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1. Introduction  
 

Recycled aggregate concrete (RAC) can  effectively 

utilize recycled coarse aggregate (RCA) made from the 

abandoned concrete, which is a green building material 

(Tabsh and Abdelfatah 2009, Zeng et al. 2018, Liang et al. 

2018, Xiong et al. 2018, Thomas et al. 2013). The present 

research findings show that the physical properties of RAC 

material and its structure and structural members are 

generally not as excellent as those of ordinary concrete 

(Xiao et al. 2012, Rosado et al. 2017, Cardoso et al. 2016). 

It is mainly reflected in strength, creep resistance and 

durability inferior to ordinary concrete (Senaratne et al. 

2017, Zhang and Zhao 2014, Li et al. 2015, Qian et al. 

2006). Therefore, how to improve the performances of RAC 

structures is one of the problems that need to be solved at 

present. In addition, the fiber reinforced polymer (FRP) as a 

type of composite material (Mesbah and Benzaid 2017, 

Gulsan, Al Jawahery and Alshawaf 2018) has been used 

widely in civil engineering because the composite material 

has many advantages, such as light weight, high 

temperature resistance, corrosion resistance, creep 
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resistance and the similar coefficient of the thermal 

expansion to concrete material (Kara 2016, Yao and Teng 

2003, Mykolas et al. 2013, Desprez et al. 2013). As one of 

those, the glass fiber reinforced polymer (GFRP) 

constrained concrete structures and structural members are 

a typical application (Youssef et al. 2017, Li and Wu 2015, 

Zeng et al. 2017, Hadi et al. 2015). 

In recent years, some researchers also proposed GFRP 

tube constrained recycled aggregate concrete (RAC) 

columns (Xu et al. 2017, Xiao and Huang 2012), which not 

only obviously improved the mechanical properties of RAC 

in the columns owing to the restraining effect of GFRP 

tube, but also was just consistent with the concept of green 

development. It provides a way for the application of RAC 

materials in the structures. Many previous studies showed 

that the GFRP tube constrained RAC columns have high 

bearing capacity and stiffness, but the corresponding 

deformability was relatively poor because both RAC and 

GFRP tubes were all brittle materials. As is known to all, 

the steel and concrete composite structures, such as the steel 

reinforced concrete (SRC) structures (Chen et al. 2016, Ma 

et al. 2016, Hosseinpour and Abdelnaby 2017), were widely 

applied in engineering structures due to their advantages of 

high bearing capacity and ductility. However, it needs to 

configure steel-rebar skeleton and support template in SRC 

structures, which means that the construction was relatively  
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Abstract.  To investigate the axial compressive performance of the recycled aggregate concrete (RAC) filled glass fiber 

reinforced polymer (GFRP) tube and profile steel composite columns, static loading tests were carried out on 18 specimens 

under axial loads in this study, including 7 RAC filled GFRP tube columns and 11 RAC filled GFRP tube-profile steel 

composite columns. The design parameters include recycled coarse aggregate (RCA) replacement percentage, profile steel ratio, 

slenderness ratio and RAC strength. The failure process, failure modes, axial stress-strain curves, strain development and axial 

bearing capacity of all specimens were mainly analyzed in detail. The experimental results show that the GFRP tube had strong 

restraint ability to RAC material and the profile steel could improve the axial compressive performance of the columns. The 

failure modes of the columns can be summarized as follow: the profile steel in the composite columns yielded first, then the 

internal RAC material was crushed, and finally the fiberglass of the external GFRP tube was seriously torn, resulting in the final 

failure of columns. The axial bearing capacity of the columns decreased with the increase of RCA replacement percentage and 

the maximum decreasing amplitude was 11.10%. In addition, the slenderness ratio had an adverse effect on the axial bearing 

capacity of the columns. However, the strength of the RAC material could effectively improve the axial bearing capacity of the 

columns, but their deformability decreased. In addition, the increasing profile steel ratio contributed to the axial compressive 

capacity of the composite columns. Based on the above analysis, a formula for calculating the bearing capacity of composite 

columns under axial compression load is proposed, and the adverse effects of slenderness ratio and RCA replacement percentage 

are considered. 
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Fig. 2 Recycled coarse aggregate (RCA) 

 

 

complicated. In view of this, combining the performance 

advantages of GFRP tube confined RAC material and SRC 

structures, a new type of the RAC filled GFRP tube-profile 

steel composite column is proposed by the authors. 

The above composite column has the following 

advantages. Firstly, the GFRP tube in the composite 

columns acts as a light weight template and the construction 

of composite columns can be simplified. Secondly, the 

external GFRP tube has strong restraint to the internal RAC 

material, so that the RAC material is in a three-dimensional 

stress state and the lateral deformation as well as the crack 

development of RAC material is also limited obviously. In 

addition, the profile steel in the column can also effectively 

improve its bearing capacity and deformability. Obviously, 

the RAC filled GFRP tube-profile steel composite column 

not only has the advantages of high bearing capacity and 

stiffness, but also has the characteristics of green buildings. 

So far, there is little research on the mechanical properties 

 

 

Fig. 3 Natural coarse aggregate (NCA) 

 

 

of the above columns. Therefore, the research on the 

mechanical performance of the columns needs to be carried 

out. 

In this study, the axial compressive behavior of 7 RAC 

filled GFRP tube columns and 11 RAC filled GFRP tube-

profile steel composite columns were investigated under the 

static loading tests. The failure process, failure modes and 

the effect of design parameters on the mechanical behavior 

such as the axial stress-strain curves, strain development 

and axial bearing capacity of the composite columns under 

axial compression were analyzed in detail. In addition, the 

calculation formula of axial bearing capacity of the columns 

was also put forward by using the superposition method, 

which can provide the technical reference for the 

engineering application of this kind of structural members. 

 

 
2. Axial compression tests of specimens 

 

 

 

 

 

Fig. 1 Design and geometric sizes of the composite columns 
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Table1 Parameters design of specimens for the composite 

columns 

Specimen 

number 

RAC 

strength 

grade 

RCA 

replacement 

percentage r 

Column 

height 

H/mm 

Slenderness 

ratio 

λ 

section 

steel 

ratio ρ 

GRC1 C40 0 500 10 - 

GRC2 C40 30% 500 10 - 

GRC3 C40 50% 500 10 - 

GRC4 C40 70% 500 10 - 

GRC5 C40 100% 500 10 - 

GRC6 C40 100% 1200 24 - 

GRC7 C40 100% 1800 36 - 

GSRC1 C40 0 500 10 4.54% 

GSRC2 C40 30% 500 10 4.54% 

GSRC3 C40 50% 500 10 4.54% 

GSRC4 C40 70% 500 10 4.54% 

GSRC5 C40 100% 500 10 4.54% 

GSRC6 C40 100% 500 10 5.76% 

GSRC7 C40 100% 500 10 6.85% 

GSRC8 C40 100% 1200 24 4.54% 

GSRC9 C40 100% 1800 36 4.54% 

GSRC10 C50 100% 500 10 4.54% 

GSRC11 C60 100% 500 10 4.54% 

 
Table 2 Mix proportion of RAC material 

RAC 

strength 

grade 

RCA 

replacement 

percentage 

r 

Water-

binder 

ratio 

W/B 

Weight per unit volume/(kg/m3) 

NCA RCA Sand Water Cement 
Fly 

ash 

Water 

reducer 

C40 

0 0.440 1171 0 576 195.0 443 0 0 

30% 0.448 819.5 351.3 576 198.5 443 0 0 

50% 0.453 585.5 585.5 576 200.8 443 0 0 

70% 0.459 351.3 819.7 576 203.2 443 0 0 

100% 0.467 0 1171 576 206.7 443 0 0 

C50 100% 0.361 0 1138 649 163.0 358 94.0 3.5 

C60 100% 0.312 0 1072 528 164.5 422 105.4 6.3 

 
 

2.1 Design and fabrication of specimens 
 

In the tests, a total of 18 composite column specimens 

were designed and manufactured, including 7 RAC filled 

GFRP tube columns and 11 RAC filled GFRP tube-profile 

steel composite columns. The main design parameters of 

specimens include the RCA replacement percentage, RAC 

strength, slenderness ratio and profile steel ratio. Table 1 

lists the main design parameters for the above columns. The 

GFRP material provided by a specialized business company 

mainly consists of epoxy resin and glass fiber. The epoxy 

resin matrix connects the glass fibers into a single body, 

which makes the fibers to be evenly loaded and bear the 

load together. The diameter of the GFRP tube was 200 mm 

and its wall thickness was 10 mm. The yield tensile strength 

and axial compressive strength of the GFRP tube were 350 

MPa and 68 MPa, respectively. The longitudinal elastic 

modulus and hoop elastic modulus of the GFRP tube were 

2.1 GPa and 22 GPa, respectively. The profile steel used for 

the columns was Q235 ordinary carbon steel. Fig. 1 

illustrates the design sizes and cross section of the 

Table 3 Basic physical performances of RAC material 

RAC 

strength 

grade 

RCA 

replacement 

Percentage r 

Cube 

compressive 

strength frcu/MPa 

Prismatic axial 

compressive 

strength frc/ MPa 

Elastic 

modulus 

Es/MPa 

C40 0 43.37 32.96 2.685×104 

C40 30% 43.26 32.88 2.683×104 

C40 50% 42.26 32.12 2.667×104 

C40 70% 41.38 31.45 2.653×104 

C40 100% 40.01 30.41 2.630×104 

C50 100% 51.61 39.22 2.796×104 

C60 100% 61.58 46.80 2.898×104 

 

Table 4 Physical dimension and basic physical 

performances of steel products 

Type of 

profile steel 

Height h 

/mm 

Width 

b/mm 

Web 

thickness d 

/mm 

Flange 

thickness 

t/mm 

Area 
s/mm2 

Number 10 100 68 4.5 7.6 143000 

Number 

12.6 
126 74 5.0 8.4 181000 

Number 14 140 80 5.5 9.1 215000 

Steel type 
Yield strength 

fy/MPa 

Ultimate strength 

fu/MPa 

Elastic modulus 

Es/MPa 

Profile 

steel 

Flange 327.6 459.7 2.02×105 

Web 339.2 467.6 1.97×105 

 

 

specimens, which included the RAC filled GFRP tube 

columns and the RAC filled GFRP tube-profile steel 

composite columns. 

The recycled coarse aggregate (RCA) material in the 

tests came from the concrete of demolished old buildings, 

as shown in Fig. 2. The continuous grading for the particle 

size of the RCA was 5-25 mm in the RAC material. The 

basic mechanical performances of these RCA used in the 

columns can conform to the basic requirements of Chinese 

Specification of GB/T- 25177- 2010 for recycled coarse 

aggregate for concrete. In addition, the natural coarse 

aggregate (NCA) adopted for the columns was artificial 

gravel broken from the natural stone, as shown in Fig. 3. 

The river sand with good grading was adopted as fine 

aggregate in the RAC material. In addition, the ordinary 

Portland cement was used as the cementitious materials and 

its strength grade was R42.5. The design of mix proportion 

and basic mechanical properties of RAC material are listed 

in Tables 2 and 3, respectively. The size and mechanical 

properties of steel products used in the composite columns 

are given in Table 4. 

In the RAC filled GFRP tube-profile steel composite 

columns, the upper and lower steel plates in the columns 

were used to fix the position of the internal profile steel and 

GFRP tubes with a silicone rubber adhesive. In addition, 

the upper and lower steel plates were also used to transfer 

the axial compression loads uniformly in the tests. In 

addition, the amount of each component of RAC materials 

in the composite columns can be calculated according to 

their mix proportions. During the pouring process, the 

internal RAC in the specimens was uniformly vibrated with 

a portable vibrator, which made the RAC materials in the 

columns as compact as possible. The main making process  
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(a) Typical GFRP tubes (b) Profile steel sections 

  
 (c) Typical composite columns 

Fig. 4 Main making process of the composite columns 

 

 

of specimens is exhibited in Fig. 3. 

 
2.2 Test devices and loading methods 
 
A 500t elector-hydraulic servo testing machine in the 

Structural Engineering Laboratory at Xi'an University of 

Technology was used to carry out the static tests on the 

specimens under the axial compression loads. The test 

devices in this study are illustrated in Fig. 5. The loading 

procedure of specimens including the force loading stage 

and displacement loading stage was adopted in the test. 

Firstly, the pre-loading was applied onto the columns, so as 

to eliminate the gap between the specimen and the loading 

end plate. Subsequently, the testing machine was unloaded 

to zero and the formal loading was applied onto the 

columns according to the loading procedure. The load 

control was used before the load reached 0.6Pmax (i.e., Pmax 

was the predicted value of the peak load), and the load 

gradually increased by Pmax/12 per level. After 0.6Pmax, the 

displacement control was applied to the compsoite columns 

and the loading rate was maintained at 1.5 mm/min. Finally, 

when the specimens were damaged or unsuitable for the 

further loading, the test was finished. 

In the axial compression tests, the applied loads and the 

data acquisition were synchronized in the loading process. 

The axial load-displacement curves of the specimens were 

automatically obtained through the computer. The 

displacement and deformations at important positions of the 

specimens were measured by using the displacement 

transducers. Fig. 5 illustrates the positions of displacement 

transducers in the tests, which were set at the upper, middle, 

lower and bottom plate positions of the specimens. In 

addition, the strain developments on the GFRP tube and  

 

 

Fig. 5 Test devices of the composite columns under axial 

compression loads 

 

 

Fig. 6 Measuring points of strains and displacements of the 

composite columns 

 

 

profile steel in the specimens were measured by arranging 

the longitudinal and transverse strain gauges. The strain 

gauges were also set at the upper, middle and lower of the 

GFRP tube and profile steel, respectively, as shown in Fig. 

6. The wires of the strain gauges on the profile steel of 

specimens were connected to the acquisition instrument 

through a reserved hole in the GFRP tube. 

 
 
3. Main test results 
 

3.1 Failure process and failure modes 
 
Based on the careful observations of the tests, the failure  
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modes of the short and long columns under axial 

compression loads had some differences. Therefore, the 

failure process and failure modes of the short and long 

 

 

columns in the tests are described separately. The typical 

failure modes of the RAC filled GFRP tube columns and 

RAC filled GFRP tube-profile steel composite columns are  

      
(a) GRC1 (b) GRC3 

  

  
(c) GRC6 (d) GRC7 

      
(e) GSRC1 (f) GSRC3 

      
(g) GSRC6 (h) GSRC11 

Fig. 7 Failure modes of typical column specimens 
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illustrated in Fig. 7. 

 

3.1.1 GRC1-GRC7 composite columns  
In the RAC filled GFRP tube columns, the failure 

process and failure modes of GRC1-GRC7 specimens under 

axial compression loads were relatively similar. In the 

initial loading stage, the specimens were in the elastic state 

and the deformation of the specimens was very small. The 

GFRP tube and RAC sustained the loads respectively. This 

indicates that the restraint effect of the GFRP tube on the 

RAC material was very small. When the axial compression 

load increased to about 60% of the ultimate load, the 

relationship between the axial compression load and 

deformation became nonlinear, which means that the 

specimens entered the elastic-plastic stage. As the axial 

load continued to increase, the fiberglass of the GFRP tube 

wall began to slightly tear with a little noise. At this time, 

the transverse deformation of the internal RAC increased, 

resulting in the increase of the radial pressure between the 

RAC and GFRP tube, which also shows the RAC was 

obviously restrained by the GFRP tube. When the load 

increased to 70%~80% of the ultimate load, the middle area 

of specimens bulged slightly and the lateral deformation of 

specimens increased obviously. In addition, the lateral 

deformations of GRC6 and GRC7 specimens (i.e., middle 

long columns) were larger than those of GRC1-GRC5 

specimens (i.e., short columns). Meanwhile, there was a 

slight white stripe around the surface of the GFRP tube, and 

the sound of tearing on fiberglass became bigger. The 

overall axial compression deformation of the specimens 

increased and the corresponding stiffness decreased 

gradually. When the load reached 80% to 90% of the 

ultimate load, the specimens emitted a continuous sound of 

tearing on GFRP, and the white fringes around the GFRP 

tube wall overlapped more and more. In the meantime, 

there is a small sound of crushing on the RAC inside the 

 

 

specimen. The greater the transverse deformation of the 

RAC, the greater the circumferential stress of the GFRP 

tube, so the greater the restraint stress on the RAC. When 

the load reached the ultimate load, the fibers in the middle 

of the GFRP tube were broken first and then extended to 

both sides. With the further increase of load, the tearing 

failure on the GFRP tube was formed at a certain location, 

accompanied by a huge sound. The RAC in the GFRP tube 

was crushed, and the column specimens lost its axial 

bearing capacity. 

 

3.1.2 GSRC1-GSRC11 specimens 
In the RAC filled GFRP tube-profile steel composite 

columns, GSRC1-GSRC7 and GSRC10-GSRC11 

specimens were short columns and GSRC8-GSRC9 

specimens were medium and long columns. During the 

initial stage of loading, the axial deformation of the 

specimens was not obvious and increased linearly with the 

increase of loads. In the short columns, when the loads 

increased to 60% of the peak loads, the axial compressive 

deformation began to appear on the specimens accompanied 

by a slight noise. In the medium-long columns, when the 

axial loads advanced to about 50% of the peak loads, the 

axial deformation of the specimens was enhanced 

obviously. Because part of the glass fiber was slightly torn, 

the matrix resin began to sustain tensile stress. Meanwhile, 

in the short columns, the middle part of the GFRP tube’s 

surface became slightly irregular whitening. When the axial 

compression load reached 80% of the peak load, the axial 

deformation of the specimens increased obviously, and 

there was slight bulging deformation accompanied by the 

louder fracture sound from the glass fiber in the middle part 

of the medium-long column. In addition, the RAC in the 

columns cracked and the stiffness degradation of the 

columns became obvious. When the axial loads advanced 

closely to the peak loads, there was a sustained fiber  

      

(e) GSRC8 (f) GSRC9 

Fig. 7 Continued 
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breakage sound in the columns. The tearing of glass fiber 

became serious and the matrix resin was pulled to produce 

the obvious phenomenon of stress whitening in the GFRP 

tube. After the peak load, the large diagonal cracks formed 

in the GFRP tube because of the tearing of glass fiber with 

the increase of loads. Subsequently, the specimen lost its 

axial bearing capacity. After the test, the GFRP tube was cut 

along its longitudinal direction. It was found that there were 

many irregular cracks in the internal RAC and the upper 

part of profile steel had local buckling deformation. This 

indicated that the profile steel had already yielded before 

the failure of the composite columns. 

Through the above analysis and compared with the RAC 

filled GFRP tube columns, obviously, the axial bearing 

capacity and deformation capacity of the RAC filled GFRP 

tube-profile steel composite columns had been improved 

significantly. Based on Table 5, in terms of axial bearing 

 

 

capacity and deformation, compared with the RAC filled 

GFRP tube columns, the maximum increases for the RAC 

filled GFRP tube profile steel short composite columns 

were 10.9% and 25.8%, respectively. In the medium-long 

columns, the above-mentioned values were 25.7% and 

45.1%, respectively.  
 

3.2 Axial stress-strain relationships of the columns 
 
Fig. 8 illustrates the axial stress-strain curves of 

specimens obtained from the axial compression tests and 

Table 5 describes the test values of the specimens under 

axial compression loads. From Fig. 8(a)-(f) and Table 5, the 

influence of the design parameters on the axial stress-strain 

curves and the test results of the composite columns can be 

described as follows: 

(1) Fig. 8(a) and (c) show the influence of RAC  

 

  

 

 (a) RCA replacement percentage (GRC1-GRC5) (b) Slenderness ratio (GRC5-GRC7)  

 

  

 

 (c) RCA replacement percentage (GSRC1-GSRC5) (d) Slenderness ratio (GSRC5, GSRC8, GSRC9)  

 

  

 

 (e) Profile steel ratio (GSRC5-GSRC7) (f) RAC strength grade (GSRC5, GSRC10, GSRC11)  

Fig. 8 Axial stress-strain curves of the composite columns with different design parameters 
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replacement percentage on the axial stress-strain curves of 

the RAC filled GFRP tube columns and RAC filled GFRP 

tube-profile steel composite columns under the same 

strength grades of the RAC, respectively. During the initial 

loading, the columns were in the elastic state and the 

relationship between the axial stress and the axial strain was 

approximately linear. At this stage, the ascending section of 

the curves was almost overlapping under different RAC 

replacement percentages, which indicates that the RCA 

replacement percentage had little influence on the initial 

stiffness of columns. In the RAC filled GFRP tube columns, 

when the increase of the axial load to 20% of its peak value, 

the difference between the curves became obvious 

gradually and the axial compressive stiffness of columns 

decreased. In the RAC filled GFRP tube columns-profile 

steel composite columns, the difference between the curves 

became obvious gradually until 60% of the peak value was 

reached. With the increase of RCA replacement 

percentages, the peak load of the RAC filled GFRP tube 

columns and RAC filled GFRP tube-profile steel composite 

columns decreased by 11.1% and 9.8% at most. However, 

the peak displacement of the RAC filled GFRP tube 

columns and RAC filled GFRP tube-profile steel composite 

columns increased by 4.8% and 0.3% at most. It can be seen 

that RCA replacement percentages had certain adverse 

effects on the bearing capacity and stiffness of the 

specimens. 

(2) The difference of the axial stress-strain curves of the 

specimens with different slenderness ratios was shown in 

Fig. 8(b) and (d). The axial stress-strain curves of the RAC 

filled GFRP tube columns and RAC filled GFRP tube-

profile steel composite columns were relatively similar, but 

the deformation and stiffness of the GFRP tube-profile steel 

composite columns are obviously higher than those of the 

 

 

RAC filled GFRP tube columns. Obviously, the axial 

compressive capacity and stiffness of the columns 

obviously decreased with the increasing slenderness ratio. 

In addition, the composite columns with large slenderness 

ratio have large axial compressive deformation. The peak 

load of the RAC filled GFRP tube columns and RAC filled 

GFRP tube-profile steel composite columns decreased by 

9.5% and 21.5% at most. Meanwhile, the peak displacement 

of the RAC filled GFRP tube columns and RAC filled 

GFRP tube-profile steel composite columns increased by 

8.9% and 31.4% at most. Obviously, the second-order effect 

of axial loads had an adverse effect on the bearing capacity 

and deformation of long composite columns. Therefore, the 

slenderness ratio of the columns needs to be controlled, so 

as to minimize the adverse effects of the second-order 

effect. 

(3) Fig. 8(e) indicates that the stiffness and axial bearing 

capacity of the RAC filled GFRP tube profile steel 

composite columns were significantly affected by the 

profile steel ratio. The axial stress-strain curves of the 

composite columns with different profile steel ratios were 

almost coinciding during the initial loading stage. After the 

load increased to about 30% of the peak load, the axial 

stress-strain curves became different obviously. In the wake 

of increased profile steel ratio, the peak loads of columns 

increased gradually. Furthermore, in the late loading stage, 

the axial stress-strain curve of the columns with the large 

steel ratio became gentle, which indicates that the 

deformation capacity of the columns increased with the 

increasing steel ratio. In addition, the peak loads of the 

above composite columns increased by 14.17% at most. 

Meanwhile, the peak displacement of the composite 

columns increased by 9.3% at most. Thus, a reasonable 

design of profile steel ratio was important for this type of  

Table 5 Test results of the composite columns 

Specimen 

number 

RAC strength 

grade 

RCA replacement 

percentage r 

Column height 

H/mm 

Slenderness 

ratio λ 

section steel 

ratio ρ 

(Peak 

load)/kN 

(Peak displacement) 

/mm 

GRC1 C40 0 500 10 － 3150.65 13.98 

GRC2 C40 30% 500 10 － 3100.58 13.65 

GRC3 C40 50% 500 10 － 2950.35 13.90 

GRC4 C40 70% 500 10 － 2892.98 14.32 

GRC5 C40 100% 500 10 － 2801.00 14.65 

GRC6 C40 100% 1200 24 － 2550.12 15.87 

GRC7 C40 100% 1800 36 － 2200.16 15.96 

GSRC1 C40 0 500 10 4.54% 3387.75 17.58 

GSRC2 C40 30% 500 10 4.54% 3301.99 17.00 

GSRC3 C40 50% 500 10 4.54% 3270.54 17.10 

GSRC4 C40 70% 500 10 4.54% 3010.04 12.37 

GSRC5 C40 100% 500 10 4.54% 3056.58 17.63 

GSRC6 C40 100% 500 10 5.76% 3343.74 18.19 

GSRC7 C40 100% 500 10 6.85% 3489.74 19.27 

GSRC8 C40 100% 1200 24 4.54% 2871.67 20.50 

GSRC9 C40 100% 1800 36 4.54% 2764.80 23.16 

GSRC10 C50 100% 500 10 4.54% 3183.89 16.99 

GSRC11 C60 100% 500 10 4.54% 3242.19 16.21 
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GRC2 (GFRP tube) GRC3 (GFRP tube) GRC6 (GFRP tube) 

  

   
GRC7 (GFRP tube)   

(a) GSRC2 (GFRP tube and profile steel) 

 

  

 

(b) GSRC3 (GFRP tube and profile steel) 

 

  

 

(c) GSRC5 (GFRP tube and profile steel) 

Fig. 9 Load-strain curves of typical RAC filled GFRP tube-profile steel columns 
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composite column, which can improve the axial bearing 

capacity and deformation of the composite columns. 

(4) From Fig. 8(f), it can be seen that the axial stress-

strain curves of the RAC filled GFRP tube-profile steel 

composite columns with different RAC strengths had some 

difference. During the initial loading period, the axial 

stress-strain curves of the composite columns changed 

approximately linearly, which indicated that the columns 

were in the elastic stage. After the axial load reached to 

70% of the peak value, the slope of the curves of the 

composite columns changed greatly. With the increasing 

RAC strength, the slope of the curves of composite columns 

increased to a certain extent. In addition, the peak loads of 

the above composite columns can increase by 6.1% at most. 

Meanwhile, the peak displacement of composite columns 

decreased by 8.1% at most. This means that the axial 

bearing capacity and stiffness of the columns increased 

 

 

gradually with the increasing RAC strength, but the 

deformability was relatively reduced. 

 

3.3 Strains of the GFRP tube and profile steel 
 
The strain curves of GFRP tube and profile steel in the 

specimens can be measured by using the strain gauges 

attached at the measuring points. The basic shapes and 

trends of the load-strain curves of the GFRP tube and 

profile steel in the all specimens were basically similar. 

Based on the test data, Fig. 9 reveals the strain 

characteristics of the GFRP tube and profile steel of typical 

specimens. 

Based on Fig. 9, in the RAC filled GFRP tube columns 

and RAC filled GFRP tube-profile steel composite columns, 

the longitudinal strains and hoop strains of the GFRP tubes 

both increased linearly and were in elastic state during the 

 

  

 

(d) GSRC6 (GFRP tube and profile steel) 

 

  

 

(e) GSRC8 (GFRP tube and profile steel) 

 

  

 

(f) GSRC11 (GFRP tube and profile steel) 

Fig. 9 Continued 
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initial phase of loading. This means that the constraint 

influence of the GFRP tube on the internal RAC was 

relatively small at this stage. In the RAC filled GFRP tube 

columns, such as GRC2, when the axial load increased to 

about 50% of the peak load, the longitudinal and 

circumferential strains of the GFRP tube in the column were 

1966.5 µε and 1130.8 µε, respectively, and increased 

rapidly. When the axial load increased to about 70% of the 

peak load, the longitudinal and circumferential strains of the 

GFRP tube in the column were 3793.6 µε and 3307 µε, 

respectively. Obviously, the growth rate of the 

circumferential strain of the GFRP tube is obviously greater 

than that of the longitudinal strain, which indicates that the 

restraint ability of GFRP tube to the internal RAC is 

obviously enhanced, and the crack propagation is restricted.  

Similarly, in the RAC filled GFRP tube-profile steel 

composite columns, such as GSRC2 specimen, when the 

axial load increased to about 50% of the peak load, the 

longitudinal and circumferential strains of the GFRP tube 

were 2133.0 µε and 1495.3 µε, respectively. When the axial 

load increased to about 70% of the peak load, the 

longitudinal and circumferential strains of the GFRP tube 

were 5125.0 µε and 3665.0 µε, respectively. The above 

analysis shows that the GFRP tube can effectively restrain 

the internal RAC. After the tearing of glass fibers in the 

GFRP tube, the constraint effect was weakened due to the 

tearing of glass fibers and the transverse deformation of 

glass fibers rapidly increased until the glass fiber tube lost 

its axial bearing capacity. 

In addition, during the initial loading stage, the load-

strain curves of the profile steel in the RAC filled GFRP 

tube-profile steel composite columns were also basically 

linear. For example, in GSRC2 specimen, when the axial 

compressive load increased to 50% of the peak load, the 

longitudinal strains of the web and flange of the profile steel 

were 914.5 µε and 1498.5 µε, respectively. The curves of 

the profile steel began to change nonlinearly and the growth 

rate of its strain increased rapidly. With the increase of axial 

loads, the profile steel in the columns basically reached its 

yield stress. At this point, the longitudinal strains of the 

web and flange of the profile steel were 1593.0 µε and 

1798.0 µε, respectively. Subsequently, when the axial load 

continued to increase, the strain of the profile steel 

increased sharply, which shows that the profile steel had 

been fully utilized. When the axial load of composite 

column was close to the peak load, the profile steel had 

completely yielded. 
Comparing to the load-strain curves of the GFRP tube 

and profile steel in the composite columns shows that the 
development rate of the strain of the profile steel was 
obviously faster than that of the GFRP tube. This means 
that the profile steel first reached yield stress and then the 
RAC was crushed as well as the glass fiber tube was torn 
gradually until the failure of the column occurred. This type 
of failure mode can make good use of the mechanical 
properties of the profile steel and GFRP tube in this kind of 
column. More importantly, the mechanical properties of the 
RAC material in the composite columns were significantly 
improved by the restraint effect of the GFRP tube. Based on 
the comparative analysis, the axial bearing capacity and 
deformation capacity of the RAC filled GFRP tube-profile  

 
 

(a) GFRP tube 
(b) Recycled aggregate 

concrete 

  

(c) Stresses of GFRP tube wall (d) Combination section 

Fig. 10 Axial compression mechanism of the composite 

columns 

 

 

steel composite columns are obviously higher than those of 

the RAC filled GFRP tube columns. 

 

 
4. Calculation on the axial bearing capacity of 
composite columns 
 

4.1 Axial compression mechanism of the columns 
 
Based on the above analysis, the axial bearing capacity 

of the RAC filled GFRP tube columns was contributed by 

the GFRP tube and internal RAC together, while the axial 

bearing capacity of the RAC filled GFRP tube-profile steel 

composite columns was contributed together by the GFRP 

tube, internal RAC and profile steel. Obviously, the GFRP 

tube in the columns had strong restrained effect to the 

internal RAC material and profile steel. The internal RAC 

material of the columns was in three-dimensional pressure 

state under the constraint effect of the GFRP tube, as shown 

in Fig. 10. This effectively improves the mechanical 

behavior of the composite columns under axial compression 

loads. In addition, the radial pressure on the GFRP tube of 

the columns can be neglected because it was far less than 

the corresponding circumferential and axial compressive 

pressures. Therefore, the radial stress of the GFRP tube can 

be ignored in the calculation process. Fig. 10 describes the 

loading mechanism of the composite columns under axial 

compression loads. 

 
4.2 Bearing capacity of the internal RAC 
 
It is considered that the GFRP tube has a restraint force 

on the internal RAC. According to Fig. 10(a) by the load 

balance, σr can be obtained by 

0
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d
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hoop stress of the GFRP tube, t is the wall thickness of the 

GFRP tube, and d0 is the inner diameter of the GFRP tube. 

The constraint strength of the GFRP tube can be given by 

0

2

d

tf
f

f

r =

 
(2)

 
where ff is the binding of the GFRP tube, and fr is the 

circumferential tensile strength of the GFRP tube. 

The compressive strength of the internal RAC can be 

improved by the restrained effect of the GFRP tube. It is 

assumed that ffc is the compressive strength of the RAC 

confined by the GFRP tube, fc is the standard value of the 

axial compressive strength of the RAC, and k is the stress 

increasing coefficient of the RAC after the restraint. For 

simplified calculation, according to the case of ordinary 

concrete, the formula can be given as follow (Samaan and 

Mirmiran 1998)
 
 

rcfc kfff +=  (3) 

0.36 rk f −=  (4) 

 
4.3 Bearing capacity of the profile steel 

 
The profile steel in the compsoite columns was 

subjected to the longitudinal compressive stress and lateral 

restraining stress, and is in the state of three-dimensional 

stress. Based on the Von Mises yield condition, the 

following formula can be derived 

( ) ( ) ( )  22

13

2

32

2

21
2

1
sf=−+−+− 

 
(5)

 

where σ1 is the first principal stress, σ2 is the second

 principal stress, and σ3 is the third principal stress. 

In addition, the profile steel used in the columns can be 

assumed to have the same tensile and compressive 

strengths. From the material mechanics (Yu 2004) 
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Combining Eqs. (5) and (6) yields 
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t
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Therefore, the strength of the profile steel after being 

restrained by the GFRP tube can be increased by 

fssr f
td

t
ff

2

2

0 −
+=  

(8) 

where fsr is the strength of the profile steel by the constraint 

effect and fs is the yield strength of the profile steel in the 

columns. 

 

4.4 Bearing capacity of the GFRP tube 
 

The axial compressive stress corresponding to the end of 

the strengthening phase of the composite column was taken 

as the design index of the structural members, and the stress 

of the GFRP tube at this point can be considered as the 

ultimate stress. 

When the relationship between the axial stress and strain 

of a composite column develops at the end of the elasto-

plastic phase, the GFRP tube is doubly stressed by the axial 

compression and the radial stretching in the tube at this 

point. Therefore, the stress-strain relationships of the GFRP 

tube can be expressed as follow 
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(9) 

where εfθ is the hoop strain of the GFRP tube, εfx is the axial 

strain of the GFRP tube, σfθ is the hoop stress of the GFRP 

tube, σfx is the axial stress of the GFRP tube, and vfθx is the 

circumferential Poisson's ratio of the GFRP tube. 

The axis strain formula of unidirectional plate for the 

GFRP tube can be given as follow (Kelly and Mileiko 

1983) 

Ty n  2=  (10) 

When the ultimate state of the GFRP tube is reached, it 

is approximately assumed that the strain in the direction of 

the principal axis of the unidirectional plate is given as 

follow 

fuT  =  (11) 

where n is the direction sine of the fiber winding angle of 

the GFRP tube, εT is the strain in the principal axis of the 

unidirectional plate, εy is the strain in the y-axis of the 

unidirectional plate, and εfu is the elongation at break in the 

longitudinal direction of the unidirectional plate. 

The circumferential ultimate strain of the GFRP tube 

can be given follow 

fuu n 

2=  (12) 

The axial loads of GFRP tube are mainly borne by the 

resin and the fracture elongation of resin is considered as 

the axial ultimate strain of the GFRP tube. 

The axial compressive deformation occurs when the 

composite columns is uniformly compressed. Therefore, 

according to the definition and relation of deformation 

coordination and Poisson's ratio, the ultimate axial strain of 

the GFRP tube can be expressed as follows 

f

u
xu




 −

=  
(13) 

where εxu is the axial ultimate strain of the GFRP tube, εθu is 

the circumferential ultimate strain of the GFRP tube, and μf 

is the axial pressure Poisson's ratio of the columns during 

the strengthening phase. 

Therefore, the ultimate compressive strength of the 

GFRP tubes in the compsoite columns obtained from Eqs. 

(9) and (13) can be given by 
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where Ef is the axial compression modulus of the GFRP 

tube. 

 

4.5 Axial bearing capacity of the composite columns 
 

Based on the above analysis and formulas, the axial 

compressive capacity of the RAC filled GFRP tube columns 

was contributed by two parts in the columns, i.e., the RAC 

and GFRP tube. Similarly, the axial compressive capacity of 

the RAC filled GFRP tube-profile steel composite columns 

was contributed by three parts in the columns, i.e., the 

RAC, profile steel and GFRP tube. The formula for 

calculating the axial compressive capacity of these two 

types of columns by the superposition method can be given 

respectively by 

)(1 ffycfcc AfAfN +=   (15) 

( )2c fc c sr s fy fN f A f A f A= + +
 

(16) 

r1108.01−=  (17) 

377.1)ln(163.0 +−=   (18) 

where η is the reduction coefficient of RCA replacement 

percentage on the axial compressive capacity of the 

columns, φ is the reduction coefficient of the slenderness 

ratio on the axial bearing capacity of the columns, which 

can be obtained through the regression fitting analysis on 

the test data, r is the RCA replacement percentage, and λ is 

the slenderness ratio of the composite columns. 

 
4.6 Verification of calculations on the axial bearing 

capacity of the composite columns 

 
 

The axial compressive capacity of the RAC filled GFRP 

tube columns and RAC filled GFRP tube-profile steel 

composite columns can be calculated by using Eqs. (15) and 

(16), respectively. Table 5 shows the comparison of the 

calculated and tested axial bearing capacities of the 

composite columns. The ratio of the calculated value Nc to 

the experimental value Nt is 0.99 on average and the 

standard deviation is 0.016. This indicates that the 

calculated values using Eqs. (15) and (16) are in fairly good 

agreement with the test results, which verifies the validity 

of the formulas to a certain extent. 

 

 
5. Conclusions 
 

In this study, the mechanical performances of 18 

composite columns composed of the GFRP tube, RAC 

material and profile steel under the axial compression loads 

were investigated in detail through the static tests. The 

following conclusions can be drawn: 

• The glass fibers of the GFRP tube were usually pulled 

off near the middle of the columns under axial 

compressive loads, resulting in the final failure of the 

RAC filled GFRP tube columns. In addition, the profile 

steel yielded first in the RAC filled GFRP tube columns-

profile steel composite columns, then the internal RAC 

was crushed, and finally the glass fibers in the GFRP 

tube were torn until the columns lost their axial bearing 

capacity. Especially, the existence of the profile steel in 

the composite columns can improve the axial bearing 

capacity of columns significantly, and can delay the 

failure rate of the columns under axial loads. 

• The axial bearing capacity of the RAC filled GFRP 

tube columns decreased gradually with the increase of 

Table 6 Comparison of the calculated and tested axial compressive capacities of the composite columns 

Specimen 
RAC strength 

grade 

GFRP tube 

thickness t/mm 

Section 

steel ratio /ρ 

RCA replacement 

Percentage/r 

Slenderness 

ratio/λ 
Nt/kN Nc/kN Nc/Nt 

GRC1 C40 10 - 0% 10 3150.65 3137.64 0.996 

GRC2 C40 10 - 30% 10 3100.58 3032.18 0.978 

GRC3 C40 10 - 50% 10 2950.35 2952.63 1.001 

GRC4 C40 10 - 70% 10 2892.98 2875.11 0.994 

GRC5 C40 10 - 100% 10 2801.00 2759.79 0.985 

GRC6 C40 10 - 100% 24 2550.12 2366.66 0.928 

GRC7 C40 10 - 100% 36 2200.16 2184.58 0.993 

GSRC1 C40 10 4.54 0 10 3387.75 3329.67 0.983 

GSRC2 C40 10 4.54 30% 10 3301.99 3222.53 0.976 

GSRC3 C40 10 4.54 50% 10 3270.54 3147.89 0.962 

GSRC4 C40 10 4.54 70% 10 3010.04 2983.42 0.991 

GSRC5 C40 10 4.54 100% 10 3056.58 2975.83 0.974 

GSRC6 C40 10 5.76 100% 10 3343.74 3357.31 1.004 

GSRC7 C40 10 6.85 100% 10 3489.74 3416.31 0.979 

GSRC8 C40 10 4.54 100% 24 2871.67 2703.45 0.941 

GSRC9 C40 10 4.54 100% 36 2764.80 2930.70 1.060 

GSRC10 C50 10 4.54 100% 10 3183.89 3072.04 0.965 

GSRC11 C60 10 4.54 100% 10 3242.19 3299.30 1.018 

Nt is the test values of axial bearing capacity; Nc is the calculated values of axial bearing capacity; the average value of Nc/Nt is 

0.99; and the standard deviation of Nc/Nt is 0.016. 
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the RCA replacement percentage and the slenderness 

ratio based on the test results, and the maximum 

decreasing amplitudes were 11.1% and 21.5%, 

respectively. However, due to the presence of profiled 

steel in the columns, the decrease in the axial bearing 

capacity of the RAC filled GFRP tube-profiled steel 

composite columns with the increase of RCA 

replacement percentage or slenderness ratio was reduced 

markedly, and the maximum reductions were only 

9.78% and 9.55%, respectively. 

• The increasing RAC strength or profile steel ratio 

contributed to the axial compressive capacity of the 

composite columns and the maximum increase 

amplitudes were 6.1% and 14.17%, respectively. In 

addition, the increase of profile steel ratio can also 

properly improve the deformability of the columns, 

while increasing the strength of RAC material is 

disadvantageous to the deformability of the columns. 

• The restraint ability of the GFRP tube to the internal 

RAC in the columns was weak at the beginning of 

loading. With the increase of axial loads, the transverse 

strain of the GFRP tube increased rapidly, which means 

that the restraint effect on the internal RAC increased 

and the RAC material was in a three-dimensional stress 

state. The compressive strength and deformation ability 

of the RAC material in the columns were effectively 

improved. In addition, in the RAC filled GFRP tube-

profile steel composite columns, the strain growth rate 

of the profile steel was faster than that of the GFRP 

tube, which indicates that the profile steel yielded first 

and was brought into full play in the columns 

• Based on the superposition method of the contribution 

of the axial bearing capacity of each part in the 

composite columns, the formulas for calculating the 

axial bearing capacity of columns were proposed, which 

considered the adversely effect of RCA replacement 

percentage and slenderness ratio. Although the 

calculated results are in good agreement with the 

experimental results, more experimental investigations 

are still needed to verify the validity of the above 

formulas. 
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