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In this study, twenty-one recycled self-compacting concrete-filled circular steel tubular (RSCFCST) columns are designed and
tested under eccentric compression. *e studied parameters including the replacement ratio of the recycled coarse aggregate
(RCA), strength grade of concrete, eccentricity, and length-diameter ratio (L/D) of specimens are considered. *e load-stiffness
curves of the specimens are obtained by observing the whole process of loading, and the effects of various parameters on the
stiffness of the specimens are analyzed. Test results demonstrate that the RSCFCST short columns (L/D≤ 4) under eccentric
compression exhibit drum-like bending failures, while the RSCFCST long columns (L/D> 4) under eccentric compression
experience the global flexural buckling failure modes.With the replacement ratio of RCA, the length-diameter ratio or eccentricity
increases, and the bearing capacity of specimens under eccentric compression decreases. However, the increase in the strength
grade of concrete increases the bearing capacity. *e stiffness of the RSCFCST columns under eccentric compression gradually
increases as the strength grade of concrete increases, while the eccentricity had an adverse effect on stiffness of specimen. With the
increase of load, the increase of the length-diameter ratio would accelerate the stiffness degradation of specimen. *e effect of the
replacement ratio of RCA on stiffness of specimen in the elastic stage is not obvious. A validated FE model is employed to conduct
parametric studies to widen the available test results. Additionally, an analytical model for predicting the effective stiffness of the
RSCFCST columns under eccentric compression is proposed based on the moment magnifier method, and verification of this
method is performed using the test data and FE analysis.

1. Introduction

With the rapid renewal and development of the city, a large
amount of waste concrete is produced. At present, the
majority of these concrete wastes in China is directly land-
filled or piled up in open air without any environmental
treatment [1–3]. *e recycling rate is very low. *erefore,
how to recycle these wastes reasonably and effectively to
reduce land occupancy and environmental pollution has
attracted more and more attention.

Vries and Kisku [4, 5] demonstrated the feasibility of
recycling to deal with these waste concrete. Laserna,*omas,
Shaikh, and Zhu [6–9] carried out the experiments on the
mechanical properties and durability of recycled aggregate
concrete. Test results indicated that up to 25% of ordinary
coarse aggregates were replaced by RCAs, without signifi-
cant effect of mechanical properties. In addition, Tam [10]

examined three presoaking treatment methods in weakening
the mortar attached to RCA. Results revealed that the
mechanical properties of recycled aggregate concrete
making from these three treatment methods were signifi-
cantly improved in quality compared with using the tra-
ditional methods. In short, these studies confirm the
feasibility and reasonability of recycled aggregates in engi-
neering application.

Concrete-filled steel tube (CFST), a composite structure
which effectively exerts the mechanical advantages of both
the outer steel tube and core concrete, has been widely used
in engineering structures. A large number of analytical and
experimental investigations on CFST have been conducted,
and series of achievements have been made [11–15]. Dif-
ferent from that of the ordinary CFST, the filler of recycled
concrete-filled steel tube (RCFST) is recycled aggregate
concrete. Mohanraj et al. [16] conducted an experiment on
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the behavior of square and circular RCFST columns sub-
jected to axial compression. *e influences of the con-
finement of concrete, steel tube dimensions, and shapes
were examined, and the applicability of the current CFST
design provisions for RCFST columns was evaluated.
Subsequently, an experimental study on RCFST columns
under eccentric compression was proposed by Yang and
Han [17] and Chen et al. [18]. Results showed that the
failure mode of RCFST columns under an eccentric load
was overall buckling, which was similar to that of the
ordinary CFST columns. *e ultimate bearing capacity of
RCFST columns decreased as the eccentricity or length-
diameter ratio increased. Tang and Xu [19, 20] investigated
the seismic behavior of the RCFST column. Test results
indicated that the seismic behaviors of the RCFST columns
were similar to those of the corresponding ordinary CFST
columns, and it was feasible to apply these RCFSTcolumns
in seismic areas. Geng et al. [21] carried out an experiment
on the time-dependent behavior of RCFST columns. Tests
results revealed that the total deformation of RCFST col-
umns could increase by up to 50% after five months
subjected to sustained loading, which was 22% higher than
that of the ordinary CFST columns.

*ese above studies demonstrate the feasibility of
RCFST in engineering application and strengthen the
concept of environmental protection and sustainability in
engineering. However, the uncompactness of core con-
crete in this composite structure is easy to occur due to
insufficient vibration and the irremovable air in the steel
tube. *is uncompactness defect may decrease the bearing
capacity of specimens. Hence, Mahgub et al. [22] in-
vestigated the mechanical behavior of self-compacting
concrete-filled elliptical steel tubular columns subjected to
axial load. Results indicated that specimens with large
slenderness ratio exhibited global buckling failure modes,
and the ultimate strength decreased as the slenderness
ratio increased, while it increased as the strength grade of
concrete increased. Muciaccia et al. [23] conducted the
experiments on the response of self-compacting concrete-
filled steel tubular (SCFST) columns under eccentric
compression. *ree different concrete, such as a self-
compacting concrete, an ordinary vibrated concrete, and
an expansive SCC, were employed to investigate the be-
havior of SCFST columns subjected to eccentric com-
pression. Elzbieta and Piot [24] tested the bonding
behavior between outer steel tube and core self-com-
pacting concrete in composite tube columns. *e results
indicated that the bonding performance of SCFSTcolumns
depends on the compressive strength of concrete, and the
bond strength of self-compacting concrete was lower than
that of vibration concrete. Ding and Yu [25] studied the
pure bending behavior of SCFSTcolumns. *e effect of the
strength grade of concrete on the flexural capacities was
not obvious. However, the flexural capacities increased
remarkably as the steel ratio increased. Moreover,
Dotreppe et al. [26] carried out a numerical study using the
nonlinear finite element software SAFIR to investigate the
structural and thermal properties of SCFSTcolumns under
fire conditions. *e results revealed that the mechanical

behaviors of SCFST columns at high temperatures were
similar to those of normal CFST columns, and the ap-
plication of these columns in practical engineering
buildings was feasible.

In summary, a lot of theoretical and experimental in-
vestigations have been carried out on RCFST and SCFST.
However, few studies were focused on the behaviors of
RSCFCST columns. In this analysis, twenty-one RSCFCST
columns under eccentric compression are tested to in-
vestigate the performance of stiffness.

2. Experimental Program

2.1. Preparation of Specimens. Twenty-one specimens, in-
cluding fifteen RSCFCST short columns and six RSCFCST
long columns under an eccentric load, were carried out. Four
parameters, such as length-diameter ratio, replacement ratio
of RCA, strength grade of concrete, and eccentricity, were
examined in this analysis. *e outer diameter of the steel
tube is 140mm, and the thickness of steel tube is 3.63mm.
*e lengths of the steel tube are 500mm, 1000mm, and
1500mm, respectively. Different length-diameter ratios (i.e.,
3.57, 7.14, and 10.71), replacement ratios of RCA (i.e., 0%,
50%, and 100%), strength grades of concrete (i.e., C30, C50,
and C60), and eccentricities (i.e., 20mm, 40mm, and
60mm) were adopted. *e specific parameters of the
specimens are listed in Table 1.

A 300mm× 300mm× 10mm steel plate was first welded
to the bottom of the steel tube. *en, recycled self-com-
pacting concrete (RSC) was poured into the steel tube. After
the core RSC reached the initial setting strength, a plastic
film was used to wrap the top of the steel tube. Seven days
later, this plastic film was removed, and another
300mm× 300mm× 10mm steel plate was welded on the top
of the steel tube.

2.2. Mechanical Properties ofMaterials. RSCFCSTcolumn is
a composite structure consisting of a outer seamless steel
tube and RSC infill. According to “Metallic material-Tensile
testing (GB/T228-2010)” Part I [27], the yield and ultimate
strength of the outer steel tube determined from the coupon
test are 233.1MPa and 295.7MPa, respectively. Young’s
modulus and Poisson’s ratio of the steel tube are
2.0×105MPa and 0.297, respectively.

RSC is made of RCA, fine aggregate, Portland cement,
tap water, high-performance water-reducing agent, and
natural macadam. *e coarse aggregate consisted of con-
tinuously graded gravel and RCA. *e particle size range of
RCA and graded gravel is 5mm∼31.5mm. RCA was ob-
tained by crushing the waste concrete blocks with a strength
of C20∼C60. *e sieve analysis of RCA was performed
according to the Chinese code JGJ 52-2006 [28]. *e fine
aggregate consisted of fly ash and graded sand. *e bulk
density of fly ash is 2.2 g/cm3. *e fineness modulus of sand
is 2.9. Table 2 depicts the mix proportion of RSC with
different strength grades and the corresponding mechanical
properties determined from the specified test approach
according to regulation JGJ/T283-2012 [29].
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2.3. Test Setup andLoading Scheme. Monotone static loading
tests were carried out on the electron-hydraulic servo
pressure machine Type YAW-5000F. Adjustable V-blocks
and a knife edge were prepared for the tests to get the re-
quired eccentricity, as shown in Figure 1. Two linear variable
displacement transducers (LVDTs) were diagonally
arranged on the bottom loading plate to monitor the
RSCFCST column’s axial deformation. Another three
LVDTs were arranged at the height of 1/4, 1/2, and 3/4 of the
columns tomeasure the bending deflections of the specimen.
For the RSCFCST short column, eight strain gauges were
evenly glued at the midheight of column, as shown in
Figure 2(a), to determine the axial and circumferential
strains of the outer steel tube. For the RSCFCST long col-
umn, as shown in Figure 2(b), twenty-four strain gauges
were evenly arranged at the height of 1/4, 1/2, and 3/4 of
specimen.

In this test, load-controlled and displacement-controlled
loading scheme were adopted. Initially, the load-controlled
loading scheme was applied, and the loading rate was 50 kN/
min. As the load increased to approximately 85% of the
estimated ultimate strength of specimen, the displacement-

controlled loading scheme was then adopted, and the
loading rate was 0.5mm/min.

3. Experimental Results and Analysis

3.1. Failure Mode. According to the test results, the failure
process of the RSCFCST column experiences three stages as
elasticity, elastoplasticity, and failure. Several phenomena,
including the gradual falling of the rust on the surface of the
steel tube, the local yielding of the outer steel tube, occa-
sionally the sound of RSC crushing, and the local buckling of
specimen, are observed in the tests. Two failure modes of the
RSCFCST columns under eccentric compression are dem-
onstrated, as shown in Figure 3. *e RSCFCST short col-
umns under eccentric compression exhibit drum-like
bending failures, while the RSCFCST long columns expe-
rience the global flexural buckling failure modes.

3.2. Load-Stiffness Curves. Figure 4 illustrates the influence
of various parameters, such as strength grade of concrete,
replacement ratio of RCA, eccentricity, and length-diameter

Table 1: Parameters of RSCFCST columns.

Specimen ID D (mm) t (mm) L (mm) c (%) e (mm) e/r L/D Concrete number/grade Nu

RSCSE-1 140 3.63 500 0 20 0.3 3.57 S1/C30 819
RSCSE-2 140 3.63 500 0 40 0.6 3.57 S1/C30 603
RSCSE-3 140 3.63 500 0 60 0.9 3.57 S1/C30 512
RSCSE-4 140 3.63 500 50 20 0.3 3.57 S2/C30 776
RSCSE-5 140 3.63 500 50 40 0.6 3.57 S2/C30 557
RSCSE-6 140 3.63 500 50 60 0.9 3.57 S2/C30 457
RSCSE-7 140 3.63 500 100 20 0.3 3.57 S3/C30 761
RSCSE-8 140 3.63 500 100 40 0.6 3.57 S3/C30 552
RSCSE-9 140 3.63 500 100 60 0.9 3.57 S3/C30 441
RSCSE-10 140 3.63 500 100 20 0.3 3.57 S4/C50 893
RSCSE-11 140 3.63 500 100 40 0.6 3.57 S4/C50 670
RSCSE-12 140 3.63 500 100 60 0.9 3.57 S4/C50 504
RSCSE-13 140 3.63 500 100 20 0.3 3.57 S5/C60 898
RSCSE-14 140 3.63 500 100 40 0.6 3.57 S5/C60 672
RSCSE-15 140 3.63 500 100 60 0.9 3.57 S5/C60 585
RSCSE-16 140 3.63 1000 100 20 0.3 7.14 S4/C50 883
RSCSE-17 140 3.63 1000 100 40 0.6 7.14 S4/C50 604
RSCSE-18 140 3.63 1000 100 60 0.9 7.14 S4/C50 481
RSCSE-19 140 3.63 1500 100 20 0.3 10.71 S4/C50 748
RSCSE-20 140 3.63 1500 100 40 0.6 10.71 S4/C50 518
RSCSE-21 140 3.63 1500 100 60 0.9 10.71 S4/C50 408
Note. D is the outer diameter of steel tube; t and L are the measured thickness and length of the steel tube, respectively; c is the replacement ratio of RCA; e is
the eccentricity of specimen; r is the radius of RSC; e/r is the eccentricity ratio; L/D is the length-diameter ratio of specimen; Nu is the ultimate load of the
specimen.

Table 2: Mix proportion and mechanical properties of RSC.

Number
ID

Water
(kg/m3)

Sand
(kg/m3)

Cement
(kg/m3)

Fly ash
(kg/m3)

Water-
reducing
agent
(kg/m3)

Natural
macadam
(kg/m3)

RCA
(kg/m3)

Cube
strength
(MPa)

Compressive
strength
(MPa)

Poisson’s
ratio

Elasticity
modulus
(104MPa)

S1 210 736 305 144 3.143 798 0 36.2 29.1 0.217 2.63
S2 210 736 305 144 3.143 399 399 34.6 27.8 0.174 2.57
S3 210 736 305 144 3.143 0 798 33.0 26.3 0.152 2.31
S4 176 936 395 151 1.638 0 798 53.4 42.8 0.168 2.73
S5 164 736 477 113 1.770 0 798 61.8 49.5 0.165 3.02
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ratio, on the load-sti�ness relationship of RSCFCSTcolumns
under an eccentric load. K denotes the sti�ness of the
specimen, and Ne represents the axial load.

3.2.1. E�ect of Strength Grade of Concrete. Figure 4(a) de-
picts the e�ect of the concrete strength grade on the load-
sti�ness relationship of specimen. Obviously, the strength
grade of concrete has a signi�cant e�ect on the sti�ness and
bearing capacity of specimen. Initially, the load-sti�ness
curves are basically horizontal, and the initial sti�ness

increases as the strength grade of concrete increases. Take
RSCSE-7 and RSCSE-13 for example, the initial sti�ness of
RSCSE-13 is approximately 2.4 times of that of RSCSE-7.
With the increase of load, the sti�ness degradation rate of
specimens is increased gradually and the increase of concrete
strength grade would deteriorate the concrete degradation.
As depicted in Figure 4(a), the ultimate bearing capacity of
the RSCFCST column increases as the strength grade of
concrete increases. For example, the ultimate bearing ca-
pacity of RSCSE-13 is about 16% higher than that of RSCSE-
7. �e reason is that the compressive strength, the elastic
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e
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Figure 2: Strain arrangement: (a) short column; (b) long column.
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Figure 1: Test setup and strain measuring point arrangement: (a) schematic diagram of test setup; (b) Test setup.
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Figure 3: Failure modes of the RSCFCST columns: (a) RSCSE-3; (b) RSCSE-6; (c) RSCSE-18; (d) RSCSE-21.
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Figure 4: Load-sti�ness curves: (a) e�ect of strength grade of concrete (e� 20mm); (b) e�ect of replacement ratio of RCA (e� 40mm);
(c) e�ect of eccentricity (C30-c 0-L500); (d) e�ect of length-diameter ratio (e� 60mm).
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modulus, and the compactness of core RSC increase as the
strength grade of concrete increases.

3.2.2. Effect of Replacement Ratio of RCA. Figure 4(b) il-
lustrates the effect of the replacement ratio of RCA on the
stiffness of eccentrically loaded RSCFCST columns. *e
replacement ratio of RCA has little effect on the stiffness of
specimen in the elastic stage, and the load-stiffness curves
are approximately horizontal. As the load increases, the
curve shows an obvious inflection point, and the specimen
enters the elastoplastic stage. *e increase in the re-
placement ratio of RCA accelerates the stiffness degrada-
tion of specimens. Generally, the specimens with a higher
replacement ratio of RCA have shorter load-stiffness
horizontal stage and longer slow descent stage. *e ulti-
mate bearing capacity of RSCFCST columns under an
eccentric load slightly decreases as the replacement ratio of
RCA increases. For example, the ultimate bearing capacity
of RSCSE-2 is 5% higher than that of RSCSE-8. *is may
come from that the increase in the replacement ratio of
RCA increases the interface between mortar adhered to the
surface of RCA, which accelerates the stiffness degradation
of specimen and slightly decreases the bearing capacity of
RSCFCST columns.

3.2.3. Effect of Eccentricity. As depicted in Figure 4(c),
eccentricity has a remarkable effect on the stiffness and
bearing capacity of specimens. In the initial loading stage,
the load-stiffness curve of the specimen presents a hori-
zontal stage approximately. *e initial stiffness of speci-
mens decreases as the eccentricity increases. For example,
the initial stiffness of RSCSE-1 is about 4 times of that of
RSCSE-3. With the increase of the load, the load-stiffness
curve deviates from the horizontal and the stiffness deg-
radation rate of specimen is increased.*e ultimate bearing
capacity of specimen decreases with the increase of ec-
centricity. Take RSCSE-1 and RSCSE-3 for example; the
ultimate bearing capacity of RSCSE-13 is 60% higher than
that of RSCSE-7. *is may come from that the failure of
specimens under the axial load is full section compression
failure, while partial tension and partial compression occur
in the failure section of eccentric compression specimens.
*e confinement effect of the steel tube on core RSC only
occurs in the compression zone. *e larger the eccentricity
is, the smaller the cross-sectional area of the compression is
in the failure zone. *erefore, the confinement effect de-
creases as the eccentricity increases. Moreover, the increase
of the eccentricity enlarges the second-order effect and
increases the lateral deflection.

3.2.4. Effect of Length-Diameter Ratio. Figure 4(d) reveals
the influence of the length-diameter ratio on the stiffness of
RSCFCST columns under eccentric compression. Initially,
the load-stiffness curve of specimen presents a horizontal
stage approximately as the specimen is in the elastic stage.
Obviously, with the increase of load, the increase of length-
diameter ratio would accelerate the stiffness degradation of

specimen. *e ultimate bearing capacity of the RSCFCST
column under eccentric load decreases as the length-di-
ameter ratio increases. For example, the ultimate bearing
capacity of RSCSE-12 is 24% higher than that of RSCSE-21.
*e reason is that the increase of the length-diameter ratio
would cause the instability of specimen under eccentric load.
*e deflection of the specimens increases as the length-
diameter ratio increases. *e additional deflection magnifies
the P-δ effect of specimen reducing the bearing capacity and
bending stiffness of specimen.

3.3. Stress-Strain Analysis. *e stress-strain curves of the
RSCFCST columns subjected to eccentric compression are
shown in Figures 5–8. In these figures, σ represents the
compressive stress of specimen, ε1 is the longitudinal strain,
and εc is the circumferential strain.

3.3.1. Effect of Strength Grade of Concrete. *e effect of
concrete strength grade on the stress-strain relationship of
RSCFCST columns under eccentric compression is illus-
trated in Figure 5. Initially, the stress-strain curves of
concrete with different strength grades are linearly in-
creased, and the strength grade of concrete has little effect on
the stress-strain curve in the elastic stage. As the load in-
creases, the stress-strain curve of specimen increases non-
linearly, and an inflection point appears on the stress-strain
curve. *e longitudinal compressive strain develops faster
than the longitudinal tensile strain, and the circumferential
tensile strain develops faster than the compressive strain. As
the strength grade of concrete increases, the stress of
specimen increases while the strain development rate
decreases.

3.3.2. Effect of Replacement Ratio of RCA. As shown in
Figure 6, the effect of the replacement ratio of RCA on the
stress-strain relationship of RSCFCST columns under ec-
centric compression is not obvious in the elastic stage. With
the increase of the load, the stress-strain curve deviates from
linear growth. *e circumferential tensile strain develops
faster than the circumferential compression strain. Besides,
the longitudinal compressive strain develops faster than the
longitudinal tensile strain. Strain growth accelerates as the
replacement ratio of RCA increases.

3.3.3. Effect of Eccentricity. *e slope of the stress-strain
curve decreases with the increase of eccentricity, as shown
in Figure 7. For the specimen with small eccentricity, the
whole section is in the compressive state at the initial of
loading, and all strains on the section are compressive.
With the increase of eccentricity, the yield and ultimate
stress of specimen decrease, while the strains develop
quickly.

3.3.4. Effect of Length-Diameter Ratio. Initially, the stress-
strain curves of specimens with different length-diameter
ratios are linearly increased, as shown in Figure 8. As load
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increases, the stress-strain curve deviates from linearity, and
an in�ection point appears on the stress-strain curve. �e
increase of the length-diameter ratio would decrease the
stress of specimen and increase the strain growth rate.

4. A Modified Model for Predicting the
Effective Stiffness

4.1. Basic Assumption. To simplify the e�ective sti�ness
calculation of the RSCFCST columns under eccentric
compression, the following assumptions are made: (1) the
plane section hypothesis is applied for the whole calculation;
(2) outer steel tube and core RSC work and deform co-
ordinately; (3) the de�ection curve is approximately in the
shape of a half sine wave.

4.2. A New Model for Estimating the E�ective Sti�ness.
For the conventional CFST columns, the estimation of the
sti�ness B under axial compression is suggested by the
following well-known equation [30]:

B � sEsI + cEcI, (1)

where cE and sE are the elastic modulus of core concrete and
outer steel tube, respectively, and cI and sI are the cross-
sectional moment of inertia of core concrete and outer steel
tube, respectively.

However, few investigations are focused on predicting
the e�ective sti�ness of concrete-�lled steel tubular com-
posite columns under eccentric compression. According to
[31, 32], the e�ective sti�ness of the composite structure
needs a certain reduction since the interface interaction
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Figure 5: E�ect of grade strength of concrete on the stress-strain curve (e� 40mm): (a) longitudinal strain; (b) circumferential strain.
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Figure 6: E�ect of replacement ratio of RCA on the stress-strain curve (e� 40mm): (a) longitudinal strain; (b) circumferential strain.
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should be taken into consideration. �erefore, an e�ective
sti�ness factor λ is introduced in this study, and the e�ective
sti�ness of RSCFCST columns under eccentric compression
can be expressed as follows:

Bsc � λ(EI)sc � λ EsIs + EcIc( ), (2)

where Bsc is the e�ective sti�ness of RSCFCST columns
under eccentric compression; Ec is the elastic modulus of
RSC; Ic and Is are the cross-sectional moment of inertia of
the RSC and outer steel tube, respectively; and Ec is obtained
by multiple regression of test data as follows:

Ec � 30356.47c + 348127.7βc + 307.2244fck − 330280,

(3)

where βc is the correction coe�cient considering the in-
�uence of the replacement ratio of RCA, which is �tted by
the regression analysis of the existing test data, as shown in
Figure 9 and the following equation:

βc � 1− 0.082c− 0.013c2. (4)

For the slender columns, the second-order e�ect should
be taken into account. �ere are two main methods such as
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Figure 7: E�ect of eccentricity on the stress-strain curve (C60-c100-L500): (a) longitudinal strain; (b) circumferential strain.
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Figure 8: E�ect of length-diameter ratio on the stress-strain curve (e� 60mm): (a) longitudinal strain; (b) circumferential strain.
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the nominal curvature approach and the moment magni�er
approach to consider the second-order e�ect in current
speci�cations. �e precision of the moment magni�er ap-
proach relies on Bsc of the specimen and has been employed
by Eurocode 4 [39], ACI-318 [40], etc. In the speci�cations,
the magni�cation coe�cient η can be established:

η � 1 +
Δ
e
�

1
1 − Nu/Ncr

, (5)

whereNu is the ultimate load of the specimen andNcr is the
critical buckling strength, which is related to L and Bsc. Ncr
can be estimated by the following equation:

Ncr �
π2Bsc
L2

. (6)

According to the above equations, Bsc can be described
as follows:

Bsc �
NuL

2

π2(1−(1/(1 + (Δ/e))))
. (7)

According to equations (2) and (7), the e�ective sti�ness
factor λ of the RSCFCST columns under eccentric com-
pression can be expressed as follows:

λ �
NuL

2

π2(1−(1/(1 + (Δ/e)))) EsIs + EcIc( )
. (8)

For the RSCFCST stub columns subjected to eccentric
load (L/D≤ 4) [41], the failure modes of specimens are
mainly compressive failure of core RSC. �erefore, the ef-
fective sti�ness factor (λ) mainly considers the in�uence of
e/r and L/D. �e e�ect of the yield strength of the steel tube
(fy) on the e�ective sti�ness factor (λ) is not obvious. λ is
�tted by the test data, as shown in the following equation:

λ1 � 0.004
e

r
− 0.0596

L

D
+ 0.3. (9)

For the RSCFCST long columns under eccentric com-
pression (L/D> 4) [41], the failure modes of specimens are
compressive failure of core RSC and tension failure of the
outer steel tube. Obviously, the in�uence of e/r and L/D on
the e�ective sti�ness factor (λ) is signi�cant. Additionally,
the e�ect of the yield strength of the steel (fy) and the steel
ratio α (α � As/Ac ≈ 2t/r) is not negligible in this case. λ is
�tted by the experimental data, as shown in the following
equation:

λ2 � −0.0238
e

r
+ 0.045044

L

D
− 0.00076αfy − 0.04534.

(10)

�e equations for predicting e�ective sti�ness of
RSCFCST columns under eccentric compression can be
obtained as follows:

Bsc �
0.004

e

r
− 0.0596

L

D
+ 0.3( ) EcIc + EsIs( ),

L

D
≤ 4,

−0.0238
e

r
+ 0.045044

L

D
− 0.00076αfy − 0.04534( ) EcIc + EsIs( ),

L

D
> 4.




(11)

5. Nonlinear Finite Element Analysis

In this study, the mechanical behaviors of RSCFCST columns
under eccentric compression are simulated by �nite element
analysis software ABAQUS 6.12. �e �nite element analysis
model of specimens is established: (1) individual components
are established; (2) individual material properties are assigned;
(3) mesh sizes are created; (4) components are assembled; (5)
analysis steps are de�ned; and (6) constraints condition,

boundary, and loads are applied. A python script supported by
ABAQUS [42] is developed to facilitate the execution of the
same tasks many times, and the model can be used to con-
veniently calculate the de�ection of specimens.

5.1. Constitutive Relation Model of Materials. As shown in
Figure 10, the stress-strain curve of steel can be divided
into �ve stages: elasticity, elastoplasticity, plasticity,
hardening, and secondary plastic �ow [43, 44]. �e ex-
pression of the stress-strain curve is as follows [45]:

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

1.2

β γ

Test data in this study
Ma et al. [33]
Huang et al. [35]
Thomas et al. [7]
Xiao et al. [38]

Ahmadi et al. [34]
Deng et al. [36]
Beltran et al. [37]
Yang and Han [17]

Fitting curve

γ

Figure 9: Relationship between βc and c.
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σs �

Esεs, εs ≤ εp,

−Hε2s + Eεs + F, εp < εs ≤ εy1,

fy, εy1 < εs ≤ εy2,

fy 1 +
0.6 εs − εy2( )
εu − εy2( )

 , εy2 < εs ≤ εu,

1.6fy, εs > εu,




(12)

where σs and εs denote the equivalent stress and equivalent
strain of steel; Es is the elastic modulus of steel;fy is the yield
strength of the steel; εp � 0.8fy/Es is the strain corre-
sponding to the proportional limit of steel; εy1 � 1.5εp is the
strain at the starting yield point; εy2 � 10εp is the ending
yield point; εu � 100εp is the strain corresponding to ulti-
mate strength of steel; andH, E, and F are the parameters of
the elastoplastic stage. H � 0.2fy(εy1 − εp)

2, E � 2Hεy1,
F � 0.8fy +Hεp2 −Eεp, fp is the proportional limit of steel,
and fu is the ultimate strength of steel.

As shown in Figure 11, the e�ect of the replacement ratio
of RCA on the stress-strain relationship is considered and
the stress-strain relation of RSC subjected to eccentric load is
established in this study based on the existing models
[46, 47]:

σc
σcp

�

g
εc
εcp
( ) +(3− 2g)

εc
εcp
( )

2

+(g− 2)
εc
εcp
( )

3

, εc < εcp,

εc/εcp( )

h εc/εcp − 1( )
2 + εc/εcp( )

, εc ≥ εcp,




(13)

where σc and σcp represent the compressive stress and
maximum compressive stress of RSC, respectively; εc and εcp
are the compressive strain and the maximum compressive
strain of RSC; g and h are the parameters obtained by re-
gression analysis of test data, as shown in the following
equation

g � 2.125− 1.171c− 0.0035fc,

h � 3.51 × 10−4 · 2.36 × 10−5( )
0.25+(ξ − 0.5)7[ ] · fc − 3.2c( )2,

(14)

where fc is the compressive strength. ξ � Asfy/Acβcfck is
the con�nement in�uence coe�cient considering the e�ect
of the replacement ratio of RCA. As � 2π(r + t/2)t and Ac �
πr2 sin2 θ are the cross-sectional area of the steel tube and
core RSC in the compression zone.

�e stress-strain model for core RSC in the tension zone
is adopted as follows [43]:

σ l
σ lp

�

1.2
εl
εlp
( )− 0.2

εl
εlp
( )

6

, εl < εlp,

εl/εlp( )

0.31σ2lp εl/εlp − 1( )
1.7 + εl/εlp( )

, εl ≥ εlp,




(15)

where σ1 and σ1p stand for the tensile stress and maximum
tensile stress of RSC. εI and εIp are the tensile strain and the
maximum tensile strain of RSC, respectively.

5.2. Finite Element Model

5.2.1. Interaction Settings. �e constraints between models
are de�ned in the interaction module. Surface-to-surface
contact interactions are employed for the surfaces of the steel
tube and core RSC [48]. Hard contact is designated as the

0.0 0.5 1.0 1.5 2.0
0.0

0.2
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0.6

0.8

1.0

σ c
/σ

cp
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Figure 11: Stress-strain curve of core RSC.
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Figure 10: Stress-strain curve of steel.
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interaction between the two surfaces of normal deformation,
and the friction coefficient is 0.3 in this analysis. *e contact
type between loading plate and steel tube is shell-to-solid-
coupling.

5.2.2. Loading Boundary Conditions. To effectively reflect
the eccentric compression state, two loading plates are set on
the bottom and top of the specimen, as shown in Figure 12.
In order to prevent the deformation of two loading plates,
Young’s modulus of both loading plates is defined as
2.1× 1014MPa and Poisson’s ratio is set as 0.3. *e degree of
freedom at the bottom of specimen is fully constrained in
rotations and translation, while the top of column is per-
mitted to move in the Z direction. A loading line is set on the
top loading plate, and the displacement-controlled load is
applied in the Z direction.

5.2.3. Analysis Steps and Solid Elements. *e incremental
iteration method is adopted in this analysis to control time
increment. *e initial increment, minimum increment, and
maximum increment are set as 0.001, 1E-006, and 10, re-
spectively. S4R (four-node-reduced integral format shell
elements element) and C3D8R (eight-node solid elements
with three translation degrees of freedom) are adopted to
mesh the outer steel tube and core RSC, respectively. *e
sensitivity study shows that the outer steel tube and core RSC
can be meshed with 3mm element size, and the finite ele-
ment model and mesh division of each element are shown in
Figure 13.

5.2.4. Evaluation of FE Model and Parametric Studies.
*e measured test data of bearing capacity and deflection of
the RSCFCST column under eccentric compression are
compared with the predicted values of the FE model, as

shown in Table 3. Nu and Δu stand for themeasured ultimate
load and deflection of specimen, respectively; Nf is the
predicted value of the ultimate load, and Δf illustrates the
predicted value of deflection. *e predicted values of the FE
model are in good agreement with the test data. *e average
values of Nf /Nu and Δf /Δu are 97.4% and 96%, and their
mean square errors are 0.042 and 0.037, respectively.

*e studied parameters including the yield strength of the
steel (fy), steel ratio (α), diameter-thickness ratio of the steel
tube (D/t), replacement ratio of RCA (c), strength grade of
concrete, eccentricity ratio (e/r), and length-diameter ratio
(L/D) of RSCFCST columns are considered. *e detailed
parameter values are listed in Table 4. To evaluate the pro-
posed model, the length-diameter ratio (L/D) and eccen-
tricity ratio (e/r) are investigated comprehensively in this
study. Meanwhile, other parameters are studied by fixing a
specific value, as shown in Table 5. In addition, 14 combi-
nations of c, fy, α, and D/t and strength grade of concrete are
created to run with each of 3 values for e/r and L/D. A total of
14× 3× 3= 126 FE models are established.

6. Evaluation of the Proposed Model

In order to verify the accuracy of the effective stiffness
calculation equation of RSCFCST columns under eccentric
compression, the deflection values predicted by the pro-
posed equation and test data in this study are compared in
Table 6. *e average ratio of the predicted value of the
deflection by the proposed model to test data is 1.022, and
the mean square error is 0.123.*e results obtained from the
proposed model are very close to the test data.

In addition, twelve recycled concrete-filled circular steel
tubular columns under eccentric compression [49] are
collected to further verify the applicability of the proposed
equation for estimating the effective stiffness. As shown in
Table 7, the average ratio of the predicted value of the

Δx = Δy = 0

Δx = Δy = Δz = 0

Figure 12: Load and boundary conditions.
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Table 3: Comparison of FE prediction results and test data of specimen.

Specimen Δf (mm) Δu (mm) Nf (kN) Nu (kN) Nf /Nu Δf /Δu
RSCSE-1 4.72 5.02 807 819 0.99 0.94
RSCSE-2 5.88 6.02 598 603 0.99 0.98
RSCSE-3 6.02 6.18 450 512 0.88 0.97
RSCSE-4 5.29 5.54 766 776 0.99 0.95
RSCSE-5 6.46 6.76 569 557 1.02 0.96
RSCSE-6 6.45 6.92 433 457 0.95 0.93
RSCSE-7 5.95 6.39 759 761 1.00 0.93
RSCSE-8 6.62 7.02 557 552 1.01 0.94
RSCSE-9 6.71 7.04 425 441 0.96 0.95
RSCSE-10 7.02 7.26 856 893 0.96 0.97
RSCSE-11 9.36 9.97 636 670 0.95 0.94
RSCSE-12 9.28 10.03 478 504 0.95 0.93
RSCSE-13 6.39 6.02 921 898 1.03 1.06
RSCSE-14 6.36 6.26 691 672 1.03 1.02
RSCSE-15 6.21 6.67 539 585 0.92 0.93
Average value — — — — 0.974 0.960
Mean square error — — — — 0.042 0.037
Note. Nf represents the predicted value of the ultimate load; Δf denotes the predicted value of deflection.

Table 4: Values of studied parameters.

Parameter Values Fixed values
Yield strength of the steel (fy) (MPa) 235, 345, 390, 420 235
Steel ratio (α) 0.05, 0.1, 0.15, 0.20 0.1
Diameter-thickness ratio of the steel tube (D/t) 30, 38.6, 50, 70 38.6
Replacement ratio of RCA (c) 0, 50%, 100% 100%
Strength grade of concrete C30, C50, C60 C50
Eccentricity ratio (e/r) 0.3, 0.6, 0.9 —
Length-diameter ratio (L/D) 3.57, 7.14, 10.71 —

Table 5: Combinations of fy, α, D/t, c, and strength grade of concrete.

Parameter Fixed values fy α D/t c

Strength
grade of
concrete

Yield strength of the steel (MPa) 235 345 390 420 235 235 235 235 235 235 235 235 235 235
Steel ratio 0.10 0.10 0.10 0.10 0.05 0.15 0.20 0.10 0.10 0.10 0.10 0.10 0.10 0.10
Diameter-thickness ratio 38.6 38.6 38.6 38.6 38.6 38.6 38.6 30 50 70 38.6 38.6 38.6 38.6
Replacement ratio of RCA (%) 50 50 50 50 50 50 50 50 50 50 0 100 50 50
Strength grade of concrete C50 C50 C50 C50 C50 C50 C50 C50 C50 C50 C50 C50 C30 C60

(a) (b) (c) (d)

Figure 13: Typical FE model for the RSCFCST column: (a) integral model; (b) steel tube; (c) RSC; (d) wire frame of the integral model.
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de�ection to test data of reference is 1.086, and the mean
square error is 0.133. Moreover, the abovementioned 126 FE
models are also employed to evaluate the accuracy of the
proposed equation for predicting the e�ective sti�ness, and
the overall performance of the proposed equation is depicted
in Figure 14. Test data, FE analysis results, and de�ections
predicted by equation are compared in Figure 14. Obviously,

most cases are within ±10% error lines. �e predicted values
from the proposed equation agree well with the test data and
FE analysis. �erefore, the model proposed in this study can
be adopted for evaluating the e�ective sti�ness of the
RSCFCST columns under eccentric compression.

7. Conclusion

Experimental research and FE analysis on mechanical
performance of RSCFCST columns under eccentric com-
pression are conducted in this study. �e main conclusions
are as follows:

(1) �e RSCFCST short columns under eccentric
compression exhibit drum-like bending failures,
while the RSCFCST long columns under eccentric
compression experience the global �exural buckling
failure modes.

(2) With the replacement ratio of RCA, length-diameter
ratio or eccentricity increases, the bearing capacity of
RSCFCST columns under eccentric compression
decreases. However, the bearing capacity of speci-
men increases as the strength grade of concrete
increases.

(3) �e sti�ness of the RSCFCST columns under ec-
centric compression gradually increases as the
strength grade of concrete increases, while the ec-
centricity had an adverse e�ect on sti�ness of
specimen. With the increase of load, the increase of
the length-diameter ratio would accelerate the
sti�ness degradation of specimen. �e e�ect of the
replacement ratio of RCA on sti�ness of specimen in
the elastic stage is not obvious.

(4) �e stress-strain curves are linear in the elastic stage.
As load increases, the stress-strain curves deviate
from linearity, and the strain growth rate increases as
the replacement ratio of RCA, length-diameter ratio,

Table 6: Comparisons of the de�ection values predicted by the
proposed equation and test data of this study.

Specimen ID Proposed model
Δ (mm) Test data Δu (mm) Δ/Δu

RSCSE-1 5.27 5.02 1.05
RSCSE-2 7.14 6.02 1.18
RSCSE-3 7.32 6.18 1.18
RSCSE-4 4.98 5.54 0.90
RSCSE-5 6.57 6.76 0.97
RSCSE-6 7.74 6.92 1.11
RSCSE-7 5.11 6.39 0.80
RSCSE-8 6.82 7.02 0.98
RSCSE-9 7.78 7.04 1.10
RSCSE-10 6.76 7.26 0.93
RSCSE-11 8.21 9.97 0.83
RSCSE-12 8.41 10.03 0.84
RSCSE-13 5.62 6.02 0.94
RSCSE-14 6.72 6.26 1.07
RSCSE-15 7.68 6.67 1.15
RSCSE-16 9.12 7.77 1.17
RSCSE-17 11.31 10.59 1.06
RSCSE-18 13.21 11.01 1.19
RSCSE-19 11.40 12.51 0.92
RSCSE-20 13.76 13.75 1.00
RSCSE-21 15.48 14.16 1.09
Mean square error — — 0.123
Average value — — 1.022

Table 7: Comparisons of the de�ection values predicted by the
proposed equation and test data of the reference.

Specimen ID Proposed model
Δ (mm) Test data Δu (mm) Δ/Δu

CL12-8-100-20 5.156 5.064 1.01
CL12-8-100-40 6.366 6.499 0.98
CL32-8-100-20 14.783 13.794 1.07
CL32-11-100-20 16.662 13.914 1.19
CL32-14-100-20 14.000 16.277 0.86
CL32-8-50-20 13.800 13.345 1.03
CL32-8-0-20 12.572 12.711 0.99
CL32-8-100-40 16.213 13.154 1.23
CL32-8-50-40 16.225 12.176 1.31
CL32-8-0-40 14.311 12.034 1.18
CL48-8-100-20 22.210 18.409 1.20
CL48-8-100-40 19.000 19.412 0.98
Mean square error — — 0.133
Average value — — 1.086
Note. An example of the test specimen identi�cation system is as follows:
CL12-8-100-0, where CL accounts for a composite column with the ag-
gregate, the digit number “12” is the length-diameter ratio (k � 4L/D), the
digit “8” de�nes the nominal ratio α of 8%, the digit “100” represents the
RCA replacement ratio of 100%, and the last one “0” denotes eccentricity of
load with 0mm.

0 5 10
Deflection of FE analysis and test data

15 20
0

5

10

15

Pr
op

os
ed

 m
od

el
 d

efl
ec

tio
n

20

Comparison of test data and proposed model deflection
Comparison of FE analysis and proposed model deflection

+10%

–10%

Figure 14: Overall performance of the proposed equation.
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or eccentricity increases, while the strain growth rate
decreases as the strength grade of concrete increases.

(5) A validated FE model is employed to conduct
parametric studies to widen the available test results.
An analytical model for predicting the effective
stiffness of the RSCFCST columns under eccentric
compression is proposed based on the moment
magnifier method, and verification of this analytical
model is performed using the test data and FE
analysis results.
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