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This study was conducted to experimentally investigate the behavior of recycled concrete-
filled circular steel tube (RCFST) columns subjected to cyclic loading. Ten specimens were
prepared and tested. Four parameters were used to characterize seismic behavior: the
replacement percentage of recycled coarse aggregate, slenderness ratio, axial
compression level, and steel ratio. A novel calculation method for the bearing capacity
for RCFST columns is established. The failure processes and modes of RCFST columns
are found to be similar to normal concrete-filed steel tube columns. Varying the
replacement percentage of recycled coarse aggregate has little effect on the hysteresis
curves of the RCFST columns. The RCFST columns also show seismic performance
similar to that of concrete-filled steel tubes. The displacement ductility of all specimens is
larger than 3.0 and the equivalent viscous damping coefficients corresponding to the
ultimate load range from 0.305 to 0.460.

Keywords: seismic performance, replacement percentage, column, recycled concrete filled circular steel tube,
recycled concrete

INTRODUCTION

The rapid and extensive development of construction projects across the globe accompanying
urbanization and modern economic advancement has resulted in massive amounts of waste. The
management of construction waste has become an important issue. The traditional landfill approach
not only occupies valuable land resources, but also destroys local environments. The recycling or
reuse of waste concrete can effectively mitigate this problem and has attracted a great deal of
scholarly attention accordingly.

Recycled concrete (RC), usually called recycled aggregate concrete, is a coarse aggregate material
composed partially or completely from crushed waste concrete as a replacement for the nature coarse
aggregate. The mechanical properties of RC have been extensively studied over the years. The
presence of attached old cement mortar in recycled coarse aggregate (RCA) materials, which
increases, naturally, as the RCA replacement percentage increases, gradually deteriorates the
properties of RC. Compared to conventional nature aggregate concrete, RC has lower strength
and elastic modulus (Amnon, 2003; Xiao et al., 2012b), higher shrinkage and creep (Hansen and
Boegh, 1985; Etxeberria et al., 2007), and lower durability (de Brito et al., 2016).

RC-filled circular steel tubes (RCFSTs), also called recycled aggregate concrete filled steel tubes,
are materials in which natural aggregates are partly or entirely substituted with RC. Experimental
research on RCFST columns has shown significant achievements, particularly in the axial
compressive performance of RCFSTs. Wu et al. (2011) tested CEST stub columns filled with
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demolished concrete lumps or segments; Mohanraj et al. (2011)
investigated the behavior of circular and square RCFSTs. Xiao
et al. (2012a) conducted axial compression tests on RCFST and
RC materials confined by glass fiber reinforced plastic tubes. Liu
etal. (2012) developed a new damage model and idealized the RC
and ordinary concrete as a shunt-wound and series-wound
spring. Tam et al. (2014) investigated the behavior of RC-filled
stainless steel stub columns. Huang et al. (2015) developed a
mechanical model for analyzing the behavior of axially loaded
RCFST stub columns. Wang et al. (2015) studied the compressive
behavior of normal-strength RCEST stub columns under axial
loading. Shi et al. (2015) tested two section sizes of square hollow
sections filled with geopolymeric RC (GRC) and RC, respectively.
Niu and Cao (2015) reported the damage development and
failure mode in RCFST columns.

Dong et al. (2016) experimentally and theoretically
investigated the influence of different parameters on RCFST
and CFST columns. They found that the damage development
and failure mode of RCFST columns are similar to those of CEST
columns. Steel tube confinement was also shown to improve the
mechanical behavior of RC effectively; the RCA replacement
percentage slightly altered the response of the core concrete.
The ultimate load of RCEST columns was higher than that of the
conventional CFST columns as well, and the replacement of NC
with RC had relatively little influence on the axial compressive
behavior of square section specimens compared to circular
specimens. The load-carrying capacity of the circular RCFST
was higher than that of square section tubes. Other studies have
provided valuable information regarding the effects of eccentric
loading performance (Yang and Han, 2006b), long-term
sustained loading behavior (Yang and Han, 2006a; Yang et al.,
2008; Yang, 2011; Geng et al, 2015), and design calculations
(Yang and Hou, 2015) in RCFST and CFST columns.

Despite these valuable contributions to the literature, there
have been relatively few studies on the seismic behavior of RCEST
columns. Yang et al. (2009) and Yang and Zhu (2009) explored
the experimental performance of RCEST columns with different
concrete types and axial load ratios subjected to cyclic lateral
loading; they performed similarly to normal CFST columns and
showed high ductility and energy dissipation abilities. Wu et al.
(2013) investigated the seismic performance of thin-walled
circular steel tubular columns filled with combinations of
demolished concrete blocks and fresh concrete (FC) to find
that they have similar seismic performance as reference
columns filled with FC alone; the lateral strength of columns
filled with demolished concrete blocks/FC were slightly lower
than that of the FC-filled reference column. Xiao et al. (2014)
conducted seismic tests on RCFST and RC-filled glass fiber
reinforced plastic tube (RCFF) columns, where both the
deformation and bearing capacities of RCFF and RCFST
columns markedly improved while the seismic behavior of
RCEST columns was better than that of RCFF columns. Yang
et al. (2015) reported that square RCFST specimens have nearly
equivalent lateral impact resistance to their normal CFST
counterparts.

Previous studies have mainly centered on RCFST axial and
eccentric loading performance. There have been relatively few
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studies on the seismic performance of these materials. There has
been one previous investigation targeting the seismic
performance of circular RCEFST columns with different
concrete types and axial load levels. However, as the key
factors, the effects of RCA replacement percentage, slenderness
ratio, or steel ratio on the seismic behavior of RCFST columns
were worthy of further study.

Therefore, to analyzed the effect of the above mentioned
parameters on the seismic performance of RCFST column. A
test program was developed in this study to investigate the
seismic performance of circular RCFSTs under low cycled
reversed loading. This work contributes workable guidelines
for the design and application of seismic-resistant RCFST
structures. The RCA replacement percentage, slenderness ratio,
axial compression level, and steel ratio were tested in 10 circular
RCFST columns to investigate the effects of these four parameters
on seismic performance. Several theories are drawn based on the
results, then utilized to calculate the compression-bending
capacity of the specimens.

EXPERIMENTAL PROGRAM

Specimen Design
Ten specimens were fabricated for this experiment. Their respective

elevations are shown in Figure 1. The design parameters, including
7,4, n, and a, are listed in Table 1. A straight seam circular steel tube
and typical ordinary Portland cement (C) with a 28 days nominal
compression strength of 42.5 MPa were used in addition to river
sand (S), urban water (W), natural coarse aggregate (NCA), and
RCA. RCA and NCA are continuous gradations of rubble with
maximum diameter of 20 mm. The bulk density of RCA and NCA
are 1,270 and 1,435 kg/m’, respectively. The apparent density of
RCA and NCA are 2,655 and 2,722 kg/m’, respectively. The RCA
replacement percentage, namely, the percentage of the RCA mass to
the mass of all the coarse aggregates in the concrete, was considered
as an important parameter. All the concrete of specimens’ base was
NCA. The RC strength grade used in this study is C40 and the mix
proportions of RC by sample are listed in Table 2.

Mechanical Properties of Materials

Three tensile test specimens were prepared according to the
Chinese standard Metallic materials: tensile testing at ambient
temperature (Chinese GB Standards, 2002). Three standard
cubes and prism blocks were cast and cured under same
natural conditions according to the Chinese standard
Standard for test method of mechanical properties on ordinary
concrete (National Standards of the People’s Republic of China,
2003). Their measured mechanical properties are shown in
Tables 3-5.

As shown in Tables 4,5, the f,,, and f, of RC are similar under
different replacement percentages. The amplitudes of f,,, variation
are 8.55, 5.91, and —6.88%, respectively, while the amplitudes of f.
variation are —0.54, 3.52, and —3.66%, respectively - all are within
the permissible error range for engineering, indicating that the
replacement percentage does not impact the strength of RC. The
Poisson’s ratios of RC gradually increase as the stress level
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FIGURE 1 | Elevation of specimens.
TABLE 1 | Design parameters of specimens.
Specimen C-1 C-2 C-3 C-4 C-5 C-6 Cc-7 C-8 Cc-9 C-10
No.
y (%) 0 30 70 100 100 100 100 100 100 100
A 20.46 20.46 20.46 20.46 18.05 15.64 20.67 20.67 20.67 20.67
n 0.34 0.34 0.35 0.34 0.34 0.34 0.47 0.41 0.35 0.29
a 0.12 0.12 0.12 0.12 0.12 0.12 0.07 0.07 0.07 0.07
0 1.35 1.36 1.31 1.36 1.36 1.36 0.70 0.70 0.70 0.70
TABLE 2 | Mix proportions of RC. increases, but do not markedly change as the replacement
percentage changes. This suggests that the lateral deformation
(%) W/C Sandratio W(kg) C(kg) S(kg) NCA(g) RCA(kg)  performance of RC is not altered by increasing replacement
(%) - . .
percentage. The elasticity modulus amplitudes of variation of
0 0.47 336 2048 4357 5643 1,152 0.0 RC under different replacement percentages are 3.23, 1.30, and
30 0.47 33.6 2048 4357 5643 7806 334.6 —5.66%. At the material level, the replacement percentage appears
70 0.47 336 2048 4357 5643 3346 780.6 to have little influence on the mechanical properties of RC. Even a
100 0.47 33.6 204.8 4357 564.3 0.0 1,116.2 .
100% replacement percentage did not appear to weaken the
strength or deformation performance of RC.
TABLE 3 | Measured mechanical properties of steel tube. . - .
' prop Loading and Measuring Devices
Steel tube f,/MPa  f/MPa  E./x10°MPa vs g A photo of the specimen test setup is provided in Figure 2. The
wall thickness € lateral displacement was measured on an electro-hydraulic servo
(mm) actuator equipped with a displacement sensor. The strains of the
46 416.0 489.4 208 0296 2,000 steel tube were measured by strain gauges, which were installed in
2.7 366.8 4316 1.98 0.257 1,853  the steel tube as shown in Figure 3.
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TABLE 4 | Measured strengths of RC.

RC/y (%) fow/MPa f./MPa flfeu
0 46.8 371 0.79
30 50.8 36.9 0.73
70 53.8 38.2 0.71
100 50.1 36.8 0.73

TABLE 5 | Measured Poisson’s ratios and elasticity modulus of RC.

RC/y (%) Ve E./x10* MPa
0.2f, 0.4, 0.6f, 0.8

0 0.16 0.19 0.20 0.21 3.72

30 0.17 0.19 0.19 0.22 3.84

70 0.18 0.18 0.21 0.21 3.89

100 0.18 0.19 0.20 0.21 3.67

FIGURE 2 | Test setup photo.

Loading System

Synchronous pressure in a constant vertical load was placed on
the top of the column with a 1,500 kN hydraulic jack. In
accordance with Specification of testing methods for earthquake
resistant building (China Ministry of Construction, 1997), the
loading history of P in this case includes a load control stage and
displacement control stage. The load control stage was added to
the load level of Py with only one cycle imposed at each load level.
During the displacement control stage, three cycles were imposed
at incremental displacement levels of Ay, 2ay, and 3ay,
respectively. The cyclic loading speed was controlled at a rate
of 5kN/s throughout the loading stage. The test was conducted
under cyclic loading and stopped when the lateral load decreased
to less than 85% of the Pm at each displacement level. Consistent
loading and unloading speeds were controlled to ensure the
stability of the test data. The level loading system is depicted
in Figure 4.
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FIGURE 4 | Loading system of level load.

RESULTS AND DISCUSSION

Failure Modes
As shown in Figure 5, both the failure process and modes of the

specimens were similar to that of ordinary CFST columns in this
test. Buckling failure at the bottom of the steel tube was observed
as the main failure mode and a relatively obvious buckling wave
was observed in the front and back sides of the specimens. Upon
buckling failure, the strain of the external steel tube had reached
ey. To this effect, the steel tube buckling was elastic-plastic.

After the test, the external steel tubes of the specimens were
manually cut to observe the failure mode of the core RC. As
shown in Figure 5, no transverse cracks were found along the
column height scope. Crushing failure of the RC at the bottom of
the column was the main failure mode. The failure area mainly
fell within 40 mm away the bottom of the specimen. Straight seam
welding was applied in all of the external steel tubes. No cracks
were observed in the welds at any point during the loading
process; the welding levels all satisfied the given technical
requirements.
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FIGURE 5 | Failure mode of specimens.

Kinside concrete

The average plastic hinge height in specimens with single-
parameter-deviation of y ranged between 27 and 30 mm, the
average lengths along the surface of the steel tube ranged from
158to 190 mm, the average heights of the wrecked spray paint
scope center were within the range of 48 and 56 mm, and the
maximum inter-story drifts were within the scope of 1/12 and 1/14.
In specimens with single-parameter-deviation of A, the plastic hinge
average heights ranged between 29 and 30 mm, the average lengths
along the surface of the steel tube ranged from 141 to 168 mm, the
average heights of the wrecked spray paint scope center were within
the range of 48 and 56 mm, and the maximum inter-story drifts
were within the scope of 1/12 and 1/14. In the specimens with
single-parameter-deviation of n, the plastic hinge average heights
ranged between 16 and 50 mm, the plastic hinges ran through the
surfaces of the steel tubes, the average heights of the wrecked spray
paint scope center were within the range of 35 and 55 mm, and the
maximum inter-story drifts were within the scope of 1/13. In
general, the average height of the wrecked spray paint scope
center in each specimen was double the plastic hinge average height.

Before failure, the external steel tube and core RC showed
good bonding performance. After failure, the bond performance
was still strong even as the surface of the external steel tube was
hammered manually. No debonding phenomena occurred,
suggesting strong confinement effect of the circular steel tube
to the core RC. This further indicates that as per the cyclic loading
results, the specimens have high seismic resistance overall.

Hysteresis Curve
The measured P-a hysteresis curves of the RCFST columns are

shown in Figure 6. In the load control stage, the hysteresis curves
of all the specimens were linear and synthesized into a straight line.
There were no observable changes in the initial elastic stiffness. No
significant residual deformations were observed at the end of the
load control stage, indicating that the specimens were basically in
the elastic state. In the displacement control stage, the load slightly
increased and the bearing capacity began to decrease after reaching
the peak load. The displacement was still positive after the lateral
load was unloaded to zero, which indicates the disappearance of
residual deformations. The residual deformations grew more
obvious as the cyclic displacement increased.

The hysteresis curves drawn over three circulations at the
corresponding displacement level gradually tilted and grew
closer to the displacement shaft, which reflects step-degradation
of the strength and stiffness and step-accumulation of damage to
the specimen over the course of the loading process. However, the
hysteresis loops grew increasingly plump, illustrating a gradual
increase in energy dissipation capacity. The hysteresis curves all
show gradual transitions in shape from fusiform to bow. All are
relatively plump except for specimens with single-parameter-
deviation of #n, which show good stability as per the absence of
any pinching phenomena.

The hysteresis curves of specimens with single-parameter-
deviation of y were similar to those of the ordinary CFSTs,
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assuming that y exerted little influence on the curves. In the
specimens with a single-parameter-deviation of A, the yield load,
peak load, and failure load gradually increased as 1 increased. The

corresponding points (yield point, peak point, and failure point)
hysteresis loops also grew increasingly plump, marking a gradual
improvement in energy dissipation capacity.
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Significant pinching phenomena were observed in the later
stages of hysteresis curves of specimens with single-parameter-
deviation of #, and grew more pronounced as n decreased. This
can mainly be attributed to weak constraint of the core concrete
caused by the smaller steel ratio in the specimens, The
restraining effects were weakest in the later stages of loading
due to serious local buckling at the bottom of the steel tubes.
When the n was smaller, the transverse deformations of the core
RC were likely lower than those of the external steel tubes, which
degraded the close contact between the steel tube and RC while
degrading the corresponding hoop constraint of the steel tube to
the core RC. Further, the bearing capacity at each characteristic
point of the specimens showed no obvious changes as n
increased. Some, in fact, decreased due to the smaller design
n values.

The steel ratios of the two specimens C-4 and C-7 were
different. Compared to C-4, C-7 presents a pinch
phenomenon at the end of the hysteresis curve because of its
smaller wall thickness, indicating that the energy dissipation
capacity of C-7 was weaker in the later stages of loading.

Skeleton Curve
The P-4 skeleton curves of the specimens are shown in Figure 7.

Some of the specimens had certain deviations in their steel tube

perpendicularity due to manufacturing errors, resulting in
asymmetrical hysteresis and skeleton curves. The average
absolute values of the positive and negative skeleton curves
were taken for those biased specimens.

As shown in Figure 7, all the skeleton curves of the
specimens were relatively complete with clear ascending,
peak, and descending segments. Except for C-6 with bigger
A, the curves showed relatively smooth descending segments,
strong deformation capacity, and high displacement ductility.
The shapes of these curves are similar to those of steel
structures with no instability. The core RC under the tri-
axial compression stress state was derived from the
restraining effect of the steel tube to the core RC, thus the
compression strength and deformation capacity of the core RC
improved. Further, the support of the core RC delayed (or
prevented) concave buckling in the steel tube and enhanced the
stability of the external steel tube. These interactions between
the external steel tube and the core RC preserve the distinct
material advantages of both parts.

The skeleton curve shapes were similar in specimens with
single-parameter-deviation of y, with a great deal of overlapping
in the elastic stage. It appears that changing the design y had
little influence on the initial stiffness. There was some small
amplitude separation from the curves upon reaching the peak

Frontiers in Materials | www.frontiersin.org

December 2020 | Volume 7 | Article 612059


https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles#articles

Xu et al.

A
Y M
& Skeleton curves
TP
= |y B " Yield |
g / { point :
— A e
3 S | | S oaB) =5 (vmB)
l |
[ |
[ | -
o Ay 4., Lateral displacement, 4
FIGURE 8 | Diagram of Energy equivalent method.

load, but once reaching the descending part, all curves (except
C-4 with 100% y) synthesized together despite these subtle
differences.

On the whole, the RC filled in the steel tube did not degrade
the performance of the specimen in terms of negative stiffness.
The whole-colored RCA of the core RC presented some initial
defects such as micro-cracks in the mechanical crushing and
fabrication process. This original damage was responsible for the

Seismic Performance of RCFCST Columns

slight differences in C-4. At the early loading stage, the strong
restriction from the steel tube to the core RC limited the
development of this type of damage, however, the expanding
buckling of the steel tube allowed it to gradually expand - even to
the point of affecting the specimen’s stiffness in the later
descending parts of the curve.

The skeleton curves of the specimens with single-parameter-
deviation of A showed obvious discrepancies and grew steeper as
A decreased in the elastic stage. The stiffness and the
corresponding peak bearing capacity of the specimens
increased in the elastic and strengthening stage, but the
descending part of the C-6 curve dropped suddenly,
revealing weaker deformation capacity in the later loading
stage. Changes in the specimens with single-parameter-
deviation of n were not attributed to increase in n, but also
grew pronounced in the descending part of the skeleton curves.
C-7 had the largest n and a rather steep skeleton curve
descending part, which indicates relatively small failure
displacement and deformation capacity.

C-4 and C-7 showed incremental stiffness and exploding peak
load capacities at the elastic stage with increase in «, but the
descending parts of C-4 and C-7 skeleton curves were
approximately parallel. This is mainly because the steel tubes
buckled as a changed in the late loading stage, which weakened
the transverse constraints from the steel tubes with both types of

TABLE 6 | Measured load and displacement at characteristic points.

Specimen no. Loading direction Yield point Peak point Failure point u=AJAy Ua
Py Ay Pm Am Py Ay

C-1 Positive 46.19 13.81 53.71 31.75 45.65 45.26 3.28 3.18
Negative 46.57 12.42 54.93 23.87 46.69 38.31 3.08
Average 46.38 13.12 54.32 27.81 46.17 41.79 —

C-2 Positive 47.80 14.27 56.43 29.97 47.97 47.96 3.36 3.58
Negative 45.40 10.73 50.16 19.92 42.64 40.78 3.80
Average 46.60 12.50 53.30 24.95 45.31 44.37 -

C-3 Positive 43.30 14.18 50.8 29.97 43.18 51.30 3.62 4.24
Negative 47.66 9.89 53.25 29.96 45.26 48.10 4.86
Average 45.48 12.04 52.03 29.97 44.22 49.70 —

C-4 Positive 39.96 13.04 45.66 20.01 38.81 52.54 3.98 3.68
Negative 52.53 12.35 64.24 30.01 54.60 38.61 3.12
Average 46.25 12.70 54.95 25.01 46.71 45.58 —

C-5 Positive 39.97 10.19 47.75 13.98 40.59 52.70 5.18 4.43
Negative 64.94 11.63 79.29 27.97 67.40 42.83 3.70
Average 52.46 10.91 63.52 20.98 54.00 47.77 -

C-6 Positive 85.30 8.47 99.08 24.48 84.22 35.35 417 5.75
Negative 49.56 3.40 58.84 7.01 50.01 24.92 7.33
Average 67.43 5.94 78.96 16.75 67.12 30.14 —

C-7 Positive 35.91 9.68 43.31 18.02 36.81 34.91 3.54 3.32
Negative 32.57 8.85 36.35 18.01 30.90 26.77 2.86
Average 34.24 9.27 39.83 18.02 33.86 30.84 —

C-8 Positive 31.80 13.12 37.72 17.99 32.06 36.37 2.70 3.19
Negative 33.32 7.81 46.33 18.04 39.38 28.7 3.67
Average 32.56 10.47 42.08 18.02 35.72 32.04 -

C-9 Positive 33.17 11.31 40.21 27.02 34.18 39.74 3.51 3.17
Negative 33.10 10.57 37.95 17.93 32.26 29.95 2.83
Average 33.14 10.94 39.08 22.48 33.22 34.85 —

C-10 Positive 37.12 14.01 45.01 26.72 38.26 45.33 3.24 3.04
Negative 29.06 10.8 32.07 17.91 27.26 30.82 2.85
Average 33.09 12.41 38.54 22.32 32.76 38.08 —
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wall thickness to the core RC. The advantages originating in
larger wall thickness were not retained. The chosen n was only
related to the RC in these cases. The equal vertical loads were
pressurized on C-4 and C-7, so the steel tubes lost most of their
vertical load bearing capacity due to buckling at the later loading
stages. The core RC bore most of the vertical loads. At that
moment, the axial loads borne by the core RC of C-4 and C-7
were approximately equal, thus there were few changes observed
in the descending part related to the stiffness of C-4 and C-7.

Ductility

Ductility reflects the plastic deformation capacity of engineered
structural components under seismic testing; to this effect, it was
an important performance index in the present study. The initial
yield points obtained through the energy equivalent method are
shown in Figure 8. A bi-linear curve OY-YM was drawn to
replace the original P-a curve. The total area of the curve OABM
equals the broken line OY-YM, namely, Sosp = Spym. The
calculated y and characteristic points are listed in Table 6.

As shown in Table 6, the actual values of u were larger than 3 in
this case indicating good ductility performance. In specimens with
single-parameter-deviation of y, the yield load, peak load, failure
load, and the corresponding displacement were similar, indicating
that y had no significant influence on the specimen’s ductility.

Energy Dissipation Capacity

The equivalent viscous damping coefficient (h.) is another
important criterion for judging energy dissipation capacity in
the seismic performance research of engineered structures. When
S denotes the area, Sygcand Scpy are areas under ABC and CDA,

Seismic Performance of RCFCST Columns

respectively; Sopr and Sopr are areas within triangles OBE and
ODF, respectively, as shown in Figure 9. The h, value was taken
here from the first cycle under cyclic displacement at various
levels, as listed in Table 7.

As shown in Table 6, the /. of the specimens ranged from
0.152 to 0.190 at yield, from 0.210 to 0.299 at peak, and fell
between 0.305 and 0.460 at failure, respectively. These values in
ordinary RC columns generally range from 0.1 to 0.2 at failure,
which are equivalent to the h, at yield, 1/2 at peak, and 1/3 at
failure in the RCFST specimens tested in this study,
respectively.

Stiffness Degradation
The secant stiffness (K;) is the stiffness degradation representative

of specimens placed under repeated loading cycles. K; is expressed
as follows:

K = (|[+F| +|-FD/ (+Xi| + |-Xi]) (1)

where (+F;) and (+X;) are the positive maximum load and
corresponding deformation of the ith loop, respectively; (—F;)
and (—X;) are the negative maximum load and corresponding
deformation of the ith loop.

The uniformity of stiffness vs. displacement results under the
given design parameters were analyzed as shown in Figure 10 to
observe the stiffness degradation rules of those with single-
parameter-deviation. The measured stiffness for different
characteristic points are listed in Table 8. In the specimens
with single-parameter-deviation of y, the stiffness degradation
curves basically overlapped; the stiffness degradation rate of C-1
was slightly smaller, mainly because a part of the cement mortar
adhered on the surface of the RCA and decreased the elastic
modulus of the RC, accelerating the cracking/crushing trends of
the RC under low reversed cyclic loading. In general, the stiffness
degradation rate of C-1 was relatively low.

The stiffness degradation rule of the RCFST was basically
identical under different y values. In the specimens with single-
parameter-deviation of 1, the stiffness degraded more slowly as
A increased near the yield point. However, the stiffness
degradation rates grew more uniform as the cyclic
displacement increased. In the specimens with single-
parameter-deviation of n, the secant stiffness (K;) increased
with #n. This can be mainly attributed to the increasingly
obvious second-order effects in the later stages of the test. The
stiffness degradation curves of C-4 and C-7 were very similar and
their K; of were basically identical. Again, it appears that the wall
thickness advantage disappeared in the descending part of the
stiffness curve within the scope of the « imposed in this test.

TABLE 7 | Measured h, at characteristic points.

Specimen no. C-1 C-2 C-3 Cc-4
Ay 0.152 0.190 0.175 0.179
Am 0.248 0.257 0.299 0.234
Ay 0.402 0.406 0.460 0.433

C-5 C-6 C-7 C-8 Cc-9 Cc-10
0.161 0.157 0.187 0.163 0.163 0.160
0.213 0.212 0.234 0.239 0.233 0.210
0.433 0.378 0.356 0.338 0.335 0.305
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FIGURE 10 | Uniformization analysis of stiffness vs. displacement.
TABLE 8 | Measured stiffness at characteristic points.
No. Ko (kN/mm) K, (kN/mm) K (KN/mm) K, (KN/mm) K,/K, Kn/Ke KJ/Ke
C-1 10.43 3.54 1.95 1.10 0.34 0.19 0.11
C-2 9.87 3.73 2.14 1.02 0.38 0.22 0.10
C-3 9.90 3.78 1.74 0.89 0.38 0.18 0.09
C-4 10.64 3.64 2.20 1.02 0.34 0.21 0.10
C-5 18.87 4.81 3.03 1.13 0.25 0.16 0.06
C-6 38.46 9.62 5.60 2.23 0.25 0.15 0.06
C-7 9.32 3.70 2.21 1.10 0.40 0.24 0.12
C-8 8.60 3.70 2.21 1.10 0.43 0.26 0.13
C-9 7.93 3.03 1.74 0.95 0.38 0.22 0.12
C-10 6.99 2.67 1.73 0.86 0.38 0.25 0.12

BENDING BEARING CAPACITY
CALCULATION

The existing research on CFST structures is relatively sophisticated.
A series of relevant specifications currently stand [e.g., Chinese
standards CECS254:2012 (China Association for Engineering
Construction Standardization, 1992), DL/T5085-1999 (China
Electric Power Industry Standard, 1999), and DBJ13-51-2003
(Construction Department of Fujian Province, 2003), the US
standard AISC-LRFD (1999) (American Institute of Steel

Construction, 1999), the UK standard BS5400 (2005) (Bulky
Standards Institutions, 2005), and the European EC4 (1994)
(European Committee for Standardization, 2004)]. Zhu (1989)
founded that the skeleton curve under low cyclic repeated loading
is closer to the load displacement curve under static monotonous
loading. To determine whether existing strength calculation
methods for CFST components under static monotonous
loading apply to the RCFCST components under low cyclic
repeated loading, the test data given above were input to the
above codes to calculate the compression-flexure strength of the

Frontiers in Materials | www.frontiersin.org

10

December 2020 | Volume 7 | Article 612059


https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles#articles

Xu et al.

TABLE 9 | Contrast results between N, and NC.

Seismic Performance of RCFCST Columns

No. N!/kN CECS254:2012 DL/T5085-1999 DBJ13-51-2003 AISC-LRFD BS5400 EC4
(1999) (1994)

NS/kN N{/NG NS/kN N!/NG NS/kN N{/NG NS/kN N!/NG NS/kN N{/NG NS/kN NE/NG
C-1 54.32 44.21 0.76 60.47 0.90 69.00 0.79 37.90 1.45 28.71 1.74 47.88 0.92
C-2 53.30 4218 0.77 58.79 0.91 68.25 0.78 36.82 1.47 30.01 1.63 48.15 0.90
C-3 52.03 41.66 0.76 58.82 0.88 68.29 0.76 36.01 1.47 31.03 1.64 48.35 0.88
C-4 54.95 42.38 0.80 58.95 0.93 68.32 0.80 37.00 1.51 29.88 1.69 48.10 0.93
C-5 63.52 48.57 0.81 66.84 0.95 78.23 0.81 42.00 1.68 30.94 1.91 54.64 0.95
C-6 78.96 40.92 1.04 64.83 1.22 82.51 0.96 34.00 2.37 49.09 1.50 59.47 1.26
C-7 39.83 23.65 0.93 37.18 1.07 39.85 1.00 14.25 2.88 23.59 1.68 27.51 1.24
C-8 42.03 26.74 0.91 39.61 1.06 41.14 1.02 16.33 2.63 20.64 1.91 42.95 0.99
C-9 39.08 29.83 0.79 42.03 0.93 41.87 0.93 18.41 2.16 17.69 2.07 43.04 0.91
C-10 38.54 32.93 0.74 44.45 0.87 42.04 0.92 20.49 1.90 14.75 2.45 43.12 0.90
TABLE 10 | M /NS demographic characteristics of specimens.
Demographic CECS254:2012 DL/T5085-1999 DBJ13-51-2003 AISC-LRFD (1999) BS5400 EC4 (1994)
characteristic
Average value 0.83 0.97 0.88 1.94 1.80 0.99
Variance 0.0095 0.0123 0.0097 0.2913 0.0854 0.0202
Coefficient of variability 0.1171 0.1140 0.1121 0.2785 0.1623 0.1439

specimens. The measured results N! and the calculated results N¢
were then compared. The results and demographic characteristics
of the specimens are given in Tables 9, 10.

The calculation results obtained by AISC-LRFD (1999) (American
Institute of Steel Construction, 1999), BS5400 (2005) (Bulky Standards
Institutions, 2005) were much smaller than the test results, indicating
that these designs are relatively conservative. This is mainly due to the
superposition calculation theory applied in the two specifications. The
triaxial compression strength of the core concrete was calculated under
BS5400 (2005) to determine the superpositioned bearing capacity of
the external steel tube and core concrete, but a smaller amplitude
discount in the core concrete bearing capacity drove the calculation
results below the measurement results after the superposition. AISC-
LRFD (1999) does not reveal improved bearing capacity, namely, the
confined effect of the external steel tube is not considered, so the
calculated values were significantly lower than the measured values.
AISC-LRFD (1999) is more conservative than BS5400 (2005).
Compared to AISC-LRFD (1999), BS5400 (2005), the values
calculated under EC4 (1994) (European Committee for
Standardization, 2004) coincided better with the measured values.
This was mainly because the confined effect of the steel tube under by
EC4 (1994) improved the results. However, EC4 (1994) was not
proposed in the design calculation of the compression-bending
capacity of RCFST columns under cyclic loading.

The CECS254:2012, DL/T5085-1999, and DBJ13-51-2003
standards use a unified theory for computing RCFST
compression-bending capacity. The CFST components can thus
be unified under various stress states for calculating the bearing
capacity. This design is based on a large number of experimental
results processed by data regression and summarization. The
discreteness between the calculated ultimate bearing capacity of
the RCFST components through DL/T5085-1999 and the test

data was relatively small here. DL/T5085-1999 proved most
accurate in the design calculation of RCFST column
compression-bending capacity under repeated loading cycles. The
test results were lower than the CECS254: 2012 or DBJ13-51-2003
calculations, which would result in significant safety hazards if put
into practice. Neither standard is suitable for the strength design of
RCEST components under cyclic loading conditions.

CONCLUSION

A seismic performance test and bending bearing capacity
calculation were performed in this study to analyze 10 circular
RCFST columns with various design parameters. The conclusions
can be summarized as follows.

¢ The failure processes and modes of the specimens are similar
to those of ordinary CFST columns. Buckling failure at the
bottom of the steel tube is the main failure mode and a
relatively obvious buckling wave is present at the front and
back sides of the specimens.

o All specimens have plump hysteresis curves which transition
in shape from spindle to bow, except the specimens with
single-parameter-deviation of n. There is no obvious
pinching phenomena in the specimen hysteresis curves,
indicating good stability.

e The hysteresis curves of specimens with single-parameter-
deviation of y are basically similar to those of the ordinary
CFSTs, which suggests that the y in the existing parameter
range has little influence on the curves. RC can be applied in
engineered bearing structures under the given seismic
performance requirements.
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e The actual y values of the specimens are all larger than 3,
showing good ductility performance.

o The h, values of the specimens fall within the range of 0.152 and
0.190 at yield, range from 0.210 to 0.299 at peak, and range
between 0.305 and 0.460 at failure, respectively, while those of
ordinary reinforced concrete columns generally range from 0.1
to 0.2 at failure - this is equivalent to the h, at yield, 1/2 at peak,
and 1/3 at failure of the RCFST specimens, respectively.

e DL/T5085-1999 is a suitable standard for the design

calculation of compression-bending capacity in RCEFST
columns under cyclic loading conditions.
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NOMENCLATURE

Y RCA replacement percentage

Vs Poisson’s ratio of steel

A slenderness ratio, A = 4Ly/D

V. Poisson’s ratio of RC

N axial compression level, n = N/f.A(1 + 0)

Py, Ay yield load and corresponding displacement, respectively
o shaped steel ratio, a = AJ/A.

P, A lateral load and corresponding displacement, respectively
N axial loads

“0” yield point

fck measured axial compression strength of RC

“O” peak point

A cross sectional area of core RC column

“A” failure point

Ay cross sectional area of steel tube

U displacement ductility coefficient, u = A/A,

0 confinement coefficient, 6 = A, Sl Adfx

P, A, ultimate load and corresponding displacement, P, = 0.85P,,

Seismic Performance of RCFCST Columns

fyk measured yield strength of steel respectively

Ly calculated length, off for L

P, Ay, peak load and corresponding displacement
D exterior diameter of steel tube

h. equivalent viscous damping coefficient

fy yield strength of steel

K secant stiffness

fu ultimate strength of steel

Kjl secant stiffness of displacement at various levels
E; modulus of elasticity of steel

K. elastic stiffness

E. modulus of elasticity of RC

K, yield stiffness

€y yield strain of steel

K., maximum stiffness

fcu cube compression strength

K, failure stiffness

fc axial compression strength of RC

Uq average value of displacement ductility coefficient
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