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A B S T R A C T   

Self-compacting concrete has the advantages of high fluidity, high uniform density, and low 
porosity. To promote the engineering application of self-compacting concrete, this article studies 
the axial compression test of ten square steel tube self-compacting concrete columns. The effects 
of design parameters such as different grades of concrete strength and internal structures of 
circular steel tubes, square steel tubes, and H-shaped steel on the mechanical properties of self- 
compacting fly ash concrete filled square steel tube columns are studied. The failure mode, 
characteristic load and characteristic displacement, ductility, and energy dissipation capacity of 
each specimen are analyzed. On the basis of the test, the finite element analysis model of steel 
tube self-compacting concrete column is established, and the test results and simulation results 
are compared and analyzed. The results show that: the failure mode of the square steel tube 
specimen is the multilayer middle and upper ring buckling failure. Internal structural measures of 
square steel tube and H-shaped steel can improve the bearing capacity, ductility, and energy 
dissipation capacity of the specimen. It is not recommended to use the specimen with an outer 
square and an inner circle design. The results of the finite element simulation have a high degree 
of matching with the test results, which intuitively reflects the changes in force of each 
component.   

1. Introduction 

Self-compacting concrete (SCC) refers to high-flowing concrete that flows automatically and is evenly filled in the formwork 
without external vibration [1–3]. Although the cost of SCC is higher than that of ordinary concrete [4], it can be used in projects with 
dense reinforcement and complex structure [5–7], effectively saving manpower and material resources in the vibration process [8], so 
it is preferred by researchers. Combining the advantages of steel tube and SCC, self-compacting concrete filled steel tube (SCCFST) 
columns are made without establishing the formwork and vibration, which can greatly improve construction efficiency and save cost 
[9]. At the same time, the concrete filled in the steel tube also improves the shortcomings of easy instability and buckling deformation 
when the pure steel tube is subjected to force. It can give full play to the characteristics of high compressive strength of concrete and 
good ductility of steel tube, so that the bearing capacity, stability, fire resistance and seismic capacity of the structure have been 
qualitatively improved [10,11]. 
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At present, many scholars have carried out the axial compression test of self-compacting concrete filled steel tube columns under 
different concrete mix ratio, concrete strength, steel tube wall thickness, length-diameter ratio [12–14] and other parameters. In recent 
years, in order to reflect the beauty of architecture, some scholars have explored the performance of circular, square or elliptical 
self-compacting concrete filled steel tube under axial and eccentric compression [15–17]. Especially, the axial compression tests on 
elliptical high strength steel tubes filled with self-compacting concrete of different mix proportions and behavior of square and 
rectangular concrete-filled steel tube (CFST) columns with horizontal reinforcing bars under eccentric compression have been deeply 
investigated [18,19]. With the development of the times and the progress of science and technology, the traditional concrete-filled 
steel tubular structure also needs to keep pace with the times and constantly innovate to adapt to the complex and changeable con-
struction environment. The concrete filled steel tube under the complex form has higher ductility and strength performance. Although 
some scholars have carried out complex design of ordinary concrete-filled steel tube columns, such as outer circle and inner square, 
outer square and inner square, special-shaped steel tube, outer steel tube reinforcement and other forms [20–24], there are only a few 
studies on self-compacting concrete filled square steel tube under complex forms. 

In this experiment, the type of concrete, the strength grade of concrete and the internal structural measures were taken as the main 
variables. The axial compression test of 10 square steel tube self-compacting concrete columns was carried out. On the basis of 
experimental research, ABAQUS was used to establish the numerical analysis model of steel tube fly ash self-compacting concrete 
columns under axial compression. The failure mode of square steel tube self-compacting concrete columns under axial compression can 
provide some reference for the study of axial compression performance of complex forms of steel tube concrete columns, and provide 
some theoretical support for related engineering applications. 

2. Test program 

2.1. Mix proportions and properties of concrete 

The raw materials of ordinary SCC are cement, coarse aggregate, fine aggregate, water, and water reducing agent. SCFAC is made 
by replacing cement with fly ash in a certain proportion on the basis of ordinary SCC. The relevant performance tests are carried out. 
The test results are shown in Table 1. The self-compacting concrete produced meets the requirements of the specification [25]. The 
detailed information of each raw material is as follows: the cement used is P.O 42.5 ordinary Portland cement; the fly ash is grade II fly 
ash; coarse aggregate is a continuous graded gravel with a particle size of 5–20 mm; the fine aggregate is a natural river sand with a 
fineness modulus of 2.3 and a standard sieve; the water reducer uses high-efficiency polycarboxylate superplasticizer and the water 
reduction efficiency is 30 %. Water is laboratory tap water. Two kinds of SCC with different NC40 and NC60 strength were made. On 
this basis, two kinds of SCFAC with FA40 and FA60 strength were produced using fly ash to replace cement in a fixed proportion. The 
cooperation of each group is shown in Table 2. 

2.2. Specimen design 

In this experiment, the concrete strength grade and internal structural measures are taken as the main variables to compare the 
axial compression performance of the SCFACFST columns and the ordinary SCCFST columns. A total of 10 square SCCFST columns 
with a height of 700 mm were designed, of which 2 were ordinary SCCFST columns and the remaining 8 were SCFACFST columns. The 
side length of the outer square steel tube is 200 mm × 200 mm. The internal structure adopts a circular steel tube with a diameter of 
90 mm, a square steel tube with a side length of 80 mm × 80 mm, and an H-shaped steel with a side length of 90 mm × 90 mm × 4 mm 
× 4 mm. The steel tubes are all ordinary Q235B steel pipes produced in the same batch. The nominal wall thickness t of the steel tube is 
4 mm, the yield strength is 279 MPa, the ultimate strength is 394 MPa, the elongation is 30.6 %, and the yield ratio is 0.7. The internal 
structure is shown in Fig. 1, and the detailed design parameters are shown in Table 3. 

2.3. Loading scheme 

The test is completed on a 5000 kN electro-hydraulic servo universal testing machine, and the loading device is shown in Fig. 2. The 
test loading is divided into two stages: preloading and formal loading. First, preloading is performed, and 10 % of the estimated ul-
timate load is applied and maintained for 1 minute. During this period, data acquisition is verified to confirm that the equipment is 
fully unloaded after normal operation and enters the formal loading stage. Formal loading is displacement-controlled loading. The 
continuous loading method is adopted. The loading rate is set at 0.4 mm/ min. When the longitudinal displacement reaches 50 mm, 
the steel pipe weld cracks and the bearing capacity decreases significantly, the loading is stopped and the test ends. 

Table 1 
Test results of workability and mechanical properties of self-compacting concrete.  

Types of concrete Slump flow/mm J-ring flow/mm T500/s Gap passability/mm fcu/MPa 

NC40  650  635  4.6  15  49.7 
NC60  640  625  4.9  15  69.8 
FA40  690  670  3.2  20  48.5 
FA60  685  660  2.9  25  67.1  
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3. Test results and analysis 

3.1. Test phenomena 

The failure mode of each sample is shown in Fig. 3. 
It can be seen from Fig. 3:  

(1) The failure mode of all square SCCFST column specimens is a typical multilayer ring buckling failure, and the failure position is 
concentrated in the middle and upper part of the specimen. The concrete manifestation is that the multilayer continuous ring 
buckling appears in the middle and upper part of the square steel tube, and the first layer ring buckling first appears closer to the 
top of the specimen. The internal structural measures and the type and strength of concrete do not have a significant effect on 
the deformation and failure state of the square SCCFST column specimens.  

(2) SCCFST column specimens from all parties show multi-layer ring buckling failure. In the initial loading stage, the specimen is in 
the elastic stage under load, and the appearance does not show obvious changes. According to the load-specimen curves shown 
in Fig. 4(a), the load in the elastic stage increases linearly. At about 80 % of the peak load, the specimen intermittently appears 
with the sound of concrete fragmentation. The peak load of each SCCFST column specimen generally appears in the vertical 
displacement range of 7–10 mm, and slight deformation occurs on some surfaces. After that, with increasing vertical 
displacement, the specimen deformation intensified and the buckling deformation visible to the naked eye appeared succes-
sively on each side, gradually converged into a continuous ring buckling and continuously made the buckling full. At this time, 

Table 2 
Mix proportion of SCC (Unit: kg/m3).  

Specimen Water cement ratio Cement Fly ash Coarse aggregate Fine aggregate Water Water reducer 

NC40  0.37  486.5  0  950  809.6  180  4.87 
NC60  0.31  516  0  909  774  160  7.74 
FA40  0.37  291.9  194.6  950  809.6  180  4.87 
FA60  0.31  309.6  206.4  909  774  160  7.74  

Fig. 1. Internal structure of specimen.  

Table 3 
Design parameters for each specimen.  

Specimen Sectional dimension/mm Strength grade of concrete Internal structure form Cross sectional area/mm2 Steel area/mm2 Steel ratio 

NC40-S 200 × 200 NC40 —  40,000  3136  7.8 % 
NC60-S 200 × 200 NC60 —  40,000  3136  7.8 % 
FA40-S 200 × 200 FA40 —  40,000  3136  7.8 % 
FA40-S-C 200 × 200 FA40 Circular steel tube  40,000  4216  10.5 % 
FA40-S-H 200 × 200 FA40 H-shaped steel  40,000  4216  10.5 % 
FA40-S-S 200 × 200 FA40 Square steel tube  40,000  4352  10.9 % 
FA60-S 200 × 200 FA60 —  40,000  3136  7.8 % 
FA60-S-C 200 × 200 FA60 Circular steel tube  40,000  4216  10.5 % 
FA60-S-H 200 × 200 FA60 H-shaped steel  40,000  4216  10.5 % 
FA60-S-S 200 × 200 FA60 Square steel tube  40,000  4352  10.9 %  
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the bearing capacity had gradually decreased. Generally, the annular buckling of the second layer appears slowly after 25 mm. 
Similarly to the first layer, it first appears on some surfaces and continues to expand and converge until the buckling positions of 
each side are connected to each other. At this time, the bearing capacity of each specimen has basically stabilized. With 
increasing vertical displacement, the surface deformation of the specimen increases and the bearing capacity may rebound 
slightly, but it has little effect on the test results.  

(3) During the test, the specimen was continuously observed and the hollowing state of the specimen was judged by the knocking 
method. The adhesion between the square steel tube and the SCC is relatively poor, and it is easy to appear that the phenomenon 
of hollowing is occurring. This is because the square steel tube is easy to cause the large area peeling of the steel tube and the 
SCFAC when the bulging deformation occurs. With the continuous action of the load, the hollowing phenomenon will soon end. 
The SCFAC is crushed and reorganized, which can effectively fill the gap between the steel tube and the concrete, and make the 
steel tube and the SCFAC closely combined. 

3.2. Load-displacement curve 

The load-displacement curve of the specimen is shown in Fig. 4. In the figure, F represents the load on the specimen, the direction is 
vertical and upward, and the compression is positive; U represents the vertical displacement of the specimen, which is positive upward. 

It can be seen from Fig. 4 that:  

(1) The load-displacement curves of each specimen are similar. Before reaching the peak load, the load and displacement are 
basically linear, and the yield stage is not obvious enough. After reaching peak load, each SCFACFST column specimen begins to 
decline to varying degrees. After falling to a certain load, due to the buckling of the specimen, the stress area increases and the 
load increases slightly. However, in general, it does not have a significant effect on the bearing performance of the specimen and 
the deformation of the specimen at this stage is too obvious and is no longer suitable for continuous bearing. The load- 
displacement curves of the specimens FA40-S-C and FA60-S-C are obviously different from those of other specimens. The 
load growth rate of specimen FA40-S-C slows down when the displacement is about 5 mm, then increases rapidly to a stable 
state again until 7.5 mm, and then basically remains at a stable stage. The bearing capacity of the specimen FA60-S-C decreases 
slightly and remains at a high level after reaching the peak load, and with the increase in the deformation of the specimen, the 
bearing capacity increases slightly beyond the peak load, but the displacement has reached 40 mm, the deformation of the 
sample is significant, and there is no practical reference value.  

(2) The use of square steel tubes and H-shaped steel in the internal structure can significantly improve the bearing capacity of the 
specimen. Different internal structural measures have a great influence on the bearing capacity of the specimens. The specimens 
with internal structural measures of square steel tube and H-shaped steel have better bearing capacity than those with internal 
structural measures of circular steel tube. Taking the C60 strength specimen as an example, the peak load of the specimens with 
internal structural measures of square steel tube, H-shaped steel tube and circular steel tube is increased by 9.3 %, 7.4 % and-9.2 
% respectively compared with the specimens without internal structural measures. The selection of the internal structure should 
be determined according to the actual situation. But the structural measures of adding the inner circular steel tube to the outer 
square steel tube are not suitable for the actual project and should be avoided.  

(3) Taking concrete type as a variable, the strength of SCFAC specimens FA40 with 28d strength grade reaching the C40 standard is 
greater than that of ordinary SCC specimens NC40 at long age. Fly ash with an appropriate replacement rate has a positive effect 
on improving the strength of self-compacting concrete, and this phenomenon is more significant under the constraint of steel 

Fig. 2. Loading device.  
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tube. SCFAC specimens FA60 whose 28 d strength grade reaches the C60 standard has little difference with the strength growth 
of ordinary SCC specimens NC60 at long age. This is due to the small water-cement ratio of C60 SCC and the large amount of 
cement. Fly ash cannot completely replace cement to produce strength. The large replacement rate of fly ash will lead to 
weakening of the long-term performance of the SCC. Combined with the results of this experiment, it is suggested that the 
replacement rate of fly ash in high-strength concrete should not be higher than 40 %. 

3.3. Characteristic load and characteristic displacement 

To study the deformation and failure mechanism of SCFACFST columns under axial load, the yield load, peak load, ultimate load 
and corresponding displacement of each specimen are taken as characteristic parameters for analysis. The influence of concrete 
strength grade, outer steel tube type, and internal structure form is discussed. The summary of each characteristic parameter is shown 
in Table 4. 

Combined with the load-displacement curves of each specimen and Table 4, the following conclusions can be obtained:  

(1) The bearing capacity of each specimen is maintained at a high level due to the addition of concrete. When subjected to external 
loads, due to the restraint of the steel tube, the concrete is in a three-dimensional stress state in the steel tube, and its high 
compressive strength is fully utilized. At the same time, the concrete filled in the steel tube can effectively avoid the buckling 
failure of the steel tube. The steel tube and the fly ash self-compacting concrete bear the load together, giving full play to the 
respective advantages of the two materials. 

Fig. 3. Failure modes of square steel tubes.  
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Fig. 4. Load-displacement curves of each specimen.  

Table 4 
Characteristic load and characteristic displacement.  

Specimen Yield load/ 
kN 

Yield displacement/ 
mm 

Peak load/ 
kN 

Peak displacement/ 
mm 

Ultimate load/ 
kN 

Ultimate displacement/ 
mm 

Ductility 
factor 

NC40-S  1595.39  6.14  1950.18  5.60  1696.88  10.88  1.77 
NC60-S  2170.08  6.47  2623.04  5.71  2302.63  9.02  1.39 
FA40-S  1932.81  5.70  2338.59  5.55  2056.79  9.61  1.69 
FA40-S-C  1819.69  8.23  2266.21  9.92  2245.73  13.16  1.60 
FA40-S-H  2028.26  6.48  2430.33  6.40  2151.32  16.93  2.61 
FA40-S-S  2081.46  7.75  2530.76  7.13  2214.40  24.88  3.21 
FA60-S  2141.34  6.70  2570.68  6.52  2276.58  9.89  1.48 
FA60-S-C  1901.11  7.14  2333.52  7.65  2269.85  25.01  3.50 
FA60-S-H  2330.28  6.72  2810.81  6.19  2474.95  9.91  1.47 
FA60-S-S  2280.10  6.46  2761.91  5.91  2427.18  9.69  1.50  
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(2) Construction measures also have a certain influence on the bearing capacity of each specimen, but they play no decisive role. 
The internal structure of the specimen FA40-S-C and the specimen FA60-S-C is unfavorable to the bearing capacity of the 
specimen. Compared to the bearing capacity of the specimen FA40-S and FA60-S without structural measures, the bearing 
capacity of the specimen FA40-S-C and FA60-S-C is worse. Combined with the actual peak load of the specimen, the peak load of 
FA40-S-C and FA60-S-C is 2266.21 kN and 2333.52 kN, respectively, while the peak load of FA40-S and FA60-S is 2338.59 kN 
and 2570.68 kN, respectively. The weakening amplitude of the peak load is 3.1 % and 9.2 %, respectively. This is because when 
the square SCCFST column is added to the circular steel tube structure, the thickness of the sandwich concrete is not uniform, 
and the bearing performance of the square SCCFST column is worse than that of the circular steel tube specimen, and the 
constraint effect is relatively low, resulting in the concrete being more likely to appear. The weak position of the force accel-
erates the damage, and deterioration of bearing performance occurs, which not only causes waste of steel, but also reduces the 
safety of the stressed structure. In practical engineering, this kind of situation should be avoided as much as possible.  

(3) The type and strength grade of concrete have a certain influence on the bearing capacity of the specimen. In this experiment, 
two ordinary SCCFST columns, NC40-S and NC60-S, were made and compared with the specimens FA40-S and FA60-S. It can be 
seen from Table 3 that the ultimate load of NC40-S and FA40-S specimens with different concrete types increased by 21.2 %, but 
the peak load of NC60-S specimens increased by 1.1 % compared to FA60-S specimens, indicating that the bearing capacity of 
SCFACFST columns was better than that of ordinary SCCFST columns under low strength. The improvement of the grade of the 
concrete strength can significantly improve the bearing capacity of the specimen. Taking the specimens NC40-S, NC60-S and 
FA60-S-H, FA60-S-H as an example, the ultimate load is increased by 35.7 % and 35.1 %, respectively. 

3.4. Ductility analysis 

Ductility is an important index to reflect the deformation capacity of members. The displacement ductility coefficient is positively 
correlated with the deformation capacity. The larger the value, the better the deformation performance. Considering the safety of the 
structure, the CFST column should have sufficient deformation capacity and have obvious deformation before the failure of the 
specimen, so as to avoid brittle failure. The ratio of ultimate displacement to yield displacement μ represents the coefficient of ductility 
and is used to define the ductility of the component, as shown in Eq. (1). When the bearing capacity of the specimen reaches 80 % of the 
peak load in the rising stage, the corresponding load is defined as the yield load, and the corresponding displacement is the yield 
displacement. Due to the special trend of the load-displacement curve of some specimens, the load has been maintained at a high level. 
When one of the conditions disappears, it is used as the ultimate load: 1) The bearing capacity of the specimen is reduced to 85 % of the 
peak load. 2) After reaching the peak load, the bearing capacity of the specimen is maintained at a certain level or slightly increased 
after decreasing, such as FA40-S-C and FA60-S-C. According to the strength retention phenomenon, the minimum load at this stage is 
selected as the ultimate load. 3) The surface deformation of the specimen is obvious, and it is not suitable to continue to bear the load. 
The ultimate displacement is the displacement corresponding to the ultimate load obtained according to the above conditions. 

μ = Δu
/

Δy (1) 

In the formula, Δu represents the ultimate displacement and Δy represents the yield displacement. 
The results of the calculation of the ductility coefficient of each specimen are summarized in Table 4. It can be seen in Table 4:  

(1) The ductility coefficient of each specimen is concentrated between 1.39 and 3.50, with an average of 2.02. The specimen has 
sufficient deformation development from yield to failure, and the failure mode is not sudden brittle failure, showing good 
deformation ability.  

(2) Selecting the appropriate internal structure will improve the ductility of the CFST columns, and the degree of ductility 
improvement caused by different structural measures is slightly different. Taking FA40-S, FA40-S-C, FA40-S-H and FA40-S-S as 
examples, after adding structural measures, the ductility of CFST columns is increased by-9 %, 24.3 % and 90 %, respectively. 
Appropriate addition of structural measures can effectively improve the ductility of CFST column specimens.  

(3) The type and strength of the SCC have little effect on the ductility of the structure. The ductility coefficient of SCCFST columns 
with different grades of concrete strength is not much different. It should be noted that the specimen FA40-S-C and FA60-S-C 
show very different ductility changes. This is because the two have maintained a high level of load bearing capacity. The ul-
timate load and the ultimate displacement are based on empirical values, so they show different changes. The ductility change 
of the specimen is only for reference and needs further study. 

3.5. Analysis of energy consumption 

Total energy absorption E, average compression force Fm and compression force efficiency η are commonly used evaluation indexes 
for structural energy dissipation capacity. Under the action of external load, the CFST column will produce a continuous cumulative 
deformation. At this stage, the total energy absorbed by the specimen to produce deformation of buckling and concrete crushing and 
reorganization is defined as the total energy absorption E, the unit is J; the ratio of the total energy absorption E to the vertical 
displacement generated by the specimen is called the average compression force Fm, which reflects the applied load required for the 
unit displacement of the specimen. The ratio of the average compression force Fm to the peak load is called the compression force 
efficiency η. The closer the compression force efficiency is to 1, the closer the average compression force is to the peak load, and the 
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higher the utilization efficiency of the material. The total energy absorption E, the average compression force Fm and the compression 
force efficiency η are calculated as follows: 

E =

∫
U
0 Fdδ (2)  

Fm = E/U (3)  

η = Fm
/
Fp (4) 

In the formula, U is the vertical displacement of the specimen, the unit is mm, F is the load borne by the specimen, Fp is the peak 
load borne by the specimen, and the unit is kN. 

From Table 5 we can see that:  

(1) The internal structure has an obvious effect on the energy dissipation capacity of the specimen, and the effect of different 
structural measures is different. From the test results of each group, the energy dissipation capacity of embedded H-shaped steel, 
circular steel tube and square steel tube increases in turn. Taking FA60-S-H, FA60-S-C and FA60-S-S as examples, it can be seen 
that the total energy absorption of FA60-S-H is 11.1 %, 32.8 % and 42.2 % higher than that of FA60-S, but the compression force 
efficiency of FA60-S-H is obviously abnormal from that of other groups. This is because the deformation of this specimen in-
tensifies at the later stage of loading, and the bearing capacity obviously decreases, resulting in a significant decrease in the 
efficiency of total energy absorption and compression force compared to other groups.  

(2) The influence of concrete type and strength. When the concrete strength is C40, the total energy absorption of the specimen is 
improved, but the compression force efficiency is decreased, indicating that the strength of the SCFAC in the strength grade is 
higher and the unit displacement needs to absorb more energy; when the concrete strength is C60, the total energy absorption 
and compressive force efficiency of the two groups of specimens decrease. Compared to NC60-S, the total energy absorption of 
FA60-S decreases by 10.7 %, and the compressive force efficiency decreases by 9.7 %. SCFAC and ordinary SCC under different 
strength show different energy dissipation capacities. This is due to the increase of the concrete strength grade; the strength 
provided by fly ash is not enough to make up for the strength provided by cement hydration. In high-strength concrete, the 
replacement rate of fly ash should be appropriately reduced to ensure the safety of the structure in long-term use. When the 
concrete strength grade is only used as a variable, the higher the SCFAC strength, SCFAC the greater the total energy absorption 
of the specimen and there is no significant difference in the compression force efficiency. In practical application, the appro-
priate concrete strength should be selected according to the use situation. 

4. Numerical analysis 

4.1. Model establishment 

In the actual test process, the stress and deformation of the internal components can’t be observed intuitively. There are some 
limitations for observing the structural behavior of sandwich concrete, internal steel pipe or steel, and core concrete. Therefore, 
ABAQUS software is used to establish a finite element model and analyze the mechanism. The thin-walled steel tube adopts the four- 
node S4R shell element and the concrete adopts the eight-node linear hexahedral element C3D8R solid element. When considering the 
interaction between the components, the binding constraints are used between the steel tube and the cover plate and between the 
concrete and the cover plate. The surface of the cover plate is coupled to the reference point in the center of the cover plate to facilitate 
load application. The upper end of the CFST column is applied with fixed constraints, and the vertical displacement of the Z axis is 
applied at the lower end. 

For the specimens filled steel tubes, the models of sandwich concrete and core concrete need to be established, respectively. The 
ends of each component are bound to the upper and lower cover plates, respectively, and the contact definition is used between the 

Table 5 
Evaluation index of energy dissipation capacity of specimens.  

Specimen Total energy absorption 
E/J 

mean crush load 
Fm/kN 

Peak load 
Fp/kN 

Crash load efficiency 
η 

NC40-S  70,427.34  1408.55  1950.18  0.71 
NC60-S  87,227.91  1744.56  2623.04  0.64 
FA40-S  80,874.17  1617.48  2338.59  0.67 
FA40-S-C  97,503.14  1950.06  2266.21  0.86 
FA40-S-H  96,044.18  1920.88  2430.33  0.76 
FA40-S-S  96,481.98  1929.64  2530.76  0.74 
FA60-S  77,880.11  1557.60  2570.68  0.58 
FA60-S-C  103,449.34  2068.99  2333.52  0.87 
FA60-S-H  86,495.92  1729.92  2810.81  0.59 
FA60-S-S  110,760.38  2215.21  2761.91  0.78  
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components. Due to the small wall thickness of the steel tube, concrete is used as the main surface. Steel-filled specimens are simulated 
by the ’built-in area ’. 

In this simulation, concrete is the main surface, and the surface-surface contact interaction is adopted between the steel tube and 
the concrete. The contact tolerance is set to 0.1; the normal behavior adopts hard contact, allowing separation after contact; the 
tangential behavior is based on the Coulomb friction model, the penalty function is introduced, and the friction coefficient is 0.6. The 
cover plate obeys the linear elastic model, the elastic modulus is 1.0 × 109 GPa, the Poisson ratio is 1.0× 10− 5. The steel adopts the 
five-stage constitutive model, the schematic diagram is shown in Fig. 5, and the expression is shown in formula (5). 

σs =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Esεs

− Aε2
s + Bεs + C

fy

fy[1 + 0.6(εs − εe2)/(εe3 − εe2)]

1.6fy

εs ≤ εe

εe < εs ≤ εe1

εe1 < εs ≤ εe2

εe2 < εs ≤ εe3

εs > εe3

(5)  

Where σs and εs represent the stress and strain of steel respectively, fy and Es represent the yield strength and elastic modulus of steel 
respectively, εe is the strain corresponding to the proportional limit, and its expression is: εe = 0.8fy/Es, εe1 = 1.5εe, εe2 = 10εe, εe3 =

100εe; A = 0.2fy/(εe1 − εe)
2, B = 2Aεe1, C = 0.8fy + Aε2

e − Bεe 

The damage plasticity model was used to simulate the SCFAC. Combined with the concrete constitutive relationship proposed in the 
references [26–28], the constitutive relationship of SCFAC in this article is as follows: 

y =

{
2x − x2

x/[β0(x − 1)η
+ x]

(x ≤ 1)
(x > 1) (6)  

Where x = ε
ε0

, y = σ
σ0

, ξ =
Asfy
Acfc, σ0 = fc, fc is the compressive strength of the SCFAC cylinder, the unit is N/mm2, ε0 = εc +

800 · ξ0.2 ·10− 6, εc =
(
1300 + 12.5 · fc

)
·10− 6; η = 1.6 + 1.5/x; β0 =

fc0.1

1.2
̅̅̅̅̅̅̅
1+ξ

√ 。 

4.2. Analysis of results 

The numerical analysis model of each specimen is established respectively. The calculated stress cloud diagram of each component 
of the steel tube fly ash self-compacting concrete column, the comparison diagram of the load-displacement curve obtained by nu-
merical simulation and experimental test are shown in Fig. 6, where Test represents the test curve and FEM represents the simulated 
curve. 

From Fig. 6, it can be seen that:  

(1) In general, the simulation results for finite elements agree well with the experimental phenomena. There are some differences 
between the failure modes of some specimens in the test and the simulation results, which are manifested mainly in the bulging 
position and the number of annular bulging layers. The actual failure mode of each specimen is mainly concentrated in the 
middle and upper parts of the specimen, which is manifested by the multilayer ring buckling in the middle and upper parts of the 
specimen. The failure position of the simulation results is concentrated in the middle of the specimen. From the middle of the 
specimen to the two ends of the specimen, there is a multilayer annular buckling. The internal structure has little effect on the 

Fig. 5. Constitutive relationship of steel.  
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Fig. 6. The stress cloud diagram and test load-displacement curve of each specimen are compared with the simulation results.  
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failure mode of the outer square steel tube specimen. The maximum stress position of the inner filled circular steel tube, H- 
shaped steel tube, and square steel tube appears in the middle.  

(2) The strength of concrete has no significant effect on the failure mode of SCFACFST columns. The sandwich concrete and the core 
concrete of each specimen have an obvious stress concentration at the upper and lower ends, and the specimen is more 

Fig. 6. (continued). 
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significant at the corners. When observing the concrete stress cloud diagram in each specimen, it can be seen that the stress of 
concrete in the middle of each side of the specimen is small and the stress concentration at the corner is obvious, which is 
consistent with the experimental observation process.  

(3) Compared to sandwich concrete, the average stress of core concrete is higher and the effect of strength improvement is better, 
such as specimen FA40-S-C and FA60-S-C. 

4.3. Comparison of experimental and simulated load-displacement curves 

As can be seen from Fig. 6:  

(1) Except for the specimens FA40-S-C and FA60-S-C, the load-displacement curves measured by the other specimens have the same 
development trend as the curves obtained by the finite element simulation, and the curve fitting degree is high. The difference 
between the simulated peak load and the test peak load is within 5 %. The load and displacement of each specimen increased 
linearly before reaching the peak load, and the growth rate slowed after the specimen was collected. However, due to 
continuous displacement loading, the yield stage of each specimen was not obvious. After reaching the peak load, the bearing 
capacity of the specimen gradually decreases, and the rate of decrease gradually decreases. When the load decreases to a certain 
value, there is a slight increase, which has no significant effect on the test results.  

(2) The finite element simulation results are more idealized. The curves of all specimens are consistent, and there are obvious rising 
section, falling section and stable holding section. However, the specimens FA40-S-C and FA60-S-C are not typical due to test 
errors, specimen production quality, structural form and other reasons. The curves of the two specimens measured in the test are 
only the rising section and the stable holding section, both of which are stable after reaching the peak load and almost no 
downward trend, resulting in a certain difference between the simulation curve and the test curve. It should be noted that the 
test peak load of the specimen FA40-S-C and FA60-S-C is almost the same as the load of the smooth section of the simulated 
curve. In the test, the specimen fails to reach the theoretical ultimate load and directly enters the smooth holding section. 
Therefore, the specimen of this kind of structure still needs to further study its mechanism of action.  

(3) The research in this paper is carried out under the condition that the parameters of steel pipe wall thickness and aspect ratio are 
unchanged, and the depth and breadth of the research content are not comprehensive enough. It is necessary to further study the 
eccentric compression, bending-torsion, compression-bending-shear-torsion and seismic performance of steel tube self- 
compacting concrete columns under more steel tube size and section type parameters. Moreover, the mechanical properties 
of fly ash self-compacting concrete filled steel tube columns under multi-disaster coupling need to be further studied, such as 
fire-impact coupling, sulfate erosion-freeze-thaw coupling and fire-earthquake coupling. 

5. Conclusions 

Ten SCCFST column specimens were designed for experimental research. The bearing capacity, ductility, and energy consumption 
of SCCFST under different design parameters were analyzed, and the bearing capacity of each specimen under axial load was explored. 
The conclusions of this paper are as follows.  

(1) The failure mode of the square SCCFST column under axial compression test is multilayer ring buckling in the middle and upper 
part; the internal structure has a certain mitigation effect on the failure mode, while the type and strength of concrete have little 
effect on the failure mode.  

(2) The use of square steel tubes and H-shaped steel in the internal structure of the specimen can significantly improve the bearing 
capacity of the specimen. The peak load of square steel tube and H-beam specimens with internal structure is 9.34 % and 7.44 % 
higher than that of nonstructural samples, respectively, but the structural measures with internal circular steel tube are not 
suitable for practical engineering. Improving the strength grade of concrete can significantly improve the bearing capacity of 
the specimens. Taking the specimens NC40-S, NC60-S, FA60-S-H and FA60-S-H as examples, the ultimate load is increased by 
35.7 % and 35.1 %, respectively.  

(3) Appropriate internal structural measures can improve the ductility and energy dissipation capacity of the specimens. The 
ductility coefficient of each specimen is concentrated between 1.39 and 3.50, with an average value of 2.02, showing good 
deformation ability. Taking FA40-S, FA40-S-C, FA40-S-H and FA40-S-S as examples, after adding structural measures, the 
ductility of CFST columns is increased by − 9 %, 24.3 % and 90 % respectively, and the total energy absorption is increased by 
32.8 %, 11.1 %, and 42.2 %. However, the type and strength of SCC have little effect on the ductility of the structure.  

(4) Except for the specimen with internal structure of circular steel tube. The simulation results of finite elements have a high 
degree of matching with the test results. Failure modes are similar, and the stress changes of each component can be intuitively 
obtained. The accuracy of the numerical analysis model of the SCFACFST column and the accuracy of the finite element 
modeling method of complex CFST are verified. The analysis of design parameters based on this model can improve the research 
efficiency of this kind of CFST column, save research time and cost, and provide some technical support for experimental 
research and engineering application of this kind of components. 
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