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This paper presents an experimental study on the cyclic axial compressive
behavior of FRP-concrete-steel hybrid double-skin tubular columns. The
square column specimens were cast with an external Fiber Reinforced Polymer
jackets, inner steel tube and concrete in between. The height of the columns was
500mm and the side dimension was 150mm. The effects of loading scheme, void
ratio and diameter-thickness ratio on axial compression behavior were
investigated. A total of eight columns were tested under monotonic and cyclic
axial compression. The experimental results show that the effect of loading
scheme on axial stress-strain envelope curve and the peak load were not
significant, and the ultimate state of the square columns subjected to cyclic
axial compression was very similar to that of specimens subjected to monotonic
axial compression. Besides, compared with void ratio, the diameter-thickness
ratio of the inner steel tube has significant influence on the peak load of the
columns when subjected to cyclic axial compression.
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1 Introduction

Fiber Reinforced Polymer (FRP) has been widely used in civil engineering structures in
recent year to externally reinforce the existing structures and new construction as well (Hadi,
2006; Jiang and Teng, 2007; Belzer et al., 2013; Nunes et al., 2016). Among the new types of
hybrid columns, FRP-concrete-steel hybrid double-skin tubular columns (DSTCs) have
gained the increasing popularity (Zeng et al., 2021; Yu et al., 2019; Zeng et al., 2020). These
new hybrid columns consist of inner steel tubes, external FRP tube, and concrete filled in
between.

A significant number of studies have been conducted on the structural behavior of circle
DSTCs subjected to monotonic axial compression (Fam and Rizkalla, 2001; Wang et al.,
2015; Feng et al., 2017; Yu et al., 2017), eccentric compression (Xiao et al., 2014; Fallah Pour
et al., 2019) and bending load (Estep et al., 2016; Cardoso and Vieira, 2017; Hadi and Yuan,
2017), and the test results show that the strength and ductility of core concrete have been
greatly improved with the confinement of both inner and external tubes (Girão Coelho and
Mottram, 2015). For example, Sofi et al. (2020) investigated the compression behavior of
DSTCs confined with FRP jackets and stiffened inner steel tube, and the experimental results
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shows that a superior axial stress-strain behavior for sandwiched
concrete than its traditional unstiffened form. Based the
experimental and Finite Element results, an analysis-oriented
axial stress-strain model was proposed for the confined concrete.
Moshiri et al. (2015) studied the influence of multiple cross-sectional
shapes on axial load-deflection behavior and ultimate axial-load
capacity of DSTCs subjected to compressive loading. Sankholkar
et al. (2018) examined the confinement on concrete in double skin
tubular members under axial compression loads. The extensive
research studies (Shao et al., 2006; Abdelkarim et al., 2018;
Revathy et al., 2020) verifies the excellent performance of circle
DSTCs under monotonic loading schemes.

The seismic behavior of column members is also significant for
the safety of the building structures in earthquake area; therefore,
some cyclic compressive tests are of great importance for the design
of the novel columnmembers. Yu et al. (2012) have performed some
tests on behavior of circular hybrid DSTCs under cyclic axial
compression, and the test results show that hybrid DSTCs are
very ductile under cyclic axial compression. Furthermore, Albitar
et al. (2015) conducted a test about the cyclic axial compressive
behaviour of DSTCs infilled with high-strength concrete, and the
experimental results show that both normal and high-strength
concrete DSTCs exhibited a highly ductile behavior under cyclic
axial compression.

Due to the advantages of the reliable beam-column connection,
the square columns (Sakino et al., 2004; Chen and Ozbakkaloglu,
2016; Fallah Pour et al., 2019) are given more attention than the
circular columns in some structures. For example, Zheng and
Ozbakkaloglu (2017) conducted a test about square DSTCs
infilled with recycled aggregate concrete, and influences of the
concrete strength, cross-sectional shape, and aggregate
replacement ratio were experimentally investigated. Moreover,
several studies (Zakir et al., 2021) focused on the analytical
investigation to quantify the influence of stiffened steel tube on
the confined concrete behavior of square shaped DSTCs. However,
most research studies were conducted on the monotonic axial

compressive studies of the square DSTCs, and the cyclic axial
compressive behaviour of the square DSTCs is not well developed.

Based on the above-mentioned discussion, an experimental
program was carried out to investigate the cyclic axial
compressive performance of the square DSTCs in this study. A
total of 8 specimens were tested. The parameters investigated
included the loading scheme, void ratio (ratio of the outer
diameter of steel tube d to the outer side length of concrete b)
and diameter-thickness ratio (ratio of the outer diameter of steel
tube d to the thickness of steel tube t).

2 Experimental program

2.1 Specimens

A total of 8 columns were fabricated and tested under cyclic
axial compression. As shown in Figure 1, the DSTCs were designed
with a square FRP jackets outside and a circle steel tube inside, and
the concrete were cast in between. The height of the columns was
500 mm, and the side length was 150 mm. The FRP jackets consist
of 2 layers of CFRP sheets and 2 layers of GFRP sheets in the hoop
direction. The detailed parameters of specimens are given in
Table 1. The name of the specimens starts with the letters
“XSC” to represent all the specimens in this test. The first
number in the name indicate the different steel tubes, and the
second number means the different loading cycles. For example,
Specimen XSC2-3 refers to the DSTC specimen reinforced with
Type 2 steel tube and loaded with 3 cycles. For Specimens XSC3-1a,
this specimen failed due to the operational problems, as a result,
the Specimen XSC3-1b with the same configuration was tested
again to obtain the accurate results.

2.2 Materials

Both the CFRP and GFRP sheets have a thickness of 0.17 mm,
and the mechanical properties of FRP sheets was tested by using GB/
T 1446-2005 (GB/T1446-2005, 2005), GB/T 21490-2008 (GB/T
21490-2008, 2008) and GB/T 3354-2014 (GB/T 3354-2014, 2014).
The test results in Table 2 show that the ultimate tensile strength of
the CFRP sheet was 3,434 MPa and the elastic modulus was
240 GPa, and the GFRP sheets were 2,650 MPa and 160 GPa.
The compressive strength of concrete cube was determined by
using GB/T 50081-2019 (GB/T50081-2019, 2019), and the
compressive strength is 50.8 MPa. The compressive strength of
concrete prism was determined by using GB/T 50081-2019 (GB/
T50081-2019, 2019), and the compressive strength is 39 MPa.

The tensile properties of the steel tube were tested by using GB/
T228.1-2010 (GB/T228.1-2010, 2010). The coupons were cut from
the steel tubes as shown in Figure 2, and three coupons were tested to
determine the average tensile strength and average tensile modulus.
The test results are given in Table 3. Moreover, three steel tubes with
different specifications were subjected to axial compression, as
shown in Figure 3. The loading was controlled by using force-
controlled method, and the loading rate was 1 kN/s and 0.5 kN/s
before and after the steel tube yielded separately. The stress-strain
curves obtained are shown in Figure 4.

FIGURE 1
Cross-section of composite square columns.
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2.3 Preparation of specimen

The preparation of specimens mainly included two steps:
casting concrete and making FRP jackets. Before casting

concrete, the steel tubes installed with strain gages (Figure 5)
were first carefully fixed into the formwork. The Polyvinyl
chloride (PVC) tubes were divided into four small pieces, and
then fixed on the four inner corners of the formwork to form the
fillet. The strain gages were connected with enough long wires.
After the concrete was cast and cured, the wet-layup process was
employed to form the FRP jackets, as shown in Figure 6. The
length of the overlap zone was 150 mm. In addition, an FRP wrap
with a width of 30 mm was used at two ends of the columns to
avoid the premature failure during the test.

2.4 Test set-up and instrumentation

On the two longitudinal ends of steel tubes, two axial strain
gauges and two hoop strain gauges were attached separately to test
the strain of the steel tubes. The axial deformation of composite
square columns was measured through the two opposite
displacement meters installed inside at a height of 270 mm. The
hoop strain was tested through 4 strain gauges evenly distributed on
the lap area of the lengthways section of FRP jackets along the fiber
direction, as shown in Figure 7.

The loading equipment is the YA-3000 electro-hydraulic
pressure testing machine. The preload is 10% of the ultimate
load of specimens. Force control and step loading scheme were
adopted in the formal loading. The load value of each step was
10% of the ultimate load of specimens, and the load of each step
were kept for 2 min. When the load reached to 90% of the
ultimate load, the continuous slow loading was adopted till
the end of test. All test results, including load, strain and
displacement, were synchronously recorded by using IMP data
collection system, as shown in Figure 8.

The cyclic loading method adopted is completely unloading/
reloading. The specimens were unloaded to 0 (in order to
guarantee the stable working of the testing machine,

TABLE 1 Test matrix.

Group NO. Specimen NO. Steel tube/(Diameter × thickness) Void rate Diameter-thickness ratio Loading scheme

1 XSC1-1 108 mm × 4 mm 0.72 27 monotonic axial compression

XSC1-3 loading/unloading (3 cycles)

2 XSC2-1 76 mm × 4 mm 0.51 19 monotonic axial compression

XSC2-3 loading/unloading (3 cycles)

3 XSC3-1a 108 mm × 6 mm 0.72 18 monotonic axial compression

XSC3-1b 108 mm × 6 mm 0.72 18 monotonic axial compression

XSC3-3 loading/unloading (3 cycles)

XSC3-5 loading/unloading (5 cycles)

TABLE 2 FRP tension test results.

FRP composites Nominal thickness Elastic modulus/GPa Tensile strength/MPa

CFRP 0.17 240 3,434

GFRP 0.17 160 2,650

FIGURE 2
Tensile test of steel plate.
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unloading process was stop at 20 kN in this study), and then, the
specimens were loaded to the unloading displacement value in
the same cycle. The default unloading displacement value is set
according to monotonic axial compression result of FRP-
concrete-steel composite columns, to make sure that the strain
of concrete at the first unloading is between 0.001 and 0.0035, and
the clarification of other unloading value facilitates the
unloading/loading response of constrained concrete under
different degrees of plastic deformation.

TABLE 3 Steel tension test results.

Types Steel specification/mm Yield strength/MPa Ultimate strength/MPa Elastic modulus/GPa

1 108 × 4 366 495.3 202.6

2 76 × 4 350 465.5 190.1

3 108 × 6 373 498.1 206.3

FIGURE 3
Axial compression test of steel tube.

FIGURE 4
Axial stress-strain curves of steel tubes.

FIGURE 5
Formwork and steel tube.

FIGURE 6
FRP jackets.
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3 Experimental results and discussions

3.1 Failure modes

Before the ultimate load was reached, the surface of the DSTC
columns was intact without apparent damage. The columns
experienced a large axial deformation and failed due to the
rupture of the FRP composites with a loud noisy. The fracture of
FRP jackets occurred in the middle height of the square columns, as
shown in Figure 9. The strain-stress curves of all FRP-concrete-steel
composite square column specimens are presented in Figure 10. The
axial strain was calculated with the readings of the two displacement
meters on the opposite sides of the square columns.

Figure 10 shows that the DSTCs possessed good ductility under
cyclic axial compression. In addition, the strain-stress envelope

curves of specimens under cyclic axial compression agreed well
with that under monotonic axial compression, thus suggesting that
loading/unloading scheme does not influence the envelope curves.
The difference between the envelope curve of XSC3-5 and XSC3-1b
was comparatively obvious. One reason is that during the casting of
XSC3-5, there are partial void areas in the interface between FRP
jackets and concrete, leading to the weak confinement of FRP
jackets. The other reason may be related the location of the
unloading point. The impact of cyclic loading on cumulative
plastic deformation can also be observed in Figure 10, that is,
more cycles caused the greater plastic deformation.

3.2 Peak load

Table 4 and test results show that the ultimate state of specimens
under cyclic axial compression is similar to that of the specimens
under monotonic axial compression. Meanwhile, the peak load of

FIGURE 7
Layout of strain gages.

FIGURE 8
Test set-up.

FIGURE 9
Failure mode of Specimen XSC1-3.
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cyclic axial compression and monotonic axial compression were
close, with the greatest difference of 3.1%. This result implied that
the cyclic axial compression did not have a significant impact on the

peak load of the hollow-core FRP-concrete-steel square columns. As
shown in Table 4, the peak load of XSC3-1a was obviously smaller
than that of XSC3-1b, which was attributed to uneven thickness of

FIGURE 10
Axial stress-strain curves of composite square columns (A) Specimens XSC2-1 and XSC2-3 (steel tube 76 × 4) (B) Specimens XSC1-1 and XSC1-3
(steel tube 108 × 4) (C) Specimens XSC3-1b and XSC3-3 (steel tube 108 × 6) (D) Specimens XSC3-1b and XSC3-5 (steel tube 108 × 6).

TABLE 4 Test results.

NO. d/
t (mm)

Peak
load (kN)

fcu
(MPa)

εcu
(%)

Failure mode

XSC1-1 108/4 1,267.3 52.2 1.36 Middle-upper part

XSC1-3 1,306.6 55.8 2.44

XSC2-1 76/4 1,463.3 62.5 1.90

XSC2-3 1,429.4 60.4 2.04

XSC3-
1a

108/6 1,100 - - Failure starting from the upper part, severe slant at the later state of loading, and fracture of the
bottom reinforced area

XSC3-
1b

108/6 1,458.9 52.6 1.76 Middle-upper part

XSC3-3 1,464.3 50.9 2.12

XSC3-5 1,433.8 55.1 0.98
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concrete along the longitudinal direction of columns caused in
casting concrete. Moreover, the effect of axial loading and
unloading on the strain-stress of square column specimens was
limited, and only the strain slightly increased. Also, as shown in
Table 1, the void rate of the specimens in Group 2 and 3 differed, but
the diameter-thickness ratio was very close. However, the peak load
of the specimens in the two groups approached, with the average
difference of 0.4%, suggesting that void rate did not have a
significant impact on the peak load of the square columns under
cyclic axial compression. The void rate of Group 1 and 3 was same.
However, the diameter-thickness ratio and the peak load of the
specimens in two group are different, meaning that diameter-
thickness ratio has more significant influence on the peak load of
composite square columns.

3.3 Effect of inner steel tube

To illustrate the influence of inner steel tube diameter (d),
Table 4 presents the results of the specimens from three different
groups. Each group shown in Table 4 consisted of two or three
DSTCs with identical inner steel tube sizes. It can be seen from the
table that an increase of diameter d caused an increase in the
ultimate axial strains (εcu) of the DSTCs subjected to cyclic axial
compression. On the contrary, an increase of diameter d caused a
decrease in the ultimate axial strains (εcu) of the hollow DSTCs
subjected to monotonic axial compression. In addition, Table 4 also
shows that the increase of diameter d result in a decrease in the
ultimate axial stress of (fcu) of the DSTCs, no matter under cyclic
axial compression or under monotonic axial compression.

3.4 Plastic strain

Plastic strain referred to the residual strain when the stress was 0.
When the strain of the steel tubes and concrete in the composite
columns reached a certain value that is greater than the yield strain
of steel tube, the plastic strain caused by concrete is much smaller
than that caused by steel tube. That is because the non-linearity of
concrete is one of the major factors for material failure and stiffness
degradation. However, the plastic strain of steel tube almost
completely depended on its plasticity. Therefore, in the whole
unloading process, the axial compression strain of the steel tube
reached 0 before the composite columns. When the axial
compression was completely unloaded, steel tubes provided
tensile stress to balance the compressive stress of concrete. At
that moment, the slippage between the two materials occurred,
and compared with the concrete, the length of the steel tube
shortened more. In such a case, when the composite columns are
reloaded again, the concrete immediately bear the load and the
deformation. When the steel tube touched the bearing plate, the two
materials generate the same axial strain again.

Figure 11 presents the axial strain of the steel tube and concrete
in Specimen XSC1-3. The strain of steel tube was recorded by the
axial strain gauges, and concrete by the axial displacement meters.
The test results verify the above-mentioned results, especially in the
final cycle (as shown in Figure 10B, the first unloading point of
XSC1-3 locating in the elastic stage). Also, it is further proved that,

when the load decrease to 0, the axial strain of the composite
columns was normally greater than the plastic strain of concrete,
and always smaller than the plastic strain of the steel tube.

4 Conclusion

In this research study, the cyclic axial compressive behaviour of
the double-skin tubular square columns has been experimentally
investigated. The main parameters included the loading scheme,
void ratio and diameter-thickness ratio were studied. The
experimental results and the parametric analyses on the cyclic
behaviour of the columns have been given. The following
conclusions can be drawn.

(1) The results show that cyclic axial compression barely has any
influence on the peak load of hollow-core FRP-concrete-steel
square columns, and the ductility of composite square columns
remains intact. Besides, repeated unloading/reloading cycles
have a certain effect on the cumulative plastic deformation of
composite square columns, that is, with the growth of cycles, the
value of plastic deformation increases.

(2) Similar to the findings under monotonic axial compression, the
diameter-thickness ratio of inner steel tube has a significant
impact on the peak load of composite square columns, the
higher the diameter-thickness ratio, the lower the peak load.
Void rate, however, did not significantly influence the peak load
of composite square columns under cyclic axial compression.

(3) Due to the difference in the plastic properties of steel tube and
concrete, though the plastic strain of them is almost
synchronous in the first loading/unloading cycle, with the
increase of cycles and especially in the last cycle, the plastic
strain of steel tube is greatly higher than that of concrete.

(4) The strain-stress envelope curves of composite square columns
under cyclic axial compression agree with that of specimens
under monotonic axial compression. Therefore, with the
reference of the existing stress-strain models of concrete in
composite columns under monotonic axial compression, the
stress-strain envelope curves of concrete in composite square
columns under cyclic axial compression may be accurately
predicted, by considering the factor of shape of cross-section.

FIGURE 11
Axial strain of concrete and steel tube.
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