints with CFST columns were mostly 

analyzed by the three- dimensional model. 

 

 

The studied axial load level was under 0.6, which was 

higher than the conventional RC joints, which indicated the 

ductile behaviour of the joints with CFST columns. The 

shear strength of CFST column joints were analysed and 

applied in the fibre model, which showed good agreement 

with the test results (Kang et al. 2015). 

From the aforementioned research, it was found that the 

joints with CFST columns could sustain high axial load 

level under cyclic loading with favorable ductility. The 

composite joints with concrete-encased CFST columns 

could reduce the steel tube dimension compared to the joint 

with CFST columns, and the outer concrete could protect 

the steel tube from local buckling, which was beneficial for 

the seismic performance. In spite of the general lack of 

analysis on the seismic performance of the concrete-

encased CFST column to RC beam joints, the simulation of 

that kind of joint has been conducted by Zhang et al. 

(2018). A tri-linear restoring force model was proposed 

based on the FEA model, nevertheless, the simulated 

hysteretic curve could not reflect the pinching phenomenon 

for the concrete cracking behaviour was not considered in 

the model. This paper aims to present a numerical analysis  

 

Fig. 1 Applications of concrete-encased CFST column to RC beam joint 
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of the seismic performance of the composite joints, which 

could provide the internal force distributions and the 

deformation distributions of the composite joints. 

Furthermore, the constructional details of the connections 

could be investigated based on the FEA model. Besides, the 

verified FEA model made it possible to conduct a large 

amount of parameter analysis to define the parameter ranges 

of typical failure modes. 

 

 

2. FEA modelling 
 

The beam-column joint model was established to 

analyze the joints introduced in the companion paper (Ma et 

al. 2019) based on the ABAQUS/Standard module (Simulia 

2017). Fig. 2 illustrated the schematic view of the beam-

column joint FEA model. The details of other joints (i.e., 

joint types I, II, III, IV and V) could be found in Fig. 1 and 

the companion paper (Ma et al. 2019). 

 

2.1 materials 
 

The material properties of concrete and steel were both 

considered by monotonic behaviour and hysteretic 

behaviour separately. For concrete, the concrete damaged 

plasticity (CDP) model (Lee and Fenves 1998) could 

consider the degradation of concrete and be used to 

simulate the hysteretic behaviour of concrete. The strength  

 

 

improvement of concrete under 3-D stress state could be 

achieved by considering the lateral confining pressure of 

concrete in the three-dimensional model, while the ductility 

improvement was not considered sufficiently. Therefore, the 

column section and the beam section were divided into 

three and two regions respectively, as shown in Figs. 2(c) 

and 2(d). The section division could define the stress-strain 

relationships of core concrete (Han et al. 2007), outer 

stirrup-confined concrete (Han and An 2014) and concrete 

cover (Attard and Setunge 1996) respectively. In that 

circumstance, the confinements and ductility improvement 

could be taken into consideration. The uniaxial strength of 

three kinds of concrete was the same as shown in Fig. 3(a). 

In order to consider the degradation of concrete under 

cyclic loading, Li and Han (2011) proposed the assumption 

of “focal points”. The hysteretic behaviour of core concrete 

was shown in Fig. 3(b) as an example. The compressive 

damage variable dc and tensile damage variable dt have 

been defined in the “focal points” assumption (Li and Han 

2011). The recovery stiffness factors ωc and ωt defined the 

stiffness recovery as the load changes from tension to 

compression and on the contrary, respectively. The 

compressive stiffness recovery factor ωc was set as 0.5 for 

the outer concrete. Meanwhile, the compressive stiffness 

recovery factor ωc was set as 1 for core concrete to consider 

the confinements (Ma et al. 2017). The tensile recovery 

stiffness factor ωt was set as 0 for all concrete. 

 

 
Fig. 2 Schematic view of FEA model 
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As the tensile behaviour was slightly influenced by the 

confinements, the unified uniaxial tensile model (Shen et al. 

1993) was drawn on three types of concrete. The concrete 

elastic modulus Ec was set as '

cf4730  (MPa), according 

to ACI318-14 (2014). Moreover, the concrete Poisson’s 

ratio was set as 0.2. 

For the monotonic behaviour of steel components, the 

steel components followed the Von-Mises yield criterion. 

Considering the strain-hardening effects, the hardening 

modulus of 0.01Es was applied in the isotropic hardening 

rule as shown in Fig. 4(a). For the hysteretic behaviour of 

steel components, the Bauschinger effects were considered 

in both steel tube and rebars. The Clough model (Clough 

1966) was used to simulate the longitudinal rebars for the 

reason that the Clough model could consider the slippage 

effects to some extent, which could not be directly 

considered in the interaction behaviour. Although the 

Clough model could not consider the slippage meticulously, 

it was the most efficient method currently. The combined 

hardening model was used to simulate the steel tube, the 

model of which could consider the Bauschinger effects and 

isotropic behaviour under cyclic loading simultaneously as 

shown in Fig. 4(b). The parameters defining the cyclic 

behaviour were determined according to the previous study 

of CFST members (Han and Yang 2005). 
 
 

 
 

 
 
2.2 Interaction 
 

The steel tube and its surrounding concrete were 

connected by the surface contact interaction, the parameter 

of which could refer to past researchers (Ma et al. 2017, Ma 

et al. 2018, Qian et al. 2016). 

Though the concrete damaged plasticity model could 

consider the damage and degradation of concrete, the 

opening and closure of cracks (Goto et al. 2010) were not 

considered in the constitute model. Four discrete cracks 

were set up to take this effect into consideration. Since the 

cracks focused on the region between panel zone and 

members in the test, these discrete cracks lied in the 

boundary of the panel zone and beam ends, as well as the 

boundary of the panel zone and column ends as shown in 

Fig. 2. For the sake of simulating the cracks, the “hard” 

contact and Coulomb friction were applied in the normal 

direction and tangential direction separately. The frictional 

parameters could refer to the provision of ACI 318-14 

(2014). Through applying the discrete cracks in the model, 

the opening and closure of cracks could be simulated in the 

model. Moreover, the reasonable pinching phenomenon in 

the hysteretic curve could be captured to a certain extent. 

The column end plate and beam end plate were 

connected strongly with the column and beam respectively 

in the test. Therefore, the “tie” constraint was used to 

connect the column end plate and column, and the same 

constraint was used between beam end plate and the beam. 

  
(a) Monotonic behaviour of three kinds of concrete (b) Hysteretic behaviour of core concrete 

Fig. 3 Stress-strain relationships of concrete 

 
 

(a) Hysteretic behaviour of steel rebars (b) Hysteretic behaviour of steel tube 

Fig. 4 Stress-strain relationships of steel 
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The longitudinal rebars were connected to the connections 

by “coupling” within the welding length, and the rest parts 

of rebars were “embedded” in the outer concrete. The nodes 

of rebar within the welding length and anchorage range 

were coupled to the corresponding nodes in the 

connections. The aforementioned interactions were 

illustrated in Fig. 2. 

 
2.3 Boundary condition and mesh 
 

The loading boundary condition was the same as that in 

the test (Ma et al. 2019) and also shown in Fig. 5. The axial 

load was applied on the column end plate, which was tied to 

the top surface of the column. The upper column end plate 

was constrained in the displacements along the x and z axes 

and rotations in the xz and xy planes. The bottom column 

end plate was additionally constrained in the displacement 

along y axis. The cyclic loading was applied on the beam 

end plate, which was tied to the surface of the beam. The 

beam end plate was constrained in the displacements along 

the x axis and rotations in the xz and xy planes. The loading 

procedure could refer to the test loading procedure. The 

constant axial load was applied on the upper column end 

plate in advance. Afterwards, the cyclic vertical load was 

imposed on the beam end plates. 

8-node three-dimensional solid elements were used to 

simulate the concrete. 4-node shell elements were used to 

simulate the steel tubes and connections. 4-node shell rigid 

elements were used to simulate the end plates. Both the 

solid elements and shell elements were simulated in reduced 

integration. 2-node linear truss elements were used to 

simulate the longitudinal rebars and stirrups. The sensitivity 

analysis was conducted and the typical mesh sensitivity 

could be seen in Figs. 2(a) and 2(b). 
 
 

3. Validations of the FEA model 
 

The connections and joint types in the previous research 

(Liao et al. 2014, Xiang et al. 2017) were different from 

those in this paper. Furthermore, the failure modes in the 
 
 

 

Fig. 5 Boundary conditions of joints 

previous research were mainly beam bending failure, which 

has been studied in this paper. Therefore, the established 

beam-column joints model, as introduced above, was only 

verified by the test results in the companion paper (Ma et al. 

2019). The measured and calculated results were shown in 

Table 1. Although the conservative predictions were 

obtained in some specimens (J3-1, J5-1 & J5-2), which was 

due to the uniform strength degradation parameters of 

concrete. The mean value of the predicted maximum 

strength to measured maximum strength ratio Puc/Pue was 

0.955 and the corresponding standard deviation was 0.068. 

It could be concluded that the FEA model could make an 

appropriate simulation of the joint bearing capacity. 

 

3.1 Brief summary of experimental results 
 

The seismic performance of that kind of composite 

joints has been experimentally investigated (Ma et al. 

2019). Thirteen plane beam-column joints in transverse and 

longitudinal directions were studied separately, which could 

represent the spatial joint in the actual engineering. The 

constant axial load was applied to the column in advance. 

The cyclic vertical load was imposed on the beam 

afterwards. The failure modes of the beam-column joints 

could be classified to four types. Failure mode A is beam 

bending failure and failure mode B is beam bending-shear 

failure. Failure mode C and failure D are column 

compression-bending failure and panel zone shear failure, 

respectively. Each failure mode was determined by the 

bearing capacity of the corresponding component. Though 

the load versus displacement relationships have already 

been studied in the experimental study, the stress state of 

concrete and steel components could not be captured. 

Although diverse connections have been proposed for the 

concrete-encased CFST column to RC beam joints in 

previous research, including holes in steel tube, ring beam, 

steel bracket. Four types of connections were proposed to 

connect the longitudinal rebars in beam to the steel tube in 

the column effectively in this study, e.g., ring plate 

connection, sleeve connection, wing plate connection, and 

anchorage connection. It was found that the connections 

kept intact in the test. For the conventional RC joints, the 

failure modes could be classified as shear failure and bond 

failure (Lee et al. 2009). Actually, the bond failure could be 

avoided by the connections in the beam-column joints 

discussed in this paper. More details about the experimental 

results can be found in the companion paper (Ma et al. 

2019). 
 
3.2 Failure modes 
 

The verifications of typical failure modes for the joint 

specimens were shown in Fig. 6. For different failure 

modes, concrete crack distributions could reflect the 

characteristic of the failure mode, which was represented by 

the equivalent plastic strain (PEEQ) in the FEA model. The 

PEEQ distributions in the predicted failure modes were 

consistent with the observed failure modes, and the 

simulated plastic hinge length and the main diagonal crack 

coincided approximately with the observed failure modes. It  
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indicates that the FEA model could predict the spalling and 

crushing of concrete. Although the diagonal cracks in the 

beam bending-shear specimen J4-2 were not reflected by 

the PEEQ distributions directly, the predicted main diagonal 

cracks region was consistent with the measured results. The 

exposed view of the inner steel components was also shown 

in Fig.6. The Von Mises stress could justify the stress state 

of steel components, therefore the Von Mises stress 

distributions were compared with the observed exposed 

view of the inner steel components. The yielding state of 

steel tube and rebars were consistent with the corresponding 

steel component in the test. It indicated that the stress state 

of inner steel components was well predicted. 

The connections remained intact during the whole 

loading procedure in the test. In the FE analysis, the Von 

Mises stresses of the corresponding connections were still 

lower than the yield stress as shown in Fig. 7. Besides, the 

FEA model could capture the failure mode of concrete 

components and inner steel components. 

 

3.3 Crack distributions 
 

The panel zone shear failure joint J1-1 was selected to 

verify the crack distributions and development as shown in 

Fig. 8. Since the cracks in the slab were measured in the 

vertical view during the test, the experimental crack 

distributions at 2Δy were shown in both the front view and 

vertical view in Fig. 8(a). The loading degree 2Δy also 

indicated the maximum strength of the joint J1-1. The 

layout of the cracks was depicted in red lines. Meanwhile, 

the crack width was illustrated beside the measured crack 

and was shown in brackets. 

 

 

The crack distribution was represented by the tensile 

damage in the analysis and the tensile damage distribution 

at 0.25Py was shown in Fig. 8(b). Since the left beam was 

firstly subjected to the upward loads, the bottom region of 

the left beam had more severe damage than the right beam, 

which was in coincidence with the experimental results. 

The tensile damage distribution at Δy was shown in Fig. 

8(c). The left beam and right beam obtained similar tensile 

damage in the analytical results, which matched well with 

the experimental observation. The cracks distributed 

symmetrically between the left beam and the right beam at 

Δy. Therefore, the FEA model could capture the crack 

distributions at the yield loading. The joint J1-1 reached the 

ultimate strength at 2Δy and the corresponding tensile 

damage distribution was shown in Fig. 8(d). The damage in 

the beam kept constant from Δy to 2Δy, while the damage in 

the panel zone differed much in this loading procedure. 

Meanwhile, the crack width in the panel zone increased 

from 0.05 mm to 0.2 mm with the loading degree increasing 

from 0.25Py to 2Δy. The further development of crack width 

was not measured due to the concrete spalling after 2Δy. In 

summary, the FEA model could capture the crack 

distributions and development by considering the tensile 

damage in the joints. 

 

3.4 Hysteretic relations 
 

Comparisons between the measured and predicted 

hysteretic relationships were shown in Fig. 9. The predicted 

failure mode was consistent with the experimental failure 

mode, which was shown in Fig. 6. 

Table 1 Summary of measured and predicted results 

Specimen Failure modes 

Axial 

load 

level n 

Measured 

maximum 

strength Pue (kN) 

Predicted 

maximum 

strength Puc (kN) 

Predicted 

beam 

strength 

Pb (kN) 

Predicted 

column 

strength 

Pc (kN) 

Predicted 

panel zone 

strength Pj 

(kN) 

Average 

maximum 

strength ratio 

Puc/Pue + - + - 

J1-1 
Panel zone shear 

failure 
0.6 107 -109 107 -92 111 135 92/209 0.922 

J1-2 Beam bending failure 0.6 106 -144 107 -131 111 269 183/418 0.960 

J2-1 
Column compression-

bending failure 
0.6 569 -533 503 -501 589 509 538/1341 0.912 

J3-1 
Panel zone shear 

failure 
0.6 185 -170 144 -165 162 207 144/245 0.874 

J4-1 
Column compression-

bending failure 
0.2 432 -440 438 -458 485 417 318/661 1.027 

J4-2 
Beam bending-shear 

failure 
0.2 200 -207 182 -208 188 359 190/325 0.957 

J4-3 
Beam bending-shear 

failure 
0.47 193 -194 180 -200 188 266 192/350 0.982 

J4-4 
Beam bending-shear 

failure 
0.2 198 -202 187 -192 188 359 219/363 0.947 

J4-5 
Beam bending-shear 

failure 
0.2 261 -266 287 -269 233 375 261/298 1.055 

J4-6 Beam bending failure 0.2 67 -64 63 -72 65 331 141/127 1.033 

J5-1 Beam bending failure 0.2 92 -95 70 -85 83 278 112/124 0.828 

J5-2 Beam bending failure 0.6 86 -88 72 -84 83 192 119/138 0.896 

J6-1 Beam bending failure 0.2 61 -78 62 -79 61 331 141/211 1.015 

Mean          0.955 

COV          0.068 
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(a) J4-1 (Observed, Column compression-bending failure) (b) J4-1 (Predicted, Column compression-bending failure) 

  
(c) J4-2 (Observed, Beam bending-shear failure) (d) J4-2 (Predicted, Beam bending-shear failure) 

 
 

(e) J1-2 (Observed, Beam bending failure) (f) J1-2 (Predicted, Beam bending failure) 

 
 

(g) J3-1 (Observed, Panel zone shear failure) (h) J3-1 (Predicted, Panel zone shear failure) 

Fig. 6 Verification of failure modes 
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Therefore, the predicted strength could represent the 

strength of the corresponding components, including beam, 

column and panel zone. With the consideration of the 

material degradation and the cracking of concrete, the 

loading and unloading stiffness were predicted 

approximately comparing to the measured one. Moreover, 

the pinching phenomenon was also captured in most of 

specimens. While the predicted descending branch was 

smoother than the measured one, e.g. J4-1, J6-1, for the 

spalling and crushing of concrete were not fully considered 

in the FEA model. The predicted curve of some specimens, 

e.g., J4-1, J4-3, and J4-5, were plumper than the measured 

curve, which could attribute to two aspects. For the column 

compression-bending failure joint J4-1, the opening and 

closure of cracks were not be fully captured, especially 

under a high axial load level. For the beam bending-shear 

failure joints J4-3 and J4-5, the slippage along diagonal 

cracks caused the pinching phenomenon, which could not 

be fully considered in the FEA model. In general, the FEA 

model reached a reasonable agreement with the measured 

results. 

Furthermore, the strength of internal components in 

beam-column joints was also evaluated by the existing 

calculation method, as shown in Table 1. Firstly, the RC 

beam strength included the bending strength and the shear 

strength, both of which could be calculated by the design 

code ACI 318(2019). The lower value could represent the 

strength of RC beam and be used to compare with the test 

results. Secondly, the strength calculation method of the 

composite column has been proposed by An and Han 

(2014), and the method was used to calculate the 

compression bending strength of the composite column. 

Finally, the shear strength of panel zone was also calculated 

based on the related research (Qian 2017) and design code 

CECS188(2019). To compare the calculation results and the  

 

 

test results, Pb, Pc and Pj are the vertical loads applied on 

the beam end corresponding to the strength of beam, 

compression bending strength of column and shear strength 

of joint, which were illustrated in Table 1. The first value of 

Pj is calculated by Qian (2017), and the second value was 

calculated by CECS188(2019). 

It seems that the existing calculation method could 

reasonably predict the bending strength of beam and the 

compression-bending strength of column. However, there is 

much difference between the calculated shear strength of 

panel zone and the measured strength, especially for the 

column compression-bending failure joint (J4-1) and beam 

bending shear failure joints (J4-2 and J4-3). The panel zone 

failure would occur in the joint J4-1 according to the 

calculation method, whereas the column compression-

bending failure actually occurred. It was due to the 

underestimate of panel zone shear strength in the current 

calculation method. Moreover, the shear strength calculated 

by two methods differed much from each other. Therefore, 

there is an urgent need to distinguish the failure modes. 

Based on the predicted failure mode, the existing 

calculation method could be applied to predict the strength 

under the beam and column failure mode. For the shear 

strength of panel zone, it requires more analytical study in 

further research. 

 

 

4. Analytical results 
 
4.1 Load versus displacement relationships 
 

Four typical FEA joint models were established using 

the verified model corresponding to the test specimens, 

including the joint type II, joint type III, joint type IV and 

joint type V. 

   
(a) J4-1 (Observed, Ring plate) (b) J5-1 (Observed, Sleeve) (c) J4-5 (Observed, Wing plate) 

   
(d) J4-1 (Predicted, Ring plate) (e) J5-1 (Predicted, Sleeve) (f) J4-5 (Predicted, Wing plate) 

Fig. 7 Verification of exposed view of connections (Unit: MPa) 

Ring plate Sleeve Wing plate Stiffening plate 

 

Remain elastic 

Remain elastic 
Remain elastic 
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The other two types of joints (joint type I with rectangular 

column and square column) described in the tests could 

refer to the aforementioned four typical joints. The 

dimensions of these joints were the same as the test joints 

J1-1, J2-1, J5-1 and J6-1. Conventional materials were used 

for these typical models, i.e. The yield strength of steel tube 

fys = 345 MPa; the yield strength of rebars fyl = fyh = 335 

MPa; the cube strength of outer concrete and core concrete  

 

 

fcu,out = 40 MPa, fcu,core = 60 MPa. The stress and strain  

development of these joints were analyzed based on the 

joint models, which could reflect the characteristics of four 

typical failure modes. 

Fig. 10 shows the typical hysteretic relationships of 

beam-column joints under four typical failure modes, and 

Fig. 11 shows the typical principal tensile strain distribution 

when the maximum strength was reached. The joint J1-1 

 
Front view 

 
Vertical view  

(a) Crack distritubiton of J1-1 at 2Δy (Observed) 

  
(b) Tensile damage distritubiton at 0.25Py (Predicted) (c) Tensile damage distritubiton at Δy (Predicted) 

 
(d) Tensile damage distritubiton at 2Δy (Predicted) 

Fig. 8 Verification of crack distributions and development 
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(a) J1-1 (Panel zone shear failure) (b) J1-2 (Beam bending failure) (c) J2-1(Column compression-bending 

failure) 

   
(d) J3-1 (Panel zone shear failure) (e) J4-1 (Column compression-bending 

failure) 

(f) J4-2 (Beam bending-shear failure) 

   
(g) J4-3 (Beam bending-

shear failure) 
(h) J4-4 (Beam bending-shear failure) (i) J4-5 (Beam bending-shear failure) 

   
(j) J4-6 (Beam bending failure) (k) J5-1 (Beam bending failure) (l) J5-2 (Beam bending failure) 

 

 

 

 (m) J6-1 (Beam bending failure)  

Fig. 9 Verification of hysteretic relationships 
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displayed the failure mode D (panel zone shear failure 

mode), which occurred with a beam end displacement of 50 

mm. The first crack was found at the top of the slab when 

the displacement reached 1.87 mm, which was marked as 

point A in Fig. 10(a). The longitudinal rebars in the column 

firstly yielded near the panel zone when 0.5Py was reached, 

which was marked as point B. Meanwhile, the longitudinal 

stress of slab rebars was 310 MPa, indicating that the slab 

rebars were nearly yielded. While the longitudinal stress of 

beam rebars were still below 300 MPa as well as the Von 

Mises stress of steel tube, which was far from yielding. The 

maximum strength was attained at point C as shown in Fig. 

10(a) with the displacement reaching 2Δy. The load in the 

negative direction was a bit higher than that in the positive 

direction. It was due to the high stiffness provided by the 

slab rebars in tension, which has been mentioned in the 

comparison paper (Ma et al. 2019). In Fig. 11(a), The 

principal strain was focused on the panel zone, which 

indicated the severe diagonal cracks in the panel zone. The 

shear strength of the outer concrete decreased to 2.34 MPa  

 

 

 

 

and the shear strength of core concrete decreased to 3.68 

MPa. Most of the steel components yielded in this loading 

degree, including the steel tube and stirrups in the panel 

zone. The bearing capacity decreased to 85% of its 

maximum value at point D. The panel zone shear strength 

had a sharp descending branch, which might be due to the 

concrete spalling and crushing under shear force. 

Joint J2-1 behaved the failure mode C (column 

compression-bending failure mode). The first crack was 

found at the beam bottom with the displacement reaching 

1.14 mm, and it was marked as point A in Fig. 10(b). The 

longitudinal rebars and the steel tube yielded simultaneously 

in the column adjacent to the panel zone region when 0.5Py 

was reached, which was marked as point B in Fig. 10(b). 

The uniaxial stress of rebars and the Von Mises stress of 

steel tube in the panel zone were below 280 MPa, indicating 

that the beam and panel zone remained intact at this loading 

degree. The maximum strength was attained with the 

displacement of 2Δy at point C. Fig. 11(b) illustrated the 

principal strain was focused on the column adjacent to the  

    
(a) J1-1 (Panel zone shear 

failure) 

(b) J2-1 (Column compression-

bending failure) 

(c) J5-1 (Beam bending 

failure) 

(d) J6-1 (Beam bending-

shear failure) 

Fig. 10 Typical hysteretic relationships 
 

 

 
(a) J1-1 (Panel zone shear failure) (b) J2-1 (Column compression-bending failure) 

  
(c) J5-1 (Beam bending failure) (d) J6-1 (Beam bending-shear failure) 

Fig. 11 Typical principal tensile strain distribution 
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panel zone, which indicated the severe flexural cracks 

around that region. The plastic hinge length was 

approximately equal to 0.5 times of the column sectional 

height, which was consistent with the test results of joint J2-

1. The longitudinal rebars in the beam and steel tube did not 

yield in this loading degrees, which meant that the beam 

was much stronger than the column. The load in the 

negative direction was almost the same as that in the 

positive direction. Therefore, the maximum strength was 

controlled by the column section. Point D is the loading 

degrees that the bearing capacity dropped to 85% of its 

maximum value. The core concrete compressive strength 

dropped to 45.12 MPa, while the outer concrete 

compressive strength dropped to 5.74 MPa. The outer 

concrete had a sharp drop in the strength, however, the core 

concrete only had a slight drop in the strength, which could 

attribute to the high level pressure provided by the steel 

tube. 

Joint J5-1 was the staggered joint with failure mode A 

(beam bending failure mode), the hysteretic relationship of 

which was shown in Fig. 10(c). The first crack was found at 

the beam bottom with the displacement reaching 1.33 mm, 

which was marked as point A in Fig. 10(c). The beam 

longitudinal rebars yielded firstly near the panel zone at 

0.5Py, which was marked as point B in Fig. 10(c). The 

longitudinal stress of column rebars were below 200 MPa 

as well as the Von Mises stress of steel tube, indicating that 

the column and panel zone remain intact at this loading 

degree. The maximum strength was reached at 3Δy in point 

C in Fig. 10(c). The load was a bit higher in the negative 

direction than that in the positive direction. It was due to the 

high stiffness provided by the slab rebars in tension. The 

principal strain was focused on the beam adjacent to the 

panel zone as shown in Fig. 11(c), which indicated the 

severe flexural cracks around the beam end. The plastic  

 

 

hinge length was approximately equal to 0.7 times of the 

beam sectional height, which was consistent with the test  

results of joint J5-1. The column longitudinal rebars kept in 

the elastic stage in this loading degree as well as the steel 

tube, which meant that the plastic strain accumulated in the 

beam and developed the plastic hinge. Point D is the 

loading degree that the bearing capacity decreased to 85% 

of its maximum value. The highest ever stress of concrete in 

the column was below 14 MPa, which is less than the 

uniaxial compressive strength. While the stress of concrete 

in the beam dropped to 10 MPa at this loading degree. The 

beam concrete had a sharp drop in the strength, while the 

concrete in other region did not reach the uniaxial 

compressive strength. 

Joint J6-1 was the unsymmetrical joint, and it displayed 

the failure mode A and B in the small beam and large beam 

respectively. Fig. 10(d) showed the typical hysteretic 

relationships of the large beam in unsymmetrical joints. The 

first crack was found at the top of the slab when the 

displacement reached 1.61 mm, which was marked as point 

A in Fig. 10(d). The longitudinal rebars yielded in both 

beams adjacent to the panel zone at 0.5Py, which was 

marked as point B in Fig. 10(d). The web rebars of the large 

beam also yielded in this loading degree. The longitudinal 

stress of column rebars was below 200 MPa as well as the 

Von Mises stress of steel tube, indicating that the column 

and panel zone remained intact at this loading degree. The 

large beam reached its maximum strength at 2Δy, while the 

maximum strength of the small beam was reached at 3Δy as 

shown in Fig. 10(d). The small beam has a lower stiffness 

than the large beam, therefore the ultimate displacement of 

the small beam was larger than that of the large beam. The 

load in the negative direction was a bit higher than that in 

the positive direction. It was due to the high stiffness 

provided by the slab rebars in tension. The principal strain  

  
(a) J1-1 (Panel zone shear failure) (b) J2-1 (Column compression-bending failure) 

  
(c) J5-1 (Beam bending failure) (d) J6-1 (Beam bending-shear failure) 

Fig. 12 Typical hysteretic relationships of CFST component and RC component 
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was focused on the beam adjacent to the panel zone as 

shown in Fig. 11(d), which indicated the severe flexural 

cracks around the small beam and the diagonal cracks 

around the big beam. The plastic hinge length was 

approximately equal to 0.7 times small beam sectional 

height, which was consistent with the test results of joint J6-

1. The stirrups in the large beam yielded at this loading 

degree, which meant that the large beam performed the 

bending-shear failure mode. Point D is the loading degree 

that the strength decreased to 85% of its maximum value. 

The stress of concrete in the large beam dropped to 3.5 MPa 

and that in the small beam dropped to 21.16 MPa at this 

loading degree. It indicated that the concrete sustained more 

degradation from shear failure. 

 
 

 
4.2 Hysteretic relationships of components 
 

The bearing capacity and loading stiffness of this 

composite joint were also highly affected by the 

combination of the CFST component and RC component in 

the column (Ma et al. 2019). Therefore, the load-

displacement relationships of CFST component and RC 

component were analyzed independently. The column 

section adjacent to the panel zone was chosen as the typical 

section and the hysteretic relationships were shown in Fig. 

12. The secant stiffness at the yield point was used to justify 

the loading stiffness. 
 

 

 
(a) Beam deformation (b) Column deformation (c) Panel zone deformation 

Fig. 13 Deformation classification of joint specimens 

*Δb, Δc, Δj and represent the beam end deflection caused by the beam deformation, column deformation and panel zone deformation respectively. δc and 

γ represent the column axial compressive deformation and panel zone shear deformation 

  
(a) J1-1 (Panel zone shear failure) (b) J2-1 (Column compression-bending failure) 

  
(c) J5-1 (Beam bending failure) (d) J6-1 (Beam bending-shear failure) 

Fig. 14 Deformation distributions of joint specimens 
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Four typical joints could be classified into two groups. 

The first group is J2-1 performing failure mode C. Another 

group is composed of J1-1, J5-1, J6-1. For the first group, 

the CFST component undertook 163.1kN cyclic load, which 

was 40.3% higher than the RC component. While the secant 

stiffness of CFST component was 9.2% lower than the RC 

component. For the other failure joints, the CFST 

component undertook much lower cyclic load than the RC 

component. Taking beam bending failure joint J5-1 as an 

example, the CFST component undertook 23.5kN cyclic 

load, which was 54.2% lower than the RC component. 

Besides, the secant stiffness of CFST component was 

52.7% lower than the RC component. To summarize, the 

CFST component took a more important role in the column 

failure joints. It could be explained that the CFST 

component worked together with the RC component. The 

CFST component located in the centre of the column 

section and the RC component surrounded the CFST 

component. The RC component underwent higher stress 

and strain than the CFST component under the axial load 

and initial cyclic load. Then, the outer concrete in the RC 

component firstly reached the maximum stress especially in 

compression, which let the neutral axis move to the CFST 

section. Afterwards, the RC component failed to sustain 

further load and even lost its bearing capacity gradually. 

Therefore, the CFST component undertook more cyclic 

load than the RC component in the column failure mode. 

While the column did not reach the maximum strength in  

 

 

other failure modes, the CFST component could not achieve 

its potential. 

 
4.3 Deformation distribution 
 

The deformation of joint specimens could be classified 

into three types of deformation, consisting of beam 

deformation, column deformation, and panel zone 

deformation. The schematic view of each type of 

deformation was shown in Fig. 13. The beam end 

displacement, contributed by the beam, column and panel 

zone, were calculated separately based on the FEA model. 

The deformation distributions of each component were 

represented by the area in Fig. 14. The bottom region 

represented the beam deformation. Furthermore, the middle 

region and the top region represented the column 

deformation and panel zone deformation separately. 

The joint J1-1 behaved failure mode D. The beam 

underwent large deformation until the yield displacement 

was reached. The panel zone deformation occupied over 

50% of the deformation after the yield displacement. For 

joint J2-1, the joint showed the failure mode C, while the 

column deformation was below 10% until the maximum 

strength was reached. The panel zone and beam held the 

most deformation. It had two reasons. Firstly, the column 

had high loading stiffness under high axial load level, which 

led to a small deformation in the column. Secondly, the 

CFST component located in the centre of column section  

  
(a) J1-1 (Panel zone shear failure) (b) J2-1 (Column compression-bending failure) 

  
(c) J5-1 (Beam bending failure) (d) J6-1 (Beam bending-shear failure) 

Fig. 15 Internal shear force distributions in the panel zone 
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and acted as a skeleton in the centre. The CFST component 

could provide extra loading stiffness. Joint J5-1 and joint 

J6-1 both revealed serious degradation in beam concrete. 

The plastic hinge was found in the beam adjacent to the 

panel zone, which led to the failure mode A or failure mode 

B. It could be found that the beam deformation occupied the 

most deformation of the joints. 

 
4.4 Interal force distribution 
 

The panel zone was the essential region for beam-

column joint. Therefore, the shear strength distribution in 

the panel zone was analyzed. The panel zone was composed 

of five parts: core concrete, steel tube, connections, stirrups, 

longitudinal rebars, and outer concrete. The longitudinal 

rebars rarely contributed to the shear strength. Therefore, 

only the shear force sustained by other components were 

illustrated in Fig. 15. 

In general, the failure mode C and D exhibited higher 

shear strength than failure mode A and B. For joint J1-1, the 

outer concrete sustained most of the panel zone shear force, 

and the outer concrete reached its maximum strength at the 

yield displacement. Afterwards, the shear force carried by 

outer concrete decreased a bit, while the total shear strength 

kept increasing from the yield displacement Δy to 2Δy. In 

this period, the diagonal cracks developed in the outer 

concrete, and the shear force sustained by the outer concrete 

decreased. While the shear force sustained by steel 

components could still increase. After 2Δy was reached, the 

shear force sustained by the outer concrete both decreased 

together with the core concrete, which led to the failure 

mode D. The shear force carried by the outer concrete in 

joint J1-1 was quite larger than that in joint J2-1. In 

addition, the joint dimension of J2-1 was larger than the 

joint J1-1. It indicated that the outer concrete in joint J2-1 

did not reach its maximum strength. For joint J2-1, the 

stirrups sustained over 40% of the total shear force, and the 

remaining shear force was mainly sustained by the steel 

tube. These two steel components were enough to protect 

the panel zone from shear failure. Therefore, the outer 

concrete still had potential resistance and kept intact. For 

the joint J5-1 and joint J6-1, the shear strength carried by 

concrete was below 100kN, which was much lower than the 

joint J1-1. Considering the joint dimension of these two 

joints were similar to the joint J1-1, the concrete  

 

 

components in the panel zone did not reach the maximum 

shear strength. The steel components in these two joints 

could supply enough shear force. 
 
4.5 Constructional details of connections 
 

The beam-column joint studied in this paper is a 

relatively new type of joint, and the steel tube extends 

continuously along the column. Since the steel tube runs 

across the column section, the inner CFST component 

usually prevents beam longitudinal rebars from going 

continuously through the panel zone. Therefore, beam 

longitudinal rebars were fastened to the steel tube by 

effective connections. The possible connection methods 

include ring plate connection, sleeve connection, wing plate 

connection and anchorage connection. The wing plate 

connection and anchorage connection have been studied by 

the previous researchers. The sleeve connection has been 

widely applied in RC structures to connect longitudinal 

rebars. The dimension and property of sleeve connection 

have also been required by the corresponding standards 

(Eurocode 2 1992). Therefore, these three kinds of 

connections were not analyzed in this paper. 
The ring plate connection has rarely been used and 

studied in the composite joints studied in this paper. The 

influence of dimension and material property of the ring 

plate connection needed to be analyzed. Three parameters 

were selected to present the ring plate connection, including 

the thickness of ring plate to diameter of longitudinal rebars 

ratio tr/d, the width of ring plate w, the yield strength of ring 

plate fyr. It was found that the yield strength had little effect 

on the stress development of ring plate, as long as the yield 

strength of the ring plate was higher than that of the 

longitudinal rebars and steel tube. Therefore, the yield 

strength of the ring plate is suggested to be higher than that 

of longitudinal rebars and steel tube. The stress 

development of ring plate considering the other two 

parameters is shown in Fig. 16. 

The Von Mises stress of ring plate was found to be 

usually higher under the positive displacement and lower 

under the negative displacement, which indicated that the 

tensile force transferred to the ring plate was higher than the 

compressive force transferred to the ring plate. The reason 

is that the concrete contributed more to the compressive 

force than the tensile force. Fig. 16(a) shows the effects of  

  
(a) Thickness of ring plate to diameter of longitudinal 

rebars ratio tr/d 
(b) Width of ring plate w 

Fig. 16 Stress development of the ring plate 
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the thickness of ring plate to diameter of longitudinal rebars 

ratio tr/d. The stress of the ring plate increased as tr/d 

decreased, which was due to the sectional area reduction of 

the ring plate. It could be found that the ring plate yielded 

when the tr/d was under 0.313. The connections were 

supposed to be intact before the joint failed in the design of 

the beam-column joint. Therefore, it was suggested that tr/d 

should be higher than 0.35. Meanwhile, the diameter of the 

beam longitudinal rebars was usually less than 50 mm in 

construction. Considering the matching of ring plate, the tr/d 

should be between 0.35 and 1.00. The effects of the width 

of the ring plate w are shown in Fig. 16(b). The stress of the 

ring plate was approximated to the yield strength with the 

width lower than 30 mm, which is about 2.14d. Besides, the 

ring plate needed to provide enough welding length for 

beam longitudinal rebars. Therefore, the width of the ring 

plate was suggested to be higher than 2.5d. Considering the 

layout of reinforcements in the panel zone and the 

constructional space, the sectional width of column B is 

suggested to be larger than 700 mm. Meanwhile, the 

constructional space between the ring plate and column 

stirrups should be larger than 50 mm. Therefore, it is 

suggested that the width of the ring plate should be higher 

than 2.5d mm and lower than (B-D)/2-50 mm. 

 
4.6 Failure modes prediction 
 

According to the analysis mentioned above, the strength, 

ductility and energy dissipation varied much among 

different failure modes. Accordingly, this paper aimed to 

propose a failure modes prediction method for the beam-

column joint. Although the bearing capacity of different  

 

 

components could classify different failure modes 

theoretically, the calculation for the bearing capacity of 

various components was quite complicated, especially for 

the concrete-encased CFST column and its panel zone. The 

column had a composite section and needed to account for 

the contribution of each component. Moreover, the 

confinement effects from both the steel tube and stirrups 

profoundly affected the bearing capacity, which needed to 

be further studied. The existing calculation method was 

compared with the test results, as shown in Table 1. It was 

found that the calculated beam and column strength agreed 

well with the test results. However, the two types of the 

calculation method for the panel zone shear strength were 

inconsistent with each other, and both of them were not 

accurate enough to predict the failure mode for specimen 

J4-1, J4-2 and J4-3. Consequently, a simplified method was 

needed to predict failure modes. Based on the failure mode 

prediction method, the brittle failure could be prevented, 

and the failure region could be conveniently controlled in 

the structural design. 

A typical panel zone shear failure joint with square 

column section was established based on the verified 

model. Then the parameter studies were conducted to figure 

out the failure mode prediction method. The parameter 

ranges included: Cube strength of core concrete fcu,core = 40-

80 MPa; Cube strength of outer concrete fcu,out = 40-60 

MPa; Steel tube ratio αs =0.05-0.20; Confinement factor 

ξ=1-3; Yield strength of column stirrup fyhc = 300-400 MPa; 

Yield strength of column longitudinal rebar fylc = 300-400 

MPa; Column volumetric stirrup ratio ρvc = 0.50%-2.00%; 

Column longitudinal rebar ratio ρsc = 1.00%-2.00%; 

Diameter of steel tube to sectional width ratio D/B = 0.40-

Table 2 Parameter ranges of failure modes 

Parameters 0.5≤ib/ic<1.5-2.3 1.5-2.3≤ib/ic<3.8-4.5 ib/ic≥3.8-4.5 

2-3≤λb≤5 

   

1.5-1.8≤λb<2-3 

   

0.5≤λb<1.5-1.8 

   

Beam bending failure Panel zone shear failure 
Column compression- 

bending failure 

Beam bending-shear failure Panel zone shear failure 
Column compression- 

bending failure 

Beam shear failure Panel zone shear failure 
Column compression- 

bending failure 
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0.75; Axial load level n = 0.1-0.6; Yield strength of beam 

stirrup fyhb = 300-400 MPa; Yield strength of beam 

longitudinal rebar fylb = 300-400 MPa; Beam volumetric 

stirrup ratio ρvb = 1.00%-2.00%; Beam longitudinal rebar 

ratio ρsb = 1.00%-2.00%; Beam shear span ratio λb = 0.5-5; 

Beam to column linear bending stiffness ratio ib/ic = 0.5-4.5. 

The beam to column linear bending stiffness ratio ib/ic could 

be calculated by Eqs.1-3, in which the stiffness contribution 

of steel tube was considered. 

𝑖b = (𝐸𝐼)b/𝑙b (1) 

𝑖c = (𝐸𝐼)c/𝑙c (2) 

(𝐸𝐼)c = 𝐸c𝐼c + 𝐸s𝐼s (3) 

After a large number of calculated examples, it was 

found that the beam to column linear bending stiffness ratio 

ib/ic could somehow represent the beam to column strength 

ratio. It basically has three reasons: (i) the modulus of 

elasticity E and the second moment of area I have a positive 

correlation with the material strength and the effective 

section modulus respectively. Moreover, the material 

strength and the effective section modulus could indicate 

the bending strength of the beam and column to a certain 

degree. Since the failure modes largely depend on the beam 

to column strength ratio, the linear bending stiffness ratio 

ib/ic needed to be considered in predicting the failure mode; 

(ii) the linear bending stiffness usually determines the 

internal force of beam or column specimens in the frame 

structures; (iii) the ductility often governed the design of 

structures in seismic zones (Emam et al. 1997), which was 

also highly influenced by the stiffness. The concrete-

encased CFST column had an advantage in reducing 

sectional dimension compared to the conventional RC 

column with same bearing capacity. While the smaller 

section would consequently lead to a smaller stiffness (Qian 

et al. 2016). The stiffness needs to be taken into account in 

designing this kind of composite joint. Therefore, the linear 

bending stiffness ratio ib/ic was applied to classify the 

failure region, i.e., beam, column and panel zone. 

Furthermore, the shear span ratio λb was found to be the 

most critical parameter that affected the beam failure mode 

within the limited study. It could be used to distinguish 

between the failure mode A and B according to the 

parametric studies. A large amount of parameter analysis 

was conducted to determine the parameter ranges of failure 

modes. It was found that these two parameters could predict 

the failure modes to a large extent. Although other 

aforementioned parameters also had appropriate effects on 

the failure modes, the effects caused by these parameters 

could be considered in the range of the beam to column 

linear bending stiffness ratio ib/ic and shear span ratio λb. 

Therefore, the failure modes could be predicted by 

considering the range of these two parameters within the 

studied parameter range, which was shown in Table 2. 
 
 

5. Conclusions 
 

Within the scope of the limited parametric studies, the 

following conclusions could be drawn in this paper: 

• The seismic performance of the concrete-encased 

CFST column to RC beam joint was investigated 

analytically, which could consider the deterioration of 

concrete, Baushinger effects of steel components, slippage 

of longitudinal rebars as well as the discrete cracking. 

Taking the aforementioned factors into consideration, the 

proposed model could reveal the seismic performance of the 

beam-column joints. 

• Four kinds of joint failure modes were 

investigated under the full-range analysis. Four 

characteristic points were selected to represent the critical 

moment during the loading procedure and the 

corresponding stress status of steel and concrete 

components were analyzed. The deformation and internal 

force distribution of the panel zone were analyzed under 

four failure modes. For the panel zone shear failure, the 

panel zone deformation occupied over 50% of the 

deformation after the yield displacement, and the shear 

force was mostly undertaken by the outer reinforced 

concrete, which is quite larger than that in other failure 

modes. 

• The sleeve connection, wing plate connection, as 

well as anchorage connection, could refer to the 

corresponding standards. The influence of dimension and 

material property of the ring plate connection was analyzed 

through the FEA model. It is suggested that (i) the yield 

strength of the ring plate be higher than that of beam 

longitudinal rebars, (ii) the thickness of the ring plate to 

diameter of longitudinal rebars ratio tr/d be between 0.35 

and 1.00, (iii) the width of ring plate w be higher than 2.5d 

mm but be lower than (B-D)/2-50 mm. 

• A large number of calculated examples were 

established to determine the key parameters affecting the 

failure modes. The linear bending stiffness ratio ib/ic and 

shear span ratio λb were identified as key parameters among 

16 parameters. The failure modes could be predicted in this 

paper within the limited parameters. The shear strength 

model of panel zone needs to consider the strength 

contribution of each component and the confinement 

effects, which could be proposed in further study. 
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Nomenclature 
Acore Cross-sectional area of core concrete 

As Cross-sectional area of steel tube 

B Width of column 

D Diameter of steel tube 

d Diameter of longitudinal rebars 

dc Compressive damage variable 

dt Tensile damage variable 

EIb Beam bending stiffness 

EIc Column bending stiffness 

Ec Modulus of elasticity of concrete 

Es Modulus of elasticity of steel 

fc
' Cylinder strength of concrete 

fc,core Prismatic strength of core concrete 

fcu,core Cube strength of core concrete 

fcu,out Cube strength of outer concrete 

fyhb Yield strength of beam stirrup 

fyhc Yield strength of column stirrup 

fylb Yield strength of beam longitudinal rebar 

fyhc Yield strength of column longitudinal rebar 

fyr Yield strength of ring plate 

fys Yield strength of steel tube 

ib Beam linear bending stiffness (= EIb/lb) 

ic Column linear bending stiffness (= EIc/lc) 

Ic Moment of inertia of concrete section; 

Is Moment of inertia of steel tube section; 

lb Distance between rotating centers of beam 

lc Distance between rotating centers of column 

n Axial load level(=N0/Nu) 

N0 Constant axial load 

Nu Axial Compressive strength 

P Vertical cyclic load 

Py Yield strength of joints 

Puc Predicted maximum strength of joints 

Pue Measured maximum strength of joints 

t Steel tube thickness of CFST 

tr Thickness of ring plate 

V Shear force 

w Width of ring plate 

αs Steel ratio of CFST section ( = As/Acore) 

Δ Vertical cyclic displacement 

Δy Yield displacement 

ξ Confinement factor for CFST section  

( = αsfys/fc,core) 

λb Beam shear span ratio 

µ Frictional factor 

ρsc Column longitudinal rebar ratio 

ρsb Beam longitudinal rebar ratio 

ρvc Column volumetric stirrup ratio 

ρvb Beam volumetric stirrup ratio 

σc0 Uniaxial compressive strength of concrete 

σt0 Uniaxial tensile strength of concrete 

ωc Compressive stiffness recovery factor 

ωt Tensile stiffness recovery factor 
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