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Abstract: During this study, eight basalt fiber-reinforced recycled aggregate concrete-filled circular
steel-tubular (C-BFRRACFST) column specimens were subjected to eccentric compression tests with
different replacement ratios of recycled coarse aggregate (RCA), basalt fiber (BF) contents, length-
diameter (L/D), and eccentricity. The whole process of stress as well as failure mode of the specimens
were observed, and a load—displacement curve as well as a load—strain curve for the specimens were
measured. The impacts of various parameters upon the bearing capacity, peak displacement, and
ductility coefficient of the specimens were analyzed. Subsequently, a 3D finite element model of the
C-BFRRACEFST column was established, and the whole process of stress was simulated. Based on the
finite element simulation results, the N/N;-M/M,, correlation strength curve of the C-BFRRACFST
columns was verified. The exploration demonstrated that under eccentric load, the C-BFRRACFST
column eventually underwent destruction of the overall instability. The load—-axial displacement
curve was characterized as three stress stages: elastic, elastic—plastic, declining, as well as declining
stages. The strain of the mid-span section for the specimens follows the plane section assumption,
and the lateral deflection basically follows the sine waveform curve. The ultimate bearing capacity of
the specimens exhibited little change as the replacement ratio of RCA improved, while the ductility
progressively reduced. Furthermore, the ultimate bearing capacity of the specimens failed to be
obviously changed as the BF content enhanced, while the ductility progressively rose. Increasing the
L/D gradually reduced the specimen’s ultimate bearing capacity alongside its ductility. The corrected
N/Ny-M/M, curve agreed well with the findings of finite element simulation.

Keywords: recycled aggregate concrete-filled circular steel tubular; basalt fiber; eccentric compres-
sion; finite element analysis; ductility; N/Nu-M/Mu correlation strength curve

1. Introduction

Construction waste is growing and material resources are becoming scarcer as ur-
banization progresses. Construction waste is currently treated in an inefficient method
that wastes an enormous number of resources. Among them, waste concrete accounts for
a significant amount of construction waste. Therefore, the solution to the inappropriate
handling of construction waste as well as the lack of material resources is to figure out
how to efficiently treat and utilize waste concrete. This process is known as “turning
waste into treasure” [1-3]. Soon afterwards, recycled aggregate concrete (RAC) technology
emerged. The RAC technology uses RCA formed by waste concrete to replace natural
coarse aggregate (NCA) to configure concrete, which can not only reduce the consumption
of NCA in construction industry, but also solves the problem of secondary pollution caused
by the stacking, occupation, and improper treatment of waste concrete. This complies with
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environmental and resource sustainability standards [4,5]. Therefore, this technology has
received extensive attention from researchers. Research has revealed that RCA manufac-
turing results in micro-cracks, which diminish the strength and elastic modulus of RCA
compared to concrete [6-8].

Researchers have conducted an abundance of research to enhance RAC’s perfor-
mance [9-11]. The desired improvement in RAC’s mechanical characteristics failed to be
achieved by altering the mix ratio of RAC as well as the treatment of RCA. Therefore,
researchers have proposed an RAC-filled steel tube (RACFST) along with fiber-reinforced
RAC [12-14]. The former uses steel tubes to constrain the lateral deformation of RAC,
thereby improving the RAC’s mechanical characteristics. The latter uses fiber to improve
the mechanical properties of RAC. Numerous investigations of these two structures are
currently being conducted.

In the area of RACFST, Liu et al. [15] examined the constraining impact of steel tubes
on RAC in RACFST columns. The findings demonstrate that the steel tube constraint im-
proves the mechanical characteristics of RAC, and the performance of RACFST columns was
comparable to that of concrete filled steel tube columns (CFST). Yang et al. [16] conducted
research on RACFST members’ performance. The outcome revealed that under identical
loading circumstances, RACFST members had qualities similar to CFST members, but the
stiffness as well as bearing capacity were less than those of CFST members. Chen et al. [17]
conducted experimental research to investigate the seismic performance of RACFST columns.
The results illustrate that square RACFSTs perform well in seismic tests. According to the
findings, square RACFSTs performed well during earthquakes. The seismic performance
for RACFST members was investigated by Huang et al. [18]. The findings demonstrate that
the RACFST members’ seismic performance was dependent on RAC content, as well as
the damage index, which improved as the replacement ratios enhanced. The research on
the RACFST columns’ bearing capacity was carried out by Liu et al. [19]. The conclusions
demonstrate that the addition of RAC would not cause a reduction in the column’s lateral
stiffness, and that RACFST columns possess a similar energy dissipation capacity as CFST
columns. The application of RAC exerts little impact upon the lateral bearing capacity nor
the stiffness degradation of RACFST columns. Jin et al. [20] carried out finite element anal-
ysis on RACFST columns’ bearing capacity. The results demonstrated that RAC members’
mechanical characteristics as well as deformation behavior were similar to those of ordinary
concrete members.

In terms of fiber-reinforced RAC, Dong [21], Zheng [22], and Liu [23] studied the
mechanical characteristics as well as microstructure of basalt fiber-reinforced recycled
aggregate concrete (BFRRAC). The findings show that the addition of BF can not only
enhance RAC, but also improve the microstructure of the interfacial transition zone, thus
further enhancing RAC’s strength as well as ductility. Li et al. [24] investigated the flexural
performance of unbonded prestressed BFRRAC beams. The outcomes proved that the
incorporation of BF into RAC can effectively enhance mortar adhesion on the surface of
RCA, inhibit crack development, as well as enhance ductility. Huang et al. [25] researched
the mechanical characteristics of BFRRAC. As a consequence, the flexural strength and split-
ting tensile strength of RAC were considerably increased after incorporating BF, whereas
the compressive strength initially increased and then subsequently decreased as the fiber
content increased. The effect of BF upon RAC performance was examined by Du et al. [26].
The findings reveal that incorporating BF can enhance RAC’s mechanical characteristics as
well as durability. Katkhuda et al. [27] investigated the impact on the mechanical charac-
teristics of RAC with chopped BF as well as acid treatment. According to their findings,
incorporating chopped basalt fiber into RAC shows little impact on compressive strength,
while it considerably improves the flexural as well as splitting tensile strengths. The quality
and mechanical characteristics of RAC were considerably improved by the application of
low concentration acid. Shatarat et al. [28] explored the impact of BF on the bond strength
of RAC. The outcomes indicated that the RAC’s bond strength increased as the BF content
increased. In summary, fiber-reinforced RAC as well as RACFST both had the ability to
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significantly enhance the quality and mechanical characteristics of RAC, bringing it closer
to concrete’s performance. Therefore, RACFST and fiber-reinforced RAC could replace
ordinary concrete for practical engineering.

With the development in research, researchers have discovered that the combination
of the RACEFST structure and the fiber-reinforced RAC structure form a fiber-reinforced
RACFST composite structure, which can not only combine the advantages of the RACFST
structure and the fiber-reinforced RAC, but also further enhance the utilization of con-
struction waste. BF is an inorganic fiber material that possesses high strength, durability,
chemical stability, as well as environmental friendliness. Proper BF content can consider-
ably enhance the performance of RAC [29,30]. Currently, there are few studies on basalt
fiber-reinforced recycled aggregate concrete-filled circular steel tubes (BFRRACFSTs). This
work investigates the eccentric compression mechanical characteristics of C-BFRRACFST
columns through existing research. Eight C-BFRRACFST column specimens were con-
structed for this investigation, and eccentric compression tests were performed to investi-
gate the specimens’ failure mode and examine their eccentric compression performance.
This provides a reference for further research on BEFRRACFST’s structure.

2. Experimental Overviews
2.1. Design and Manufacture of Specimens

In this study, the core RAC was manufactured by utilizing P-O42.5 grade cement,
natural yellow sand, urban tap water, grade II fly ash, high-performance water reduction
agent, natural coarse aggregate (NCA), as well as RCA. The mix ratio of RAC under various
replacement ratios is illustrated in Table 1. In addition, this study employed chopped BF,
of which the outer diameter, length, and density were 15 pm, 18 mm, and 2650 kg/ m?,
respectively. In addition, its tensile strength was 4500 MPa, elastic modulus was 104 GPa,
and elongation at break was 3.1%. According to “Standard for Test Methods of Physical
and Mechanical Properties of Concrete” (China GB/T 50081-2019 [31]), the performance
indexes of basalt fiber-reinforced recycled aggregate concrete (BFRRAC) were measured,
which is illustrated in Table 2. The test was carried out using seamless steel tubes of
Q235 grade with an outer diameter of 114 mm and a thickness of 3.5 mm. According to
“Metallic Materials Tensile Testing Part 1: Method of Test at Room Temperature” (China
GB/T 228.1-2021 [32]), the measured yield strength and ultimate strength of steel tube
were 318.76 MPa and 373.27 MPa, respectively, while the yield strain was 1758 e, elastic
modulus was 181 GPa, and Poisson’s ratio was 0.33.

Table 1. Mix ratios of RAC (kg/ m?3).

Water— Sand Water Ce1\1/1[1aet1;1i:105 us Coarse Aggregate Wate.r-
1% Binder Ratio/% Net Additional Sand Reducing
Ratio W Cement  Fly Ash RCA NCA Agent
ater Water
0 0.40 31 205 0.0 427.1 85.4 0.0 1115.2 501 2.56
50 0.40 31 205 312 427.1 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

Note: Recycled coarse aggregate was obtained by manual crushing, grading screening, as well as drying of
reinforced-concrete beams with an original concrete design strength grade of C25. Additional water was then
needed after considering the water absorption of RCA. The fineness of grade II fly ash was 43 um, the density
was2.34 g/ cm?®, and the dosage was 20% of the cement. The amount of water reducer was 0.5% of cementitious
materials (cement and fly ash).
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Table 2. Performance indexes of BFERRAC.

7 (%) mpr (kg/m®)  fou (MPa) fc (MPa) E. (GPa) ve
0 2 52.8 415 33.5 0.22
0 485 349 29.2 0.23
50 2 50.7 36.1 314 0.20
4 51.9 38.5 34.6 0.18
100 2 46.1 322 28.3 0.19

Note: mpr represents BF content; f, represents the cube compressive strength value; f. represents the compressive
strength of prism; E. represents the elastic modulus, followed by its value was the ratio of the stress at 0.5 f. on
the BFRRAC stress—strain curve to the corresponding strain; v. represents Poisson’s ratio.

During this study, eight C-BFRRACFST column specimens were subjected to eccentric
compression tests with various replacement ratios of RCA (0%, 50%, 100%), BF contents
0,2,4kg/ m3), L/D (5, 8, 11), along with eccentricity (35 mm, 70 mm). When making the
specimen, a 150 mm x 150 mm x 10 mm cover plate was first aligned with the geometric
center of one end of the steel tube and then welded to seal the bottom. After that, well-
mixed concrete was poured from the top, and was continuously vibrated with a vibrating
rod until the concrete was dense. After standing at room temperature for 24 h, and when
the shrinkage deformation of concrete failed to be obvious, cement mortar of the same
strength grade was prepared to smooth the shrinkage gap. After 7 days, the other end of
the steel tube was capped with the same cover plate and cured at room temperature. The
relevant parameters and measured values for each specimen are shown in Table 3.

Table 3. Related parameters and measured strength of specimens under eccentric compression.

Peak
Specimen Number L (mm) L/D e o ¢ Ny (kN) Displacement
(mm)
CE-0-2-8-35 912 8 35 0.1351 1.038 566.04 6.2

CE-100-2-8-35 912 8 35 0.1351 1.338 567.07 7.47
CE-50-2-8-35 912 8 35 0.1351 1.193 566.22 6.71
CE-50-2-8-70 912 8 70 0.1351 1.193 416.29 8.22
CE-50-0-8-35 912 8 35 0.1351 1.234 568.01 8.51
CE-50-4-8-35 912 8 35 0.1351 1.119 561.85 6.07
CE-50-2-5-35 570 5 35 0.1351 1.193 659.33 8.55
CE-50-2-11-35 1254 11 35 0.1351 1.193 512.59 8.68

Note: a represents the steel ratio, o = As /A, As, Ac represent the cross-sectional area of steel tube and core concrete,
respectively; ¢ represents the constraint effect coefficient, ¢ = afy /fc; Ny represents the specimen’s peak load;
the naming method for specimen takes CE-50-2-8-35 as an example. CE represents the eccentrically compressed
specimen, 50 represents the replacement ratio of RCA, 2 represents BF content, 8 represents length-diameter ratio,
and 35 represents eccentricity.

2.2. Test Device

The image of the loading device is depicted in Figure 1a, the schematic of the loading
is depicted in Figure 1b, and the cross section of specimen 1-1 is depicted in Figure 1c. The
test adopted the loading method of force and displacement combined control. Preloading
was performed before formal loading, held for 2 min, and then unloaded. At the beginning
of loading, the load was graded according to the P, /10 of its ultimate load, and each load
was loaded for 2 min until it reached 0.90 P,,. Subsequently, the force control was converted
to displacement control, and the displacement difference was about 1 mm. Once the load
dropped to 70% of the ultimate load, the test was completed.
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Figure 1. Loading device of the specimen.

3. Experiment Results and Analyses
3.1. Failure Mode and Load—Lateral Displacement Curve
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Three displacement meters (represented by a, b, and c, respectively) were arranged
at 3/4,1/2, and 1/4 heights of the tensile side of the specimens to measure their lateral
deflection value (d) at different heights under eccentric compression load (N). The failure
modes and load-up/mid/down displacement curves for each specimen are shown in

Figure 2.
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Figure 2. The failure mode and load-up/mid/down displacement curves for each specimen.

As displayed in Figure 2, the load-lateral displacement curve of the specimens can
be separated into three stages: elastic, elastoplastic, and descending. The specimens’
load-lateral displacement curve is in the elastic stage at the initial stage of loading, and
the curve develops linearly. As the load continually grows, and under the action of and
additional bending moment, the lateral expansion deformation of the core BFRAC in the
tension and compression zone, as well as the steel tube’s constraint effect upon the core
BFRAC, interact with each other. As the steel tube approaches yield value, the stiffness
decreases, and the specimens produce a slight lateral deflection. The specimens’ load-
lateral displacement curve subsequently enters the elastic—plastic phase. After reaching the
peak load, the load-lateral displacement curves for the specimens enter the descending
section, and the load begins to decline slowly. As the load continues to be loaded, the
specimens’ capacity to resist bending moment deformation cannot keep up with the speed
of deflection deformation, and the additional bending moment is further increased. The
bearing capacity begins to decrease at a faster rate, and the deflection of the specimens
further develops. Finally, severe plastic deformation develops locally in the middle of the
specimens, and the test is terminated.

Following the test, specimen CE-50-2-8's outer steel tube was cut apart to reveal the
core BFRRAC's failure mode, which is illustrated via Figure 3a. The failure modes of
the core BFRRAC along with different heights and directions were observed. An actual
diagram of the internal BFRAC crack is described in Figure 3b, and the schematic diagram
of the internal BFRAC crack is described by Figure 3c. Firstly, as can be clearly identified in
Figure 3b (D), there are only a few transverse cracks and gaps in the specimen’s upper tensile
zone. In addition, there are no cracks close to the gaps, and the lower-part cracks are denser.
Secondly, as illustrated in Figure 3b (), the fully developed and dense transverse cracks
along the height of the specimen can be clearly observed in the tensile zone with the largest
deflection. Despite being severely damaged throughout, the concrete can nonetheless retain
its current condition of cracking and not disperse. Thirdly, according to Figure 3b (3), when
the specimen is damaged, the BFRRAC in the compressive zone is obviously fractured,
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and a certain number of oblique cracks and small longitudinal cracks are distributed in the
fractured zone. Fourth, as illustrated in Figure 3b (4, a wide transverse crack crosses the
core BFRRAC's tensile and compressive zone, and there is a large gap in the transverse
crack. This can be explained as the concrete in this area is partially crushed, and the crushed
local cement mortar is firmly bonded to the steel tube, so the local concrete adheres to the
stripped steel tube to form a larger gap. Fifth, from Figure 3b (&), the transverse cracks in
the lower tensile zone of the specimen are thin and long. Finally, the overall shape of core
BFRRAC is relatively complete. It can be seen that the concrete has good contact with steel
tube after forming, and there is no considerable honeycomb surface phenomenon.

4
(c) Internal BFRAC crack diagram

Figure 3. Failure mode of specimen.

In summary, the test deformation process and macroscopic phenomenon of C-BFRRACFST
under eccentric compression are similar. As the load increased, the flexural deformation in
the specimen’s middle tension increased continuously, the second-order effect was obvious,
and the bearing capacity of the specimen seriously decreased. For the specimens with an
L/D of 8 and 11, the final failure mode was bending failure caused by the global buckling
of the steel tube; for the specimens with an L/D of 5, the final failure mode was bending
failure caused by the the interaction between global buckling and local buckling. During
the specimens’ whole eccentric loading process, the deformation gradually increased, and
the C-BFRRACFST column shows good ductility during the loading process.

3.2. Load—Axial Displacement Curve

Figure 4 depicts the load (N)-axial displacement (A) relationship curve for the C-
BFRRACEFST columns subjected to eccentric compression loads with various replacement
ratios of RCA, BF contents, L/D, and eccentricity. The curves for each specimen can
be separated into three stress stages: elastic, elastic—plastic, and declining stages. The
following findings were reached via comparison and analysis.



Coatings 2023, 13, 1923 8 of 25

700 700
600
K 600 AMI\.
,‘-A A TA_ f/ N A N
_ A y aa
500 oA A 500 ‘oA, "~a
g St B
A ,(7‘ SOl Zaoor A e,
= n
= 300k o = y
’ 3004,
|
/
2001 200k
f —m— CE-0-2-835 —=— CE-50-0-8-35
100 —¢—CE-50-2-835 - 100 —e— CE-50-2-8-35 —
, —f— CE—‘l 00—2—3—35 —A— CE-50-4-8-35
T L
% "2 4 6 8 10 12 14 16 18 % 2 4 6 8§ 10 12 14 16 18
A (mm) A (mm)
(a) CE-x-2-8-35 (b) CE-50-x-8-35
700 n 700
=Ny [ N
600 f'-.... IIL-l 600
‘.ﬁ_ l..\. -
:h ~H.,
500 / 4 "-~...____ 500 s . S
\._. _
—~ ‘ —n_y / E
é400 .\““r - 400 J. /‘ 900004 e, ~.-\. s
= ) /-/ '/' “0—o
300 =300 I ;
/! S
| |
200 200 I.’ ./
—a— CE-50-2-5-35 J ’,.’ a CE.50.2.8.35
1001 —e—CE-50-2-8-35 — 100 . e CE502.870
—a— CE-50-2-11-35 3 : !
. ; ; 0 b N
0 5 10 15 20 25 0 2 4 6 8 10 12 14 16 18
A (mm) A (mm)
(c) CE-50-2-x-35 (d) CE-50-2-8-x

Figure 4. Comparison of load-axial displacement curves.

(1) Asshown in Figure 4a, under the BF content, L/D and eccentricity remain unchanged
and increasing the replacement ratios of RCA gradually decreased the slope for
specimen’s load—axial displacement curve during elastic and elastic—plastic stages,
indicating a reduction in the specimen’s stiffness. After attaining the ultimate bearing
capacity, each specimen’s curve entered the declining section, and both the curves’
development trend and variation range are essentially the same.

(2) Asdemonstrated in Figure 4b, the specimen’s curve exhibits little difference between
the elastic and elastic—plastic stages when the replacement ratio of RCA, L/D, and
eccentricity are kept constant. As the load approached the ultimate bearing capac-
ity, specimen CE-50-0-8-35's axial displacement became larger, indicating that the
specimen’s ductility increased as the BF content increased.

(3) Asillustrated from Figure 4c, keeping the BF content the same caused the replacement
ratio of RCA and eccentricity to remain unchanged. The slope for the specimen’s load—
axial displacement curve during the rising section decreased as the L/D improved,
that is, the specimen’s stiffness gradually decreased. After reaching the ultimate
bearing capacity, the declining section of specimen CE-50-2-5-35 was gentle, indicating
when L/D was improved, the specimen’s bearing capacity in the declining section
decreased sharply.

(4) As demonstrated in Figure 4d, under the BF content, the L/D as well as replacement
ratio of RCA remain unchanged; furthermore, the larger the eccentricity, the smaller
the slope of specimen’s load—axial displacement curve. After reaching the ultimate
bearing capacity, specimen CE-50-2-8-35's bearing capacity decreased sharply. At
the end of loading, the two specimens” development trend was consistent. It was
demonstrated that as the eccentricity increased, the specimen’s maximum bearing
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capacity slowly reduced, and the bearing capacity reduced slowly after reaching the
ultimate bearing capacity.

3.3. Deflection Sine Half-Wave Curve Height—Lateral Deflection Curve

Several specimens’ lateral deflection distribution curves along the column height
at various loading stages are illustrated in Figure 5. Among them, N, represents the
specimen’s peak load, the positive value of 0.90 N, indicates the load level before the
ultimate load, and the negative value of 0.99 Ny, indicates the load level after the ultimate
load. At the beginning of loading, the specimens’ lateral deflection was small, and the lateral
deflection distribution curves along the column height were nearly straight. The specimen’s
midsection experienced the maximum lateral deformation as the load increased, but overall,
the specimen’s lateral deformation was symmetrical along the middle, indicating that the
material distribution inside the specimen was more uniform and the load was more uniform
along the specimen’s vertical direction. As the load further increased, each specimen’s
lateral deflection deformation gradually resembled a sinusoidal half-wave curve. The
simulated sinusoidal half-wave curve has a high level of compatibility with the lateral
deflection distribution curve, indicating that the lateral deflection development of the
C-BFRRACEFST column under eccentric compression at different stages of loading almost
corresponds to the sinusoidal half-wave curve.
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Figure 5. The distribution of lateral deflection along the column height in different load stages.

3.4. Stress—Strain Curve

The load-longitudinal strain relationship curve of C-BFRRACFST under the eccentric
compression load is depicted in Figure 6. The core BERRAC gradually forms a complicated
three-dimensional compression state with increasing eccentric pressure during various
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stress stages. Overall, the core BFRRAC was well constrained by the steel tube. This is due
to the fact that when the C-BFRRACFST column attained the ultimate bearing capacity, the
steel tube could provide sufficient constraint force to constrain the transverse deformation
for core BFRRAC, so that the specimen’s load-strain curve avoided a noticeable decline

after reaching the ultimate bearing capacity.
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Figure 6. Load-longitudinal strain curve of eccentric compression specimen.

(1) Load-longitudinal strain curve

The strain gauge attached to the middle of the specimen could measure the longi-
tudinal strain value for the eccentric compression specimen during the loading process.
The load-longitudinal strain curve (N-¢) of the tensile and compressive zones of the C-
BFRRACEFST column is illustrated in Figure 6. Among them, 2~6 in the figure represent the
number of five longitudinal strain gauges pasted in the specimen’s mid-span, as well as
the specific location, as shown in Figure 1c.

From Figure 6, when C-BFRRACFST column was destroyed, the section was partially
pulled and compressed, and the steel tube approached yield strain. The No.5 and No.6
strain gauges were generally in the tensile state far away from eccentric load line, whereas
the No.2 and No.3 strain gauges were generally in the compressive state.

During elastic stage, the specimen’s load-longitudinal strain curve’s slope change
was somewhat different, and specimen CE-0-2-8-35 exhibited a longer elastic stage than
other the specimens. After approaching the plastic stage, the slope of the curve gradually
separated with the position of the strain gauge. The specimen’s strain at this stage increased
considerably when the replacement ratio of RCA was more than or equal to 50%, regardless
of changes in the BF content, L/D, or eccentricity. Specimen CE-0-2-8-35's strain gauges
were destroyed after approaching the ultimate load, while the strains for other specimens
continued to increase. This could be explained by the fact that RAC exhibited a lower
compressive strength than concrete, and RCA also had initial damage. When the specimen
was stressed, the microcracks in the internal RAC begin to develop, so that the steel
tube was under a complex stress condition of longitudinal compression as well as earlier
circumferential tension. After approaching the ultimate load, the deflection of the steel
tube was fully developed, which caused serious local deformation and interfered with the
strain gauge’s ability to detect it. Therefore, only a handful of strain gauges can measure
the load-longitudinal strain curve’s declining section after the ultimate bearing capacity.

Comparing specimen CE-0-2-8-35 with specimen CE-100-2-8-35, it can be observed
that specimen CE-100-2-8-35's load—longitudinal strain curve’s slope decreased slightly
during the elastic—plastic stage, while after approaching the ultimate bearing capacity, the
strain could still increase under the condition that the bearing capacity was not decreased
considerably, that is, when the replacement ratios of RCA were 100%, the influence on
specimen’s deformation performance mainly occurred in the plastic stage. By contrasting
specimen CE-50-2-8-35 and CE-50-2-8-70, it can be demonstrated that under an eccentricity
of 35 mm, the specimen’s load-longitudinal strain curve had a considerable slope during
the elastic—plastic stage. After approaching the ultimate bearing capacity, the five strains
increased rapidly with the decrease in bearing capacity. Comparing specimen CE-50-0-8-35
with CE-50-4-8-35, it was discovered that when the BF content was large, the declining stage
of specimen’s tensile zone was gentle, which demonstrates that BF’s fracture resistance
was mainly in the plastic stage. Comparing specimen CE-50-2-5-35 with specimen CE-50-
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2-11-35, it was found that when the L/D was 11, the No.5 and No.6 strain gauge were
destroyed when the specimens entered the elastic—plastic stage. When the L/D was 5, the
specimen’s strain increased fully in the plastic stage, indicating that the steel tube and the
core BFRRAC work well together, the external steel tube was more evenly stressed, and
that the steel tube performance was fully developed.

(2) Load-transverse strain curve

The measured load-transverse strain curve for the specimen is presented in Figure 7.
Among them, the strain value of the load-transverse strain curve of the No.7 strain gauge
in specimen CE-0-2-8-35, specimen CE-50-2-8-35, and specimen CE-50-2-11-35 was negative,
indicating that the strain gauge was under compression from eccentric load. This is because
under eccentric load, the specimens’ tensile zone gradually extends longitudinally, and
the corresponding transverse direction was transversely contracted, which caused the
local area to be compressed. The slope of the same specimens’ load-transverse strain
curve was almost similar to that at the initial stage of loading. At this point, the core
BFRRAC possessed no constraint by the steel tube. With the curve transformed from
linear to non-linear, the micro-cracks inside the core BERAC continued to develop, and the
steel tube was squeezed horizontally. The core BERRAC was circumferentially restrained
from deforming by the steel tube, so that the core BFRRAC was in a complex stress
state of three-dimensional compression. Meanwhile, the stress of the steel tube changed
from longitudinal compression to circumferential tension. As the improvement in the
eccentric compression load occurred, the circumferential tensile stress of the steel tube on
the dangerous section first approach the yield strength value, and the surface of the steel
tube was seriously buckled. When the specimen was destroyed, most of the area in the
dangerous section was in the state of tensile yield. It can be observed that when subjected
to eccentric compression load, the yield strength for steel tubes as well as the compressive
strength for core concrete had significant factors to determine the specimen’s elastic ultimate
load, while the circumferential tensile strength for steel tubes show significant factors to
determine the specimen’s ultimate load.
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Figure 7. Load-transverse strain curve of specimen.
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3.5. The Longitudinal Strain Distribution along the Height of the Middle Section of the Column

During various loading stages, the distribution curves of longitudinal strain along the
height of the section in some specimens is illustrated from Figure 8. Among them, N is the
specimen’s measured ultimate load, the positive value of 0.90 N, indicates the load level
before the ultimate load, and the negative value of 0.99 N, indicates the load level after the
ultimate load. From Figure 8, the linear relationship of the specimen’s mid-span section
strain was more significant at the initial stage of loading, that is, the steel tube and BFRRAC
work well together. While in the middle stage of loading, due to the influence of flexural
deformation, and as the load gradually increases, the specimen’s neutral axis continued
to migrate toward the compression zone, and the strain distribution along the section
height showed a nonlinear development. In general, in the different stages of eccentric
compression loading in the C-BFRRACFST columns, the middle span of the column’s
cross-sectional strain progression primarily complied with the plane section assumption.
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Figure 8. Longitudinal strain distribution along the height of the middle section of the column at
different load stages.
3.6. Influence Analysis of Ultimate Bearing Capacity

Under eccentric compression load, the effect of various parameters upon the ultimate
bearing capacity of the C-BFRRACFST column is depicted in Figure 9.



Coatings 2023, 13,1923

14 of 25

700

500 |-
~ 400 |
z
¥
=" 300 |
200 |
100 |-
0
CE-0-2-8-35 CE-50-2-8-35 CE-100-2-8-35 CE-50-0-8-35 CE-50-2-8-35 CE-50-4-8-35
(a) CE-x-2-8-35 (b) CE-50-x-8-35
700
600 |-
500 |-
2\ 400
=3
= 300 |
200 |
100 |-
0
CE-50-2-5-35 CE-50-2-8-35 CE-50-2-11-35 CE-50-2-8-35 CE-50-2-8-70
(c) CE-50-2-x-35 (d) CE-50-2-8-x

Figure 9. Effect of variable parameters on Ny,

)

@)
®)

4)

As illustrated in Figure 9a, under the condition of eccentric compression, and with
the improvement for replacement ratios, the eccentric bearing capacity for the C-
BFRRACEFST columns nearly unaltered. That is, as the replacement ratio of RCA
was 0%, although the compressive strength of the core BFRRAC under uniaxial
compression load was higher, the overall bearing capacity of the C-BFRRACFST
columns failed to demonstrate the advantages of its core BFRRAC.

As seen in Figure 9b, increasing the BF content had little effect on the eccentric
compression bearing capacity of the C-BFRRACFST column.

As shown in Figure 9¢, compared with specimen CE-50-2-8-35 with an L/D of 8, the
ultimate bearing capacity for specimen CE-50-2-5-35 with an L/D of 5 increased by
16.44%, while the ultimate bearing capacity for specimen CE-50-2-11-35 with an L/D
of 11 was reduced by 9.47%. This demonstrates that as the L/D increased, the ultimate
bearing capacity of the C-BFRRACFST column gradually decreased.

As demonstrated in Figure 9d, for the C-BFRRACFST column with an RCA replace-
ment ratio of 50%, a BF content of 2 kg/m?3, an an L/D of 8, when the eccentricity
was improved from 35 to 70 mm, the ultimate bearing capacity decreased by 26.47%.
It can be observed that the ultimate bearing capacity for the C-BFRRACFST column
progressively reduced with the improvement in eccentricity.

3.7. Ductility Coefficient

To study the effect of the replacement ratio of RCA, BF content, L/D, along with

eccentricity on the ductility of C-BFRRACFST columns under eccentric compression load,
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the ductility coefficient was calculated based on “Specification for seismic test of buildings”
(China JGJ/T 101-2015 [33]), as shown in Equation (1).

_ BDm

r= 1)

y
where A, represents the specimen’s ultimate displacement, that is, the corresponding
displacement as the load decreases to 85% of peak load after the load exceeded the ulti-
mate load; Ay represents the specimen’s yield displacement, that is, the corresponding
displacement as the load rises to 75% of peak load.

The influence of various parameters on the ductility coefficient is shown in Figure 10.
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Figure 10. Comparison of ductility coefficient.

(1)  From Figure 10a, the specimen’s displacement ductility coefficient was concentrated
in 8.89~11.02 under various replacement ratios of RCA. Compared with specimen
CE-50-2-8-35, the displacement ductility coefficient of specimen CE-0-2-8-35 increased
by 3.32%, while specimen CE-100-2-8-35 decreased by 16.65%; that is, the specimen’s
displacement ductility coefficient gradually decreased with the improvement in re-
placement ratios of RCA.

(2) The eccentric compression displacement ductility coefficient of the C-BFRRACFST
column was displayed through Figure 10b with various BF contents, and it can be
observed that the specimen’s displacement ductility coefficient was concentrated
between 10.67 and 12.81. Compared with specimen CE-50-2-8-35, the displacement
ductility coefficient of specimen CE-50-0-8-35 increased by 1.40%, with a small increase,
while specimen CE-50-4-8-35 increased by 20.10%; that is, increasing the BF content
can considerably increase the specimen’s displacement ductility coefficient.
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(3) The C-BFRRACFST column’s eccentric compression displacement ductility coefficient
under various L/D is presented in Figure 10c, where it can be observed that the
specimen’s displacement ductility coefficient was concentrated between 8.13 and
1.81. Compared with specimen CE-50-2-8-35, the displacement ductility coefficient of
specimen CE-50-2-5-35 increased by 1.31%, while specimen CE-50-2-11-35 decreased
by 23.80%, which is a large reduction; that is, the specimen’s displacement ductility
coefficient gradually decreased with the increase in L/D.

4. Finite Element Analysis of Circular Steel Tube Basalt Fiber Recycled
Concrete Column

4.1. Constitutive Relation

The steel’s constitutive model adopted the bilinear model of a uniaxial stress—strain
curve. The elastoplastic materials’ constitutive relationship, comprising the elastic stage as
well as the strengthening stage, is represented by two straight lines in the model. The elastic
modulus of the plastic strengthening stage can be approximated by 0.01 Es (Es indicates
the steel’s elastic modulus). The constitutive relation of concrete was determined according
to the relevant research results of the research group [34].

4.2. Establishment of ABAQUS Model

The 8-node hexahedral linear reduced integral unit (C3D8R) was selected for the core
BFRAC. The 4-node quadrilateral linear reduced integral shell element (S4R) was selected
for the outer steel tube as well as the end cover plate. The thickness integration rule utilized
Simpson, and the thickness integration point was 5. The cover plate was configured as
a rigid material that had large stiffness, and the material property was configured to be
elastic. The cover plate’s elastic modulus was 1000 times that of the steel utilized, and the
Poisson’s ratio was set to 0.3. The “hard contact” model was employed for the normal
contact, and the Coulomb friction model was utilized for the tangential contact. In addition,
the steel tube and the BFRRAC had a contact friction coefficient of 0.6. The contact interface
between the inner surface of the end plate and the steel tube and the contact of BEFRRAC
were all constrained by Tie in the Constraint command.

Once the boundary conditions were defined, the loading point as well as support
at both ends were defined as the reference point. The reference point as well as the
corresponding outer surface of the cover plate were constrained by Coupling, the load was
applied to the reference point, and the load was transmitted to the cover plate through the
reference point. The boundary conditions of the C-BFRRACFST column’s finite element
model under eccentric compression are illustrated in Figure 11.

Reference point is allowed
to rotate in z-axis.
Ux=Uy=Uz=0
Outer cover plate couple
to reference point
v
Reference point is allowed to .J\
rotate in z-axis , -
Ux=Uy=0
Outer cover plate couple to
reference point

Figure 11. Boundary conditions of finite element model of specimen.

4.3. Finite Element Simulation Analysis
4.3.1. Comparative Analysis of ABAQUS Results

The eccentric compression of the C-BFRRACFST column was simulated by using
the above material’s constitutive relationship and the finite element model establishment
method. In addition, the finite element simulation load-axial displacement curve was
compared with the experimentally measured curve, as demonstrated in Figure 12.
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Figure 12. Comparison of test results and simulation results of eccentric compression.
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As demonstrated in Figure 12, under eccentric compression stress, the simulated
specimen’s ultimate bearing capacity was marginally higher than that of the experimental
specimen. However, the ultimate bearing capacity for certain simulated specimens was
lower. This could be explained by the slight discrepancy between the designed initial
eccentricity and the actual eccentricity during the test, which caused the difference in the
ultimate bearing capacity between experimental specimen and simulated specimen.

The specimen’s ultimate bearing capacity between the finite element calculation value
Ne and the test measured value Ny, are exhibited in Table 4. Under eccentric compression
load, the C-BFRRACEFST column’s ultimate bearing capacity which was simulated by the
ABAQUS finite element was close to experimental bearing capacity. The mean value of the
ratio was 1.014 and the variance was 0.002.

Table 4. Comparison of finite element calculation values of ultimate bearing capacity of specimens
under eccentric compression with experimental measured values.

Specimen Number L (mm) Ny (kN) Ne (kN) My (KN m) Nu/Ne
CE-0-2-8-35 912 566.04 566.21 19.82 1.000
CE-100-2-8-35 912 567.07 576.19 20.17 0.984
CE-50-2-8-35 912 566.22 567.05 19.85 0.999
CE-50-2-8-70 912 416.29 377.08 26.40 1.104
CE-50-0-8-35 912 568.01 575.03 20.13 0.988
CE-50-4-8-35 912 561.85 562.29 19.68 0.999
CE-50-2-5-35 570 659.33 663.34 23.22 0.994
CE-50-2-11-35 1254 512.59 489.96 17.15 1.046

The simulation curves can be divided into increasing and declining sections. The
slope of the increasing section was a little larger than that of the experimental curve, and
the declining section showed good agreement. In summary, the finite element model
developed during this study can better reflect the eccentric compression performance of
C-BFRRACEFST columns and can also validate the correctness of the ABAQUS finite element
model selected during this study as well as the feasibility of the analysis method.

4.3.2. Analysis of Influence Factors of Eccentricity

One of the crucial elements which we recommend to be considered in practical en-
gineering applications is the connection between the specimen’s bearing capacity and
the eccentricity. However, the number of specimens in this experiment was limited, and
the consequence of modifying the eccentricity upon the specimen’s bearing performance
was not sufficiently taken into account. It could not fully meet the needs of engineering
structures. Therefore, based on the existing finite element simulation results, the ABAQUS
finite element models were established for various eccentricities such as 10, 20, 35, 50, 70, 83,
90, 110, 150, 200, 300 mm, and 500 mm; soon afterwards, the specimen’s ultimate bearing
capacity was obtained. Eight groups of finite element models’ load—axial displacement
curves for each operating condition are represented from Figure 13. As can be observed,
the specimen’s ultimate bearing capacity and the elastic section stiffness considerably
decreased as eccentricity improved.

4.3.3. Bearing Capacity Correlation Equation of Compression-Bending Member

Currently, there are relevant reports on the calculation model of the bearing capacity of
confined concrete [35]. Combined with the research object of this study, the typical N/Nu-
M/ Mu strength curve of concrete-filled steel tubular (CFST) flexural members is illustrated
in Figure 14. Based on the simulation results, the N/Nu-M/Mu strength relationship of the
C-BFRRACFST column was derived, and the relevant calculation formula was obtained.
To confirm the degree of agreement, the formula calculation results were compared with
the ABAQUS simulation results presented in Figure 13.
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Figure 13. Load-axial displacement curves under different eccentricity.
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Figure 14. Typical N/Nu—-M/Mu intensity relation curve.

The mechanical properties of the C-BFRRACFST columns were similar to the CFST
flexural members. In addition, there also existed a large and small eccentric compression
equilibrium point A (as shown in Figure 14) on the N/Nu-M/Mu strength relation curve,
which was called A ({p, 77¢) in coordinate axis. Since all of the specimens’ cross sections
in this study were circular, the expressions of y and 7y were obtained by consulting the
reference [36] and modifying the coefficients, as demonstrated in Equations (2) and (3).

To =098 +0.14F 115 2)

70 = 0.17 + 0.144¢ 084 3)

According to the method provided in reference [36], taking into account the effect of
L/D on the C-BFRRACEFST column and the second-order bending moment, the relationship
equation of N/Nu-M/Mu can be summarized as:

B e
—b(

Nﬂu)z_c'(Nﬂu)Jﬁ'(Mﬂu):l (N/Ny < 2¢% 1) W

where 1/d represents the amplification factor of bending moment caused by the second-order
effect. Furthermore, the calculation methods of 4, b, ¢, and d are shown in Equations (5)—(8).

a=1-2¢* 1 5)
_1-0
b7<p3><775 ©
_2-(Lo—1)
6—7170 7)
N
d=1-04- (NE> (8)

The calculation method of Euler’s critical force N was demonstrated in Equations
(9)-(13).

7T2 i Esc ) Asc
No= =3 ©)
Esc = fscp/sscp (10)
fscp = [0.192 (fy/235) + 0.488] 'fscy (11)

esp = 325 x 107°f, (12)
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ey = (114 +1.02¢) - fu (13)

where: fscp—proportional limit of the specimen under axial compression;

f scy—strength index of the specimen under axial compression;

Esc—elastic modulus of the specimen under axial compression;

Asc—the cross-sectional area of the specimen’s whole section (mm), Asc = As + Ac;

fk—the design value of the compressive strength of core concrete (MPa)

The research group’s previous findings indicate that error modification can be per-
formed by multiplying the coefficient ¢ [37], and the procedure for calculating the correction
coefficient is provided in Equation (14).

= (0.028mpp — 0.26)72 + (—0.03mpp + 0.32)y + (—O.OImZBF +0.036mpr + 1.046) (14)

Therefore, the calculation method for he C-BFRRACEFST short column’s axial compres-
sion bearing capacity is illustrated in Equation (15).

Nv = IIJ ' Asc 'fscy (15)

¢ is the bearing capacity reduction factor of C-BFRRACFST column, taking into
consideration the influence of slenderness ratio, which is determined by Equation (16).

1 (A < A)
p=qa- A +b-A+c (Ag<A<Ap) (16)
LA+BE (> Ap)
Among them,
Ao = 711/ (4208 +550)/((1.028 +1.14) - fur (17)
Ap =1743/\[fy (18)
a:1+(35+2-Ap—2A0)-e 19)
(Ap - AO)
b=e—2-a-Ap (20)
c:l—u~)\%—b~/\0 (21)
d= 13000+4657~1n(235)] ~ <25>0'3~ (i)m (22)
f fa+5 0.1
—d
_ -4 23
T 1 35) )

where: (p—the specimen’s bearing capacity correction coefficient considering the incorpora-
tion of BF;
Ap—the axial compression specimen’s ultimate L/D when elastic instability occurs;
Ap—the axial compression specimen’s ultimate L/D when elastic-plastic instability occurs;
a—steel ratio of the section, &« = Ag/Ac.
Therefore, the calculation method for the stable compressive bearing capacity of the
C-BFRRACEFST column is demonstrated in Equation (24).

Nu,cr = QD'NU = (P'I,L"Asc‘fscy (24)
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The calculation method of flexural strength bearing capacity of C-BFRRACFST column
is shown in Equation (25).
My = Tm 'fscy‘wscm (25)

Weem = 7D3/32 (26)

where Ws, indicates the specimen’s flexural section modulus, and the calculation method
is provided in Equation (26). ym indicates the calculation coefficient for the modified
bending strength bearing capacity, and Equation (27) demonstrates the calculation process.

Ym = 1.64 + 0.34 In( + 0.1) 27)

The parameters were brought into the aforementioned equation, and the N/Nu-
M/ Mu correlation curve of the C-BFRRACFST column was eventually generated, which is
demonstrated in Figure 15. The bearing capacity calculated by the aforementioned equation
is similar to the finite element simulation value in Figure 13, indicating a significant amount
of coincidence between the two. Therefore, the modified N/Nu-M/Mu correlation curve
equation in this study has broad application and should be considered for utilization in
related engineering design.
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Figure 15. Comparison of N/Nu-M/Mu curves.

5. Conclusions

Within the parameters of the design, the eccentric compression test and finite element

analysis of eight C-BFRRACFST columns were performed in this work. The following are
the primary conclusions.

@

@)

®)

@)

Under eccentric compression load, in the specimens with an L/D of 8 and 11, the final
failure mode was bending failure caused by the global buckling of the steel tube; for
the specimens with an L/D of 5, the final failure mode was bending failure caused by
the the interaction between global buckling and local buckling.

At different stages of eccentric compression loading, the C-BFRRACFST column’s
mid-span section strain primarily complied with the plane section assumption, and
the lateral deflection along the column height distribution basically conformed to the
sinusoidal half-wave curve.

Under the eccentric compression load, the replacement ratio of RCA and BF content
had little effect on the peak load of the specimen. With the increase in L/D, the
peak load and ductility were significantly reduced. Increasing the BF content can
significantly improve the ductility. The increase in eccentricity also has a significant
adverse effect on the peak load.

The finite element model established during this study better reflects the eccentric
compression performance of the C-BFRRACFST column. Through the finite element
analysis of the eccentricity-influencing factors, the specimens’ ultimate bearing capac-
ity under various eccentricity was obtained. The specimen’s ultimate bearing capacity
and the elastic stiffness considerably decreased as eccentricity improved.
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(5) Based on the existing calculation equation of CFST, the calculation equation for the
stable compressive bearing capacity of the C-BFRRACFST column is presented, and
the N/N,-M /M, correlation curve equation is modified. The calculation results
demonstrate close alignment with the finite element simulation results and provide
reference for the related design and application in engineering construction.

In summary, this study investigated the eccentric compression mechanical properties
of eight C-BFRRACFST columns. However, due to factors such as test conditions, this
study only analyzes a single specimen under different changing parameters. Through
the finite element model, the influence of more eccentricity on the bearing capacity of the
specimen was explored. At present, there are few studies on the mechanical properties
of C-BFRRACEFST. In the future, our research group will draw lessons from and compare
with other researchers’ related research, and in time supplement and verify the current
research conclusions of our research group. At the same time, our research group will
study the durability, seismic performance, and impact resistance of C-BFRRACFST under
different parameters such as different wall thicknesses of steel tubes and basalt fiber types
in the future.
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