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Abstract: Recycled aggregate concrete (RAC) technology has received a lot of attention as a green
environmental protection technology. However, the unsatisfactory mechanical behavior of RAC
restricts its application in engineering practice. The structure of basalt fiber-recycled aggregate
concrete-filled circular steel tubes (C-BFRACFST) can dually improve the mechanical behavior of
RAC. To observe the axial compression behavior of the C-BFRACFST column, seven specimens
were designed with recycled aggregate replacement ratio (0%, 50%, 100%), basalt fiber (BF) content
(0 kg/m3, 2 kg/m3, 4 kg/m3) and length–diameter (L/D, 5, 8, 11) as variable parameters for axial
compression tests. The failure mode, load–displacement/strain curve, axial compression deformation,
ultimate bearing capacity, energy dissipation, and ductility of specimens have been analyzed. The
derived constitutive relation of core basalt fiber-reinforced recycled aggregate concrete (BFRAC)
constrained by the circular steel tube and the 3D finite element model of C-BFRACFST column have
been established to simulate the whole process of compression. It is observed that instability or shear
failure occurs in specimens under axial compression load. When the recycled aggregate replacement
ratio was increased from 50% to 100%, the change in the energy-dissipation capacity of the specimens
was not significant but the ultimate bearing capacity and displacement ductility coefficient decreased
by 3.45% and 8.91%, respectively. When the BF content was increased from 2 kg/m3 to 4kg/m3,
the change in the ultimate bearing capacity of specimens was not significant; the energy-dissipation
capacity at the later stage of bearing increased, and the displacement ductility coefficient was noted
to increase by 13.34%. When the L/D was increased from 8 to 11, the energy-dissipation capacity of
specimens was decreased, and the ultimate bearing capacity and displacement ductility coefficient
declined by 1.37% and 43.52%, respectively. The finite element simulation results are in agreement
with the test results.

Keywords: C-BFRACFST; medium-length column; axial compression; mechanical performance; finite
element analysis

1. Introduction

In recent years, rapid industrialization and urbanization in China have generated
about 2 billion tons per year of construction waste. Since construction waste is mostly
disposed of in landfills, it not only causes a waste of material resources but also brings
great pressure to the ecological environment [1–3]. RAC technology produces aggregates
from waste concrete after the crushing, screening, cleaning, and sun-drying processes. The
resulting aggregates are then used to configure RAC. Therefore, it is necessary to use RAC
technology, which is good for improving the utilization of waste materials and slowing
down the ecological pressure [4,5] brought about by construction.

However, the mechanical behavior of RAC is unsatisfactory [6,7]. To improve the
behavior of RAC, steel tubes and RAC are combined to form a new material structure. The
structure can not only have the advantages of both steel and RAC materials but also have
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high bearing capacity, good ductility, as well as excellent seismic behavior [8–10]. Currently,
recycled aggregate concrete-filled steel tube (RACFST) members have become a hotspot
in studies. Niu et al. [11] investigated the influence of different cross-sections on the axial
compression behavior of RACFST, where the results showed that the bearing capacity of
specimens with a circular cross-section is superior to a square cross-section for the same
cross-section area, steel content, and material strength. Similarly, Guan et al. [12] investi-
gated the axial and eccentric compression behavior of CFRP-reinforced RACFST columns.
The results showed that the RACFST columns have a similar deformation mode to ordinary
concrete-filled steel tube (CFST) columns while the axial compression bearing capacity
of RACFST columns is slightly lower than that of ordinary CFST columns. In another
study, Liu et al. [13] studied the bond-slip behavior between recycled aggregate and steel
tube under repeated loading, and proposed a formula that can predict the bond strength
between recycled concrete and steel tube. Furthermore, in the study by Lyu et al. [14] on
the structural bond strength between the steel tube and RAC, results showed that section
form and section size are the two main parameters affecting bond strength. The empirical
formula for calculating the bond strength between core concrete and steel tube is proposed.
Nour et al. [15] established a new model for calculating the bearing capacity of short
RACFST columns. Likewise, Yang et al. [16] investigated the behavior of RACFST members
and showed that under the same loading conditions, RACFST members have similar behav-
ior as CFST columns, but the bearing capacity and stiffness are lower than those of CFST
column members. Tang et al. [17,18] studied the seismic behavior of RACFST columns and
the results showed that the material has ideal seismic behavior. Meanwhile, Xu et al. [19,20]
investigated the seismic behavior of RACFST columns as well as discovering that RACFST
columns have laudable seismic behavior and the recycled aggregate replacement ratio has
a minimal effect on the seismic behavior of RACFST column specimens. In another study,
Huang et al. [21] investigated the structural damage of RACFST columns under seismic
action where the results revealed that the seismic behavior of RACFST columns decreases
as the recycled aggregate replacement ratio increases. To summarize, RACFST members
and ordinary CFST members have similar and good mechanical behavior that may be
applied in engineering practice.

However, the recycled aggregates used to configure RAC will develop microcracks
during the production procedure, which will lower the strength and elastic modulus of
RAC [5,22,23]. To address these issues, incorporating a certain type of material is necessary.
BF is a new type of high-behavior inorganic fiber, and, with the increasing application
of composite materials in various projects, the cost-effective advantages of BF have been
highlighted [24,25]. Research shows that BF has good chemical stabilities, thermal stabilities,
and mechanical behavior [26]. As such, BF is incorporated to make BFRAC with superior
results for mechanical behavior, crack resistance, and deformation behavior. This innovative
material has also garnered interest for further research. Li et al. [27] investigated the flexural
behavior of unbonded prestressed BFRAC beams; according to this research, adding
BF may effectively enhance the bonding force between mortar and recycled aggregate,
inhibit crack development, increase the cracking load, and enhance ductility. Meanwhile,
Zheng et al. [28] and Xie et al. [29] investigated the effect of BF on the mechanical behavior
of RAC. The findings showed that the addition of BF significantly increases the flexural
strength and splitting tensile strength of RAC, as well as that the compression strength first
increases and then decreases. Similarly, Katkhuda et al. [30] researched the impact of BF
and acid treatment on the mechanical behavior where the results showed that adding BF
significantly improves the splitting tensile and flexural strengths of RAC. Dong et al. [31]
investigated the effect of BF on the mechanical behavior and microstructure of RAC.
According to research, the addition of BF can improve the structure of the interfacial
transition zone, thereby increasing the strength and ductility of RAC. In summary, the
addition of BF may efficiently enhance the mechanical behavior of RAC as well as attenuate
the effect of microcracks in recycled aggregates used for RAC.
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BFRACFST structures improve the mechanical behavior of RAC through the compos-
ite restraint of steel tubing and BF on RAC, thereby improving waste-concrete recycling
and further increasing the utilization of construction waste [32,33]. However, most of the
research focuses on RACFST structures, with fewer studies on RACFST structures mixed
with BF. In this study, seven C-BFRACFST column specimens were fabricated, and axial
compression tests were performed. The failure modes of specimens were observed. In ad-
dition, the axial compression behavior of specimens was analyzed to provide a reference
for further study on BFRACFST structures.

2. Test Overview
2.1. Specimen Design and Production

The materials used for the core RAC of C45 are P·O 42.5 grade cement, natural yellow
sand, city tap water, Class II fly ash, polycarboxylate superplasticizer, as well as natural and
recycled coarse aggregates. The recycled coarse aggregate was obtained from reinforced
concrete beams tested at Henan Polytechnic University through manual crushing, grading
and screening, and sun-drying. Also, the original concrete design strength grade was
C25. The mix proportion of RAC is displayed in Table 1, where the additional water
was that needed after considering the water absorption of recycled coarse aggregate.
Meanwhile, the fineness of Class II fly ash was 43 µm and its density was 2.34 g/cm3, and
the dosage was taken as 20% of cement. The polycarboxylate superplasticizer dosage was
0.5% of the cementitious material (cement and fly ash). According to the mix proportion,
BFRAC was prepared, and the measured slump of the BFRAC mixture was in the range of
130~160 mm. Short-cut BF with an outer diameter of 15 µm, length of 18 mm, and density
of 2650 kg/m3 was used. The tensile strength, elastic modulus, and elongation at break
for short-cut BF were 4500 MPa, 104 GPa, and 3.1%, respectively. The mechanical property
indexes of BFRAC were measured according to the Chinese standard “Test methods of
concrete physical and mechanical properties” [34], referring to Table 2. Then, the test was
conducted using a Q235 grade seamless steel tube with an outer diameter of 114 mm and
thickness of 3.5 mm. According to relevant provisions of the Chinese standard “Metallic
materials-Tensile testing-part 1: Method of test at room temperature” [35], the measured
yield strength and ultimate strength of the steel tube were 318.76 MPa and 373.27 MPa,
respectively, while the yield strain, elastic modulus, and Poisson’s ratio were 1758 µε,
181 GPa, and 0.33, respectively.

Table 1. Mix Proportion of RAC.

γ (%) W/B
Sand
Ratio
(%)

Water (kg/m3)
Cementitious

Material (kg/m3)
Coarse Aggregate

(kg/m3) Sand
(kg/m3)

Water
Reducer
(kg/m3)Purified

Water
Additional

Water Cement Fly Ash Recycled Natural

0 0.40 31 205 0.0 427.1 85.4 0.0 1115.2 501 2.56
50 0.40 31 205 31.2 427.1 85.4 557.6 557.6 501 2.56
100 0.40 31 205 62.5 427.1 85.4 1115.2 0.0 501 2.56

The design and fabrication of the specimens mainly considered three variation pa-
rameters: recycled aggregate replacement ratio (γ), BF content, and L/D. A total of
seven axial compression specimens were made. When making a specimen, the geo-
metric center of one end of the steel tube was centered on an end plate of dimensions
150 mm × 150 mm × 10 mm and then welded to seal the bottom. Then, well-mixed con-
crete was poured from the top while continuously vibrating with a vibrating rod until the
concrete was dense. After the shrinkage deformation of concrete was not obvious, cement
mortar was prepared to smooth the shrinkage gap. After 7 days, the other end of the steel
tube was capped with an end plate with a size of 150 mm × 150 mm × 10 mm, and cured
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at room temperature. The relevant parameters and measured values of the specimens have
been displayed in Table 3.

Table 2. The mechanical property indexes of BFRRC.

γ (%) mBF (kg/m3) f cu (MPa) f c (MPa) Ec (GPa) νc

0 2 52.8 41.5 33.5 0.22

50
0 48.5 34.9 29.2 0.23
2 50.7 36.1 31.4 0.20
4 51.9 38.5 34.6 0.18

100 2 46.1 32.2 28.3 0.19
Note: mBF stands for BF content; f cu stands for cubic compression strength value; f c stands for prismatic compres-
sion strength value; Ec stands for elastic modulus, whose value is taken as the ratio of stress to corresponding
strain at 0.5f c on the BFRAC stress-strain curve; νc stands for Poisson’s ratio.

Table 3. Relative parameters and measured values of specimens under axial compression.

Specimens L (mm) γ (%) mBF
(kg/m3) L/D α ξ Nu (kN) ∆u (mm)

CA-0-2-8 912 0 2 8 0.1351 1.038 1109.33 10.74
CA-100-2-8 912 100 2 8 0.1351 1.338 1005.33 13.0
CA-50-2-8 912 50 2 8 0.1351 1.193 1041.33 9.31
CA-50-0-8 912 50 0 8 0.1351 1.234 1037.64 15.95
CA-50-4-8 912 50 4 8 0.1351 1.119 1041.33 9.18
CA-50-2-5 570 50 2 5 0.1351 1.193 1102.87 8.38

CA-50-2-11 1254 50 2 11 0.1351 1.193 1027.08 9.26

Note: L represents the height of the specimen, D represents the outer diameter of the circular steel tube, L/D is the
length-to-diameter ratio; α represents the steel content, α = As/Ac, As and Ac represents the cross-sectional area of
the steel tube and core concrete, respectively; ξ represents the constraint effect coefficient, ξ = αf y/f c; Nu represents
the ultimate load carrying capacity test value of the specimen; ∆u is the peak displacement corresponding to the
ultimate bearing capacity. The naming method of the specimen, taking CA-50-2-8 as an example: CA represents
axial pressure, 50 represents recycled aggregate replacement ratio, 2 represents BF content, 8 represents the
length-to-diameter ratio.

2.2. Test Device and Loading Method

The maximum loading value of a 5000 kN microcomputer-controlled electro-hydraulic
servo pressure testing machine (YAW-5000 type) was used to complete the C-BFRACFST
column axial compression test. The diagram of the loading device is displayed in Figure 1a,
and the section at specimen 1-1 is displayed in Figure 1b.

This test uses the loading method of force and displacement combined control. The
estimated ultimate load Pu is computed according to Chinese standard “Technical specifi-
cation for concrete-filled steel tubular structures” [36]. This loading method is referenced
in the literature [37,38]. A pre-loading process is performed before the formal loading,
holding the load for two minutes, and then unloading. At the beginning of loading, the
load is graded by Pu/10 of its ultimate load and held for two minutes each time until it
reaches 0.90Pu. At the moment of t1, the load reaches 0.90Pu and is changed from force
control to displacement control, where the control displacement grade difference is about
1 mm. At the moment of t2, the load decreases to 70% Pu and the test ends. The monotonic
loading system is displayed in Figure 2.
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3. Loading Process and Failure Mode of C-BFRACFST Medium-Length Column under
Axial Compression

All specimens subjected to axial compression have similar failure processes and
macroscopic failure phenomena, which are classified into three loading stages: the elastic
stage, elastic-plastic stage, and descending stage. At the beginning of loading, the specimen
is in elastic compression; compression deformation increases linearly as the load increases,
while the steel tube and core BFRAC each work separately with no mutual extrusion force
between their interfaces and there is also little variation in the characteristics of the steel
tube surface. As loading continues, the specimen enters the elastic-plastic stage where
the rust layer on the surface of the specimen begins to peel off, and at an unfavorable
location in the middle or upper part of the specimen a slight local buckling first occurs.
At this point, the steel tube in the local area has reached the yield point, wherein the
steel tube can still restrain core BFRAC deformation and jointly resist the increasing axial
compression load. As the load-increasing speed slows down, the specimen gradually
achieves its ultimate bearing capacity and enters the descending stage. Once material
locally enters the descending stage, it triggers the specimen to shear or display instability
failure. The specimen shows a remarkable decrease in bearing capacity as well as a rapid
increase in lateral deformation. When the bearing capacity drops down to 70% Pu, the
specimen is considered unsuitable for further bearing, the specimen stops loading, and the
test is finished. The failure mode of each specimen is displayed in Figure 3.
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In the course of the test, the failure modes of the C-BFRACFST column can be sum-
marized into three categories by observing the test phenomena and final failure modes
during the axial compression of specimens. The first type of failure mode is detailed as
follows: as loading continued, a slip line divided the core BFRAC in the upper part of the
specimen into two parts, accompanied by local buckling occurring on the upper steel tube
as well as deflection in the middle, thereby finally forming a shear-failure phenomenon
with significant convexity of the core BFRAC in the upper part of the column and further
reduction in the bearing capacity, such as in specimens CA-0-2-8, CA-50-2-8, and CA-50-2-5.
The second type of failure mode is described as follows: as the loading increases, the
first local buckling half-ring appears on the upper part of the specimen. As the loading
continues, the first local buckling half-ring expands, and new local buckling appears near
the middle of specimen. Finally, an instability-failure phenomenon of the specimen occurs,
with a large horizontal deformation caused by severe local buckling in the middle, such
as for specimens CA-100-2-8, CA-50-0-8, and CA-50-4-8. The third type of failure mode
is as follows: as the loading increases, there is a local buckling half-ring near the upper
end plate. As the test progresses, bending deformation of the middle part of the specimen
increases and develops towards the other side of the specimen. Finally, there is no local
buckling ring in the middle part, but rather an instability-failure phenomenon caused by
a large horizontal deformation, such as for specimen CA-50-2-11.

After cutting the outer steel tube of specimen CA-50-2-8 after the test, the failure mode
of core BFRAC is displayed in Figure 4a. First, it is observed that the concrete in the upper
part undergoes more obvious shear failure while the surface of the core BFRAC in contact
with the steel tube does not have severe honeycomb pitting (as shown in Figure 4(a1)).
Secondly, dense diagonal microcracks developed on the slip surface after shear failure
occurred, and the concrete at the local buckling position is obviously crushed, and the local
buckling of outer steel tube is very serious (as shown in Figure 4(a2)). Thirdly, a certain
number of diagonal cracks as well as some fine longitudinal cracks are distributed near the
shear slip line (as shown in Figure 4(a3)). Finally, the formed concrete was in good contact
with the steel tube while no significant horizontal cracks were found on the core BFRAC
tensile surface at the maximum deflection (as shown in Figure 4(a4)).
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4. Results and Analysis of the Axial Compression Test on C-BFRACFST
Medium-Length Column
4.1. Load–Horizontal/Longitudinal Strain Curve

The load–horizontal/longitudinal strain curves for C-BFRACFST columns under
a single variable are displayed in Figure 5. A comparative analysis of the graphs in Figure 5
leads to the following conclusions:
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The load–horizontal/longitudinal strain curve of a specimen is classified as having
three stages. At the initial stage of loading, the load and the horizontal/longitudinal strain
of the specimens are roughly linearly developed; this is the elastic stage. With the increase in
load, the growth rate of the load is less than the growth rate of the horizontal/longitudinal
strain, which is the elastic-plastic stage. After reaching the ultimate load, the load remains
almost unchanged, and the horizontal/longitudinal strain of the specimens continues to
grow. This stage is the plastic stage;

As indicated in Figure 5a, changing the recycled aggregate replacement ratio does not
have any influence on the load–horizontal/longitudinal strain curve at the elastic stage.
In the elastic-plastic stage, the load–horizontal/longitudinal strain curves with different
recycled aggregate replacement ratios begin to separate, but are still not significant. In the
plastic stage, the variation between the three curves varied. It is observed that the recycled
aggregate replacement ratio effects the deformation behavior of C-BFRACFST columns
mainly in the elastic-plastic stage, as well as the plastic stage;

As indicated in Figure 5b, the curves basically overlap at the beginning of loading, and
the slope of the curve CA-50-2-8-h/v (h represents tensile strain, v represents compressive
strain) becomes smaller in the elastic-plastic stage following the BF content increasing;
in other words, the stiffness gradually decreases. After reaching the ultimate bearing
capacity, the horizontal and longitudinal strain curves of specimen CA-50-2-8 and specimen
CA-50-4-8 overlap and become flat, indicating that increasing the amount of BF content can
increase the C-BFRACFST column resistance to deformation, especially in the plastic stage;

As indicated in Figure 5c, with a constant recycled aggregate replacement ratio as well
as BF content, the development of each curve showed some variability at the beginning of
loading. The slope of the load–horizontal/longitudinal strain curve of specimen CA-50-2-11
is the smallest in the elastic stage, especially after the specimen enters the elastic-plastic
stage, where the strain develops rapidly. This indicates that when the L/D is smaller, as
the load increases, the strain grows more slowly, and the ductility is fully developed in the
elastic-plastic stage.

4.2. Load–Longitudinal Displacement Curve

Under diverse recycled aggregate replacement ratios, BF content, and L/D ratios, the
load–longitudinal displacement curves for C-BFRACFST columns have been displayed
in Figure 6. The load–longitudinal displacement curve may be noticed in the figure as
being able to be roughly classified as having three stages: the elastic stage, elastic-plastic
stage, and descending stage. In the initial stage of loading, the bearing capacity and
longitudinal displacement of the specimen develop roughly linearly, and the specimen
stiffness remains unchanged. In the elastic-plastic stage, as the load increases, the bearing
capacity of specimen increases at a smaller rate than longitudinal displacement, while the
specimen stiffness degrades continuously. After reaching the ultimate bearing capacity, the
bearing capacity of the specimen begins to decline and longitudinal displacement increases
rapidly, which is the descending stage.

As indicated in Figure 6a, the ultimate bearing capacity decreases due to the recycled
aggregate replacement ratio increasing. At the end of loading, the bearing capacity of
specimens CA-50-2-8 and CA-100-2-8 decreased sharply, while the bearing capacity of
specimen CA-0-2-8 decreased slowly. In addition, the later bearing capacity of specimens
CA-50-2-8 and CA-100-2-8 were lower than that of specimen CA-0-2-8.

As indicated in Figure 6b, the longitudinal displacements of specimens CA-50-2-8
and CA-50-4-8 were smaller, as the specimens achieved the ultimate bearing capacity.
Afterwards, the descending stage of specimen CA-50-4-8 is smoother than that of specimens
CA-50-0-8 and CA-50-2-8, which indicates that the increase in BF content improves the
specimen ductility.



Sustainability 2023, 15, 14351 9 of 23

Sustainability 2023, 15, x FOR PEER REVIEW 9 of 24 
 

As indicated in Figure 6c, before achieving the ultimate bearing capacity, the bearing 
capacity of specimen CA-50-2-11 was less than that of specimens CA-50-2-5 and CA-50-2-
8 under the same longitudinal displacement. At the end of loading, the bearing capacity 
of specimens CA-50-2-5 and CA-50-2-8 rebounded, while that of specimen CA-50-2-11 
continued to decrease. The above results show that, with the increase in the L/D, both the 
preliminary stiffness as well as later bearing capacity of specimens gradually decreased. 

0 5 10 15 20 25 30 35 40
0

200

400

600

800

1000

1200

Δ (mm)

N
 (k

N
)

 CA-0-2-8
 CA-50-2-8
 CA-100-2-8

 
0 5 10 15 20 25 30 35 40

0

200

400

600

800

1000

1200

N
 (k

N
)

Δ (mm)

 CA-50-0-8
 CA-50-2-8
 CA-50-4-8

 
(a) (b) 

0 5 10 15 20 25 30 35 400

200

400

600

800

1000

1200

Δ (mm)

N
 (k

N
)

 CA-50-2-5
 CA-50-2-8
 CA-50-2-11

 
(c) 

Figure 6. Comparison of load–longitudinal displacement curves. (a) Different recycled aggregate 
replacement ratio. (b) Different BF content. (c) Different L/D. 

4.3. Load Ratio–horizontal Deformation Coefficient Curve 
The measured value of the horizontal strain gauge in the middle of the steel tube 

divided by the measured value of the longitudinal strain gauge is defined as the horizontal 
deformation coefficient, and the ratio of longitudinal load and ultimate bearing capacity 
is defined as the load ratio. The load ratio–horizontal deformation coefficient curve for the 
C-BFRACFST column under axial compression load is displayed in Figure 7. It can be 
shown from the figure that at initial loading, the horizontal deformation coefficient of the 
specimen develops slowly, basically changing between 0.2 and 0.3. At this time, the hori-
zontal deformation coefficient of core concrete is clearly lower than that of the steel tubes, 
and C-BFRACFST columns are subjected to the same forces as ordinary CFST. Meanwhile, 
the steel tube and core BFRAC bear the longitudinal load together, and there is no mutual 
compression force between the two sides. As the load increases, when the deformation of 
the specimen reaches the Poisson’s ratio of the steel tube, the horizontal deformation co-
efficient of the specimen starts to increase with a larger magnitude, that is, the horizontal 
deformation of the specimen gradually increases, while at the same time the steel tube 
gradually constrains core BFRAC. 

Figure 6. Comparison of load–longitudinal displacement curves. (a) Different recycled aggregate
replacement ratio. (b) Different BF content. (c) Different L/D.

As indicated in Figure 6c, before achieving the ultimate bearing capacity, the bearing
capacity of specimen CA-50-2-11 was less than that of specimens CA-50-2-5 and CA-50-2-8
under the same longitudinal displacement. At the end of loading, the bearing capacity
of specimens CA-50-2-5 and CA-50-2-8 rebounded, while that of specimen CA-50-2-11
continued to decrease. The above results show that, with the increase in the L/D, both the
preliminary stiffness as well as later bearing capacity of specimens gradually decreased.

4.3. Load Ratio–horizontal Deformation Coefficient Curve

The measured value of the horizontal strain gauge in the middle of the steel tube
divided by the measured value of the longitudinal strain gauge is defined as the horizontal
deformation coefficient, and the ratio of longitudinal load and ultimate bearing capacity
is defined as the load ratio. The load ratio–horizontal deformation coefficient curve for
the C-BFRACFST column under axial compression load is displayed in Figure 7. It can
be shown from the figure that at initial loading, the horizontal deformation coefficient
of the specimen develops slowly, basically changing between 0.2 and 0.3. At this time,
the horizontal deformation coefficient of core concrete is clearly lower than that of the
steel tubes, and C-BFRACFST columns are subjected to the same forces as ordinary CFST.
Meanwhile, the steel tube and core BFRAC bear the longitudinal load together, and there
is no mutual compression force between the two sides. As the load increases, when the
deformation of the specimen reaches the Poisson’s ratio of the steel tube, the horizontal
deformation coefficient of the specimen starts to increase with a larger magnitude, that is,
the horizontal deformation of the specimen gradually increases, while at the same time the
steel tube gradually constrains core BFRAC.
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4.4. Analysis of the Effect of the Ultimate Bearing Capacity and Peak Displacement

The influence of different recycled aggregate replacement ratios, different BF content,
and different L/D ratios on the ultimate bearing capacity and peak displacement have been
displayed in Figure 8a–c, respectively.

As indicated in Figure 8a, compared with the specimen with a 50% replacement ratio,
the ultimate bearing capacity of specimen with a 0% replacement ratio was raised by
6.53% over that of the specimen with a 50% replacement ratio; the peak displacement
corresponding to the ultimate bearing capacity increased by 15.35%, the ultimate bearing
capacity of specimen with 100% replacement ratio fell by 3.45%, and the peak displacement
corresponding to the ultimate bearing capacity increased by 39.63%. In other words, with
an increasing recycled aggregate replacement ratio, the ultimate bearing capacity of the
C-BFRACFST column decreases, while the peak displacement first decreases and then
increases. The specimen with the smallest peak displacement is CA-50-2-8. This may be
because, on the one hand, the recycled aggregate has internal damage after pre-service and
crushing; thus, the strength, elastic modulus, and stiffness of the prepared RAC are inferior
to ordinary concrete. On the other hand, the recycled aggregate has the disadvantage of
having a large porosity. Under an axial compression load, the existence of pores renders
the core BFRAC unable to provide effective support to the outer steel tube, causing local
buckling of the steel tube in advance, and the axial compression bearing capacity decreases
with an increasing recycled aggregate replacement ratio. At a 50% replacement ratio,
BF forms a relatively good gradation with natural coarse aggregate and recycled coarse
aggregate, which provides good resistance to deformation, thus leading to the phenomenon
that the specimen CA-50-2-8 has the smallest peak displacement although the recycled
aggregate replacement ratio has increased. This analysis shows that a certain amount of
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recycled aggregate replacing natural aggregates under axial compression load can reduce
the peak displacement of specimens.
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Figure 8. Effect of different variation parameters on Nu and ∆u. (a) Different recycled aggregate
replacement ratios. (b) Different BF content. (c) Different L/D ratio.

As indicated in Figure 8b, as the BF content increases, the axial compression bearing
capacity of the C-BFRACFST column hardly changes, while peak displacement gradually
decreases. Taking specimen CA-50-2-8 as the reference, the peak displacement increased
by 71.32% when BF content from 2 kg/m3 to 0 kg/m3. Meanwhile, increasing BF content
from 2 kg/m3 to 4 kg/m3 decreased peak displacement by 1.40%. That is, the specimens’
peak displacement decreased at a fast rate followed by a slower rate with an increasing BF
content, which may be attributed to the fact that the BF effectively prevented the expansion
of the original initial microcracks in the cement matrix after these appeared in the core
BFRAC, while delaying the appearance of new cracks as well. Therefore, increasing the
amount of BF content under an axial compression load can reduce the peak displacement
of the specimen.

As indicated in Figure 8c, compared with the specimen L/D of 8, the ultimate bearing
capacity of the specimen with an L/D of 5 increased by 5.90% and the peak displacement
corresponding to the ultimate bearing capacity decreased by 9.99%. The ultimate bearing
capacity of the specimen with an L/D of 11 decreased by 1.37% and the peak displacement
corresponding to the ultimate bearing capacity decreased by 0.54%. That is, with the L/D
increasing, the ultimate bearing capacity of the C-BFRACFST column falls while the peak
displacement exhibits an enlarging trend followed by a falling trend, but the changes in
ultimate bearing capacity or peak displacement are within 10%. Under axial compression
load, with the L/D increasing, the stability of the C-BFRACFST column is not enough; the
confinement effect of the steel tube on the core BFRAC recedes, the local deformation of the
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steel tube reaches the ultimate deformation, and the core BFRAC in this area is crushed,
thus showing that the bearing capacity of a specimen reduces as the L/D increases.

4.5. Energy Dissipation

To study the energy dissipation of the C-BFRACFST column under the axial compres-
sion load, the load–longitudinal displacement curve based on normalization was used
to calculate the energy-dissipation coefficient. As indicated in Figure 9, based on the
load-deformation curve of the whole process of axial loading, the ratio of the area of the
curved trapezoid from the origin to the loading point (SOAi∆ i

) divided by the multiplica-
tion of the maximum load before the point and the displacement at the point (Ni ×∆ i) is
defined as the axial compression energy-dissipation coefficient of the specimen, as shown
in Equation (1). The energy-dissipation coefficient which is used to indicate the intrinsic
relationship between energy absorption and energy dissipation in the column itself under
axial compression load has the significance of a global variable, as shown by the fact that
higher values indicate a greater ability to dissipate energy.

η =


SOAi∆i
Ni ·∆ i

0 < ∆ i ≤ ∆u
SOAi∆i
Nu·∆ i

∆u < ∆ i ≤ ∆max
(1)
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The whole process curve of the energy-dissipation coefficient and relative peak dis-
placement of a specimen under an axial load obtained by calculation is shown in Figure 10.

As indicated in Figure 10a, when ∆/∆u increases from 0 to 3.6, the energy-dissipation
coefficient of each specimen does not differ significantly, indicating that changing the
recycled aggregate replacement ratio has a minimal effect on the axial compression energy-
dissipation capacity of C-BFRACFST column under axial compression load.

As indicated in Figure 10b, when ∆/∆u ≤ 1.8, the energy-dissipation coefficient
decreases with the BF content increasing and with the development of plastic deformation
of the specimen. When ∆/∆u > 1.8, the energy-dissipation coefficient of the specimen with
a BF content of 4 kg/m3 gradually increases and is larger than that of other specimens,
which means that, under the action of an axial compression load, increasing BF content can
increase the energy-dissipation capacity of a specimen at a later bearing stage.
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Figure 10. Comparison of energy-dissipation curves of the whole process. (a) Different recycled ag-
gregate replacement ratio. (b) Different BF content. (c) Different L/D ratio. 
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 m

 y
= Δμ

Δ
 (2)
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As indicated in Figure 10c, the energy-dissipation coefficient of specimen CA-50-2-11 is
the smallest when ∆/∆u increases from 0 to 3.6, making explicit that the energy-dissipation
capacity of a specimen is poorer when the L/D is larger under axial compression loading.

4.6. Ductility Coefficient

The ductility coefficient is one of the major indices to measure the deformation be-
havior of a specimen. To study the impacts of various parameters on the ductility of the
C-BFRACFST column under axial compression loading, the ductility coefficient (µ) was
calculated based on the axial compression load–longitudinal displacement curve of the test,
with reference to the Chinese standard “Specification for seismic test of buildings” [39] as
shown in Equation (2).

µ =
∆m

∆y
(2)

In the formula, ∆m is the ultimate displacement of specimen, valued as the correspond-
ing displacement when the load decreases to 85% of the maximum load. Meanwhile, ∆y
is the yield displacement of specimen, valued as the corresponding displacement when
attaining 75% of the maximum load.

The effect of each variation parameter on the ductility coefficient is displayed in
Figure 11.
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As indicated in Figure 11a, the displacement ductility coefficients of specimens are
concentrated in the range of 5.86~7.16 under the single parameter change in recycled
aggregate replacement ratio. The displacement ductility coefficient of specimen CA-0-2-8
rose 11.22% over that of specimen CA-50-2-8, while specimen CA-100-2-8 decreased by
8.91%. With increasing recycled aggregate replacement ratio, the displacement ductility
coefficient of specimens decreases gradually.

As indicated in Figure 11b, the displacement ductility coefficients of specimens were
concentrated in the range of 6.22~7.28 for different BF content, and the displacement ductil-
ity coefficient of specimen CA-50-0-8 decreased by 3.38% compared to that of specimen
CA-50-2-8, while that of specimen CA-50-4-8 increased by 13.34%. That is, the displacement
ductility coefficient of the specimen progressively rises with increasing BF content.

As indicated in Figure 11c, the displacement ductility coefficients of specimens with
different L/D are concentrated in the range of 3.64~6.58. Compared with specimen CA-50-
2-8, the displacement ductility coefficient of specimen CA-50-2-5 increases by 2.30%, while
that of specimen CA-50-2-11 decreases by 43.52%, which is a larger decrease. That is, with
increasing L/D, the displacement ductility coefficient of specimens drops progressively.

5. Finite Element Analysis of C-BFRACFST Medium-Length Column
5.1. Constitutive Relation of the Materials

The steel tube constitutive model applies a bilinear model of the uniaxial stress–
strain curve. The model uses two straight lines to describe the constitutive relation of
elastic–plastic materials, including the elastic stage and plastic-reinforced stage. The elastic
modulus in the plastic-reinforced stage can be approximated to 0.01Es (Es is the elastic
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modulus of the steel tube). Cai et al. [40] established the equivalent constitutive uniaxial
compression relation of core concrete which is restricted by a square steel tube. This
constitutive model not only has a clear mechanical expression but also can describe the
change in ultimate strength and peak strain for core concrete under axial compression as
increasing the constraint effect. It has an obvious ultimate stress platform and a smooth
and full descending stage. The relevant mathematical calculation equations are displayed
in Equations (3)–(6).

fc =
fccxr

r− 1 + xr (3)

x =
εc

εcc
(4)

r =
Ec

Ec − fcc/εcc
(5)

εcc = εc0

[
1 + η

(
fcc

fc0
− 1
)]

(6)

where f c and εc are the longitudinal stress and strain of confined concrete, respectively, f cc
and εcc are axial compression strength and peak strain of confined concrete, respectively, f c0
and εc0 are axial compression strength and peak strain of unconfined concrete, respectively,
η is the peak strain correction coefficient, Ec is elastic modulus of unconfined concrete, and
the values of the parameters εcc, η, f sh, f cc, εc0, f c0, Ec are given below.

5.1.1. Determination of the Peak Strain Correction Coefficient η

Han et al. [41] tested 20 CFST stub columns for axial compression, and the results
showed that the peak strain correction coefficient η was mainly connected to the width–
thickness ratio W of steel tube, the yield strength f y of steel tube, as well as the axial
compression strength f c0 of concrete. The calculation equation of η was obtained by
regression analysis and is displayed in Equation (7).

η = 52.765

(
1

W0.36

√
fy

fc0

)−2.0531

(7)

5.1.2. Determination of Effective Horizontal Compression Stress of Steel Tubes

Cai et al. [40] provided a technique for calculating a square steel tube’s horizontal
effective compression stress. Based on this, a technique for calculating a circular steel
tube’s horizontal effective compression stress is derived in this study. In the calculation,
it is assumed that the circular steel tube’s constraint function on the core concrete is
uniformly distributed along the circumferential direction of the tube wall. The axial
unit length of the circular steel tube is selected as the object for stress analysis, and the
selected object is cut along the longitudinal direction which is displayed in Figure 12.
Accordingly, Equations (8) and (9) are derived, and f 1

′
shown in Equation (10) is calculated

from Equation (9).
∑ Fy = 0 (8)

2 fsht× 1 =
∫ π

0
f1
′D− 2t

2
dϕ sin ϕ×1 (9)

f1
′ =

2 fsht
D− 2t

(10)

where f 1
′

is the horizontal compression stress of the circular steel tube, i.e., σ2 of the steel
unit, f sh is the circumferential tensile stress in the circular steel tube, i.e., σ1 of the steel unit,
D is the outer diameter of circular steel tube, t is the thickness of circular steel tube.
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The steel tube’s horizontal compression stress must consider the effect of the effective
restraint coefficient, which is displayed in Equation (11). Cai et al. [40] showed that for
the square section, the restraint of the steel tube is not uniform, and there are effective
strongly-constrained areas and weakly-confined areas. The effective constraint coefficient
ke1 of the cross-section is the ratio of the area of the effective strongly-constrained area to
that of the weakly-constrained area. The steel tube of the circular section has a uniform
restraint on the core concrete, so the effective restraint coefficient of the cross-section is
ke1 = 1. Considering the restraint of circular steel tubing on the core concrete as a restraint
of the circular hoop with zero longitudinal spacing on the concrete, its horizontal effective
restraint coefficient is ke2 = 1. If ke1 and ke2 are brought into Equation (11), the value of the
effective restraint coefficient of the CFST can be obtained as 1.

ke = ke1ke2 (11)

where ke is the effective constraint factor, ke1 is the effective constraint coefficient of the
cross section, and ke2 is the horizontal effective constraint coefficient.

Therefore, the effective horizontal compression stress f 1 of the steel tube is shown in
Equation (12).

f1 = f1
′ke (12)

5.1.3. Determination of Circumferential Tensile Stress f sh of Circular Steel Tubes

Under the longitudinal load, the steel tube is in the longitudinal compression, hori-
zontal tension plane stress state (σ2 = 0). For the steel unit as shown in Figure 12b, the Von
Mises yield criterion is satisfied during the yielding of steel tubes, and the stress strength
of a steel tube on the yield surface is displayed in Equation (13).

σi
2 = fs1

2 + fsh
2 − fs1 fsh = fy

2 (13)

where σi is the stress strength of the steel tube, f s1 is the longitudinal stress of the steel tube.
The study in [42] showed that W is a major factor influencing the failure mode of CFST

specimens, and the formula for calculating W is displayed in Equation (14).

W =
D
t

√
12(1− µs2)

kπ2

√
fy

Es
(14)

where µs is the Poisson’s ratio of the steel tube, k is the buckling coefficient of steel tube,
and takes a value of 4, and Es is the elastic modulus of the steel tube.



Sustainability 2023, 15, 14351 17 of 23

When W > 0.85, the specimen presents local buckling failure, while the local yield
strength of steel tube f h (f h = f sl) is the value shown in Equation (15).

fh
fy

=
1.2
W
− 0.3

W2 ≤ 1.0 (15)

When W ≤ 0.85, the influence of local buckling of the specimen is not taken into
account, and f sh and f s1 are taken as shown in Equations (16) and (17).

fsh = −0.21 fy (16)

fs1 = 0.89 fy (17)

5.1.4. Determination of the Axial Compression Strength f cc of the Constrained Concrete

The intrinsic relationship of Mander [43] better reflects the restraint mechanism for the
core concrete by a steel tube. Therefore, the axial compression strength of concrete reflected
by a circular steel tube still uses the Mander expression as shown in Equation (18).

fcc = fc0

[
−1.254 + 2.254

(
1 + 7.94

f1

fc0

) 1
2
− 2

f1

fc0

]
(18)

5.1.5. The Values of Peak Strain εc0, Axial Compression Strength f c0 and Elastic Modulus of
Unconfined Concrete

The peak strain of unconfined concrete is displayed in Equation (19) [41].

εc0 = 1300 + 12.5 fck (19)

As demonstrated in Equations (20) and (21), the axial compression strength f c0 as well
as the elastic modulus of unconfined concrete are calculated using the Chinese standard
“Code for Design of Concrete Structures” [44].

fc0 = fck = 0.76 fcu (20)

Ec = 105/(2.2 + 34.7/ fcu) (21)

where f ck indicates the standard value of concrete axial compression strength, and f cu
indicates the cubic compression strength of concrete.

Regarding the tensile softening behavior of concrete, the constitutive plastic damage
model in ABAQUS provides three approaches, and the stress-fracture–energy relationship
based on the damage energy criterion of concrete has better convergence. Therefore,
this approach was employed to determine the tensile softening behavior of concrete in
this study.

Before utilizing the concrete plastic damage model in ABAQUS to simulate core
BFRAC, five key parameters in the plastic damage model must be reasonably selected. The
values of each parameter used in this model have been displayed in Table 4.

Table 4. Key parameters of BFRAC plastic damage model.

Model
Parameters

Dilation
Angle Eccentricity f b0/f c0 K Viscosity

Parameter

Takes values 30◦ 0.1 1.16 0.667 0.005
Note: f b0/f c0 is the ratio of biaxial to uniaxial compression strength of concrete, and K is the constant stress ratio.
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5.2. Establishment of the Finite Element Model
5.2.1. Element Type Selection and Meshing

To ensure high precision, while avoiding illusory shear locking, the eight-node hex-
ahedral linearly reduced integration element (C3D8R) is selected as the element type of
core BFRAC. For the outer steel tube and end plate, we selected a four-node quadrilateral
linear reduced integral shell element (S4R) with Simpson’s thickness integration rule and
thickness integration point of 5. S4R has stable performance and a wide application range.
When defining the material property parameters of the ABAQUS finite element, the end
plate is made of a rigid material with larger stiffness; the material property is set as an
elastic material. The elastic modulus is set to be 1000 times the steel elastic modulus used,
and the Poisson ratio has been adjusted at 0.3, so that the upper and lower end plates resist
deformation to a large extent and will not have an impact on the overall deformation and
stress distribution.

For this study, the location as well as density of steel tube and concrete nodes are
determined by setting the number of global seeds. First, the partition tool is applied to cut
the core BFRAC geometry into simple regular shapes, and then the meshing technology
of the structure is used to divide the mesh of the core BFRAC. To ensure that the node
position is consistent with the seed position, free meshing technology is used to partition
the steel tube and end plate, and the advancing front algorithm is selected. At the same
time, in order to ensure the control of the boundary surface, mapping meshing technology
is used before the free meshing. To ensure calculation accuracy and lower calculation cost,
through several debugging operations, the mesh density of the steel tube, cover plate, and
core BFRRAC was finally determined to be 40 mm. The finite element model of the parts
and entities mesh in this study is shown in Figure 13.
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5.2.2. Establishment of Contact

The normal pressure can be effectively transferred between the contact-interface units
arbitrarily, allowing the steel tube and BFRAC to separate during the loading process;
therefore, the normal contact model uses “hard contact”. Meanwhile, the shear stress
transmitted parallel to the interface reaches a critical value at the interface between the
relative sliding. Therefore, the tangential contact model uses the Coulomb friction model.
The interfacial friction coefficient between steel tube and BFRAC is assumed to be 0.6,
which can meet the requirement of model convergence.

In this test, the steel tube and loaded end plate are connected by a welding seam;
therefore, the “Tie” constraint in the constraint command is directly used to couple the
degrees of freedom of all contact points between the inner surface of the end plate and
contact interface of steel tube, completely limiting any friction or slip. The synergistic
deformation with the BFRAC is considered to be such that the contact between the inner
surface of the end plate and BFRAC is also constrained by the Tie constraint.
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5.2.3. Boundary Conditions

The boundary conditions at both ends of the specimen are designed according to
test conditions under different loadings. In the finite element simulation, to make model
boundary conditions consistent with a boundary condition in the actual loading process,
the boundary conditions are set by first defining the loading point and the two ends of
the supports as reference points. After the reference point and the corresponding outer
surface of end plate are coupled to establish a motion constraint between the point and
the surface, the load is imposed on the reference point, and the load is transferred to
the end plate through the reference point, and then evenly distributed in a region. The
boundary conditions of the finite element model for the axial compression specimen of the
C-BFRACFST column are shown in Figure 14.
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Figure 14. Boundary conditions of the finite element model of the specimen.

The load control and double control of load and displacement are not easy to converge
in a finite element model. The displacement loading is mainly used to measure the descend-
ing stage of the load–displacement curve of a specimen in the actual loading process, which
is a crucial component influencing the test’s success. For these reasons, the simulations in
this study all adopt the loading method of displacement control.

5.3. Finite Element Simulation Analysis
Comparative Analysis of ABAQUS Results

The above material constitutive relation and method of finite element model estab-
lishment are adopted to simulate the axial compression of C-BFRACFST, and the finite
element simulation load–longitudinal displacement relationship curve is compared with
the experimental measured curve, which is displayed in Figure 15.

As indicated in Figure 15, the simulated curve follows the trend of the test curve.
The simulated result curve is classified as having two stages: increasing and descending.
The descending stage of the curve matches well while the slope of the increasing stage is
larger. This is because of the difference between simulation and testing. The finite element
(Abaqus 6.14) analysis software assumes steel and concrete units are uniform and isotropic
materials and the contacts inside the units are consistent, while the material distribution
inside the test specimen is not uniform and is anisotropic. In addition, there are many false
displacements during testing, such as the gap between the end plate and concrete, as well
as the deformation of the loading device, which may have some effects on test findings.

The finite element calculations Ne of the ultimate bearing capacity of specimens
in axial compression as well as measured values of the test Nu have been displayed in
Table 5. According to Table 5, the ultimate bearing capacity of the ABAQUS finite element
simulations for a C-BFRACFST column under axial compression is higher than the test
bearing capacity. However, the discrepancy is less than 8% and the deviation is within
the allowable range of the project. In summary, the finite element model created in this
study can well reflect the axial compression behavior of a C-BFRACFST column which
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also verifies the correctness of the ABAQUS finite element model and the feasibility of the
analysis method.
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Figure 15. Comparison of axial compression test results and simulation results of C-BFRACFST 
specimens. (a) CA-0-2-8; (b) CA-50-2-8; (c) CA-100-2-8; (d) CA-50-0-8; (e) CA-50-4-8; (f) CA-50-2-5; 
(g) CA-50-2-11. 

Figure 15. Comparison of axial compression test results and simulation results of C-BFRACFST
specimens. (a) CA-0-2-8; (b) CA-50-2-8; (c) CA-100-2-8; (d) CA-50-0-8; (e) CA-50-4-8; (f) CA-50-2-5;
(g) CA-50-2-11.
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Table 5. Finite element calculation of ultimate bearing capacity of the specimen under axial compres-
sion compared with the measured value of the test.

Specimen
Number L (mm) Nu (kN) Ne (kN) Nu/Ne

CA-0-2-8 912 1109.33 1134.98 0.977
CA-100-2-8 912 1005.33 1017.72 0.988
CA-50-2-8 912 1041.33 1061.50 0.981
CA-50-0-8 912 1037.64 1057.55 0.981
CA-50-4-8 912 1041.33 1067.19 0.976
CA-50-2-5 570 1102.87 1132.04 0.974
CA-50-2-11 1254 1027.08 1027.26 1.000

6. Conclusions

In this study, axial compression tests and finite element analysis of seven C-BFRACFST
column specimens were conducted within the designed parameter variations. The primary
conclusions are presented below:

(1) Under the axial compression load, instability or shear failure occurs in the columns
of C-BFRACFST;

(2) The ultimate bearing capacity of a specimen progressively decreases along with the
recycled aggregate replacement ratio or L/D increasing and displays almost no change
as the BF content increases. When the recycled aggregate replacement ratio increases
from 50% to 100% or the L/D increases from 8 to 11, the ultimate bearing capacity of
specimens decreases by 3.45% and 1.37%, respectively;

(3) Under an axial compression load, changing the recycled aggregate replacement ratio
has a minimal impact on the energy-dissipation capacity of specimens, while increas-
ing BF content can increase the specimen energy-dissipation capacity at the later stage
of bearing. Meanwhile, the energy-dissipation capacity of specimens is poor when
the L/D is relatively large;

(4) The displacement ductility coefficient of the C-BFRACFST column decreases with the
recycled aggregate replacement ratio or L/D increasing, and gradually increases with
increasing BF content. When the BF content increases from 2 kg/m3 to 4 kg/m3, the
displacement ductility coefficient of specimens increases by 13.34%. However, as the
recycled aggregate replacement ratio increases from 50% to 100% or the L/D increases
from 8 to 11, the displacement ductility coefficient of specimens decreases by 8.91%
and 43.52%, respectively;

(5) In this study, the constitutive relation of core BFRAC under a constraint of circular
steel tubing is derived. On this basis, a finite element model is created, and this model
reflects the axial compression behavior of the C-BFRACFST column well.

In this study, the mechanical axial compression properties of C-BFRACST columns
were studied experimentally, and a macro model was established for simulation research.
Some scholars have studied the fiber distribution and fiber–matrix interface properties,
which provides ideas for subsequent research [45,46]. In addition, some scholars have
studied the long-term properties and corrosion resistance of concrete members [47,48].
These long-term properties and corrosion resistance have a significant impact on the use
and development of concrete components. Therefore, in the future, our research group will
also study the long-term properties and corrosion resistance of C-BFRACST columns.
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