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

 

This paper evaluates the moment-curvature response of steel tube confined reinforced self-stressing steel slag concrete 

(STCRSSSC) columns by conducting cyclic loading tests on ten STCRSSSC columns and four steel tube confined 

reinforced steel slag concrete (STCRSSC) columns. Four parameters are considered: axial compression ratio, shear -span 

ratio, diameter-thickness ratio, and expansion rate of steel slag concrete (SSC). The results show that the specimens exhibit 

a bending failure mode. As the expansion rate of SSC or shear-span ratio increase, the area of the moment-curvature −M  

hysteretic loops expands, but the slope of the skeleton curve remains basically unchanged. The slope of the skeleton curve 

rises as the diameter-thickness ratio or axial compression ratio increase. With the reduction of the axial compression ratio 

or diameter-thickness ratio, the area of the −M  hysteretic loops increases. Based on the experimental results, the 

characteristic points of the −M  response are identified, and a simplified model is proposed to predict the skeleton curves. 

Lastly, a hysteresis rule of the specimens is suggested based on the Clough trilinear degeneration model, and a predicting 

model of the −M  response of the specimens is established. 
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1.  Introduction 

 

Steel tube confined concrete (STCC) columns are widely used in 

engineering owing to their significant advantages such as excellent ductility, 

high bearing capacity, and convenient construction [1-5]. However, shrinkage 

of the concrete core leads to a reduction in the bonding performance between 

the steel tube and concrete core, which can significantly weaken the bearing 

capacity and safety of the structures [6-7].  

To solve the shrinkage problem of the core concrete, self-stressing concrete 

is used as an effective solution to balance the shrinkage of the core concrete and 

promote collaboration between the steel tube and core concrete [8-9]. 

Traditional self-stressing concrete is produced by adding expansion agents, and 

it has been proven that the bond behavior of self-stressing concrete-filled steel 

tubes (SCFST) can be improved by increasing the content of the expansive 

agent [10-12]. Subsequently, some scholars carried out a series of further studies 

and revealed that SCFST columns exhibit excellent axial compressive behaviors, 

flexural capacity, and seismic properties [13-17]. However, the extensive use of 

expansion agents in practical engineering applications has resulted in problems 

such as high construction costs and preparation complexity. 

Steel slag concrete (SSC) is prepared using steel slag as an aggregate, and 

appropriate proportions can guarantee the mechanical properties and durability 

of SSC [18-22]. It has been proven to have potential for engineering applications 

[23-24]. In addition, the volumetric expansion of SCC after hydration is caused 

by the presence of free CaO/MgO in the steel slag. This characteristic makes it 

possible to satisfy the expansion performance requirements of self-stressing 

concrete [25]. Self-stressing steel slag concrete can not only solve the problems 

of high cost and complex preparation of traditional self-stressing concrete but 

also improve the mass utilization of steel slag. 

Combining the advantages of SCFST and the expansion performance of 

SSC, Yu et al. investigated the feasibility of preparing self-stressing SSC-filled 

steel tubular (SSSCFST) columns. It appears that increasing the expansion rate 

of the SSSC may lead to an improvement in both the compression performance 

and bond-slip behaviors of the specimens [26-28]. However, current studies on 

the behavior of steel tube confined reinforced self-stressing SSC (STCRSSSC) 

under different loading conditions are limited. 

Seismic performance is crucial for structural applications and designs. In 

this study, four steel tube confined reinforced steel slag concrete (STCRSSC) 

columns and ten STCRSSSC columns were used. Furthermore, this study 

analyzed and discussed the effects of the diameter-thickness ratio, axial 

compression ratio, expansion rate of SSC, and shear-span ratio on the seismic 

behaviors of the specimens. Finally, an analysis model for evaluating the 

−M  behavior of STCRSSSC columns is established, which is expected to 

complete the elastoplastic seismic response analysis of such composite 

structures. 

 

2.  Experimental program  

 

2.1. Specimens design  

 

Ten STCRSSSC columns and four STCRSSC columns are presented in this 

paper. As shown in Fig. 1, the entire specimen was designed to have an inverted 

T-shape. The specimen consisted of a column head, column body, and 

foundation. The total height of the specimen was 1600 mm. The height of the 

column head was 400 mm. The heights of the column bodies were 400, 600, 

and 800 mm. The shear-span ratio, axial compression ratio, diameter-thickness 

ratio, and expansion rate of SSC are listed in Table 1. 

 

 

Fig. 1 Details of the specimens 

 

As shown in Fig. 1(c), the outer diameter and height of the steel tube were 

219 and 470 mm, respectively. To ensure the restraining effect of the steel tube 

on the concrete core, the ends of the steel tube were spaced 15 mm apart from 

the foundation and column head. The thicknesses of the steel tubes were 2.85, 

3.73, and 4.88 mm, respectively. Longitudinal steel bars of the column body 

were 4C12 with a longitudinal bar ratio of 1.210%, whereas the stirrups were 

A8@150 with a stirrup ratio of 0.022%. Table 1 lists the specific design 

parameters.  
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2.2. Material properties 

 

2.2.1. SSC  

According to references [29-32], the axial and cube compressive strength 

of the SSSC are 26.33 MPa and 39.30 MPa, respectively, while the axial and 

cube compressive strength of the SSC are 24.41 MPa and 36.44 MPa, 

respectively. To determine the expansion rate of the SSC ctP , three test blocks 

were constructed and tested, as shown in Fig. 2, and the value of ctP  was 

obtained using Eq. (1). 

 

t e
ct
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L L
P

L

−
=

                                 
(1) 

 

where tL  is the distance between the two copper heads measured over 90 days, 

0L
 

is the initial distance between the two copper heads, and e 250L = mm is 

the reference distance. 

 

 

 

Fig. 2 Test specimen used to determine the expansion rate of SSC 

 

2.2.2. Steel tube  

Longitudinal and circumferential strains were measured using strain gauges 

according to the Chinese code [32]. The material properties are listed in Table 

2. 

 

Table 1 

Specimen design parameters 

Specimen label L  (mm) D (mm) t (mm) 0n  D t    
ctP (

410− ) 

A1 800 219 2.85 0.2 76.8 1.83 11.1 

A2 800 219 3.73 0.2 58.7 1.83 11.1 

A3 800 219 4.88 0.2 44.8 1.83 11.1 

A4 600 219 2.85 0.2 76.8 1.37 11.1 

A5 400 219 2.85 0.2 76.8 0.91 11.1 

A6 800 219 2.85 0.4 76.8 1.83 11.1 

A7 800 219 3.73 0.4 58.7 1.83 11.1 

A8 800 219 4.88 0.4 44.8 1.83 11.1 

A9 600 219 2.85 0.4 76.8 1.37 11.1 

A10 400 219 2.85 0.4 76.8 0.91 11.1 

B1 800 219 2.85 0.2 76.8 1.83 -3.5 

B2 600 219 2.85 0.2 76.8 1.37 -3.5 

B3 400 219 2.85 0.2 76.8 0.91 -3.5 

B4 800 219 2.85 0.4 76.8 1.83 -3.5 

Note: L  is the length of the column, t  is the thickness of the steel tube, D  is the outer diameter of the steel tube, tD is the diameter-thickness ratio, 0n  is the axial compression 

ratio, 
cca0 / AfNn = , 

aN  is the designed axial compression strength of the specimen, cA  is the cross-sectional area of the column, cf
 

is the compressive strength of the SSC, and   is 

the shear-span ratio， DL 2/= .

 

Table 2 

Mechanical properties of the steel tube 

Thickness  

(mm)  
Yield tensile strength 

(MPa)  
Ultimate tensile strength 

(MPa)  
Young’s modulus 

5( 10 MPa)  
Poisson’s ratio 

Longitudinal strain 
6( 10 mm)−  

Circumferential strain 
6( 10 mm)−  

Initial self-stress 

(MPa)  

2.85 308 479 2.00 0.313 3.92 1.93 2.68 

3.73 364 495 2.11 0.271 3.33 1.65 3.03 

4.88 335 480 2.06 0.261 2.79 1.41 3.26 

 

2.2.3. Steel bars 

The tensile samples of the steel bars were tested according to the Chinese 

code [33] and were listed in Table 3. 

 

 
 

Table 3 

Mechanical properties of the steel bars 

Steel bars Diameter (mm)  Yield strength (MPa)  Tensile strength (MPa)  Young’s modulus
5( 10 MPa)  

HPB300 8 308 426 2.01 

HPB300 10 313 432 1.97 

HRB400 12 439 644 1.98 

HRB400 16 451 620 1.95 

HRB400 22 438 618 1.94 

 
2.3. Loading protocol and test setup 

 

Fig. 3 shows a diagram of the loading device. A constant axial load and 

cyclic lateral loading were applied using a vertical jack and an MTS hydraulic 
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actuator, respectively. In this experiment, a displacement-loading control 

method was adopted. First, ensure that the test equipment works properly and 

that the axial load is applied slowly to the design value. Before the specimen 

yielded, a single-cycle displacement with increments of 1 mm was used for 

horizontal loading. After the specimen yielded, the loading mode was switched 

to a triple-cycle displacement with increments in integral multiples of the yield 

displacement. A specimen was considered damaged when its strength decreased 

to 85% of its peak load. 

 

 
Fig. 3 Test setup: (a) reaction wall, (b) pulley, (c) hydraulic jack, (d) reciprocating actuator, (e) counter-force truss,  

(f) specimen, (g) jack, (h) bracket, (i) equalizer beam, (j) portal frame, (k) loading plate, (l) displacement meter, (m) bolt 

 

3.  Experimental results   

 

3.1. Failure mode 

 

Bending failure was observed as the typical failure mode of the STCRSSSC 

and STCRSSC columns, represented by the crushing of the SSC, yielding of the 

steel tubes and stirrups and circumferential tensile cracks in the inner core SSC. 

As illustrated in Fig. 4(a), the core SSC was crushed to a height of 0-15 mm, 

and circumferential tensile cracks appeared within a height of 15--60 mm from 

the bottom of the column. No damage was observed at other positions on the 

STCRSSSC columns. However, for the STCRSSC columns, as shown in Fig. 

4(b), the degree of SSC crushing was more severe, and the range of heights in 

which circumferential tension cracks. Compared to the literature [34], the 

failure modes of the specimens were almost identical. 

 

(a) A9 of the STCRSSSC column  

(b) B4 of the STCRSSC column  

Fig. 4 Typical failure mode of the specimens 

 

3.2. Hysteresis curve  

 

As shown in Fig. 5, the hysteresis loops of the specimens are saturated and 

slightly pinched. The −M   hysteresis curves usually have three stages: 

elastic response, yielding and failure. The −M  hysteresis curves appear to 

develop linearly in the elastic stage, with stiffness degradation remaining 

basically unchanged, and the hysteretic loops being very small. The hysteresis 

curves gradually deviate from the initial linear development as the load 

gradually increases. As the specimen enters the yield stage, the hysteresis loop 

area increases compared with the elastic stage. In the failure stage, the bow-

shaped hysteretic loop with a slight pinching phenomenon indicates that the 

specimen exhibited high seismic performance and energy dissipation. 

As shown in Figs. 5(a) and (f), an increase in the axial compression ratio 

decreases the plumpness of the −M  hysteresis curves and the area of the 

hysteretic loops. For example, compared to specimen A1 ( 0 0.2n = ), the ultimate 

moment of specimen A6 ( 0 0.4n = ) increased by 17.30%. The reason for this 

might be that, with the increase in 0n , the axial force at the end of the column 

increases. The tensile stress generated by the axial force resisting the bending 

moment was enhanced, leading the specimen to resist a higher bending moment. 

The ultimate curvature of the −M
 
hysteresis curves decreases when 0n  

increases, because higher axial forces lead to an increase in additional bending 

moments, accelerating specimen damage. The same effect of 0n  on the 

−M  hysteresis curves of reinforced SCC-filled circular steel-tube columns 

was found by Gong et al. [35].  

As shown in Figs. 5(a) and (d), the growth rate of the bending moment 

remains essentially unchanged as   increases, whereas that of the −M  

hysteresis curves decreases and the area of the hysteresis loops increases. This 

is because as the shear-span ratio increases, the specimen's cross-sectional 

deformability increases, resulting in an increase in the specimen's cross-

sectional curvature. This conclusion was also verified by Yu et al. [36], who 

demonstrated that the ductility capacity increased with an increase in  .  

In general, as illustrated in Figs. 5(a) and (b), an increase in D t  

accelerates the growth rate of the bending moment, reduces the area of the 

hysteretic loops, and intensifies the pinching phenomenon. Furthermore, the 

bending moment of the specimen section decreased, the curvature increased and 

the cycle number of the −M  hysteresis curves decreased before the 

specimens failed. The cross-sectional moment of inertia of the core SSSC 

increased as D t  increased, whereas that of the steel tube decreased. 

Consequently, the overall bending stiffness of the specimens improved, but the 

ductility decreased. The increase in D t  produces the same effect on the CFST 

[37].  

As shown in Figs. 5(d) and (l), the increment in 
ctP  results in an 

improvement in the bending moment growth rate, an increase in the hysteretic 

loop area, and a reduction in the pinching degree. This may be because 

increasing 
ctP  improves the expansion strain of the SSC under the constraint 

of the steel tube, leading to a dense specimen structure and reduced porosity. 

Therefore, the deformation resistance and bearing capacity of the specimens 

were enhanced. A similar conclusion was drawn by Dai et al. [38]. Meanwhile, 

the bond-slip between the steel tube and core SSSC decreased, and the pinching 

phenomenon of the −M
 
hysteresis curves was significantly reduced. It is 

difficult to control the 
ctP  and performance of STCRSSSC in practical 

engineering designs and applications, which requires further research. 
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Fig. 5 Moment-curvature hysteresis curves 
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3.3. Skeleton curve  

 

The −M  skeleton curve can be approximately divided into three stages, 

similar to the hysteresis curve shown in Fig. 6. The −M skeleton curves 

appeared linear in the elastic phase. Subsequently, with an increase in the 

horizontal displacement, the −M
 
skeleton curves gradually exhibited 

nonlinear development, and an inflection point appeared. The slopes of the 

−M  skeleton curves decreased, and the cross-sectional bending stiffness 

gradually degraded in the yield phase, intensifying during the failure stage.  

As shown in Fig. 6(a), as 0n  increased, the peak moment, initial stiffness, 

and slope of the −M  skeleton curves increased, whereas the ultimate 

curvature decreased. In contrast to specimen A5 ( 0 0.2n = ), the ultimate 

moment of specimen A10 ( 0 0.4n = ) increases by 20.25%. Additionally, as the 

axial compression ratio decreased, the ultimate curvature increased. This could 

be because the core SSSC of the specimen was destroyed when the peak load 

was reached, reducing the bending stiffness of the specimens. The degradation 

of bending stiffness is significantly accelerated if severe damage is caused to 

the SSSC core. The seismic behavior of STCRSSSC columns is more 

significantly affected by 0n , so further research should be carried out to 

propose a more appropriate design value for 0n  to ensure the safety of 

structures in practical engineering applications. 

Fig. 6(b) illustrates that the −M  skeleton curve was not significantly 

affected by  . As   increased, the slopes of the −M  skeleton curves and 

the ultimate bending moment hardly changed. It can be argued that the cross-

sectional bending stiffness is primarily influenced by the cross-sectional 

moment of inertia and the Young’s modulus of the specimen. The influence of 

the   on the bending stiffness was not significant when the height of the 

specimens was adjusted. 

As D t  increases, the slopes of the −M  skeleton curves, peak 

moment, and initial stiffness increase, whereas the peak curvature decreases, as 

shown in Fig. 6(c). The ultimate moment of the specimens increased, and the 

ultimate curvature decreased with increasing D t . Considering specimens A1 

and A3 as examples, when D t  was reduced by 41.67%, the ultimate curvature 

of A3 was 1.29 times that of A1. This was because the bending stiffness of the 

specimens increased, leading to an increase in the load when the specimen was 

damaged. The SSSC was significantly damaged, resulting in a decrease in the 

bearing capacity of the specimens. The limited value of D t  of STCRSSSC 

columns must be further explored to ensure the adequate seismic performance 

and economy of the columns. 

Fig. 6(d) shows that the slope of the −M  skeleton curves increases 

slightly, the initial stiffness and yield bending capacity increase, and the 

ultimate moment and curvature increase with the increment in ctP . For example, 

the ultimate moment of A4 ( 4

ct 11.1 10P −=  ) is 1.50 times that of B2 

( 4

ct 3.5 10P −= −  ), and the ultimate curvature is 1.12 times. This may be because 

the increasing expansion rate of the SSC enhances the confining effect on the 

SSSC, decreases the damage degree of the SSSC, and improves the bending 

capacity and ductility of the specimens. The increased ductility of the specimen 

was mainly due to the expansion of SSC, even when the steel tube was replaced 

with an FRP tube [39]. 
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(c) Diameter-thickness ratio (d) Expansion rate of SSC 

Fig. 6 Effects of the studied parameters on the skeleton curves of the specimens 

 

 

Fig. 7 Simplified STCRSSSC columns moment-curvature skeleton curve  

 

 

4. Model for predicting the moment-curvature performance of 

STCRSSSC columns 

 

4.1. Prediction of the moment-curvature skeleton curves 

 

Based on the limiting equilibrium principle, a simplified calculation model 

for predicting −M  skeleton curves was proposed. Subsequently, four key 

parameters yield moment ( yM ), ultimate moment ( uM ), yield curvature ( y ), 

and ultimate curvature ( u ) of the −M  skeleton curves were determined. 

The simplified −M skeleton curves were determined by connecting the four 

key parameters, as indicated in Fig. 7. 

 

4.1.1. Basic assumptions 

To establish a prediction model for the moment-curvature performance of 

STCRSSSC columns, the following assumptions were made: 

(1) The specimen’s cross-section remained plane.  

(2) There was no relative slip between the steel bars, SSC, and steel tube.  

(3) The effect of core SSSC in the tension zone was not considered.  

(4) The longitudinal stress in the steel tube owing to the tensile expansion 

of the SSSC was not considered. 
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(5) The axial force applied to the section was constant.  

(6) The constitutive model described in [40] was assigned to the core SSSC. 

 

4.1.2. Yield moment and curvature  

According to reference [40], the yield moment yM  can be obtained using 

Eqs. (2).  

 

 cscssy
3

ccz
3

c
e

ccyy 570190037.0591 rAρf.rrNσrf.M +−+=                       (2) 

 

where 
e

ccyf  denotes the stress of the core SSSC in the compression zone of 

the critical section, cr  denotes the radius of the core SSSC section, N  

denotes the axial compression of the SSSC core, z  indicates the longitudinal 

self-stress caused by the initial self-stress, s  represents the steel ratio of the 

steel ring, scA  refers to the cross-sectional area of the column, and syf

represents the yield strength of the longitudinal reinforcement.  

The yield curvature can be obtained from Eq. (3). 
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where y  is the yield curvature of the specimen, 
sc
K  is the sectional bending 

stiffness of the STCRSSSC column, cscsc IEK = , 
sc
E

 
denotes the section 

deformation modulus of the STCRSSSC column, yl
e

ccysc fE = , 
yl


 

designates the longitudinal strain of the specimen, and 
c
I  is the sectional 

inertia moment of the STCRSSSC column, 64)2( 4
cc rDI −= . 

 

4.1.3. Ultimate moment and curvature  

According to [40], the ultimate moment uM  considering the effects of the 

axial force, low-cycle reversed loading, and initial self-stress of the core SSSC 

on the bending capacity can be expressed as Eq. (4). 
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where e
ccf  is the strength of the confined core SSSC and ssf  denotes the actual 

strength of the longitudinal reinforcement. 

The average strain along the height of the cross-section was linear based on 

the plane section assumption. Therefore, the ultimate curvature u  is 

calculated as follows: 
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where cu  is the ultimate strain of the confined core SSSC, sy  is the yield 

compression strain of the steel ring, sE  is the Young’s modulus of the steel 

tube, m  stands for the distance from sy  to strain 0,   designates the height 

of the core SSSC in the compression zone, 0  indicates the center angle of the 

core SSSC in the compression zone, gr  is the radius of the equivalent steel ring 

of longitudinal reinforcement, and a  is the radius of the core SSSC section in 

the tensile zone.  

  

4.1.4. Assessment of the proposed skeleton curve prediction model 

Fig. 8 compares the proposed −M
 

and experimental −M  skeleton 

curves. The experimental results were in good agreement with the theoretical 

curves, demonstrating the high accuracy of the proposed model. 

 

4.2. Hysteresis rule 

 

Based on the numerical analysis of the −M  skeleton curves for each 

factor, a Cough trilinear degeneration model was adopted to further analyze the 

−M  hysteresis rules of the STCRSSSC columns. The parameters were 

determined using Eqs. (11)–(17), as shown in Fig. 9. 

 

 

  Fig. 9 Loading and unloading rules for STCRSSSC columns under cyclic loading 
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where 1S  and 2S  denote the stiffnesses at the elastic and yield stages, 

respectively, 1M  and 1  denote the bending moment and curvature, 

respectively, 3S  indicates the stiffness in the third stage, uM  represents the 

ultimate moment, 4S  and 5S  are the unloading stiffnesses before and after 

yielding, respectively, i  is the curvature corresponding to the i-th unloading 

point of the −M  curve starting from the yield point, and   is an parameter 

related to D t ,  , 0n , and the initial self-stress. 

 

4.3. Verification of the model for predicting the moment-curvature response of 

the specimens
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The predicted hysteresis curves can be obtained by calculating the skeleton 

curves of the −M  hysteresis relation and the loading-unloading stiffness of 

the specimens. As illustrated in Fig. 10, the theoretical curves of the specimens 

agreed well with the test results.  

Owing to the limitations of the experimental conditions, the quantity and 

level of the studied parameters were limited, and the dimensions of the 

specimens were scaled down compared with the columns in the actual project. 

In future studies, refined models of full-scale STCRSSSC columns can be built 

using finite elements to analyze the performance of STCRSSSC columns under 

more key parameters and complex loads to adapt to actual engineering situations.  

Based on the experimental study of specimens with specific stress states 

and geometric characteristics, a prediction model is generally proposed, which 

has certain limitations in its applicability. However, owing to the randomness 

and uncertainty of the seismic action, high discreteness of the crack 

development and bond-slip of concrete, and the fact that the errors of the 

prediction model are not very sensitive to the results of certain structures, the 

calculation of the hysteretic behavior of STCRSSSC columns based on the 

simplified model can still achieve satisfactory results. 
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Fig. 8 Verification of experimental and theoretical moment-curvature skeleton curves 
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Fig. 10 Comparisons between the theoretical and experimental moment-curvature hysteresis curves  

5.  Conclusions 

 

This study presents the design and tests of ten STCRSSSC columns and 

four STCRSSC columns under cyclic loading, investigating the effects of 

various parameters on seismic performance, including  , ctP , D t , and 0n . 
 

The conclusions are as follows: 
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(1) Bending failure occurred in all the specimens, characterized by 

longitudinal steel bar yield. Circumferential cracks were observed in the 

non-shear surface at the column bottom, and the core SSSC or SSC was 

broken at the column bottom. Plastic deformation of the specimens 

before damage to the STCRSSSC column was significant, with evident 

signs of failure.   

(2) The specimens exhibited plump hysteresis loops with slight pinching. 

With an increase in D t  or 0n , the plumpness of the hysteresis curves 

and the areas of the hysteretic loops decreased. However, an increase in 

  or ctP  increased the area of the hysteretic loops of the hysteresis 

curves.  

(3) The −M  skeleton curves are roughly divided into three phases: elastic 

response, yielding, and failure. With increases in D t , 0n , and ctP , the 

slopes of the −M  skeleton curves increased. The −M skeleton 

curves are not significantly affected by  . 

(4) Based on the principle of limiting equilibrium, theoretical calculations of 

the corresponding yield and ultimate points of the STCRSSSC column 

were performed based on the experimental studies, and the key 

characteristic points were connected to a simplified skeleton curve. A 

comparison of the experimental skeleton curves with the theoretical 

curves indicated that the model was highly accurate.  

(5) Based on the Clough trilinear degeneration model, the hysteresis rule of 

the −M
 
relationship of STCRSSSC columns is proposed. 

Furthermore, a prediction model for the performance of the STCRSSSC 

columns was established and validated. 

(6) The proposed prediction model was applied to the STCRSSSC columns. 

Owing to the limitations of the experimental device, the designed 

specimen was a third of the actual specimen. Finite element analysis 

software was used to further analyze the influence of key factors on the 

behaviors of full-scale specimens in a subsequent study. 
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