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Abstract: Concrete-filled steel tubes (CFST) are widely used due to their high strength, ductility,
and energy dissipation capacity. However, gaps in between core concrete and steel tube adversely
affect the mechanical performance of structures, thereby compromising the safety of the building.
In this paper, four concrete-filled steel tube specimens with spherical-cap gaps were designed, and
quasi-static tests were conducted to investigate the impact of gap depth on the seismic performance of
concrete-filled steel tube columns. The test results indicate that the gap reduced the cumulative energy
dissipation and initial stiffness of concrete-filled steel tubes. The gap weakened the compressing
effect on the steel tube exerted by the expansion of core concrete, leading to premature yielding of
the steel tube. As the gap’s depth increased from 0 mm to 30 mm, the load-bearing capacity and
ductility of the concrete-filled steel tube columns decreased by 24.86% and 21.7%, respectively. This
research quantified the extent to which gaps weaken the seismic performance of CFST columns,
and the reduction coefficients of bearing capacity under different gap ratios were provided. This
contributes to enhancing structural safety and lays a foundation for further research.

Keywords: concrete-filled steel tube (CFST); spherical-cap gap; quasi-static test; seismic behavior

1. Introduction

A concrete-filled steel tube (CFST) combines concrete and a steel tube, maximiz-
ing the advantages of concrete’s compressive strength and steel’s ductility [1–5]. CFST
columns are widely utilized in structures, particularly in high-rise buildings, bridges, and
seismic-resistant structures, due to their superior load-bearing capacity, improved seismic
performance, and efficient construction process [6–8].

The hysteresis performance of CFST columns is a critical factor in determining their
reliability during seismic events. High-hysteresis performance indicates a structure’s
capacity to absorb and dissipate energy, thereby reducing the likelihood of catastrophic
failure during earthquakes [9–11]. However, in practical engineering, gaps may exist
between the steel tube and the core concrete due to factors such as construction tolerances,
material shrinkage, thermal expansion, and inadequate compaction of concrete pouring.
These gaps can alter the composite action between steel and concrete, affecting the overall
mechanical behavior of CFST columns. Related research on the effect of gaps on the
mechanical behavior of concrete-filled steel tubes has been reported.

Liang et al. [12] conducted axial compression tests, eccentric compression tests, and
bending tests on CFST members to investigate the effects of gap depths on their perfor-
mance. The results indicated that gap defects cause local premature yielding of the steel
tube, thereby reducing the axial compressive strength. However, the gaps have little impact
on the bending and eccentric compressive strengths of the members. Research by Liu
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et al. [13–15] indicates that a higher gap ratio and eccentricity ratio result in a lower ulti-
mate bearing capacity, while the gap has little impact on the ductility of the members. The
study of Liu [16] shows that the gap has no effect on the elastic stiffness of single circular
tube arch ribs but reduces the elastic stage stiffness of dumbbell-shaped and multi-limb
lattice section arch ribs. The bearing capacity of voided multi-limb lattice section arch ribs
decreases with an increase in the arch rib eccentricity and slenderness ratio and increases
with a higher steel ratio. Numerical analysis by Du et al. [17] indicates that the compressive
load on the gap side of CFST columns has a more adverse effect on the bearing capacity
compared to the non-gap side. For members with larger slenderness ratios, the impact of
the gap ratio on the bearing capacity is even more pronounced. The research of Ye [18]
indicates that when the gap ratio is below 0.1%, the bearing capacity of square CFST short
columns decreases by less than 5%. However, when the gap ratio exceeds 0.4%, the steel
tube and the core concrete bear loads independently before the failure of the member,
resulting in a reduction of approximately 20% in the bearing capacity.

Zhang et al. [19] and Zhang et al. [20] conducted cyclic loading tests on CFST under
constant axial compression and repeated bending–torsion coupling loads, investigating the
effects of gap ratio, axial compression ratio, and bending–torsion ratio on the hysteresis
behavior of CFST. The results indicated that gap defects have little effect on the shape of
the hysteresis curve of CFST but lead to a slight reduction in the stiffness of the post-peak
strengthening phase. As the gap ratio increases, the bearing capacity, stiffness, and energy
dissipation capacity of the specimens decrease. Liao et al. [21,22] conducted quasi-static
tests to study the impact of circumferential gap defects on the seismic performance of CFST
specimens under combined compressive, bending, and torsional loads. The results indicate
that circumferential gap defects alter the failure mode of the CFST and cause a reduction
in their bearing capacity, stiffness, and energy dissipation capacity. A calculation method
for the bearing capacity reduction factor, considering the effects of gap, was proposed,
providing a reference for practical engineering design and safety assessment. Cyclic loading
tests were conducted by Yang et al. [23] on T-joints with spherical-cap gaps. The results
indicated that due to insufficient support of the chord wall by the core concrete, local
buckling and welding tears near the joint area occurred earlier than in gap-free specimens.
The presence of gaps led to greater stiffness degradation and reduced energy dissipation
capacity, though the ductility of the joints was generally not significantly affected.

While there have been numerous studies on the mechanical behavior of concrete-filled
steel tube columns with gap defects under axial and eccentric loads, research on their
seismic performance impact is relatively scarce. Concrete-filled steel tubes are generally
recognized for their strong energy dissipation capability and ductility. However, the
presence of gap defects may lead to a decrease in seismic performance, which is detrimental
to both structural integrity and human safety. Therefore, investigating the influence of gap
defects on the seismic performance of concrete-filled steel tube columns is highly necessary.

In this paper, quasi-static tests on CFST columns with a spherical-cap gap were con-
ducted, investigating the effects of gap ratios on load-bearing capacity, ductility, energy
dissipation capability, and stiffness degradation of CFST columns. The steel tube and
concrete in the specimen experience gaps only in a certain height at the lower part of the
column, rather than along its entire length. This study quantified the extent to which gaps
weaken the seismic performance of CFST columns and provided the reduction coefficients
of bearing capacity under different gap ratios. This study preliminarily investigates the seis-
mic behavior of CFST columns with spherical-cap gaps, aiding designers in understanding
their impact.

2. Quasi-Static Test
2.1. Specimen Details

Four CFST specimens with spherical-cap gaps (including the reference one) were
designed for quasi-static tests. The concrete used for the specimens was C50 in standard
GB 50010 [24], and the steel tube was Q345 in standard GB 50017 [25]. The spherical-cap
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gaps were located within the 400 mm height above the upper surface of the base, as shown
in Figure 1. According to code GB 50936 [26], the embedment depth of CFST should not
be lower than 1.5 times the column diameter. In this research, a depth of 350 mm (greater
than 1.5 × 180 = 270 mm) was conservatively chosen to ensure reliable connection during
the test. The dimensions of the upper loading block are 400 mm × 400 mm × 400 mm,
and the dimensions of the reinforced concrete base are 1400 mm × 800 mm × 550 mm.
The diameter of longitudinal reinforcements in footing and upper loading block is 12 mm,
and the diameter of stirrups in footing and upper loading block is 6 mm. The grade of the
longitudinal reinforcements and stirrups are HRB400 [24].
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Figure 1. Dimensions of specimens (unit: mm).

The specimen parameters are shown in Table 1. Specimen naming follows the “G-D”
principle, where “G” represents the gap and “D” represents the gap’s depth, which are
0 mm, 10 mm, 20 mm, and 30 mm, respectively. The gap ratio represents the ratio of the
gap area to the total cross-sectional area of the CFST, and the specimen height is the length
from the top of the reinforced concrete base to the loading point.

Table 1. Parameters of specimens (unit: mm).

Specimen Diameter Thickness of
Steel Tube Gap Depth Gap Ratio η

Specimen
Height

G-0 180 6 0 0 1200
G-10 180 6 10 2.11% 1200
G-20 180 6 20 5.85% 1200
G-30 180 6 30 10.54% 1200

Notes: gap ratio represents the ratio of the gap area to the total cross-sectional area.

Before pouring the concrete, affix the prefabricated foam to the designated positions
on the steel tube, as shown in Figure 2. Place the steel tube in the predetermined position
within the reinforced concrete base formwork. After installing and securing the formwork,
pour the concrete and cure it for 28 days. Once cured, grind the rust from the surface of the
steel tube and spray it with white paint to facilitate experimental observation.
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Figure 2. Production of the specimens. (a) Affix the foam; (b) formwork and casting; (c) spray paint.

2.2. Material Properties

Three cubic coupons with dimensions of 150 mm × 150 mm × 150 mm and six pris-
matic coupons with dimensions of 150 mm × 150 mm × 300 mm were cast using the same
batch of concrete as the specimens. After curing the concrete specimens for 28 days, the
strength and elastic modulus were tested using a press with a maximum load capacity of
2000 kN. The cubic coupons test followed the provisions of the standard GB/T 50081 [27].
The obtained concrete properties are listed in Table 2. For the steel tube, tensile coupons
were cut from 6 mm thick Q345 steel plates according to standard GB/T 228.1 [28]. The
dimensions of tensile coupons and stress–strain curves obtained from the test are illustrated
in Figure 3, and the material properties are listed in Table 3.

Table 2. Material properties of concrete.

Item 1 2 3 Mean Value

Compressive strength of cube (MPa) 50.5 46.8 54.0 50.4
Compressive strength of prismatic (MPa) 30.6 26.1 31.1 29.3

Elastic module (MPa) 30,961 32,747 31,679 31,796
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Table 3. Material properties of steel tube.

Item
Yield

Strength
f y (mpa)

Yield Strain
εy (ε)

Ultimate
Strength
f u (mpa)

Ultimate
Strain
εu (ε)

Elastic
Module
Es (mpa)

Mean value 378.58 0.00384 553.75 0.171 206,434

2.3. Test Setup and Measurement Layout

The quasi-static test for the CFST specimens with spherical-cap gaps adopted a can-
tilever column loading method, as shown in Figure 4. The reinforced concrete base was
anchored to the ground and fixed on both sides with jacks to prevent lateral movement.
The axial force was applied to the top of the column via a vertical jack, and a force sensor
with a spherical hinge was set between the vertical jack and the specimen, ensuring that
the axial force remained vertical during the loading process. To allow the vertical jack to
move laterally with the top of the column, rollers were installed at its base and connected
to the reaction frame. The horizontal load was applied by a lateral push–pull jack, which
was anchored to the shear wall.
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Initially, the vertical axial force was loaded to 300 kN, with an axial compression
ratio of 0.15, and kept constant during the loading process. Next, the lateral loading was
conducted using a force–displacement hybrid control method, as shown in Figure 5. The
lateral load is defined as positive for push and negative for pull. The lateral load was first
applied in increments of 10 kN, with one cycle per level, until it reached 60 kN, which
was the yield load obtained by finite element analysis before the test. Subsequently, a
displacement increment of 6 mm, corresponding to a 0.5% drift ratio, was applied, with
three cycles at each level. In references [29,30], a 1% drift ratio was used as the increment
during the later stages of loading. In this paper, a 0.5% drift angle was used as the increment
to better observe the damage process of the specimens. Loading continued until the lateral
force dropped to 85% of the peak lateral force or below.

The arrangement of displacement and strain measurements is shown in Figure 6.
Three displacement gauges (LVDT) were placed laterally at the mid-height of the loading
block to measure the lateral displacement during the loading process. At the section 50 mm
above the top surface of the base and every subsequent 100 mm section, one longitudinal
strain gauge and one circumferential strain gauge were placed on both opposite sides of
the steel tube. In total, 24 strain gauges were arranged in six rows.
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the strain gauge).

3. Test Results and Discussion
3.1. Observations and Failure Modes

The damage development of specimen G-0 is shown in Figure 7. Slight separation
between the bottom of the steel tube and the reinforced concrete base was observed when
the horizontal load reached 30 kN. When the lateral displacement (∆) reached 36 mm, the
load increased slowly, almost approaching its peak. At this point, slight bulging occurred
within 50 mm above the base. During the second cycle at 48 mm, the load-bearing capacity
decreased by approximately 5 kN. When the displacement reached 60 mm, the bottom of
the steel tube exhibited noticeable bulging, taking on a “lantern” shape. Finally, during the
third cycle at 84 mm displacement, the load-bearing capacity dropped to 65% of the peak
load, and the specimen showed significant inclination.

The damage development of specimen G-10 is shown in Figure 8. When the lateral
load reached 30 kN, a slight separation between the bottom of the steel tube and the
reinforced concrete base was observed. When the displacement reached 36 mm, the load
increased slowly, almost approaching its peak, with slight bulging at the bottom of the steel
tube. At a displacement of −48 mm in the first cycle, slight inward buckling of the steel tube
was observed in the left-gapped region. During the third cycle at a displacement of 60 mm,
the bottom of the steel tube exhibited noticeable bulging, taking on a “lantern” shape. At
a displacement of 72 mm in the first cycle, the bearing capacity decreased significantly.
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Finally, during the first cycle at a displacement of 84 mm, the specimen showed significant
inclination, the horizontal load dropped sharply, and the test was stopped.
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The damage development of specimen G-20 is shown in Figure 9. When the horizontal
load reached 30 kN, slight separation between the bottom of the steel tube and the reinforced
concrete base was observed. During the third cycle at 36 mm, the load increased slowly,
and slight bulging occurred at the bottom of the steel tube. At −48 mm in the second
cycle, slight inward buckling of the steel tube was observed in the left-gapped region.
During the third cycle at 60 mm, the bottom of the steel tube exhibited noticeable bulging,
taking on a “lantern” shape. During the first cycle at −72 mm, the concrete-filled steel tube
specimen showed significant inclination, the horizontal load dropped sharply, and the test
was stopped.

The damage development of specimen G-30 is shown in Figure 10. Slight separation
between the steel tube and the concrete base was observed when the horizontal load
reached 35 kN. During the third cycle at −18 mm, slight inward buckling of the steel tube
on the void side was observed. During the third cycle at −36 mm, noticeable inward
buckling deformation occurred in the steel tube on the left-gapped side within the range of
100 mm to 150 mm above the reinforced concrete base. During the third cycle at 48 mm, the
bottom of the steel tube exhibited noticeable bulging, taking on a “lantern” shape. During
the third cycle at 54 mm, the load on the pushing side dropped to 86% of the peak load, and
the load on the pulling side (gapped side) dropped to 80% of the peak load, with significant
inward buckling deformation occurring within the range of 50 mm to 100 mm above the
reinforced concrete base on the gapped side. During the third cycle at −66 mm, the inward
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buckling deformation on the void side further increased, the bearing capacity dropped to
60%, and the test was stopped.
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These four specimens exhibited similar failure modes and characteristics, but there
were differences in the details. All specimens showed slight separation between the bottom
of the steel tube and the reinforced concrete base when loaded to a certain lateral force.
As the displacement increased, specimens G-0, G-10, and G-20 exhibited slight bulging at
the bottom of the steel tube when the displacement reached between 36 mm and 48 mm.
However, during the loading process, specimen G-30 showed noticeable inward buckling
deformation on the gapped side at lower displacements (18 mm to 36 mm), indicating its
relatively lower resistance to lateral displacement. After reaching the peak load, all four
specimens exhibited a decrease in bearing capacity, especially as the displacement increased
further. Specimens G-0, G-10, and G-20 showed noticeable bulging at the bottom of the
steel tube when the displacement reached 60 mm. In contrast, specimen G-30 exhibited
significant inward buckling deformation and a marked decrease in bearing capacity at a
displacement of −66 mm, indicating an earlier failure.

3.2. Hysteresis Loop

Lateral force–displacement hysteresis hoops of the specimens are shown in Figure 11.
It should be noted that the lateral force and displacement is the response of the column
under the combined action of vertical and lateral loads. In other words, the lateral force–
displacement hysteresis loops include the P-Delta effect. The hysteresis loops of specimen
G-0, which has no gap, are fuller compared to the other three specimens with gaps. In the
initial loading phase, the specimens are in an elastic state, with small residual deformation
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after unloading. As the lateral displacement increases, bulging occurs at the bottom of the
steel tube, and as the core concrete is crushed, the specimens enter a plastic state. During
this phase, the residual deformation after unloading is larger, the hysteresis loops become
fuller, and the energy dissipation of the specimens increases. After reaching the peak
load, the lateral load gradually decreases with increasing displacement, and the area of the
hysteresis loops also gradually decreases during the same level of loading. Subsequently,
noticeable buckling of the steel tube occurs, and the hysteresis curve shows a clear decline,
as marked by the pentagram in Figure 12.
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Figure 11. Lateral force–displacement hysteresis hoops. (a) G-0; (b) G-10; (c) G-20; (d) G-30.
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Figure 12. Skeleton curves of CFST specimens.



Materials 2024, 17, 5538 10 of 15

3.3. Skeleton Curve, Bearing Capacity and Ductility

The envelope of the hysteresis loops is taken as the skeleton curve of the specimens,
as shown in Figure 12. Based on the negative skeleton curves, the yield load and yield
displacement of the specimens are calculated, using the equivalent energy method [31]. The
characteristic points of the skeleton curve are listed in Table 4, where Fy and ∆y represent
the yield load and yield displacement, Fp and ∆p represent the peak load and its corre-
sponding displacement, and Fu and ∆u represent the ultimate load and its corresponding
displacement. The displacement ductility coefficient µ is calculated as follows:

µ =
∆u

∆y
(1)

Table 4. Characteristic points of the specimens.

Specimen Fy
(kN)

∆y
(mm)

Fp
(kN)

∆p
(mm)

Fu
(kN)

∆u
(mm) µ

Ductility Reduction
Ratio

G-0 88.32 18.05 101.20 41.89 83.60 76.06 4.214 /
G-10 79.12 17.11 92.06 42.6 78.25 60.78 3.552 15.7%
G-20 75.65 20.35 86.54 36.07 73.56 65.24 3.206 23.9%
G-30 65.05 16.25 76.04 30.05 64.64 53.60 3.298 21.7%

The gap reduces the lateral load-bearing capacity of CFST columns. As the gap’s depth
increases from 0 to 10 mm, 20 mm, and 30 mm, the negative bearing capacity decreases from
101.20 kN to 92.06 kN, 86.54 kN, and 76.04 kN, representing decreases of 9.03%, 14.49%, and
24.86%. The decrease in the negative bearing capacity could be attributed to two reasons.
First, under negative loading, the side with gaps is subjected to compression, which reduces
the effective compression area of the concrete and ultimately lowers the negative bearing
capacity. Second, the presence of gaps weakens the steel tube’s confinement of the core
concrete, resulting in a lower strength of the confined concrete compared to that without
gaps, which, in turn, decreases the negative bearing capacity. To quantify the impact of gap
ratio on hysteretic bearing capacity, a bearing capacity reduction coefficient β is defined:

β =
Pgap

P0
(2)

where Pgap denotes the hysteretic bearing capacity of the CFST column with gaps, and
P0 denotes the hysteretic bearing capacity of a CFST column without gaps. As shown in
Figure 13, there is a clear linear relationship between the reduction coefficient β and the
gap ratio η. So, the formula for calculating the reduction coefficient β of bearing capacity
based on the gap ratio η was regressed:

β = −2.2131η + 0.9814 (3)

In practical engineering, if gaps are detected in a CFST column, its hysteretic bearing
capacity must be reduced to assess the safety of the structure. For the convenience of
designers, a table of hysteretic bearing capacity reduction coefficients is provided based on
the test results, as shown in Table 5.

Table 5. Reduction coefficient for bearing capacity.

Gap Ratio 2.11% 5.85% 10.54%

Reduction coefficient β 0.91 0.86 0.75
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Figure 13. Bearing capacity reduction coefficient–gap ratio relationship.

The existence of a gap leads to the specimens yielding under relatively low lateral
forces, resulting in a decrease in their bearing capacity and ductility. As the gap’s depth
increases from 0 to 10 mm, 20 mm, and 30 mm, the yield load of the specimens decreases
from 88.32 kN to 79.12 kN, 75.65 kN, and 65.05 kN, respectively, representing decreases
of 10.42%, 14.35%, and 26.35%. Similarly, the displacement ductility coefficient decreases
from 4.214 to 3.552, 3.206, and 3.298, representing decreases of 15.7%, 23.9%, and 21.7%,
respectively, as the gap’s depth increases from 0 to 10 mm, 20 mm, and 30 mm.

3.4. Energy Dissipation

To quantify the energy dissipation capacity of the specimens, cumulative energy dissi-
pation and equivalent viscous damping ratio ξeq are calculated according to Equation (4),
where SABCD represents the area enclosed by the curve, with △OBE and △ODF denoting
the areas under the curves, as illustrated in Figure 14. The cumulative energy dissipation
and equivalent viscous damping ratio of the specimens at various displacements are shown
in Figure 15.
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Figure 14. Definition of quantitative indicators of energy consumption capacity.

The influence of gaps on the energy dissipation capacity of the specimens is minimal.
As the depth of the gap increases, during the later stages of loading (lateral displacement
greater than 48 mm), greater local buckling deformation occurs at the bottom of the steel
tube. This results in earlier crushing of the core concrete, which absorbs energy. Conse-
quently, specimens G-20 and G-30 exhibit slightly greater cumulative energy dissipation at
the same horizontal displacement compared to specimens G-0 and G-10. Similarly, their
viscous damping coefficient is also slightly higher than that of specimens G-0 and G-10.

ξeq =
1

2π

SABCD

SOBE + SODF
(4)
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Figure 15. Energy dissipation of CFST specimens. (a) Cumulated energy dissipation; (b) damping ratio.

3.5. Stiffness Degradation

Stiffness is calculated as shown in Equation (5). Here, Ki denotes the secant stiffness
at the i-th load level, |+Pi| and |+∆i| represent the positive peak load and corresponding
displacement of the first hysteresis loop at the i-th load level, and |−Pi| and |−∆i| represent
the negative peak load and corresponding displacement of the first hysteresis loop at the
i-th load level. Figure 16a illustrates the relationship between the specimen’s stiffness Ki
and the lateral displacement, and Figure 16b shows the relationship between the ratio of
stiffness Ki to initial stiffness Ki and the lateral displacement. It can be observed that larger
gap depths correspond to lower specimen stiffness. However, the stiffness ratios of all
specimens overlap before reaching a lateral displacement of 48 mm. As the displacement
exceeded 48 mm, specimen G-30’s steel tube exhibited significant buckling, resulting in a
rapid decrease in stiffness that is notably lower than the other specimens’.

Ki =
|+Pi|+ |−Pi|
|+∆i|+ |−∆i|

(5)
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Figure 16. Stiffness degradation. (a) Secant stiffness; (b) stiffness ratio.
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3.6. Strain of Steel Tube

The strain of the steel tube in the circumferential direction at a height of 150 mm from
the top surface of the base is depicted in Figure 17. Due to the buckling deformation at the
bottom of the steel tube, the circumferential strains L2-H and R2-H at the bottom primarily
exhibit tensile strains. After reaching peak load, the circumferential strains suddenly
decreased. The peak strain in L2-H is smaller than the peak strain in R2-H because the steel
tube at R2-H was compressed by the expansion of the core concrete, and the circumferential
strain of the steel tube at this location increases. The presence of the gap at the bottom
left reduced the expansion and compressing effect of the core concrete on the steel tube
at L2-H.
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Figure 17. Strain in the hoop direction. (a) G-0; (b) G-10; (c) G-20; (d) G-30.

Observing the circumferential strain (L2-H) of the steel tube on the gap side during
compression, represented by the red line under negative loading in Figure 17, it was found
that for specimens G-0 and G-10, the circumferential strain of the steel tube gradually
increased with the increase in lateral force until the peak load. However, for specimens
G-20 and G-30, the circumferential strain of the steel tube initially increased with the
increase in lateral force, but then began to gradually decrease when the lateral force was
between 60 kN and the peak load. This indicates that the confinement effect of the steel
tube on the concrete was gradually decreasing. This may be due to the lack of support
from the core concrete on the gap side of the steel tube, resulting in the initiation of inward
buckling of the steel tube.

4. Conclusions

This study conducted quasi-static tests on four concrete-filled circular steel specimens
with varying depths of spherical-cap gap to investigate their hysteretic performance. The anal-
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ysis focused on the specimens’ load-bearing capacity, ductility, cumulative energy dissipation,
stiffness degradation, and steel tube strains. The main conclusions are as follows:

1. The load-bearing capacity and ductility of the concrete-filled steel specimens gradually
decreased with increasing gap depth. Specifically, as the gap’s depth increased from
0 mm to 10 mm, 20 mm, and 30 mm, the load-bearing capacity decreased by 9.03%,
14.49%, and 24.86%, respectively, and ductility also decreased by 15.7%, 23.9%, and
21.7% correspondingly.

2. A reduction coefficient β was proposed to account for the influence of spherical-cap gaps
on the seismic bearing capacity of CFST columns. Based on the experimental results, a
calculation method for β based on the gap ratio was established, providing a reference
for the assessment of the bearing capacity of CFST structures with spherical-cap gaps.

3. Spherical-cap gaps reduced the cumulative energy dissipation and initial stiffness of
the concrete-filled steel tubes. The initial stiffness of the concrete-filled steel tubes
decreased with the increase in gap depths, although the impact of gaps on the rate of
stiffness degradation was little.

4. Spherical-cap gaps diminished the confinement effect of the steel tube on the core
concrete, causing premature yielding of the steel tube on the gap side. Since the gap
weakened the compressing effect on the steel tube exerted by the expansion of core
concrete, the peak circumferential strain of the steel tube at the gap side was smaller
than that of the steel tube at the non-gap side.

In this paper, the influence of spherical-cap gaps on the hysteretic behavior of CFST
columns was quantified through quasi-static experiments. The conclusion is based on the
experimental results, which have certain limitations. Numerical simulations are highly
necessary for future research in this area, as it is vital to assess seismic performance at the
scale of actual buildings.

Author Contributions: Validation, D.L., J.W. and F.Q.; Formal analysis, A.X.; Investigation, A.X. and
F.Q.; Resources, D.L.; Data curation, A.X., J.F. and J.W.; Writing—original draft, A.X., D.L. and J.F.;
Writing—review & editing, D.L., J.D., J.W. and F.Q.; Visualization, A.X., J.F. and J.W.; Supervision,
J.D.; Project administration, D.L. and J.D.; Funding acquisition, J.D. and F.Q. All authors have read
and agreed to the published version of the manuscript.

Funding: The authors gratefully acknowledge the financial support provided by the National
Natural Science Foundation of China (No. 52192663), the National Key R&D Program of China
(No. 2021YFF0501004), and the Science and Technology Projects of Sichuan Provincial Transportation
(No. 2018-ZL-08).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: Author Aimin Xu was employed by the High Grade Highway Construction
Management Center of Ningbo City. Author Dewei Liu was employed by the Sichuan Shudao New
System Rail Group Co., Ltd. The remaining authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a potential conflict of
interest. There are no conflicts of interest to declare.

References
1. Xu, W.; Han, L.H.; Li, W. Seismic performance of concrete-encased column base for hexagonal concrete-filled steel tube:

Experimental study. J. Constr. Steel Res. 2016, 121, 352–369. [CrossRef]
2. Dabbagh, N.M.R.; Badaruzzaman, W.H.W.; Zand, A.W.A.; Azad, S.K.; Uy, B.; Azmi, M.R. A systematic review on CFST members

under impulsive loading. Thin-Walled Struct. 2022, 179, 109503. [CrossRef]
3. Han, L.H.; Li, W.; Bjorhovde, R. Developments and advanced applications of concrete-filled steel tubular (CFST) structures:

Members. J. Constr. Steel Res. 2014, 100, 211–228. [CrossRef]
4. Gunawardena, Y.K.R.; Aslani, F.; Uy, B.; Kang, W.H.; Hicks, S. Review of strength behaviour of circular concrete filled steel tubes

under monotonic pure bending. J. Constr. Steel Res. 2019, 158, 460–474. [CrossRef]

https://doi.org/10.1016/j.jcsr.2016.02.003
https://doi.org/10.1016/j.tws.2022.109503
https://doi.org/10.1016/j.jcsr.2014.04.016
https://doi.org/10.1016/j.jcsr.2019.04.010


Materials 2024, 17, 5538 15 of 15

5. Men, P.F.; Ho, H.C.; Zhou, X.H.; Chung, K.F. Experimental investigations into stocky composite columns of concrete-filled circular
S690 steel tubes under compression. Eng. Struct. 2024, 309, 118016. [CrossRef]

6. Han, L.H.; Liao, F.Y.; Tao, Z.; Hong, Z. Performance of concrete filled steel tube reinforced concrete columns subjected to cyclic
bending. J. Constr. Steel Res. 2009, 65, 1607–1616. [CrossRef]

7. Dehghani, A.; Aslani, F. Fatigue performance and design of concrete-filled steel tubular joints: A critical review. J. Constr. Steel
Res. 2019, 162, 105749. [CrossRef]

8. Gao, S.; Xu, Y.; Zhang, S.; Derlatka, A. Performance of square concrete-filled steel tubular columns under repeated lateral impact.
Eng. Struct. 2023, 280, 115719. [CrossRef]

9. Tan, S.; Guo, L.; Jia, C.; Xu, A. Experimental investigation on seismic performance of an enhanced embedded base for CFST
columns. Eng. Struct. 2024, 300, 117154. [CrossRef]

10. Yuan, H.H.; Wu, Q.X.; Huang, Y.F.; She, Z.M. Experimental and theoretical studies on the seismic performance of CFST battened
built-up column piers. Eng. Struct. 2020, 206, 110099. [CrossRef]

11. Ding, F.; Xu, Q.; Sun, H.; Lyu, F. Refined finite element modelling of circular CFST bridge piers subjected to the seismic load.
Comput. Concr. 2021, 33, 643–658.

12. Liang, K. The Research on the Behaviors of Concrete-filled Steel Tube with Gaps under Load. Master’s Thesis, Hunan University,
Changsha, China, 2008.

13. Liu, X.P.; Tang, S.; Tang, C.H.; Ning, Y.L.; Liu, A.R. Experimental study of mechanical behaviour of separate concrete-filled steel
tube subjected to eccentric compression. Railw. Eng. 2011, 2, 117–121.

14. Liu, X.P.; Sun, Z.; Tang, S.; Huang, H.Y.; Liu, A.R. A new calculation method for axial load capacity of separated concrete-filled
steel tubes based on limit equilibrium theory. J. Cent. South Univ. 2013, 20, 1750–1758. [CrossRef]

15. Liu, X.P.; Tang, C.; Yang, Z.; Ning, Y.; Rong, A. Study on the influence of separation ratio on the mechanics behavior of separate
concrete-filled steel tubes subjected to eccentric compression. Acta Sci. Nat. Sunyatseni Univ. 2010, 49, 7–10.

16. Liu, Z. The Effects of the Separation and Cavity on The Mechanical Properties of CFST. Master’s Thesis, Zhejiang University,
Hangzhou, China, 2015.

17. Du, Y. The Finite Element Analysis on Mechanical Properties of the Concrete Filled Steel Tubular Compression Member with
Separation. Master’s Thesis, Shenyang University of Technology, Shenyang, China, 2014.

18. Ye, Y.; Li, W.; Chen, J. FEA on compressive behavior of square CFST short columns with circumferential gap between concrete
and tube. J. Build. Struct. 2015, 36, 324–329.

19. Zhang, W.; Liao, F.; Li, W. Experimental study on the cyclic behavior of concrete-filled steel tubular (CFST) members with
circular-segment gaps under combined compression-bending-torsion loading. Eng. Mech. 2019, 36, 121–133.

20. Zhang, C.; Liao, F.; Wang, J.; Ruan, J.; Chen, Y. Effects of gap on the mechanical properties of concrete filled steel tube under
combined compression bending torsion loading. Ind. Constr. 2019, 49, 19–24.

21. Liao, F.; Han, H.; Wang, Y. Cyclic behaviour of concrete-filled steel tubular (CFST) members with circumferential gap under
combined compression-bending-torsion load. China Civ. Eng. J. 2019, 52, 57–68+80.

22. Liao, F.; Zhang, C.; Zhang, W.; Wang, J. Analysis on the effects of gap on the mechanical properties of concrete filled steel tubes
under torsion. Ind. Constr. 2019, 49, 37–42+69.

23. Yong, Y.; Lin, J.; Liao, F.; Chen, Y.; Lin, X.; Wang, Y. Hysteretic behavior of steel tubular web-concrete filled chord T-joints with
spherical-cap gap under cyclic bending. Structures 2024, 65, 106627. [CrossRef]

24. GB 50010-2010; Code for Design of Concrete Structures. China Architecture & Building Press: Beijing, China, 2015. (In Chinese)
25. GB 50017-2017; Standard for Design of Steel Structures. China Architecture & Building Press: Beijing, China, 2017. (In Chinese)
26. GB 50936-2014; Technical Code for Concrete Filled Steel Tubular Structures. China Architecture & Building Press: Beijing, China,

2014. (In Chinese)
27. GB 50081-2019; Standard for Test Methods of Concrete Physical and Mechanical Properties. China Architecture & Building Press:

Beijing, China, 2019. (In Chinese)
28. GB/T 228.1-2021; Metallic Materials-Tensile Testing-Part 1: Method of Test at Room Temperature. Standards Press of China:

Beijing, China, 2021. (In Chinese)
29. Ou, Y.C.; Wang, P.H.; Tsai, M.S.; Chang, K.C.; Lee, G.C. Large-scale experimental study of precast segmental unbonded

posttensioned concrete bridge columns for Seismic Regions. J. Struct. Eng. 2010, 136, 255–264. [CrossRef]
30. Zhang, G.; Han, Q.; Xu, K.; Du, X.; He, W. Quasi-static tests of CFST embedded RC column-to-precast cap beam with socket

connection. Eng. Struct. 2021, 241, 112443. [CrossRef]
31. Di, J.; Fan, J.; Zhou, X.; Zhao, L.; Han, B.; Qing, F.; Zhang, Z. Hysteretic behavior of composite bridge columns with plastic hinge

enhanced by engineered cementitious composite jacket for seismic resistance. Eng. Struct. 2022, 251, 113532. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.engstruct.2024.118016
https://doi.org/10.1016/j.jcsr.2009.03.013
https://doi.org/10.1016/j.jcsr.2019.105749
https://doi.org/10.1016/j.engstruct.2023.115719
https://doi.org/10.1016/j.engstruct.2023.117154
https://doi.org/10.1016/j.engstruct.2019.110099
https://doi.org/10.1007/s11771-013-1668-7
https://doi.org/10.1016/j.istruc.2024.106627
https://doi.org/10.1061/(ASCE)ST.1943-541X.0000110
https://doi.org/10.1016/j.engstruct.2021.112443
https://doi.org/10.1016/j.engstruct.2021.113532

	Introduction 
	Quasi-Static Test 
	Specimen Details 
	Material Properties 
	Test Setup and Measurement Layout 

	Test Results and Discussion 
	Observations and Failure Modes 
	Hysteresis Loop 
	Skeleton Curve, Bearing Capacity and Ductility 
	Energy Dissipation 
	Stiffness Degradation 
	Strain of Steel Tube 

	Conclusions 
	References

