
1

Vol.:(0123456789)

Scientific Reports |        (2023) 13:10075  | https://doi.org/10.1038/s41598-023-37101-4

www.nature.com/scientificreports

Axial compression performance 
of square concrete filled double 
skin SHS steel tubular columns 
confined by CFRP
Caisen Wang 1,4, Jiongfeng Liang 1,2,4, Wei Li 3* & Chunfeng He 1

This paper focuses on the axial compression performance of 15 concrete-filled double skinned tubes 
CFDST columns with different CFRP reinforcement schemes. The design of this test used an outer 
square steel tube with a square steel tube inside, with concrete poured at the sandwich and the inner 
steel tube kept hollow. The structure is both cost effective and allows the hollow to be used for utility 
access. However, in recent years damage to CFDST has occurred due to fire, earthquakes, corrosion 
etc. Therefore, research into the reinforcement and repair of this structure is crucial. Compared to 
other reinforcement methods, FRP has the advantage of being lighter and more robust and does not 
significantly alter the original structure. In this study, the mechanical properties of the specimens were 
further analyzed from the data of load displacement, peak load and ultimate displacement by mainly 
observing and analyzing the damage mechanism of the specimens through the strengthening effect 
of different strengthening schemes for different hollow ratios. The results show that when the hollow 
ratio is not bigger than 0.33, the CFRP reinforcement effect is relatively obvious, especially the three-
layer CFRP wrapped CFDST specimens have a substantial increase in bearing capacity and stiffness. 
Finally, an analytical study was carried out based on previous research and the experimental results 
agreed well with the calculated results.

Concrete filled steel tube (CFST) is a kind of composite structure of steel tube and concrete that offer superior 
strength, ductility, stiffness and energy absorption over ordinary steel, concrete or reinforced concrete structures. 
Due to the fully encapsulated nature of CFST structures, they have the advantage of reducing reinforcement rates 
and preventing concrete detachment compared to reinforced concrete with horizontally oriented hoops1. Earlier 
studies on CFST were carried out on varying the parameters of external steel tubes, particularly square steel 
tube concrete columns, and some linear regression models were proposed to predict describe axial compression 
damage2,3. Fam et al.4 evaluated the strength and ductility of CFST by combined axial compression and cyclic 
loading and compared it with the code and found that the code is on the conservative side. Then, in terms of 
numerical studies, the 3D finite element model simulation and parametric study about concrete-filled steel tube 
CFST under pressure was carried out by Choi et al.5 and Javed et al.6. Experimental and numerical comparisons 
were performed and the results were a good match.

With the development of CFST research, a kind of CFST composite structure with concrete-filled double 
steel tube(CFDST) comes into view. The CFDST column offer similar structural advantages to CFST columns7. 
In addition, they are lighter, stronger, and perform better energy uptake capabilities. Zhao et al.8 and Han et al.9 
started a study on hollow sandwich steel tube concrete columns (SHS outer and SHS inner). Tao et al.10 carried 
out to investigate the interaction between the outer steel tube and the core concrete and described it as the con-
finement factor (ξ). Ekmekyapar et al.11 conducted axial compression tests on 16 specimens to compare the effect 
of diameter-thickness ratio of internal and external steel tubes and concrete grade on the mechanical properties 
of CFDST. In addition, some scholars have studied the geometric parameters of the inner and outer tubes12–14.

Although the composite CFST and CFDST structure has the merits of better load-bearing capacity and ease 
of construction, it also has shortcomings. As the steel tube is in the outermost layer, the surface is easy to cor-
rode causing the later maintenance cost to increase, and it is easy to occur external buckling under the action 
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of axial pressure. Carbon fibre-reinforced polymer (CFRP) is extensively used in civil engineering due to their 
light weight, high strength and corrosion resistance15. Park et al.16 put forward an axial design formula for CFRP-
confined CFST columns by constraining the restraint efficiency factor of concrete. Prabhu et al.17 and Sundarraja 
et al.18 investigated the applicability of CFRP sheet for enhancing CFST columns under compression by consider-
ing the effects of number of layers, width and spacing. Al-Rousan et al.19 and Li et al.20 used FRP to enhance the 
corrosion and sulfate resistance of CFST. Liang et al.21 investigated the effect of different CFRP reinforcement 
schemes on the mechanical properties of recycled aggregate concrete filled steel tube (RACFT) columns. All of 
the above studies have shown good results for the reinforcement of CFST by FRP.

According to the study of CFRP confined normal CFST, if CFRP reinforcement technology is used on CFDST 
columns, the affection of extending the service life of the member with anticorrosive outer steel tube and higher 
ductility and energy absorption can be achieved22–24. Therefore, Talaeitaba et al.25 investigated the performance of 
FRP-reinforced CFDST at different length-to-diameter ratios and concrete strengths by means of finite element 
scaling. Skaria et al.26 has studied the effect of the axial behaviour of CFDST columns by modeling the species 
and thickness of FRP. Alias et al.27 carried out eccentric compression tests on FRP-reinforced CFDST columns 
and suggested that the load capacity increases with increasing restraint of the FRP. More recently, Wan et al.28 
have investigated the effects of CFRP wrapped reinforced CFDST(SHS and CHS).

The damage to CFDST is caused by factors such as ageing, corrosion and fire, while FRP has the advantage of 
being lightweight and high strength. Based on the previous studies mentioned above, it is found that the research 
related to FRP-reinforced CFDST is relatively few and scattered, mainly focusing on numerical simulation studies, 
especially in terms of experimental research is not systematic. Therefore, in this report, an experimental study 
of CFRP-reinforced CFDST columns was carried out. Although a recent study of CFRP-reinforced CFDST(SHS 
and CHS) is to be just conducted by Wan et al.28 However, as square beam-column joints are generally easier to 
install and more widely used than circular joints, the cross-sections designed for this experiment are the outer 
SHS and the inner SHS as a supplement, such as the cross-section depicted in Fig. 1. In this paper, the mechani-
cal behaviour of CFDSTs with different numbers of CFRP layers and hollow ratios is analyzed. In addition, an 
analytical study was carried out to more accurately predict the axial compressive strength of CFDST columns 
confined by CFRP sheet.

Experimental investigation
Material properties.  The Q235 steel tube was used in this study the properties are shown in Table 1. In the 
design of the tests, the concrete strength was C30 and the water to cement ratio was 0.43. When the columns 
were made, a set of concrete specimens were reserved for the same batch based on the Code for the Design of 
Concrete Structures (GB50010-2010)29 and they had an average cubic compressive strength of approximately 

Figure 1.   Cross-section of CFRP-confined CFDST stub column.

Table 1.   Properties of steel.

Type Modulus (Gpa) Yield strength (MPa) Ultimate strength (MPa) Ultimate strain (%)

Q235 206 230 337 39.8

Table 2.   Properties and parameters of CFRP.

Type Tensile stress Pf (MPa) Fracture strain εFRP(%) Elasticmodulus EFRP(GPa) Width (mm) Thickness (mm)

CFRP 3471 2.3 255 0.167 100
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36.3 MPa and modulus of elasticity of 30 GPa. As for CFRP, the properties and parameters of CFRP sheet are 
listed in Table 2.

Specimens design.  A total of 15 CFDST column specimens were designed for this test, including 12 
CFDSTs wrapped in CFRP sheet, 3 CFDST comparison specimens not wrapped in CFRP sheet. The tests were 
designed to explore the relevent mechanical properties of the specimens when axially compressed. Table 3 shows 
the detailed design parameters of the specimens.

Specimens fabrication.  In accordance with the design parameters in section "Specimens design", the 
inner and outer steel tubes are cut to the design length, ensuring that the two ends are flat and perpendicular 
to their axes. The end plates at both ends of the specimens are made of 150 mm × 150 mm, 10 mm thick steel 
plates. Position and weld the inner and outer tubes on the end plates, weld inside and then outside, use angle 
ruler to position, use short steel bars to position when welding the upper end to ensure concentric inside and 
outside. When pouring, mix the concrete and pour it through the gap between the inner and outer steel tubes, 
vibrating while pouring.

After maintenance, the top of the specimen is ground flush with a grinder and the upper end plate is welded. 
After removing the surface rust, the CFRP cloth is cut according to the length of the parcel, ZN-700 epoxy resin 
adhesive (AB glue) is prepared according to 2:1and positioned on the surface of the steel tube. The CFRP cloth 
is scraped and pressed to remove air bubbles and wrapped clockwise around horizontally. For multiple layers of 
CFRP, repeat the above steps when the previous layer is dry, with a lap length of 150 mm. Then leave for 5–7 days 
for all adhesive to set.

Experimental set‑up.  The loading device used for this test is a YAW-3000 microcomputer-controlled 
electro-hydraulic servo press, which maximum range is 3000 kN. The experimental settings and equipment are 
illustrated in Fig. 2a. In the process of testing, the acquisition apparatus actively collects the test data of columns. 
From the Fig. 2b, two LVDTs were placed symmetrically on both sides of the specimen to measure the axial 
displacement. The specimens were manufactured with end plates welded on the top and bottom, and the top and 
bottom pressure plates were released directly from the ends of the specimens during axial pressurization. Before 
loading, preloading was carried out in the elastic range. The test was carried out in a graded manner, with each 
stage of loading being 1/10 of the estimated ultimate load in the elastic phase, and the next stage of loading was 
carried out for 2 min. When 0.6 times the predicted ultimate load is reached, the loading is reduced to 1/20 of 
the predicted ultimate load at each level and when damage is approaching, the loading is continued slowly until 
the specimen is damaged.

Experimental results
Peak loads and stiffness.  The capability of CFDST (SHS outer and SHS inner) columns confined by CFRP 
sheets to resist elastic deformation under axial compression loading is discussed and the test results for all speci-
mens are showed in Table 4. Where the peak load (Nu) is defined as the ultimate strength, 60% of the peak load 
on the linear phase is defined as the yield load (Ny), and the stiffness E as

Table 3.   The parameters of specimens. B0 is the side length of the outer rectangular steel tube, D0 is the 
side length of the inner rectangular steel tube, t0 is the thickness of the pipe. S120 × 3_20 × 3_1b: “S”—square 
steel tube;“120 × 3_20 × 3”—parameter of outer and inner steel tube;“1”—number of CFRP layers; “b”—
distinguishing the same parameters.

Specimen
Outer square steel tube 
B0 × t0 (mm)

Inner square steel tube 
D0 × t0 (mm) Hollow ratio χ Concrete strength grade Column height H (mm) Number of CFRP layers

S120 × 3_20 × 3_0 120 × 3 20 × 3 0.17 C30 500 –

S120 × 3_40 × 3_0 120 × 3 40 × 3 0.33 C30 500 –

S120 × 3_60 × 3_0 120 × 3 60 × 3 0.50 C30 500 –

S120 × 3_20 × 3_1a 120 × 3 20 × 3 0.17 C30 500 1

S120 × 3_20 × 3_1b 120 × 3 20 × 3 0.17 C30 500 1

S120 × 3_20 × 3_3a 120 × 3 20 × 3 0.17 C30 500 3

S120 × 3_20 × 3_3b 120 × 3 20 × 3 0.17 C30 500 3

S120 × 3_40 × 3_1a 120 × 3 40 × 3 0.33 C30 500 1

S120 × 3_40 × 3_1b 120 × 3 40 × 3 0.33 C30 500 1

S120 × 3_40 × 3_3a 120 × 3 40 × 3 0.33 C30 500 3

S120 × 3_40 × 3_3b 120 × 3 40 × 3 0.33 C30 500 3

S120 × 3_60 × 3_1a 120 × 3 60 × 3 0.50 C30 500 1

S120 × 3_60 × 3_1b 120 × 3 60 × 3 0.50 C30 500 1

S120 × 3_60 × 3_3a 120 × 3 60 × 3 0.50 C30 500 3

S120 × 3_60 × 3_3b 120 × 3 60 × 3 0.50 C30 500 3
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The data in Table 3 present varying degrees of increase in stiffness for all CFDSTs with CFRP reinforcement. 
This is due to the CFRP circumferential wrapping confining the flexural deformation of the steel tube, or the 
existence of an interval between the circumferential strain elastic phase of the core concrete and the outer 
steel tube when compressed and the CFRP sheet. The CFRP sheet confines the further circumferential flexural 
deformation of the outer steel tube, thus improving the stiffness of the specimens.

Axial load–displacement relationship.  The load–displacement curves of axially compressed specimens 
for different CFRP layers and hollow ratios are illustrated in Figs. 3 and 4. The load–displacement curves of all 
test specimens contain three stages: elastic, elastic–plastic and plastic. As we can see from Fig. 4, at the begin-
ning of loading, the tangents of the load–displacement curve which are normally larger, displacement increases 
slightly with external load and load–displacement is approximately linear; when a certain load is reached, the 
growth rate of the displacement becomes larger; When the axial load is continuously increased, there will be a 
point where the growth rate of the displacement starts to be significantly larger than the growth rate of the exter-
nal load, until the specimen meets the ultimate load. For CFDST specimens, when the ultimate load is reached, 
the load changes little as the axial displacement increases after a short drop in the curve. For CFRP-reinforced 
CFDST specimen, the curve is similar to that of CFDST specimens at the beginning of loading. When the curve 

E =
Ny

�y

Figure 2.   Test loading setup of columns.

Table 4.   Test results of the specimens.

Specimen Nu (kN) Ny (kN) Δu (mm) Δy (mm) E0 (kN/mm) P1 (%) P2 (%)

S120 × 3_20 × 3_0 706 424 13 7.735 54.76 – –

S120 × 3_20 × 3_1a 799 445 13 6.812 70.38 13.17 28.51

S120 × 3_20 × 3_1b 825 451 19 7.064 70.07 16.86 27.96

S120 × 3_20 × 3_3a 975 481 13.5 7.364 79.44 38.10 45.06

S120 × 3_20 × 3_3b 945 494 13.5 7.259 78.11 33.85 42.63

S120 × 3_40 × 3_0 763 458 14 7.572 60.46 – –

S120 × 3_40 × 3_1a 842 491 12.5 7.12 70.96 10.35 17.36

S120 × 3_40 × 3_1b 882 497 10.5 6.959 76.05 15.60 25.78

S120 × 3_40 × 3_3a 990 535 13.5 6.907 86.00 29.75 42.24

S120 × 3_40 × 3_3b 1008 545 11.5 7.242 83.51 32.11 38.13

S120 × 3_60 × 3_0 718 431 13.5 5.618 76.68 – –

S120 × 3_60 × 3_1a 765 440 11 5.135 89.39 6.55 16.57

S120 × 3_60 × 3_1b 779 448 13.5 5.236 89.27 8.50 16.41

S120 × 3_60 × 3_3a 868 487 11.5 4.577 113.79 20.89 48.39

S120 × 3_60 × 3_3b 884 478 12.5 5.034 105.36 23.12 37.40
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of CFDST specimen reaches the first peak point, the ratio suddenly decreases and the curve enters a different 
hardening stage from the initial stage, which is due to the presence of CFRP. In addition, as the number of CFRP 
layers increases, the load carrying capacity of the specimen increases more and more. When the CFRP fractures, 
the load carrying capacity of the CFRP-confined CFDST specimen suddenly decreases and the load displace-
ment curve shows a steep drop, and after a short fluctuation, the trend of the curve is approximately the same as 
that of the CFDST specimen. The specimen has good ductility because its load carrying capacity does not show 
a trend of decreasing all the time even though a large plastic deformation occurs, but enters a long ductile phase. 
In addition, the more the number of CFRP layers, the larger the ultimate load capacity of the specimen and its 
corresponding axial displacement, indicating that CFRP layers increases the bearing capacity of the specimen 
and also increases the deformation capacity of the specimen.

Figure 4 depicts the impact of hollow ratio on the axial load–displacement curves of CFDST column 
specimens. Comparing the curves for the same CFRP reinforcement, it would be found that the velocity of the 
linear rise section grows with increasing hollow ratio. This indicates that the hollow ratio increases within a 
certain extent and with it the stiffness increases. Comparing the falling part of the curve after the peak load reveals 
that the speed of the load fall also follows the hollow ratio. In other words, a large hollow ratio falls faster and has 
a poorer deformation capacity than a smaller hollow ratio. Similarly, a comparison of the ultimate displacement 
reveals that it varies in the opposite trend to the hollow ratio.

Discussion.  The number of CFRP sheet layers.  Figure 6 shows the ultimate strength as influenced by the 
number of layers of CFRP sheets. Obviously from Table 3 and Fig. 5, the CFDST columns wrapped in CFRP 
increase the ultimate strength to a greater extent. For the S120 × 3_20 × 3 series with a hollow ratio of 0.17, wrap-
ping one layer of CFRP sheet and three layers of CFRP increased the ultimate strength by an average of 15% and 
36%. For the S120 × 3_40 × 3 series, the average increase in ultimate strength is 13% and 31% for one and three 
layers respectively. Similarly, the ultimate strength of the S120 × 3_60 × 3 series specimens encased in one and 
three layers of CFRP with a hollow ratio of 0.50 increased by an average of 10.8% and 22% in varying degrees.

Figure 3.   Load–displacement curves of tested specimens with different CFRP sheet layers.
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Figure 6 shows how the initial stiffness of specimens is influenced by the number of layers of CFRP sheet. 
It is clear that the resistance of the specimen to deformation is also enhanced due to the confinement of the 
CFRP sheet. At the hollow ratio of 0.17, the stiffness of the S120 × 3_20 × 3 series CFRP wrapped members was 
increased by 28.51%, 27.96%, 45.06% and 42.63% respectively compared to the unwrapped one. At the hollow 
ratio of 0.33 (S120 × 3_40 × 3 series), the degree of improvement is similar to that of the S120 × 3_20 × 3 series, 
with increases of 17.36%, 25.78%, 42.24% and 38.13% respectively. In contrast, the S120 × 3_60 × 3 series with 
a hollow ratio of 0.50, wrapped with one and three layers of CFRP, improved the stiffness of the members to a 
lesser extent, 16.57%, 16.41% and 48.39%, 37.4% respectively. It can be seen that the effect of wrapping one layer 
on stiffness varies for different hollow ratios.

From these results it is clear that the inner and outer steel tubes bear the axial loads and restrain the concrete 
according to their axial stiffness. For the core concrete, it bears most of the axial compression load and prevents 
inward local buckling of the steel tube. the CFRP covering delays the onset of outward local buckling of the steel 
tube and increases the restraint of the concrete. In the elastic phase the specimen bearing capacity and stiffness 
are well improved due to the interval between the CFRP and the circumferential strain of the steel tube and core 
concrete. In the later stages, as the load increases, the CFRP works in concert with it until the CFRP has failed.

Hollow ratio.  Figure 7 shows the influence of hollow ratio to the ultimate strength of CFDST columns. It is 
obviously from the graph that the overall trend of the influence of hollow ratio to the ultimate strength of the 
CFDST columns are negatively correlated, with or without wrapping the CFRP sheet. However, as the hollow 
ratio changes from 0.17 to 0.33, the ultimate strength is increased. Specifically, the specimens with a hollow ratio 
of 0.50 unwrapped CFRP sheet was 5.9% lower than column S120 × 3_40 × 3_0 in terms of ultimate strength, 
which was similar to column S120 × 3_20 × 3_0. Analyzing the columns wrapped in one layer of CFRP sheet, the 
specimens with the hollow ratio of 0.33 had approximately 6.2% higher ultimate strength than the hollow ratio of 
0.17, whereas the ultimate strength decreased by approximately 10.4% when the ratio increased to 0.50, similar 
to the specimen wrapped in three layers of CFRP sheet. As we can see the hollow ratio of 0.33 provides some 
improvement in the ultimate strength of CFDST columns.

Figure 4.   Load–displacement curves of tested specimens with different hollow ratio.



7

Vol.:(0123456789)

Scientific Reports |        (2023) 13:10075  | https://doi.org/10.1038/s41598-023-37101-4

www.nature.com/scientificreports/

Figure 5.   Effect of number of CFRP sheet layers on ultimate strength.

Figure 6.   Effect of CFRP sheet layers on ultimate strength.
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Figure 8 illustrates the influence of hollow ratio on the initial stiffness to the columns. It is evident that the 
initial stiffness of the CFDST columns can be seen to be positively correlated with the hollow ratio. The higher 
the number of wrapped layers, the higher the initial stiffness growth rate. When wrapping one layer of CFRP 
sheet, the specimens with a hollow ratio of 0.50 increased by 21.5% compared to those with a hollow ratio of 0.33 
and by 27.2% compared to those with a hollow ratio of 0.17. When wrapped in three layers, the members with 
a hollow rate of 0.50 improved by 29.3% and 39.1% over those with a hollow rate of 0.33 and 0.17 respectively. 
Similarly, for unwrapped specimens the improvement was 26.8% and 40% respectively.

Failure modes.  CFDST confined by CFRP.  At the early stage of loading, the axial pressure was approxi-
mately proportional to the longitudinal strain, and there was no visible phenomenon on the specimens surface. 
As the load increased, the epoxy resin shedding sound could be heard sporadically due to the outer CFRP sheet. 
When the load is constantly increasing, local convexity starts to appear in the middle of the specimen and its 
nearby area. When the load increased to 90% of Nmax, the specimen showed obvious deformation and the CFRP 
sheet started to fracture in small amount from the right angle corner. As the load continues to increase, a large 
amount of CFRP fractures, which develops approximately uniformly from the middle to the ends of the column, 
as shown in Fig. 9a.

CFDST without CFRP.  However, with the same parameters for specimens without CFRP wrapping, no visible 
phenomena were seen on the specimens at the surface during the early stages of loading. In contrast, the local-
ized bulging of the tubes appeared earlier. When the load was increased to about 70% of Nmax, the outer surface 
of the specimen started to bulge. With the further increase of the load, the phenomenon is more obvious and the 

Figure 7.   Effect of hollow ratio on ultimate strength.

Figure 8.   Effect of hollow ratio on initial stiffness.
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deformation damage is relatively faster. The final damage showed that the middle and both ends of the tube were 
deformed and flexed outward, similar to the elephant foot-shaped damage, as shown in Fig. 9b.

The reason for these different phenomena lies mainly in the action of the CFRP. When the CFDST is subjected 
to axial compression, the plastic deformation of the inner and outer steel tubes is too large and the restraining 
effect on the core concrete decreases. For the CFRP-reinforced specimen, as the circumferential strain of the 
CFRP lags behind the circumferential strain of the outer steel tube, the CFRP sheet confines the deformation of 
the steel tube, forming a hoop effect that cooperates with the steel tube to confine the core concrete and improve 
the load bearing capacity of the specimens.

Simplified formulate
Design model of CFDST.  According to GJB4142-2000 (2001)30 and study of Park31, the constraint effect of 
concrete, the so-called confinement factor ξ, is proposed, and the state of the outer steel tube and the concrete of 
the sandwich layer in CFDST is equivalent to the state of action of the steel tube and the core concrete in CFST 
columns. The CFDST column ultimate strength can be expressed as:

fck is characteristic strength of concrete defined as fck = 0.67fcu.Among them, fscy—the strength bearing capacity 
of the outer steel tube and the core concrete of axial compressive; Asc—the area of the outer steel tube and the 
core concrete; fy1—the yield strength of outer steel tube; As1—area of outer steel tube; fy2—the inner steel tube 
yield strength; As2—area of inner steel tube; fck—standard value of concrete compressive strength; fcu—cubic 
compressive strength of the concrete; Ac0—area surrounded by outer steel tube; α0—section nominal steel content; 
ζ—constraint effect coefficient.

(1)Nu = Ascfscy + As2fy2

(2)Asc = Ac + As1

(3)fscy = (1.212+ Bζ + Cζ )fck

(4)B = 0.1381fy1/235+ 0.7646

(5)C = −0.0727fck/20+ 0.0216

(6)ζ = As1fy1/Ac0fck = α0fy1/fck

(7)α0 = As1/Ac0

Figure 9.   Typical failure modes of the tested columns.
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The model of CFDST confined by CFRP.  The core concrete was subjected to confining pressures pro-
vided by the CFRP sheet and the steel tube, as shown in Fig. 10. This is because the restraint of the CFRP delays 
the buckling of the steel tube and increases the restraining effect of the pipe on the concrete to some extent. All 
specimens underwent deformation of the steel tube and buckling of the ends. In this study, the lateral confine-
ment pressure (fl) of the FRP-reinforced CFDST column can be explained by Eq. (8) due to the fact that the 
specimens are confined by the steel tubes and the FRP sheets.

According to several now available strength models for FRP-steel-confined concrete, Park et al.28 take the 
following form

However, based on the studies of Xiao et al.32 and Tao et al.33, the result is expressed in Eq. (10).

So the ultimate capacity (Nu) is demonstrated

where ts = t0, d = B0, fs = fy1, tFRP—width of specimens wrapped in CFRP; fFRP—tensile strength of FRP.
According to Eq. (11) for CFDST confined by CFRP to calculate the bearing capacity Ncal, the pair of test 

value and theoretical calculation value is shown in Fig. 11. It is found that Eq. (11) can accurately predict the 
ultimate bearing capacity of CFDST confined by CFRP, and the analytical study developed in this paper can 
provide reference for the engineering application to predict the ultimate bearing capacity of CFDST confined 
by FRP. Especially in CFDST structural repair and reinforcement.

Conclusions
The mechanical properties of the CFRP-confined-CFDST (SHS outer and SHS inner) columns have been studied 
and the data analyzed in this paper. From the experimental results, we can draw the conclusions as following:

(1)	 The axial bearing capacity and initial stiffness of the columns were positively correlated with the number 
of CFRP sheet layers. For the specimens with hollow ratio no more than 0.33, the bearing capacity and 
stiffness were significantly increased. Among them, the stiffness of CFDST wrapped with 1 layer of CFRP 
sheet generally increased by 20%. The CFDST wrapped with 3 layers of CFRP sheet generally increased 
the bearing capacity by 30%.

(2)	 The synergistic effect of CFRP and outer steel tube restrains the buckling of the outer steel tube, especially 
in the end. Therefore, the CFDST with CFRP reinforcement fails as a fracture in the middle of the CFRP, 
while the inner steel tube is locally buckled at the middle height.

(3)	 According to the load displacement curve, the lateral restraint of the core concrete is enhanced after the 
elastic stage due to the synergistic restraint effect of CFRP and outer steel tube to improve the bearing 
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Figure 10.   Confinement pressure provided by the CFRP.
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capacity. although the bearing capacity will drop suddenly after the CFRP fracture, the specimen shows a 
long ductile trend due to the strain hardening effect of the steel tube.

(4)	 Based on the experimental results an analytical model was developed to predict the load carrying capacity 
of the CFRP-confined CFDST (SHS and SHS) column.

(5)	 More different reinforcement schemes for CFRP need to be further investigated and the uneven distribution 
of the confining stresses along the radial direction due to the presence of the internal steel tubes.

Data availability
All data generated or analyzed during this study are included in this published article.

Received: 30 March 2023; Accepted: 15 June 2023

References
	 1.	 Lin, S., Zhao, Y. G. & He, L. Stress paths of confined concrete in axially loaded circular concrete-filled steel tube stub columns. 

Eng. Struct. 173, 1019–1028 (2018).
	 2.	 Chitawadagi, M. V., Narasimhan, M. C. & Kulkarni, S. M. Axial capacity of rectangular concrete-filled steel tube columns—DOE 

approach. Constr. Build. Mater. 24(4), 585–595 (2010).
	 3.	 Sakino, K., Nakahara, H., Morino, S. & Nishiyama, I. Behavior of centrally loaded concrete-filled steel-tube short columns. J. Struct. 

Eng. 130(2), 180–188 (2004).
	 4.	 Fam, A., Qie, F. S. & Rizkalla, S. Concrete-filled steel tubes subjected to axial compression and lateral cyclic loads. J. Struct. Eng. 

130(4), 631–640 (2004).
	 5.	 Choi, K. K. & Xiao, Y. Analytical studies of concrete-filled circular steel tubes under axial compression. J. Struct. Eng. 136(5), 

565–573 (2010).
	 6.	 Javed, M. F., Sulong, N. R., Memon, S. A., Rehman, S. K. U. & Khan, N. B. FE modelling of the flexural behaviour of square and 

rectangular steel tubes filled with normal and high strength concrete. Thin-Wall. Struct. 119, 470–481 (2017).
	 7.	 Sulthana, U. M., & Jayachandran, S. A. Axial compression behaviour of long concrete filled double skinned steel tubular columns. 

in Structures. Vol. 9. 157–164. (Elsevier, 2017).
	 8.	 Zhao, X. L., Grzebieta, R. H., Ukur, A., & Elchalakani, M. Tests of concrete-filled double skin (SHS outer and CHS inner) composite 

stub columns. in Advances in Steel Structures (ICASS’02). 567–574. (Elsevier, 2002).
	 9.	 Han, L. H., Tao, Z., Huang, H. & Zhao, X. L. Concrete-filled double skin (SHS outer and CHS inner) steel tubular beam-columns. 

Thin-Wall. Struct. 42(9), 1329–1355 (2004).
	10.	 Tao, Z., Han, L. H. & Zhao, X. L. Behaviour of concrete-filled double skin (CHS inner and CHS outer) steel tubular stub columns 

and beam-columns. J. Constr. Steel Res. 60(8), 1129–1158 (2004).
	11.	 Ekmekyapar, T. & Hasan, H. G. The influence of the inner steel tube on the compression behaviour of the concrete filled double 

skin steel tube (CFDST) columns. Mar. Struct. 66, 197–212 (2019).
	12.	 Tiwary, A. K. Experimental investigation into mild steel circular concrete-filled double skin steel tube columns. J. Constr. Steel Res. 

198, 107527 (2022).
	13.	 Farajpourbonab, E. Effective parameters on the behavior of CFDST columns. J. Appl. Eng. Sci. 15(1), 99–108 (2017).
	14.	 Uenaka, K. CFDST stub columns having outer circular and inner square sections under compression. J. Constr. Steel Res. 120, 1–7 

(2016).
	15.	 Lin, S., Zhao, Y. G., Li, J. & Lu, Z. H. Confining stress path-based compressive strength model of axially loaded FRP-confined 

columns. J. Compos. Constr. 25(1), 04020077 (2021).
	16.	 Park, J. W., Hong, Y. K., Hong, G. S., Kim, J. H. & Choi, S. M. Design formulas of concrete filled circular steel tubes reinforced by 

carbon fiber reinforced plastic sheets. Proc. Eng. 14, 2916–2922 (2011).
	17.	 Prabhu, G. G. & Sundarraja, M. C. Behaviour of concrete filled steel tubular (CFST) short columns externally reinforced using 

CFRP strips composite. Constr. Build. Mater. 47, 1362–1371 (2013).

Figure 11.   Comparison between experimental and calculated results.



12

Vol:.(1234567890)

Scientific Reports |        (2023) 13:10075  | https://doi.org/10.1038/s41598-023-37101-4

www.nature.com/scientificreports/

	18.	 Sundarraja, M. C. & Prabhu, G. G. Experimental study on CFST members strengthened by CFRP composites under compression. 
J. Constr. Steel Res. 72, 75–83 (2012).

	19.	 Al-Rousan, R., Nusier, O., Abdalla, K., Alhassan, M. & Lagaros, N. D. NLFEA of sulfate-damaged circular CFT steel columns 
confined with CFRP composites and subjected to axial and cyclic lateral loads. Buildings 12(3), 296 (2022).

	20.	 Li, G., Hou, C. & Shen, L. Life-cycle analysis of FRP-strengthened offshore CFST columns suffering from steel corrosion. Compos. 
Struct. 277, 114607 (2021).

	21.	 Liang, J. F., Lin, S. Q., Li, W. & Liu, D. W. Axial compressive behavior of recycled aggregate concrete-filled square steel tube stub 
columns strengthened by CFRP. Structures 29, 1874–1881 (2021).

	22.	 Liang, J. F., Lin, S. Q. & Ahmed, M. Axial behavior of carbon fiber-reinforced polymer–confined recycled aggregate concrete-filled 
steel tube slender square columns. Adv. Struct. Eng. 24(15), 3507–3518 (2021).

	23.	 Al-Mekhlafi, G. M., Al-Osta, M. A. & Sharif, A. M. Behavior of eccentrically loaded concrete-filled stainless steel tubular stub 
columns confined by CFRP composites. Eng. Struct. 205, 110113 (2020).

	24.	 Liang, J. F., Zou, W. J., Wang, Z. L. & Liu, D. W. Compressive behavior of CFRP-confined partially encased concrete columns under 
axial loading. Compos. Struct. 229, 111479 (2019).

	25.	 Talaeitaba, S. B., Halabian, M. & Torki, M. E. Nonlinear behavior of FRP-reinforced concrete-filled double-skin tubular columns 
using finite element analysis. Thin-Wall. Struct. 95, 389–407 (2015).

	26.	 Skaria, A., & Kuriakose, M. Numerical study on axial behaviour of concrete filled double skin steel tubular (CFDST) column with 
cross helical FRP wrappings. in IOP Conference Series: Materials Science and Engineering. Vol. 396(1). 012008. (IOP Publishing, 
2018).

	27.	 Alias, A. & Jacob, S. Analysis of concrete filled double skin steel tube (CFDST) column with FRP wrapping. Int. Res. J. Eng. Technol. 
4(10), 1919–1923 (2017).

	28.	 Wan, J., Wang, C., Liang, J. & Lin, S. Axial compression performance of concrete filled double skin (SHS outer and CHS inner) 
steel tubular columns strengthened by CFRP. Adv. Struct. Eng. 26(7), 1276–1286 (2023).

	29.	 GB 50010-2010. Code for Design of Concrete Structures. (China Architecture and Building Press, 2010) (in Chinese).
	30.	 The General Logistics Department of the Chinese People’s Liberation Army. Technical Regulations for Emergency Repair of Early-

Strength Composite Structures in Wartime Military Ports: GJB.4142-2000. (National Military Standards Press of the People’s Republic 
of China, 2000).

	31.	 Park, J. W. & Choi, S. M. Structural behavior of CFRP strengthened concrete-filled steel tubes columns under axial compression 
loads. Steel Compos. Struct. Int. J. 14(5), 453–472 (2013).

	32.	 Xiao, Y., He, W. & Choi, K. K. Confined concrete-filled tubular columns. J. Struct. Eng. 131(3), 488–497 (2005).
	33.	 Tao, Z., Han, L. H. & Zhuang, J. P. Axial loading behavior of CFRP strengthened concrete-filled steel tubular stub columns. Adv. 

Struct. Eng. 10(1), 37–46 (2007).

Acknowledgements
This work was supported by the Chinese National Natural Science Foundation (No. 52068001), the Project of 
academic and technological leaders of major disciplines in Jiangxi Province (No.20204BCJL2037), the Natural 
Science Foundation of Jiangxi Province (No. 20202ACBL214017) and the Key Laboratory for Structural Engi-
neering and Disaster Prevention of Fujian Province (Huaqiao University) (No. SEDPFJ-2020-01), which were 
gratefully acknowledged.

Author contributions
W.C.: wrote the main manuscript text, visualization; L.J.: revising the manuscript critically for important intel-
lectual content, visualization, supervision, project administration,funding acquisition; L.W.: investigation, visu-
alization, supervision; H.C.: software, validation.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to W.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Axial compression performance of square concrete filled double skin SHS steel tubular columns confined by CFRP
	Experimental investigation
	Material properties. 
	Specimens design. 
	Specimens fabrication. 
	Experimental set-up. 

	Experimental results
	Peak loads and stiffness. 
	Axial load–displacement relationship. 
	Discussion. 
	The number of CFRP sheet layers. 
	Hollow ratio. 

	Failure modes. 
	CFDST confined by CFRP. 
	CFDST without CFRP. 


	Simplified formulate
	Design model of CFDST. 
	The model of CFDST confined by CFRP. 

	Conclusions
	References
	Acknowledgements


