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Abstract: Steel slag concrete (SSC) filled steel tube (SSC-FST), reusing the waste steel slag, is a new 

type of composite members, therefore shows advantages in sustainable use of resources. In order to 

investigate axial compressive performance of this new types of SSC-FST short columns with circular 

section, ten specimens with varied steel slag aggregate (SSA) replacement ratio and cross-sectional 

steel ratio (𝛼) were tested. The failure patterns, load versus deformation relationship and mechanical 

indexes (axial capacity, elastic modulus and ductility) of the specimens were recorded and analyzed. 

The test results indicate that, generally, replacing natural aggregates with SSAs and improving 𝛼 

lead to better structural performance of circular SSC-FST short column specimens. Moreover, a 

refined finite element (FE) model considering the initial strain of core concrete before loading was 

established to simulate the performance of circular SSC-FST short columns under axial compression, 

and the FE model was validated through experimental results from this research and the literature. 

Based on the verified FE model, the mechanism of axially compressed circular SSC-FST short 

columns was further analyzed. Finally, simplified equations were proposed to predict the axial 

capacity of circular SSC-FST short columns, and generally the calculated results show good 

agreement with the numerical/experimental results. 
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Nomenclature 

𝐴c cross-sectional area of core concrete p interaction stress 

𝐴s cross-sectional area of steel tube 𝑅c coarse SSA replacement ratio 

𝐴sc cross-sectional area of composite column 𝑅f fine SSA replacement ratio 

𝐶n axial capacity factor SG strain gauge 

𝐶𝑆nc a kind of compressive strength of NC 𝑆Mp,c,max maximum value of the maximum principal 

stress of core concrete 

𝐶𝑆scc a kind of compressive strength of SSC 𝑆M,s,max maximum value of the Mises stress of steel 

tube 

𝐷 outer diameter SSA steel slag aggregate 

DI ductility index SSC steel slag concrete 

DT displacement transducer SSC-FST steel slag concrete filled steel tube 

𝐸c elastic modulus of concrete 𝑡 wall thickness of steel tube 

𝐸s elastic modulus of steel 𝑇 number of days from the end of the initial 

curing 

𝐸sc(𝐸sc,c) composite elastic modulus 𝑈3 top displacement 

𝑓cu cubic compressive strength of concrete 𝛼 cross-sectional steel ratio 

FE finite element 𝛽𝜀  reduction factor 

𝑓scy axial compressive capacity factor 𝜀 strain 

𝑓ssc
′  cylindrical compressive strength of SSC 𝜀a axial strain 

𝑓ssck characteristics compressive strength of 

SSC 

εa, 0.4 average axial strain when axial load equals 

to 0.4𝑁ue 

𝑓y yield strength of steel tube 𝜀a,y axial strain while reaching 𝑓scy 

𝐼𝑆 initial strain of plain concrete 𝜀c(s) strain of concrete (steel) 

𝐿 height of column 𝜀h hoop strain 

𝑁 axial load 𝜀i initial strain of core concrete before loading 

NA natural aggregate (εsh)
T

 shrinkage strain of concrete 

NC normal concrete 𝜀sh,u ultimate shrinkage strain 

NCA natural coarse aggregate 𝜎c(s) stress of concrete (steel) 

NFA natural fine aggregate 𝜎sc axial stress over composite section (=𝑁 𝐴sc⁄ ) 

𝑁u axial capacity σue nominal ultimate strength (=𝑁ue/𝐴sc) 

𝑁uc simplified axial capacity 𝜉s confinement factor 

𝑁ue tested axial capacity 𝛥 axial shortening 

𝑁u,fe simulated axial capacity 
  

 

1. Introduction 

Steel slag, from the reaction of flux and iron ore, is an industrial by-product of steel manufacture, 

which has the characteristics of good activity, rich content of free calcium and magnesium oxides, 

high content of heavy metals, and so on [1]. In China, the steel production reached 1.04 billion tons 

in 2021, resulting in approximately 150 million tons of steel slag. Although the government has 
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promoted the reuse of steel slag, only about 22% steel slag is reused [2]. Currently, a large amount of 

steel slag has been accumulated for long time, and thus a large area of land has been occupied, causing 

huge waste of resource and serious environmental pollution. 

Simultaneously, due to higher strength and better angularity of steel slag than natural sand and 

gravel, as well as the presence of certain hydraulic cementitious properties, the steel slag can serve 

as a cementitious material [3], aggregates [4-8], or mineral admixture [9] for new concrete after 

treatment. In general, owing to better angularity of steel slag aggregate (SSA), the bond performance 

between the aggregate particles and the cement paste is increased, leading to higher values of 

compressive, tensile and flexural strength of steel slag concrete (SSC) [10-12]. The SSC may also 

have good microstructure and interface between aggregates, which enhances its impermeability [13]. 

However, the free CaO and free MgO composition in the steel slag lead to volume expansion of new 

concrete and thus threaten the safety of structures, which limits the utilization of the SSC [14, 15]. 

It is well known that, due to the interaction and coordination between outer steel tube and its core 

concrete, concrete filled steel tube (CFST) structural form is usually characterized by high strength, 

good plasticity and ductility, and excellent fire-resistant and seismic performance, and has been 

widely used in civil engineering structures [16]. Moreover, in terms of economic benefits, outer steel 

tube in the CFST can also serve as the forms for casting concrete, thus accelerating the construction 

progress and saving the materials. Shrinkage of core concrete in the CFST members, however, has a 

negative impact on their structural behaviour, and replacing natural aggregate (NA) with SSA is one 

effective solution to reduce the shrinkage of core concrete considering the expansion characteristics 

of the latter [17]. Filling the SSC into the steel tube, named as steel slag concrete filled steel tube 

(SSC-FST), can increase the bond between steel tube and its core concrete due to the expansion 

performance of the SSC [5, 17, 18], and thereby can make the SSC have a good application prospect. 

This also helps to solve the serious environmental pollution caused by the large accumulation of steel 

slag and protect the precious natural resources. 

At present, the research towards structural behaviour of the SSC-FST members is generally in its 
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early phase, and the available experimental studies include axial compressive performance of short 

columns [17-20], flexural properties of beams [19], interfacial bond properties [5] and hysteretic 

performance of beam-columns [21]. It is further discovered that, with respect to the axially 

compressed circular SSC-FST short columns, current limited experimental results [17, 18, 20] 

showed that the failure pattern of the specimens with SSC was similar to that of the reference 

specimens with normal concrete (NC); however, the structural performance of the former was 

generally better than the latter. Moreover, Yu et al. [18] and Lai et al. [20] also carried out a numerical 

modelling of circular SSC-FST short columns subjected to axial compression, and generally good 

conformity between the simulated and measured results was obtained. Nevertheless, the initial 

deformation characteristics of core concrete before loading and the contribution of the SSA presence, 

which have obvious influence on the mechanical property of core SSC, were not considered in their 

numerical models. 

The above analysis shows that more experiments on the axially compressed circular SSC-FST short 

columns need to be carried out, and it is necessary to further develop a numerical simulation model 

considering the initial strain of core SSC before loading, so as to fully understand the performance 

and mechanism while subjected to concentric compression, and eventually obtain the axial capacity 

prediction model. The aim of this study is thus to comprehensively understand the structural 

behaviour of circular SSC-FST short columns under axial compression. The test results of ten 

specimens with SSA replacement ratio and cross-sectional steel ratio as parameters are first presented. 

A refined finite element (FE) model considering the initial strain of core SSC before loading is then 

established to model the axial compressive performance of circular SSC-FST short columns, and the 

FE model is verified by comparing simulation results to experimental results. In addition, the effects 

of initial strain of core SSC and other main parameters on the performance and representative 

mechanism of axially compressed circular SSC-FST short columns are analyzed using the FE model. 

The reasonable simplified equations are also proposed for axial capacity prediction of circular SSC-

FST short columns. 
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2. Experimental investigations 

2.1. Specimen preparation 

A total of 10 composite specimens with circular section, including 8 SSC-FST short columns and 2 

conventional CFST short columns as reference, were fabricated, and all specimens had a same height 

(𝐿) of 450 mm and a same outer diameter (𝐷) of 150 mm. The key parameters varied in the tests 

included: (1) coarse SSA replacement ratio (𝑅c): 0, 50% and 100%; (2) fine SSA replacement ratio 

(𝑅f): 0, and 50%, and (3) cross-sectional steel ratio (𝛼): 0.094 and 0.135. In this study, 𝑅c and 𝑅f 

are defined as the ratio of the mass of coarse SSA or fine SSA to that of all coarse or fine aggregate, 

respectively, and 𝛼 is defined as cross-sectional area of steel tube (𝐴s) divided by cross-sectional 

area of core concrete (𝐴c). 

Table 1 summarizes the information of the specimens, in which 𝑡 is the wall thickness of steel 

tube; 𝑓y is the yield strength of steel tube; 𝑓cu is the cubic compressive strength of concrete for 

compression tests of composite short columns; 𝑁ue  is the tested axial capacity; 𝑁u,fe  is the 

simulated axial capacity; and 𝐸sc is the composite elastic modulus. In Table 1, ‘C1’ and ‘C2’ in the 

specimen labels donate 𝛼 of 0.094 and 0.135, respectively, and the second and the third part of the 

specimen labels represent the numerator of 𝑅c and 𝑅f, respectively. 

Rolling operation was employed to fabricate all the circular steel tubes, and there was one straight 

butt weld on each tube. The welding quality was strictly controlled to guarantee effective transfer of 

the loads. Before casting the concrete, one square steel plate with 210 mm side length and 15 mm 

thickness was welded to the end of steel tube as the bottom endplate. After 14 days of curing, the 

concrete surface was first grinded to be flush with the top surface of steel tube to make sure that both 

can take the axial compressive loads together, and then another square steel plate same as the bottom 

endplate was welded to the top surface of steel tube. In addition, eight pairs of right-angle trapezoidal 

stiffeners with 10 mm thickness spaced equally along the circumference were welded simultaneously 

to the outer wall of steel tube and the endplate to avoid the unexpected end destruction during loading 

process. 
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2.2. Material properties 

Axial tensile tests were carried out on three standard coupons. The obtained average yield strength 

(𝑓y), modulus of elasticity (𝐸s), ultimate strength and Poisson’s ratio for circular steel tubes with 

𝑡=3.33 mm were 449.7 MPa, 1.89×105 N/mm2, 526.9 MPa and 0.264, respectively; whereas the 

corresponding values for circular steel tubes with 𝑡=4.59 mm were 518.5 MPa, 1.87×105 N/mm2, 

611.9 MPa and 0.253, respectively. 

The steel slag concrete (SSC) in this study was prepared by replacing some or all of the natural 

aggregate (NA) with the screened steel slag aggregate (SSA) produced by a basic oxygen furnace, 

and both coarse SSA and fine SSA were settled for two years. The gradation of natural coarse 

aggregate (NCA), i.e. limestone, ranged from 5 mm to 31.5 mm, and the coarse SSA had a same 

particle grading range as the NCA. The gradation of natural fine aggregate (NFA), namely yellow 

sand, ranged from 0.16 mm to 5 mm, and the fine SSA also possessed a same gradation as the NFA. 

The chemical compositions of steel slag were same as those in [19]. Table 2 provides the apparent 

gravity, bulk density, absorption rate, crushing index and fineness modulus of different aggregates. 

Other materials were: P.O 42.5 cement, fly ash, tap water and polycarboxylate superplasticizer. 

Five types of concrete were prepared, and the mix proportions and properties of concrete are 

described in Table 3, where 𝐸c is the modulus of elasticity, 𝑓cu,28 is the 28-day cubic compressive 

strength, and 𝐼𝑆  is the initial strain at the beginning of axial compression tests on composite 

specimens and the minus values represent the shrinkage strain. The cubic compressive strength was 

obtained by axial compression tests on concrete cubes of 150 mm×150 mm×150 mm, and the 

modulus of elasticity was obtained through axial compression tests on concrete prisms of 150 

mm×150 mm×300 mm. The shrinkage strain was measured by concrete prisms of 100 mm×100 

mm×300 mm. The results showed that, after replacing NAs with SSAs, the slump of fresh concrete 

reduced, due to higher absorption rate, more angular steel slag particles and larger frictional resistance 

of SSAs than those of NAs. It can also be found from Table 3 that, the SSC has a larger 𝑓cu,28, 𝑓cu 

and 𝐸c than the reference NC, and the addition of fine SSA has a more significant impact on the 
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improvement of cubic compressive strength. This may be due to the fact that, compared with NAs, 

the surface of SSA particles is rougher, which allows a stronger bond with the cement paste, and the 

smaller the particle size of SSAs, the larger the contacting area with the hydration products. Similar 

experimental phenomena were also found in [4, 10, 15]. Additionally, the 𝐼𝑆 of the SSC is smaller 

than that of the NC, due to the presence of free CaO and free MgO having expansive properties in the 

steel slag, and the fine SSA plays a more significant role in reducing the shrinkage strain of new 

concrete [17]. 

2.3. Tests under axial compression 

A 5000 kN capacity testing machine was chosen to carry out the tests of composite short specimens 

under axial compression. The test set-up is illustrated in Fig. 1. The specimen was vertically placed 

on the lower platen, and a load cell was arranged between the top endplate of the specimen and the 

upper platen to detect the evolution of axial compressive loads. To monitor axial shortening, four 

displacement transducers (DTs) symmetrically placed on the lower platen were prepared. To detect 

the strain development at the mid-height section, the strain gauges (SGs) were placed at four 

measuring points evenly distributed around the circumference (90 degrees apart), and each measuring 

point was set with an axial SG and a hoop SG. 

A loading scheme of load control followed by displacement control [22] was utilized in the tests. 

Before the axial compressive load reached 90% of the simulated peak load using the FE model 

introduced later, the tests were continuously proceeded based on the loading rate, which was set to 

be 0.5 kN/s. After that, the tests was controlled by a displacement rate of 0.1 mm/min until the 

termination of the tests. 

2.4. Test results and discussion 

For all the specimens, the failure process generally consisted of three phases, that is, elastic, elastic-

plastic, and post-peak. At the initial loading phase, the axial load increased almost linearly with the 

increase of axial shortening, and the appearance of the specimens remained intact basically. When 

the load reached approximately 75% of the ultimate load, the growth rate of axial load was gradually 
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lower than that of axial shortening, and the diagonal shear-slip lines begun to appear on outer wall of 

steel tube accompanied by the noise of concrete crushing/cracking. When approaching ultimate load, 

the number of the diagonal shear-slip lines on the outer wall of steel tube gradually increased, and 

there was a slight bulging of steel tube at both ends of the shear-slip lines. After the ultimate load was 

attained, with the increase of axial shortening, the axial load decreased rapidly at first and the 

decreasing rate reduced gradually until the end of the tests, and simultaneously the shear-slip 

deformation together with local bulging of steel tube and the crushing/cracking of concrete further 

progressed. It should be noted that the bonding between SSC and steel tube might be critical for the 

axial and lateral compression behaviour of the composite columns [23], which needs further 

investigation. 

The failure pattern of the specimens is shown in Fig. 2(a), in which dashed lines indicate the shear-

slip band on steel tube, and arrows point to local bulging of steel tube. The pictures demonstrate that, 

for the specimens with the same 𝛼, the difference in core concrete type (i.e. 𝑅c and/or 𝑅f) has 

limited influence on the failure pattern of the specimens. Moreover, with the growth of 𝛼, i.e. from 

0.094 (C1 series specimens) to 0.135 (C2 series specimens), the dip angle of the shear-slip band on 

the steel tube decreases and the local bulging of steel tube becomes slighter. This can be explained 

that, in the case of having similar material properties, a larger 𝛼 means a better confinement of steel 

tube to its core concrete, which makes the specimen show a steadier failure characteristic. 

Additionally, in the area corresponding to the shear-slip band on the steel tube, there is also an 

diagonal zone including both crushing and cracking of concrete, and the destruction of core concrete 

is generally the most serious in the region where the local bulging occurs to the steel tube, as 

demonstrated in Fig. 3(a). 

Fig. 4 indicates the measured axial load (𝑁) versus axial shortening (𝛥) curves of the specimens. 

It is shown that, in general, there are three sequential phases in all 𝑁 − ∆ curves, namely, the first 

approximative elastic phase in which 𝑁 increases with the increase of 𝛥 at an almost fixed slope, 

the second elastic-plastic phase in which 𝑁 improves with the growth of 𝛥 at a gradually decreased 
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slope until achieving ultimate load, and the third post-peak phase in which 𝑁 decreases with the rise 

of 𝛥 at a gradually decreased slope. Under the same 𝛼, the SSA replacement ratio (𝑅c and/or 𝑅f) 

has a moderate impact on the trend of 𝑁 − ∆ curves. However, when core concrete is the same, the 

𝑁 − ∆ curve of the specimens with a larger 𝛼 generally has a greater initial slope, a longer elastic-

plastic phase and a slower load decline rate at the post-peak phase, owing to the increased 

confinement of steel tube to its core concrete. The axial capacity (𝑁ue) of composite specimens is 

determined to be the ultimate load on the 𝑁 − ∆ curve, as presented in Table 1. 

The axial load (𝑁) versus strain (𝜀) curves of the specimens are displayed in Figs. 5 (a-1) and (b-

1), where both axial and hoop strains are taken as the average of the measured values of four strain 

gauges. As can be seen in the figures, the evolution of the 𝑁 − 𝜀 curves is generally similar to that 

of the 𝑁 − 𝛥 curves. Moreover, the change of 𝑅c and/or 𝑅f mainly affects the post-peak part of 

the 𝑁 − 𝜀 curves, but there is no consistent change in the decline trend, and a larger 𝛼 generally 

result in a larger axial/hoop strain of the specimens while reaching 𝑁ue. 

Fig. 6 demonstrates the relationship between 𝑁 𝑁ue⁄  and |𝜀h 𝜀a⁄ | of the specimens, where 𝜀a 

and 𝜀h are the average value of the recorded axial and hoop strains, respectively. It can be found 

that, the 𝑁 𝑁ue⁄ − |𝜀h 𝜀a⁄ | relationship generally exhibits similar characteristics as the 𝑁 − ∆(𝜀) 

curves. Before the 𝑁 𝑁ue⁄  value reaches about 0.75 (i.e. in the approximative elastic phase), the 

|𝜀h 𝜀a⁄ | values are generally close to the Poisson's ratio of steel. When the 𝑁 𝑁ue⁄  value is between 

0.75 and 1.0 (i.e. in the elastic-plastic phase), the |𝜀h 𝜀a⁄ | values exceed the Poisson's ratio of steel 

and gradually increase. In addition, when 𝛼=0.094, the |𝜀h 𝜀a⁄ | values of the specimens containing 

different types of concrete differ greatly, and circular SSC-FST specimens have larger |𝜀h 𝜀a⁄ | 

values than their reference counterpart; however, when 𝛼=0.135, the difference in the |𝜀h 𝜀a⁄ | 

values of the specimens containing different types of concrete becomes smaller, and circular SSC-

FST specimens have smaller |𝜀h 𝜀a⁄ | values than their reference counterpart. This is mainly due to 

the fact that, a larger 𝛼 means a better confinement from steel tube to its core concrete, leading to a 

more stable transverse deformation of core concrete, and some unpredictable defects in the tests cause 
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the inconsistency of the relative difference in the 𝑁 𝑁ue⁄ − |𝜀h 𝜀a⁄ |  relationship between the 

specimens with SSC and the reference specimens with NC. In the post-peak phase, the trend of the 

𝑁 𝑁ue⁄ − |𝜀h 𝜀a⁄ | relationship is significantly determined by the soundness of SGs and the difference 

between the position of SGs and that of the shear-slip band on the steel tube. 

To quantitatively measure the difference between axial capacity of circular SSC-FST specimens 

and that of their reference counterparts (i.e. circular CFST specimens), the axial capacity factor (𝐶n) 

is defined as follows: 

𝐶n =
𝑁ue,ssc

𝑁ue,nc
                                   (1) 

where, the subscripts ‘ssc’ and ‘nc’ denote composite specimens with SSC and the reference NC, 

respectively. 

Fig. 7 illustrates the effect of parameters on 𝑁ue  and 𝐶n of the specimens. It is shown that, 

overall, all circular SSC-FST specimens have a higher 𝑁ue than their reference counterparts, and a 

larger 𝛼 leads to a higher 𝑁ue for the specimens containing the same concrete. The circular SSC-

FST specimen with 𝑅c=50%, 𝑅c=100%, 𝑅f=50% and 𝑅c=𝑅f=50% respectively results in a 𝐶n of 

0.998, 1.038, 1.016 and 1.243 when 𝛼=0.094, and 𝐶n respectively equals to 1.060, 1.050, 1.145 and 

1.192 when 𝛼=0.135. These data show that, generally, the axial capacity of circular SSC-FST 

specimens is improved more obviously than that of their reference counterparts when both 𝑅c and 

𝑅f are 50% or 𝛼=0.135 and replacing NFA with fine SSA is more effective to increase the axial 

capacity of circular SSC-FST short columns when SSA replacement ratio is the same. These can be 

explained that, the SSC has a high compressive strength than the reference NC, especially when the 

core concrete contains fine SSA, and a larger 𝛼 means that steel tube possesses a better constraint 

to its core concrete. 

Referring to the way for conventional circular CFST [24], the composite elastic modulus (𝐸sc) of 

circular SSC-FST short column specimens is defined to evaluate the ability of resisting axial 

shortening, and the detailed formula is as follows: 
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Esc=
0.4σue

εa, 0.4
                                   (2) 

where, σue  (=𝑁ue/𝐴sc ) is the nominal ultimate strength, 𝐴sc  is the cross-sectional area of 

composite column, and εa, 0.4 is the average axial strain when axial load equals to 0.4𝑁ue. The 

obtained results of 𝐸sc are listed in Table 1. 

As mentioned above, the recorded 𝑁-𝜀a curve of the specimen is generally in the elastic stage 

when the load is less than 0.75𝑁ue. Therefore, based on the superposition principle, the composite 

elastic modulus of the specimens (𝐸sc,c) can also be calculated using the following formula: 

Esc,c=
𝐸c+𝛼∙𝐸s

1+𝛼
                                 (3) 

The variation of 𝐸sc and 𝐸sc/𝐸sc,c of the specimens is displayed in Fig. 8. It is shown that, 

generally, circular SSC-FST specimens have a higher 𝐸sc than their reference counterparts, and the 

specimens having a larger 𝛼 result in a higher 𝐸sc when core concrete keeps the same. On average, 

𝐸sc of circular SSC-FST specimens is 6.9% higher than that of their reference counterparts, and the 

specimens with 𝛼 of 0.135 have a 14.5% higher 𝐸sc than those with 𝛼 of 0.094. Moreover, the 

values of 𝐸sc/𝐸sc,c  vary between 0.852 and 0.998, with a mean value of 0.931 and a standard 

deviation of 0.050, showing that the composite elastic modulus of circular SSC-FST short columns 

generally can be acquired by the superposition principle. 

Taking the method in [24] as reference, the definition of ductility index (𝐷𝐼 ) of composite 

specimens is as follows: 

𝐷𝐼 =
𝛥−85%

𝛥ue
                                   (4) 

where, 𝛥−85% is the axial shortening corresponding to 85%𝑁ue in the post-peak phase, and ∆ue 

is the axial shortening while reaching 𝑁ue. 

Fig. 9 exhibits the ductility index (𝐷𝐼) of the specimens. It can be seen that, when 𝛼 increases the 

ductility of the specimens improves, owing to the fact that thicker steel tube can better constrain the 

damaged core concrete in the post-peak phase. Moreover, the specimens containing SSC generally 
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have a smaller 𝐷𝐼 than the corresponding specimen with NC, which may be caused by the existence 

of empty micro-pores in the SSC [4]. 

3. Numerical simulation 

3.1. Description of the FE model 

A refined finite element (FE) model was established to simulate the axially compressed circular SSC-

FST short columns using the software package ABAQUS [25], which was widely used in the 

numerical simulation of CFST members. As given in Table 3, the shrinkage occurs to all the five 

types of concrete before applying axial compression to the composite specimens, and to account for 

this in the FE model, the entire simulating process was divided into two successive analysis stages. 

In stage 1, the field variables of core concrete were first obtained by including the deformation 

characteristics of concrete before loading in the FE model, and then the numerical results of core 

concrete were imported into stage 2 as the initial conditions. In stage 2, the axial compressive 

performance of composite short columns was simulated. 

Before the SSC is stressed, the shrinkage strain is generated when the expansion deformation 

caused by free oxides in the SSA is smaller than the shrinkage deformation of all components; 

otherwise, the expansion strain is generated, which mainly depends on the type, content and treatment 

of SSAs. For example, the four types of SSC in this study are produced using coarse SSA and/or fine 

SSA aged for 2 years and the 𝐼𝑆 is the shrinkage strain (see Table 3), while the 𝐼𝑆 can be either 

shrinkage strain or expansion strain in the tests of Yu et al. [17] through completely replacing the sand 

using fine SSA. It should be noted that, generally, only shrinkage strain is generated for the NC. As 

is concluded [26], the shrinkage of core concrete in the CFST is smaller than that of plain concrete, 

i.e., the measured 𝐼𝑆  of plain concrete cannot be directly used in the FE modelling of axially 

compressed circular SSC-FST short columns, and it is necessary to convert 𝐼𝑆  into the 

corresponding initial deformation of core concrete before loading. 

The investigation outcomes [26] show that, generally, the shrinkage strain of plain concrete and 

core concrete in the CFST can be accurately predicted by the formula in ACI 209 [27]: 
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(εsh)
T
=

T

35+T
∙𝜀sh,u                              (5) 

where, (εsh)
T
 is the shrinkage strain of concrete; 𝑇 is the number of days from the end of the initial 

curing; and 𝜀sh,u is the ultimate shrinkage strain equal to 780𝛾sh×10-6, and 𝛾sh is the product of 

multiple correction factors.  

To address the gap in shrinkage strain between plain concrete and core concrete in the CFST [26], 

a reduction factor (𝛽𝜀) is defined: 

𝛽𝜀 =
(𝜀sh)T,cfst

(𝜀sh)T,pc
                               (6) 

where, the subscripts ‘cfst’ and ‘pc’ represent core concrete in the CFST and plain concrete, 

respectively. 

According to ACI 209 [27], 𝛽ε is mainly related to the sizes (e.g. volume-surface ratio) and the 

ambient relative humidity under identical curing time and mix proportion, that is, loading age, fine 

aggregate percentage, cement content and air content are the same. In this study, the real sizes of two 

kinds of concrete are used, and the ambient relative humidity of plain concrete and core concrete in 

the CFST is respectively taken as 70% and 90% based on actual curing conditions [26].  

After obtaining 𝛽ε, the initial shrinkage strain (𝜀i) of core concrete in the SSC-FST and the CFST 

before being stressed can be determined using the following formula:  

𝜀i =𝛽ε ∙ 𝐼𝑆                                 (7) 

The calculated 𝜀i of the specimens is also listed in Table 3. 

Moreover, as there was no report related to the discrepancy in the expansion characteristics between 

core concrete in the CFST and plain concrete, the initial expansion strain (𝜀i) of core concrete in the 

SSC-FST and the CFST is temporarily set to be the 𝐼𝑆 of plain concrete. 

The circular steel tube was replicated using a classical metal plasticity model in ABAQUS [25]. 

The measured results of steel tube were directly taken as its properties in the elastic stage. The real 

stress versus plastic strain relationship requiring to be input the software was obtained by the 
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engineering stress (𝜎s) versus strain (s) relationship including five phases, which can better simulate 

the plastic property of circular steel tube [24, 28]: 

𝜎s =

{
  
 

  
 
𝐸s ∙ 𝜀s         (𝜀s ≤ 𝜀e)

−𝐴 ∙ 𝜀s
2 + 𝐵 ∙ 𝜀s + 𝐶          (𝜀e < 𝜀s ≤ 𝜀e1)

𝑓y            (𝜀e1 < 𝜀s ≤ 𝜀e2)

𝑓y ∙ (1 + 0.6
𝜀s−𝜀e2

𝜀e3−𝜀e2
)                (𝜀e2 < 𝜀s ≤ 𝜀e3)

1.6𝑓y             (𝜀s > 𝜀e3)

                (8) 

where, 𝜀e=0.8𝜀y , 𝜀e1=1.2𝜀y , 𝜀e2=12𝜀y , 𝜀e3=120𝜀y , A=0.2f
y
/(𝜀e1-𝜀e)

2
, B=2A ∙ 𝜀e1 , C=0.8f

y
+A ∙

𝜀e
2-B ∙ 𝜀e and 𝜀y=f

y
/Es. 

In order to well depict the structural property of core SSC, the damaged plasticity model [25] was 

chosen. In the elastic stage, the Poisson’s ratio was taken as 0.2 [29], and 𝐸c  was set to be 

4730√𝑓ssc′  [30], in which 𝑓ssc
′  is the cylindrical compressive strength. In the plastic stage, a constant 

value of 40° for dilation angle was adopted, and the other plasticity parameters used in the modelling 

were same as those in [19]. The equation suggested by Birtel and Mark [31] was used to determine 

the compressive damage factor of core SSC. Moreover, the stress-inelastic strain relationship of core 

SSC under compression needing to be input the software was obtained by the compressive stress (𝜎c)-

strain (𝜀c) relationship in [19]: 

𝜎c

𝑓ssc
′ = {

2(𝜀c 𝜀c,u⁄ ) − (𝜀c 𝜀c,u⁄ )2        (𝜀c 𝜀c,u⁄ ≤ 1)
𝜀c 𝜀c,u⁄

𝛽0⋅(𝜀c 𝜀c,u⁄ −1)
2
+𝜀c 𝜀c,u⁄

             (𝜀c 𝜀c,u⁄ > 1)
                  (9) 

where, 𝜀c,u = (1300 + 12.5𝑓ssc
′ + 800𝜉s

0.2) × 10−6,𝜉s = 𝛼 ∙ 𝑓y/𝑓ssck, 𝛽0 = 1.25√𝑓ssc′ × (2.36 ×

10−5)[0.25+(𝜉s−0.5)
7] ≥ 0.12, 𝜉s  is the confinement factors of SSC-FST [19], and  𝑓ssck  is the 

characteristics compressive strength of SSC that equal to 67% of cubic compressive strength [24]. In 

this study, 𝑓ssc
′  is converted from the cubic compressive strength based on the suggestion in EN 

1992-1-1 [32]. 

In the absence of experiments on the compressive strength of SSC, the following formulae can be 

adopted for calculating all kinds of compressive strength of SSC [19]: 
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𝐶𝑆scc = {
(0.4𝑅 + 1.0) ∙ 𝐶𝑆nc           (𝑅 < 0.3)
(−0.15𝑅 + 1.165) ∙ 𝐶𝑆nc (0.3 ≤ 𝑅 ≤ 1.0)

            (10) 

where, 𝐶𝑆scc and 𝐶𝑆nc are a kind of compressive strength of SSC and that of the corresponding NC, 

respectively, and 𝑅  is the SSA replacement ratio, for SSC with coarse SSA or fine SSA, 𝑅 

respectively equals to 𝑅c or 𝑅f, while for SSC with both coarse and fine SSA, 𝑅 is equal to half 

the sum of 𝑅c and 𝑅f. 

According to the achievement in [19], the tensile property of core SSC in the plastic stage was 

simulated using cracking criterion based on fracture energy, and the cracking stress was taken as 

0.1𝑓ssc
′ . 

For the boundary conditions in stage 1, the ‘Tie’ constraint was defined as the contact between 

different components, considering that the stress of different components caused by the initial strain 

of core concrete is relatively small and cannot damage the interface between steel tube and core 

concrete. All degrees of freedom of lower surface of bottom endplate were restricted, i.e. being 

defined as the ‘ENCASTRE’, and all degrees of freedom of upper surface of top endplate were not 

restricted. At the same time, the initial shrinkage/expansion strain (𝜀i) was applied by cooling/heating 

the core concrete part. For the boundary conditions in stage 2, the definition of constraint between 

steel tube and core concrete was transformed into the ‘hard contact’ in normal direction and the 

‘Coulomb friction’ in tangential directions, and the constraint between endplates and core concrete 

was defined as the ‘hard contact’ in normal direction. For upper surface of top endplate, the restriction 

on translations in X and Y directions was employed. Before applying axial shortenings along Z 

direction (UZ) to the top endplate, the results obtained in stage 1 were introduced into the FE model 

in stage 2. The meshing together with boundary conditions of axially compressed circular SSC-FST 

short columns in the FE modelling are demonstrated in Fig. 10. 

Fig. 11 shows the predicted field variables of specimen C1-50-50 before loading. It can be seen 

from Fig. 11(a) that, from the top to the bottom, the displacement along Z direction of steel tube and 

core SSC decreases from the maximum to zero; however, the displacement along the cross-section of 

steel tube is uniformly distributed, while that of core SSC is not uniformly distributed, considering 
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that the bond between outer tube and core SSC makes the thin steel tube (shell) does not form a 

displacement gradient, whilst there is an evident displacement gradient for the solid core SSC. It is 

indicated in Fig. 11(b) that, two kinds of stress are symmetric about the mid-height section. From 

mid-height section to the junction of steel tube and stiffeners, two kinds of stress show a decreasing 

trend, and there are also gradients of the maximum principal stress of core SSC, except for the core 

concrete within the stiffener height range.  

The effect of 𝜀i on typical field variables of all the specimens is demonstrated in Fig. 12, where 

𝑆M,s,max is the maximum value of the Mises stress of steel tube, 𝑆Mp,c,max is the maximum value of 

the maximum principal stress of core concrete, and 𝑈3 is the top displacement along the Z direction. 

It is shown that, for the composite specimens with the shrinkage of core concrete, 𝑆M,s,max, 𝑆Mp,c,max 

as well as 𝑈3 increase with the increase of 𝜀i irrespective of concrete type, and the specimens with 

a larger 𝛼  possess a smaller 𝑆M,s,max , 𝑆Mp,c,max  and 𝑈3  while 𝜀i  keeps constant due to an 

increased constraint of steel tube on its core concrete. 

3.2. Verification of the FE model 

The FE simulation results showed that the failure patterns of composite specimens with different 

parameters were similar, and the differences between them were mainly lain in the detailed values of 

the field variables after being compressed. The typical simulated failure pattern of whole specimen 

and core concrete of axially compressed circular SSC-FST short columns and their reference 

counterparts are demonstrated in Fig. 2(b) and Fig. 3(b), respectively. It can be found that, the 

simulated outward bulging of steel tube and the dilation of core concrete are the most serious at the 

mid-height section and weaken towards two ends constrained by the stiffeners, unlike the test results 

in Figs. 2(a) and 3(a). Similar differences were also found in previous studies [33-35], mainly due to 

the fact that, a few random defects in the materials and/or deviation in the tests could not be properly 

included in the FE simulation. Overall, the predicted failure area and the maximum bulging 

deformation of steel tube are consistent with the observations in the experiments. 
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The contrast between the simulated axial load (axial stress) versus axial shortening (axial strain) 

curves and the measured results from this research and the literature [17, 18, 20] is shown in Figs. 4, 

5 and 13, where 𝜎sc (=𝑁 𝐴sc⁄ ) is the axial stress over composite section. As can be seen from the 

comparison that, the predicted 𝑁 − ∆(𝜀a)  and 𝜎sc − 𝜀a  curves generally agree well with the 

measured ones; nevertheless, owing to the absence of the materials’ defects and the experimental 

deviation in the FE model, there is a certain discrepancy between the simulated and measured curves, 

especially in the elastic-plastic and post-peak stage.  

The FE simulated axial capacities (𝑁u,fe) of circular SSC-FST short columns are compared with 

the measured results in Fig. 14. The statistical results show that, the error between 𝑁u,fe and 𝑁ue is 

generally less than 10%, and the mean value and standard deviation of 𝑁u,fe/𝑁ue are 0.963 and 0.051, 

respectively, showing that the axial capacity of circular SSC-FST short columns can be accurately 

predicted using the developed FE model, and the prediction is generally safe. 

3.3. Mechanism analysis using the FE model 

The impact of 𝜀i on the mechanism of circular SSC-FST short columns under axial compression was 

further studied by the validated FE model. The basic conditions included: 𝐷=600 mm, 𝐿 𝐷⁄ =3.0, 

𝛼=0.10, 𝑓cu=60 MPa, 𝑓y=355MPa, 𝑅=50%, and 𝜀i=-200×10-6, 0 and 200×10-6. In the analysis, as 

can be seen from Fig.15, three representative points on the simulated 𝜎sc−𝜀a curves are chosen to 

illustrate the mechanism, where point A corresponds to the axial load of 0.4𝑁u, point B corresponds 

to the axial load of 𝑁u, point C corresponds to the axial strain of 0.02, and 𝑁u is the axial capacity. 

Fig. 16 demonstrates the stress field (S33) of core SSC at the mid-height section of typical circular 

SSC-FST short columns under different initial strain (𝜀i). It can be seen that, as 𝜀i goes from negative 

(shrinkage strain) to positive (deliation strain), the S33 tends to enhance, indicating that it is more 

favorable for the load carrying of composite columns when the core concrete initially expands (e.g. 

adding an expansion agent to the concrete). At point A, the distribution of S33 is almost uniform as 

core concrete bears axial loads independently. At point B, there is a stress gradient over cross-section, 

and the stress near the center is the smallest as the relatively small constraining effect of steel tube on 
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core concrete is transmitted from their contact surface to the central area. At point C, the stress 

gradient over cross-section is still obvious; however, the distribution property is opposite to that at 

point B, that is, the S33 reaches the maximum in the central region. This can be explained that, the 

large confinement effect of steel tube on core concrete makes concrete central zone more restrained. 

The effect of initial strain (𝜀i) and confinement factor (𝜉s) on the interaction stress (p) between 

steel tube and core concrete is presented in Fig. 17. It can be observed that, before being stressed, the 

initial dilation and shrinkage strain cause positive and negative p, respectively, and there is no 

interaction between steel tube and core concrete if the initial deformation characteristics of core 

concrete are not considered. At the initial phase, p has a process of first decreasing and then 

recovering to the initial value, considering that the Poisson's ratio of core concrete is smaller than that 

of steel tube, i.e., the transverse deformation of core concrete is less than that of steel tube. 

Subsequently, as loading continues, p increases continuously or increases and then decreases after 

reaching the maximum when the Poisson's ratio of core concrete exceeds the Poisson's ratio of steel 

tube, which mainly depends on the magnitude of 𝜉s . Furthermore, with the increase of 𝜀a , the 

columns with different 𝜀i have a similar envolvement of p, and the columns with a positive 𝜀i and 

a larger 𝜉s result in a higher p due to the improved confinement of steel tube to its core concrete. 

4. Simplified equations 

Fig. 18 demonstrates the effect of typical parameters on 𝜎sc − 𝜀a curve of circular SSC-FST short 

columns under axial compression. It is shown that, the cross-sectional steel ratio (𝛼), the yield 

strength of steel tube (𝑓y), the cubic compressive strength of NC (𝑓cu), the initial strain (𝜀i) and the 

SSA replacement ratio (𝑅) have a significant impact on the 𝜎sc − 𝜀a curve, while the diameter of 

steel tube (𝐷) has a relatively small influence. 

Referring to the previous achievements for circular CFST [24], the axial compressive capacity 

factor (𝑓scy) corresponding to a certain axial strain (𝜀a,y) on the 𝜎sc − 𝜀a curve of circular SSC-FST 

short columns is determined. The formula for 𝜀a,y is as follows: 

𝜀a,y = [1300 + 12.5𝑓ssc
′ + (600 + 33.3𝑓ssc

′ ) ∙ 𝜉s
0.2] × 10−6           (11) 
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Through in-depth analysis of a large number of FE simulation results, it is found that, the influence 

of 𝛼 , 𝑓y , 𝑓cu  and R on 𝑓scy  of circular SSC-FST can be unified into the effect of 𝜉s . The 

relationship between 𝑓scy,0/𝑓ssck  and 𝜉s  is displayed in Fig. 19(a), where 𝑓scy,0  is the axial 

compressive capacity factor without considering the initial strain of core concrete. Based on the 

regression analysis, the simplified equation for 𝑓scy,0 , which is consistent in form with that for 

circular CFST [24, 26, 36], can be obtained:  

𝑓scy,0 = (1.14 + 1.02𝜉s) ⋅ 𝑓ssck                         (12) 

Fig. 19(b) demonstrates the impact of 𝜀i on 𝑓scy,n0/𝑓scy,0, where 𝑓scy,n0 is the axial compressive 

capacity factor with the initial strain of core concrete considered. Eventually, a linear relationship 

between 𝑓scy,n0/𝑓scy,0 and 𝜀i is obtained according to the regression analysis: 

𝑓scy,n0=(1.0+0.28×10
3𝜀i) ⋅ 𝑓scy,0                       (13) 

Therefore, the simplified equation for axial capacity (𝑁u) of circular SSC-FST short columns is as 

follows: 

𝑁u = (1.0+0.28×10
3𝜀i) ⋅ 𝑓scy,0 · 𝐴sc                     (14) 

The comparison between simplified axial capacities ( 𝑁uc ) using Eq. (14) and numerical/ 

experimental results (𝑁u,fe and 𝑁ue) is displayed in Fig. 20. The results show that, the mean value 

and standard deviation of 𝑁uc/𝑁u,fe respectively equal to 1.035 and 0.054, while those of 𝑁uc/𝑁ue 

are 0.929 and 0.112, respectively, indicating that the axial capacity of circular SSC-FST short columns 

can be accurately predicted using the simplified equations proposed in this study. The application 

scope of Eq. (14) is: 𝑅=0~100%, 𝛼=0.05~0.20, 𝑓cu=40 MPa~80 MPa, 𝑓y=235 MPa~460 MPa, and 

𝜀i=-300×10-6~300×10-6. 

5. Conclusions 

The axial compressive performance of circular SSC-FST short columns together with the reference 

circular CFST short columns is experimentally and numerically investigated, and the main 

conclusions of the present research include: 
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(1) After axial compression tests, the diagonal shear-slip band together with local bulging at both 

ends of shear-slip band happen to the steel tube regardless of the difference in 𝑅 and 𝛼; however, a 

larger 𝛼 causes a smaller dip angle of the shear-slip band and a slighter local bulging of steel tube. 

Moreover, crushing/cracking of core concrete appear in the area corresponding to the shear-slip band 

on steel tube. 

(2) Overall, with the growth of deformation (∆ and 𝜀), the axial load (𝑁) on the specimens goes 

through three successive stages of development, that is: approximative elastic, elastic-plastic and 

post-peak. Under the same test parameters, 𝛼 has a significant effect on the trend of 𝑁 − ∆ curves, 

whilst 𝑅 has no evident impact.  

(3) In general, circular SSC-FST short column specimens have a higher 𝑁ue and 𝐸sc than their 

reference counterparts and replacing NFA with fine SSA is more efficacious to enhance the axial 

capacity of circular SSC-FST short columns when 𝑅 is the same. Simultaneously, a larger 𝛼 of the 

specimens leads to a higher 𝑁ue and 𝐸sc. On average, 𝑁ue(𝐸sc) of circular SSC-FST specimens 

with 𝛼 of 0.094 and 0.135 are 7.4% (4.6%) and 11.2% (9.2%) higher than their reference counterpart, 

respectively. Additionally, the composite elastic modulus of circular SSC-FST can be generally 

calculated based on the superposition principle. 

(4) On the whole, the established FE model can accurately predict the failure patterns, the axial 

load (axial stress) versus axial shortening (axial strain) relationship and the axial capacity of available 

composite specimens containing the SSC, by considering the initial strain of core concrete before 

loading. The simulated results using the FE model exhibit that the composite short columns with a 

positive 𝜀i and a larger 𝜉s possess a higher p. 

(5) Simplified equations are proposed to predict the axial capacity of circular SSC-FST short 

columns, and the calculated axial capacities are in good accordance with the numerical and 

experimental results. 

It is evident that, due to the limited testing capacity and research funds, the size, number and 

parameter range of the specimens in this paper cannot cover all the circular SSC-FST columns in 
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practical engineering. As a result, more tests of such composite columns are needed to guide the 

practical design and further verify the FE model. 
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  (a) Schematic drawing                          (b) Real picture 

Fig. 1. Test set-up. 
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(a) Test results 

     

(b) Typical simulation results 

Fig. 2. Failure pattern of the specimens. 
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(a) Test results 

       

(b) Typical simulation results 

Fig. 3. Failure pattern of core concrete. 
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(a)                               (b) 

 

(c)                              (d) 

 

(e) 

Fig. 4. Axial load (N) versus axial shortening () curves of the specimens. 
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(a-1) C1 series (measured)                 (a-2) C1 series (predicted) 

 

(b-1) C2 series (measured)                 (b-2) C2 series (predicted) 

Fig. 5. Axial load (N) versus strain (ε) curves of the specimens. 
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    (a) C1 series                        (b) C2 series 

Fig. 6. N/Nue versus |εh/εa| relationship of the specimens. 
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Fig. 7. Effect of parameters on Nue and Cn of the specimens. 
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Fig. 8. Variation of Esc and Esc/Esc,c of the specimens. 
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Fig. 9. Ductility index (DI) of the specimens. 
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Fig. 10. Meshing and boundary conditions for the FE model of axially compressed circular SSC-

FST short columns. 
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Fig. 11. The predicted field variables of specimen C1-50-50 before loading. 
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Fig. 12. Effect of 𝜀i on typical field variables of all the specimens. 
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(a) Tests of Yu et al. [17]                (b) Tests of Yu et al. [17] 

 

(c) Tests of Yu et al. [18]                  (d) Tests of Lai et al. [20] 

 
(e) Tests of Lai et al. [20]                (f) Tests of Lai et al. [20] 

Fig. 13. Representative contrast between the predicted and measured axial load (axial stress) 

versus axial shortening (axial strain) curves in the literature. 
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Fig. 14. Comparison between Nu,fe and Nue of circular SSC-FST short column specimens. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0

1000

2000

3000

0 1000 2000 3000

N
u
,f

e
(k

N
)

Nue (kN)

C1 series

C2 series

Yu et al. [17]

Yu et al. [18]

Lai et al. [20]

-10%

+10%

Mean value: 0.963

Standard deviation: 0.051



 

 

Fig. 15. The simulated sc-ea curve of typical circular SSC-FST short columns. 
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Fig. 16. Stress field of core SSC at the mid-height section of typical circular SSC-FST short 

columns. 
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Fig. 17. Effect of 𝜀i and s on the interaction stress (𝑝) between steel tube and core concrete. 
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(a) Variation of                                  (b) Variation of fy 
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Fig. 18. Effect of typical parameters on sc-ea curve of circular SSC-FST short columns. 
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(a) fscy,0/fssck-s relationship               (b) fscy,n0/fscy,0-ei relationship 

Fig. 19. Strength index (fscy) of circular SSC-FST short columns. 
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(a) Nuc and Nu,fe                          (b) Nuc and Nue 

Fig. 20. Comparison between simplified axial capacities and numerical/experimental results. 
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Tables: 

Table 1. Information of the specimens. 

No. Label 
D 

(mm) 

t 

(mm) 

L 

(mm) 
α 

Rc 

(%) 

Rf 

(%) 

fy 

(MPa) 

fcu 

(MPa) 

Esc 

(GPa) 

Nue 

(kN) 

Nu,fe 

(kN) 

Nu,fe/ 

Nue 

1 C1-0-0 150.0 3.33 450.0 0.094 0 0 449.7 51.2 47.4 1695.3 1575.6 0.929 

2 C1-50-0 150.0 3.33 450.0 0.094 50 0 449.7 61.1 46.7 1691.2 1651.0 0.976 

3 C1-100-0 150.0 3.33 450.0 0.094 100 0 449.7 61.9 51.1 1760.0 1633.9 0.928 

4 C1-0-50 150.0 3.33 450.0 0.094 0 50 449.7 76.8 48.1 1719.0 1848.6 1.075 

5 C1-50-50 150.0 3.33 450.0 0.094 50 50 449.7 76.8 52.5 2018.0 1819.3 0.902 

6 C2-0-0 150.0 4.59 450.0 0.135 0 0 518.5 51.2 52.4 2153.2 2049.0 0.952 

7 C2-50-0 150.0 4.59 450.0 0.135 50 0 518.5 61.1 55.6 2281.4 2151.2 0.943 

8 C2-100-0 150.0 4.59 450.0 0.135 100 0 518.5 61.9 54.5 2260.0 2154.1 0.953 

9 C2-0-50 150.0 4.59 450.0 0.135 0 50 518.5 76.8 58.8 2465.0 2313.9 0.939 

10 C2-50-50 150.0 4.59 450.0 0.135 50 50 518.5 76.8 59.9 2566.1 2310.7 0.900 

 

Table 2. Properties of different aggregates. 

Type 
Apparent gravity 

(kg/m3) 

Bulk density 

(kg/m3) 

Absorption rate 

(%) 

Crushing index 

(%) 
Fineness modulus 

Coarse SSA 3472 1806 1.65 5.7 - 

NCA 2718 1443 1.10 11.9 - 

Fine SSA 2629 1440 2.5 - 2.34 

NFA 3189 1926 5.0 - 2.98 

 

 

Table 3. Mix proportions and properties of concrete. 

Label# 

Mix proportions (kg/m3) Properties 

Cement Water NCA 
Coarse 

SSA 
NFA 

Fine 

SSA 
Fly ash 

Superplas

ticizer 

Ec 

(GPa) 

fcu28 

(MPa) 

fcu 

(MPa) 

Slump 

(mm) 

Spread 

(mm) 

IS 

(×10-6) 
𝜀i 

(×10-6) 

0-0 398 200 770 0 795 0 170 5 32.4 46.3 51.2 270 645 -404 -167 

50-0 398 200 385 385 795 0 170 5 33.2 57.7 61.1 280 660 -378 -156 

100-0 398 200 0 770 795 0 170 5 32.5 53.3 61.9 265 675 -346 -143 

0-50 398 200 770 0 398 398 170 5 34.3 64.3 76.8 260 710 -258 -107 

50-50 398 200 385 385 398 398 170 5 32.7 69.7 76.8 265 690 -326 -135 

Note: #, the first and second numbers represent numerator of Rc and Rf, respectively.  

Table Click here to access/download;Table;Tables_STRUCTURES-
D-23-02843_R1.docx

https://www.editorialmanager.com/structures/download.aspx?id=375827&guid=efe1edb5-d482-48d2-b4e8-bc1d710c88ba&scheme=1
https://www.editorialmanager.com/structures/download.aspx?id=375827&guid=efe1edb5-d482-48d2-b4e8-bc1d710c88ba&scheme=1

