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Abstract To study the axial compression performance of high-strength recycled concrete columns with built-in
square steel tubes, ABAQUS software was used to model and analyze two existing test specimens, verifying the
accuracy of the model. On the basis of a reliable model, parameter analysis was conducted on 13 specimens, with
variable parameters including square steel tube thickness, square steel tube strength, and slenderness ratio. The
results showed that the established finite element model exhibited longitudinal reinforcement buckling and steel tube
tearing deformation consistent with the experimental results, and the height of the load axial displacement curve was
consistent. The average error of the ultimate bearing capacity was within 5%; The increase in steel tube thickness
has little effect on the axial compression bearing capacity and stiffness, while the increase in steel tube yield strength
has a significant impact on the axial compression bearing capacity and residual bearing capacity; With the increase
of slenderness ratio, the axial compression stiffness and ultimate bearing capacity of composite columns are
obviously degraded. A numerical calculation method between the axial compression stability coefficient and
slenderness ratio is fitted, which can be used as a reference for the design of composite columns.
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1. Introduction

Recycled aggregate concrete (RAC) is a type of concrete
that reconstructs waste concrete by crushing and sieving it,
then adding cement, water, and fine aggregates. Many
studies have shown that as long as it is properly blended,
the mechanical properties of RAC are comparable to those
of natural aggregate concrete (NAC) [1,2]. Therefore, many
scholars have applied it instead of ordinary concrete in
traditional structures. However, some studies have shown
that the deformation of RAC is greater than that of NAC, so
it is necessary to apply constraints in the structure to ensure
the safety of RAC structure [3]. This includes the
installation of steel tubes inside the RAC, which not only
fully utilizes the advantages of steel tube RAC columns, but
also overcomes the disadvantages of corrosion resistance,
poor fire resistance, and complex beam column node
treatment of steel tube RAC columns, making RAC widely
used in the field of building structures.

Many scholars have conducted in-depth research on the
mechanical properties of composite columns with NAC
embedded steel tubes, including experimental, finite

element, and theoretical studies [4,5,6,7]. The results
indicate that the concrete, steel tubes, and longitudinal
steel bars in the composite column can play a good
synergistic and complementary role. However, there is
relatively little research on the mechanical properties of
laminated columns with RAC embedded steel tubes both
domestically and internationally. He et al. [8,9] conducted
axial compression and eccentric compression tests on
RAC reinforced concrete columns with built-in circular
steel tubes. The results showed that the eccentric
compression failure process and bearing performance of
steel tube RAC composite columns were similar to those
of ordinary concrete. Due to the presence of internal steel
tubes, RAC was well constrained.

With the increasing structural requirements of modern
architecture, ordinary strength concrete is no longer
sufficient to meet the requirements, and high-strength
concrete is often required in super high-rise structures.
Niu et al. [10,11] conducted axial compression tests on
high-strength RAC columns with built-in circular and
square steel tubes, and the results showed that the bearing
capacity of square steel tube high-strength RAC
composite columns was improved compared to NAC
composite columns. However, there is relatively little
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research on this type of composite column, and the
influence of different factors on its axial compressive
bearing capacity is not yet clear. Therefore, in order to
investigate the influence of different factors on the axial
compression performance of high-strength RAC columns
with built-in steel tubes, this paper conducts modeling and
simulation analysis on two specimens in existing research.
After verifying the accuracy of the model, the influence of
steel tube thickness, steel tube strength, and aspect ratio
on axial compressive bearing capacity was explored,
aiming to provide reference for engineering.

2. Overview of Existing Experiments

Two specimens from Reference [11] were selected for
simulation verification, which were designed with steel tube
thickness as a variable. The cross-sectional design is shown
in Figure 1. The detailed design parameters of the test
specimens and parameter analysis specimens are shown in
Table 1. The cross-sectional dimensions of the specimens
are all 230mm x 230mm, with a height of H=1150mm. The
reinforcement is composed of four longitudinal bars with a
diameter of 12mm, and the diameter of the hoop bars is
6mm. The spacing between the test sections is 100mm, and
the inner steel tube is a square steel tube with a side length
of 100mm. The longitudinal reinforcement and hoop
reinforcement use HRB400 grade ordinary steel bars with
yield strengths f, of 415MPa and 495MPa respectively, and
the yield strength f, of steel tubes is 378MPa. The high-
strength RAC cube has a compressive strength of 62.7 MPa
and an elastic modulus of 37400 MPa.

The axial compression test was conducted on an
electro-hydraulic servo press with a ultimate load of
5000kN. After a preload of 400kN, the load was unloaded
and officially started. The experiment adopts a load

(a)Outer concrete (b)Inner concrete

control loading system, with each level holding the load
for 5 minutes. The test is stopped when the load decreases
to 65% of the peak load. The test results indicate that all
specimens exhibit failure modes such as concrete cover
peeling, longitudinal reinforcement buckling, hoop
bulging, and steel tube bulging.
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Figure 1. Structural diagram of specimen

Table 1. Specimen Design Parameters

Specimen. No t/mm f,/MPa H/mm A Po/kN
RCFSST 4 378 1150 17.3 2986.0
RCFSST-3 45 378 1150 17.3 3583.2

where: 1 is the slenderness ratio of the specimen, calculated as
2=HN(I/A); 1 is the radius of rotation; A is the cross-sectional area.
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Figure 2. Model components and grid division
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3. Finite Element Model

3.1. Geometric Models and Mesh Partitioning

In order to simulate the mechanical evolution of
laminated columns more realistically, a separate modeling
method was adopted to independently model the inner and
outer concrete of the steel tube, and rigid pads were
arranged on both sides to ensure convergence. At the same
time, to ensure computational efficiency and accuracy, the
global grid size was determined to be 25mm after multiple
trials, and all components are shown in Figure 2.

3.2. Material Properties and Mesh Types

(1). High strength RAC

The solid mesh (C3D8R) was adopted as the unit for
high-strength RAC. For the constitutive relationship of
high-strength RAC, based on the material test results of
Tian et al. [12] using high-strength RAC, combined with
Guo et al. [13], the constitutive relationship of concrete
was proposed, and the uniaxial compressive stress-strain
relationship curve of high-strength RAC was proposed:

2.46x -1.92x* +0.46x* 0<x<1 n
8.63(x—1)" +x
) &
c & (2)

where: f, and &, represent the ultimate compressive stress
and ultimate compressive strain of concrete, respectively.
(2). Steel

The constitutive relationship between steel tubes and steel
bars adopts a simplified double line ideal plastic model [14]
(as shown in Figure 3), which is the elastic section before
yield, the plastic strengthening section from yield to ultimate
strength, and the slope of the strengthening section is 0.01
times that of the elastic section. The use of truss elements
(T3D2) for steel reinforcement units and shell elements (S4R)
for steel tube units can better converge the calculation while
ensuring the calculation results.
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Figure 3. Schematic diagram of reinforcement constitutive relationship

3.3. Interaction

To avoid stress concentration, rigid pads were installed
on the upper and lower surfaces of the specimens, which
were connected to the upper and lower surfaces of
concrete and steel tubes through binding constraints. The
steel cage is combined with the outer concrete by
embedding, ignoring the relative sliding between the steel
and concrete. In order to restore the constraint effect, face-
to-face contact is adopted between the outer wall of the
concrete steel tube and the inner wall of the concrete steel
tube, taking into account the contact separation between
the steel tube and the concrete. The contact properties are
set to: hard contact in the normal direction, penalty
function in the tangential direction, and friction coefficient
of 0.5 [15,16].

3.4. Boundary Conditions and Loading
Methods

Based on the experimental results, the displacement and
rotation around the longitudinal axis in the lower three
directions of the specimen were constrained, and the lower
hinge was simulated, with an axial displacement of 20mm
applied to the upper part.

3.5. Model Validation

The comparison of load axial displacement curves of two
high-strength RAC column specimens with built-in square
steel pipes simulated is shown in Figure 4. Overall, the
average error of the simulated ultimate bearing capacity is
3.7%. The trend of the curve is basically consistent, and it
rapidly decreases after reaching the peak point, entering a
gentle downward section due to the plasticity of steel bars
and steel tubes. The curve stiffness of finite element
simulation is relatively high. This model has been debugged
through mesh, constitutive, and boundary analysis, and it
has been found that the effect is not significant. However,
the curve trend is in good agreement with the experiment.
According to the results of existing literature, this is highly
likely an error in the experiment. During the loading
process of concrete, the compaction process of internal
voids will produce virtual displacement, so the axial
compression stiffness of the test results is smaller. But it
does not affect the subsequent bearing capacity analysis, as
the error in bearing capacity is relatively small.
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Figure 4. Comparison of finite element results
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Figure 5. Comparison of failure modes

Figure 5 shows a comparison of experimental and finite
element failure modes. The experimental results show that
when reaching the ultimate state, one side of the
longitudinal reinforcement bends and the steel tube
corners tear. As shown in Figure 5a, the finite element
method effectively reproduces this phenomenon. There is
a significant plastic deformation (PEEQ) in one side of the
reinforcement and the steel tube corners, indicating a high
stress at this point. Figure 5b shows the failure mode of
concrete, and the compressive damage mode of concrete
given by the finite element method is the appearance of X-
shaped concrete crushing at the upper and lower ends. The
experimental results show that one end of the concrete has
a large area of crushing and peeling, which is in good
agreement. The established finite element model has been
validated and can be further analyzed for parameters.

Table 2 Extended specimen design parameters

Specimen.

No t/mm f,/MPa  H/mm A Po/kN Note
FE-1 2 378 1150 17.3  2927.1
FE-2 3 378 1150  17.3 29570  Changes in
FE-3 4 378 1150 17.3 2986.0  steel tube
FE-4 5 378 1150 17.3 30140  thickness
FE-5 6 378 1150 17.3 30413
FE-6 4 235 1150 17.3 26060  Changesin
FE-7 4 335 1150 17.3 27443 yield
FE-8 4 400 1150 17.3 3356.0  strength of
FE-9 4 450 1150 17.3 36048  Steeltubes
FE-10 4 378 1500 22.6 29256
FE-11 4 378 2500 37.6 28125  Changein
FE-12 4 378 3000 451 27723  aspectratio
FE-13 4 378 3500 527 27710

4. Parameter Analysis

According to Section 3.5 of this article, it can be seen
that the finite element model established in this article can
accurately describe the axial compressive mechanical
behavior of high-strength RAC columns with built-in
square steel tubes. Therefore, the RCFSST model, which
has a high degree of agreement between the load axial
displacement curve and the failure mode, was selected as

the benchmark. Thirteen models were designed with steel
tube thickness, yield strength of steel tubes, and slenderness
ratio as variable parameters for calculation. The specific
parameters and calculation results are shown in Table 2.
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Figure 6. The influence of steel tube thickness on the load axial
displacement curve

4.1. Steel tube Thickness

Figure 6 shows the effect of different steel tube
thicknesses on the load axial displacement curve of high-
strength RAC columns with built-in square steel tubes. As
shown in the figure, the thickness of the steel tube has
little effect on the elastic section of the curve. As the
thickness of the steel tube increases, the residual load
increases, indicating that increasing the thickness of the
steel tube can effectively improve the residual
deformation capacity and energy dissipation capacity of
the laminated column. Compared to specimens with a
steel tube thickness of 2mm, the ultimate bearing capacity
of specimens with a steel tube thickness of 3mm, 4mm,
5mm, and 6mm increased by 1.0%, 2.0%, 2.9%, and 3.9%,
respectively. Overall, the increase in steel tube thickness
resulted in an increase of less than 5% in axial
compression bearing capacity, indicating a lower
efficiency in improvement. The reason for this may be that
although the increase in steel content increases the
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confinement coefficient of steel tubes on the concrete in
the core area, the increase in confinement is relatively
small due to the small area of concrete in the core
confinement area, which accounts for a lower proportion
of the entire cross-section.

4.2. Yield Strength of Steel Tubes

Figure 7 shows the effect of steel tube yield strength on
the load axial displacement curve of high-strength RAC
columns with built-in square steel tubes. As shown in the
figure, the ultimate bearing capacity and residual load of
the composite column show a significant increase with the
increase of the yield strength of the steel tube, but the
axial compression stiffness does not change much.
Compared with the specimens with a yield strength of
235MPa, the ultimate bearing capacity of specimens with
a yield strength of 335MPa, 378MPa, 400MPa, and
450MPa increased by 5.6%, 14.5%, 28.7%, and 38.3%,
respectively. Improving the yield strength of square steel
tubes can effectively enhance the bearing capacity and
deformation capacity of laminated columns.
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Figure 7. Effect of yield strength of steel tubes on load axial
displacement curve

4.3. Slenderness Ratio

Figure 8 shows the influence of different aspect ratios
on the load axial displacement curve and failure mode of
high-strength RAC columns with built-in square steel
tubes. As shown in Figure 8a, with the increase of
slenderness ratio, the axial compressive stiffness and
ultimate bearing capacity of the laminated column
gradually decrease. This is because the increase of
slenderness ratio leads to a significant second-order effect
stress of the specimen, causing overall instability of the
specimen (Figure 8b), resulting in degradation of the
bearing capacity and axial compressive stiffness.
Compared to the specimen with a height of 1150mm, the
ultimate bearing capacity of specimens with heights of
1500mm, 2500mm, 3000mm, and 3500mm decreased by
2.1%, 5.8%, 7.2%, and 7.3%, respectively.

In the design specifications for concrete structures, the
stability coefficient ¢ is a key parameter for calculating
the axial compressive bearing capacity, which is directly
related to the slenderness ratio. In previous experiments,
only short column tests were conducted on this type of

composite column, and the calculation method of bearing
capacity has not yet considered the influence of stability
coefficient ¢. Therefore, based on the finite element
analysis results, the numerical relationship between the
stability coefficient ¢ and the slenderness ratio 1 was fitted,
as shown in Figure 9. The calculation method is:

¢ =5.8x10"1* -0.006151 +1.088 (3)

The correlation coefficient R? of the fitting result is 0.996,
which has a high degree of agreement and can provide
assistance for the design of this type of stacked column.
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5. Conclusion

By conducting finite element modeling analysis on the
axial compression performance of 13 high-strength RAC
columns with built-in square steel tubes, the following
conclusions were obtained:

(1) The ABAQUS finite element analysis software was
used to simulate and analyze the axial compression test of
high-strength RAC columns with built-in square steel
tubes. The load axial displacement curve and failure mode
calculated by the finite element method were in good
agreement with the experimental results.

(2) The increase in thickness of steel tubes has little
effect on the axial stiffness and bearing capacity of
laminated columns. The increase in yield strength of steel
tubes can increase the axial bearing capacity by nearly 40%
within the experimental range. Increasing the thickness and

yield strength of steel tubes can both enhance residual loads.

(3) As the slenderness ratio increases, the axial stiffness
and axial bearing capacity of the laminated column show
significant degradation, with a maximum degradation of
7.3% in the experimental range. Based on the results of
finite element analysis, the axial compression stability
coefficient and slenderness ratio were fitted.
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