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Abstract: The utilization of recycled concrete can effec-
tively solve the problems of large accumulations of con-
struction waste and the constant consumption of natural
aggregates. Slurry-wrapping modification and concrete-
filled steel tubes (CFSTs) are effective approaches to enhance
the utilization ratio of recycled concrete. The study involved
4 ordinary CFST columns and 16 slurry-wrapping recycled
aggregate concrete-filled steel tube (SRACFST) columns. The
variable parameters included the slurry-wrapping recycled
aggregate replacement ratio and the section form. The result
shows that the ultimate strength of the specimens reached the
minimum and maximum at 25 and 100% aggregate replace-
ment ratio. The favorable strength performance of the
SRACFST columns is attributed to the dominant positive effect
of the slurry-wrapping treatment in reducing matrix porosity
over the negative impact of the recycled aggregate’s complex
interface transition zone. Due to the hoop factor, the residual
bearing ratio peaks at a 25% substitution ratio. Four design
standards were used to predict the ultimate strength, with
GB50936 and EC4 yielding more accurate estimations, while
AISC360-10 and AIJ provided conservative estimations. This
study presents the equations of the stress–strain curve for the
whole axial compression process, which can be directly
applied in the theoretical and numerical analysis of RACFST
columns.

Keywords: recycled concrete-filled steel tube, stress–strain
expression, slurry-wrapping aggregate treatment

1 Introduction

In the global construction industry, population growth has
brought forth two significant challenges: the excessive con-
sumption of non-renewable resources and the massive
accumulation of construction waste [1]. Extensive stone
quarrying has resulted in the depletion of aggregate resources
and various ecological problems [2–4]. Consequently, an
increasing number of nations are considering using recycled
concrete to reduce their reliance on ordinary concrete. How-
ever, due to the high water absorption, large crushing index,
low apparent density, and complex interface transition zone
(ITZ) of recycled aggregate, the mechanical properties of
recycled concrete are inferior to those of ordinary concrete
[5,6]. From the perspective of mortar sticking to the recycled
aggregate surface, two main methods for enhancing the
physical properties of recycled concrete are considered:
strengthening old mortar and removing old mortar [7].
Strengthening old mortar methods that do not introduce
components other than recycled concrete has potent effects,
such as carbonation treatment, nano-SiO2 treatment, and
slurry-wrapping treatment [8–10].

The carbonation treatment shows an initial rapid enhance-
ment rate, followed by a slower rate. Pre-soaking in Ca(OH)2
solution prior to treatment significantly increases the carbo-
nation rate, but it results in Ca(OH)2 enrichment, which
affects the quality of concrete [11,12]. The nano-SiO2 treat-
ment effectively enhances concrete strength. However, nano-
materials tend to agglomerate, leading to higher construction
quality requirements [12]. Wang et al. [13] compared the
slurry-wrapping treatment to the carbonation treatment.
They concluded that the former not only reduces poor com-
patibility issues caused by high water absorption but also
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exhibits superior resistance to chloride ion penetration. Wang
et al. [14] conducted an experiment on pre-soaking various
recycled aggregates. The results indicated that, regarding the
crushing index and strength improvement, the slurry-wrap-
ping treatment with a 0.5 water/cement ratio outperformed
the nano-SiO2 treatment. Poon et al. [6] examined the ITZ
between the aggregate and the matrix by preparing concrete
with three distinct aggregates. This study confirmed that ITZ is
a critical factor influencing recycled concrete strength. Mar-
tirena et al. [10] demonstrated that slurry-wrapping treatment
could enhance the impermeability and porosity of recycled
aggregate. Additionally, the treatment facilitated the forma-
tion of a thinner and denser ITZ within the concrete. Shi
et al. [15] investigated the ITZ of recycled concrete, revealing
that pozzolan slurry treatment increased the microhardness
and density of the ITZ. The literature demonstrates that the
slurry-wrapping treatment has advantages over other mod-
ifications, including resistance to chloride ion penetration,
improved physical properties of aggregates, and enhanced ITZ.
However, these modification methods in the literature have
been applied to concrete rather than composite members.

Concrete-filled steel tube (CFST) columns are exten-
sively used in multi-story buildings, bridges, offshore struc-
tures, and heavy industrial buildings due to their inherent
advantages, including high ductility, strength, and seismic
performance [16–18]. Tam et al. [19] proposed using recycled
concrete to fill the steel tubes in order to incorporate envir-
onmental protection measures in CFST column preparation.
Xiao et al. [20] performed an axial compression test on
recycled aggregate concrete-filled steel tube (RACFST) speci-
mens. The results indicated that the confinement of steel
tubes significantly improved the strength and ultimate
strain of the core recycled concrete. Ke et al. [21] conducted
a high-temperature test of CFST columns. They observed
that larger steel tube diameters resulted in more damage
to the core concrete. Zhang et al. [22] found that the ultimate
bearing capacity and ductility of square RACFST specimens
decreased with an increasing replacement ratio. Lyu et al.
[23] conducted axial compressive tests on RACFST speci-
mens. The results revealed that the ultimate strength of
square and circular RACFST specimens at 100% recycled
aggregate replacement decreased by only 6.5 and 7.3%,
respectively. Zhou et al. [24] conducted an axial compression
test on 32 high titanium slag CFST columns. They found that
the hoop coefficient significantly influenced the bearing capa-
city of short columns, but its effect on medium-long columns
was not as pronounced. Bahrami and Nematzadeh [25] and
Karimi et al. [26] conducted tests on CFST columns containing
rock wool waste and tire rubber. The results showed that while
specimenswith thesewastematerials exhibited inferiormechan-
ical properties compared to ordinary CFST, they displayed good

high-temperature resistance. Liang et al. [27,28] and Lin et al. [29]
performed a series of axial compression tests and proposed the
strength calculation models for CFRP-strengthened RACFST col-
umns. The results indicated that specimens with a higher repla-
cement ratio had lower axial stress but larger strain at the peak
point [27]. The FRP-confined RACFT column with a higher repla-
cement ratio exhibited a smaller axial strength but tended to
exhibit more ductile behavior [28]. The proposed strength calcu-
lation models provided more accurate predictions [27–29]. de
Azevedo et al. [30] suggested that the composite section exhibits
a ductile response, and the ductility of ordinary CFST columns is
higher than that of RACFST columns. These findings indicate that
RACFST columns still possess a certain bearing capacity, despite
their limitations relative to ordinary CFST columns. Additionally,
their studies mainly focused on the effect of aggregate type, steel
tube length, and fiber type on the RACFST column.

Utilization of construction waste is vital to environ-
mental protection, carbon emission reduction, and ore
resource conservation. The use of unmodified recycled
aggregates in RACFST columns has limitations. It is worth-
while for scholars to study how to improve the utilization
ratio of recycled aggregates while ensuring the quality of
RACFST columns. Previous studies mainly focused on the
effect of aggregate type on RACFST columns, and there were
few studies on modified recycled aggregates on RACFST col-
umns. Slurry-wrapping treatment can improve the quality of
recycled concrete. Meanwhile, steel tube confinement can
improve the performance of recycled concrete. However,
few studies have combined the two methods to enhance
recycled concrete strength.

Currently, there are limited studies reporting on RACFST
columns filled with modified recycled aggregates. This study
utilized the slurry-wrapping treatment and steel tubes to
enhance the bearing capacity of recycled concrete. Twenty
CFST columnswere prepared, using the slurry-wrapping aggre-
gate replacement ratio and the steel tube section form as the
variation parameters. The axial compressive test revealed the
failure mechanism and bearing capacity of the slurry-wrap-
ping RACFST (SRACFST) columns. Moreover, the experiment
offers valuable insights for the future application of recycled
aggregates in CFST columns.

2 Test overview

2.1 Concrete material properties

Type I Portland cement 42.5 R and Type I fly ash were used
for all specimen preparations. A polycarboxylate super-
plasticizer with a 20% water reduction was produced by
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Beijing Muhu Admixture Co., which was used to enhance
concrete workability. Locally produced manufactured sand
with a continuous gradation of 0–5mm was used as fine
aggregates. The recycled aggregate, obtained from disused
C30 road pavement, was screened to a particle size of
5–20mm after secondary crushing. Figure 1 illustrates the
particle size distribution curve, tested according to JGJ 52-
2006 [31].

2.2 Slurry-wrapping treatment process

To apply the cement slurry for the recycled coarse aggre-
gate, three particle size ranges were used: 5–10, 10–16, and
16–20 mm. The slurry had a water/cement ratio of 0.5 and a
fly ash content of 20%. The recycled coarse aggregates were
soaked in the slurry, stirred thoroughly for 10 min, poured
into a sieve, and rubbed until the slurry stopped dripping.
Then, the aggregates were transferred indoors to a shaded
area for curing for 3 days before being used in concrete.
While transferring the aggregates to the shade, try to

separate them. The aggregates of 5–10 mm were found to
be difficult to separate. Table 1 and Figure 2 display the
basic physical properties and appearance of aggregates.

2.3 Steel material properties

The test coupons were made from the same batch of Q235
steel tubes, and testing was conducted following GB/T 228.1-
2010 [32]. The stress–strain curve is presented in Figure 3.
Table 2 shows Young’s modulus (Es), yield stress (fy), corre-
sponding strain at the yield stress (εy), ultimate stress (fu),
corresponding strain at the ultimate stress (εu), and Pois-
son’s ratio (ν).

2.4 Specimen preparation

The 20 specimens were divided into two series: square
sections (S series) and circular sections (C series). Five
mix proportions were used, which varied with the replace-
ment ratios (the mass percentages of natural aggregate
replaced by slurry-wrapping recycled aggregate in concrete).
The replacement ratios corresponded to 0 (natural aggregate)
and 25, 50, 75, and 100% (slurry-wrapping recycled aggregate).
All specimens had a wall thickness of 2mm and a length of
400mm. The square specimens had a side length of 100mm,
while the circular tubes had a diameter of 114mm. Two iden-
tical specimens were prepared for each series and replace-
ment ratio tominimize the accidental error. A uniformwater/
cement ratio of 0.7:0.3:0.41:1.76:1.69 (cement: fly ash: water:
sand: coarse aggregate) was used for all concretes. One tube
end was welded with a 10mm thick steel plate, and the con-
crete was poured in from the open end. After being cured in
water for 28 days, the other end was finally welded with a
steel plate of the same size. Three 100 × 100 × 100 cubic blocks
were prepared simultaneously and tested for compressive
strength in accordance with GB/T 50081-2019 [33]. The

Figure 1: Particle size distribution curve.

Table 1: Basic physical properties of aggregates

Type Particle size
range (mm)

Water
absorption (%)

Moisture
content (%)

Crushing
index (%)

Apparent
density (kg·m−3)

Bulk
density
(kg·m−3)

Natural aggregate 5–20 0.74 0.37 8.8 2,708 1,496
Recycled aggregate 5–20 7.33 2.13 12.5 2,714 1,335
Slurry-wrapping
recycled aggregate

5–20 5.70 2.19 12.3 2,723 1,378

Axial compression behavior and stress–strain relationship  3



substitution ratio (r), length (L), width (B) or diameter (D),
thickness (t), yield strength (fy), cube compressive strength
(fc), prism compressive strength (fck), hoop coefficient (θ), and
ultimate strength (Nu) of the specimen are shown in Table 3.

2.5 Test loading system andmeasuring point
arrangement

The test was conducted using a two-stage graded loading
system [34]. In the first stage (0–0.6 Pu, predicted ultimate

load capacity), the specimen was loaded at a rate of Pu/10
per level. In the range of 0.6–0.9 Pu, the specimen was
loaded at a rate of Pu/15 per level. The load was held con-
stant for 2min at each level. In the second stage, once the load
reached 0.9 Pu, the loading system switched to displacement
control with a 1mm·min−1 loading rate. The loading was
stopped when the specimen was seriously damaged [35].

The test setup is illustrated in Figure 4a. The loading
equipment was the SHT-4106 pressure testing machine
manufactured by Meters Industrial Systems (China) Co.,
Ltd. Four YHD-100 displacement gauges were positioned
around the specimen. Four sets of strain gauges were sym-
metrically positioned in the middle of the specimen. Each
set of strain gauges included a vertically arranged trans-
verse strain gauge and a longitudinal strain gauge, as
shown in Figure 4b.

3 Test results and analysis

3.1 Test phenomena and failure patterns

Figure 5a and b shows the failure pattern of all specimens.
During the early loading stage, the surface of all specimens
underwent minimal changes. When subjected to the ulti-
mate strength, the middle and upper portions of square
specimens and the circumference of circular specimens
exhibited slight bulging. At the most unfavorable position

Figure 2: Appearance of three types of coarse aggregates: (a) natural aggregate, (b) recycled aggregate, and (c) slurry-wrapping recycled aggregate.

Figure 3: Tested stress–strain curves of steel.

Table 2: Physical properties of steel

Type Es (GPa) fy (MPa) εy (mm·mm−1) fu (MPa) εu (mm·mm−1) N (mm·mm−1)

Square steel tube 203.4 262.5 0.00598 295.4 0.14738 0.33
Circular steel tube 202.2 272.5 0.00754 302.4 0.13422 0.33
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where the bulge occurred, the deformation of specimens
increased sharply with displacement. At the end of the test,
the square specimens exhibited cracks at the weld, and one
or two prominent bulging rings appeared in the middle
and upper parts. This occurred because the coarse aggre-
gate sank due to gravity when the concrete was being pre-
pared. As a result, the lower part of the specimen became
denser, leading to higher bearing capacity and no appear-
ance of bulging rings [22]. Figure 5c illustrates that the
square specimens exhibited the typical waist-bulge damage
pattern. Figure 5d shows that the circular specimens had
one to two obvious bulges along a certain diagonal direction,
which represented the typical shear sliding failure. After
dismantling all the specimens, it was observed that regard-
less of the aggregate substitution ratio, the core concrete of
square specimens was crushed at the bulge ring, while the
circular specimens had an obvious diagonal shear crack at
the bulge. Therefore, it can be concluded that the influence
of section form on failure pattern is greater than that of the

replacement ratio [23,36,37]. The damage pattern of the spe-
cimens did not differ significantly with the substitution
ratio, consistent with the previous study [38].

3.2 Load–displacement curves

Figure 6 shows the load–displacement curves of the square
and circular specimens. The curves of the square speci-
mens are sharper near the peak load, while those of the
circular specimens are more rounded. The general trend of
the square specimens remains relatively stable regardless
of the aggregate substitution ratio. In the initial loading
stage, the curves of the square specimens show a specific
linear relationship, and they decrease rapidly after reaching
the peak load, with the bearing capacity remaining basically
unchanged. Different aggregate replacement ratios have an
influence on the curve of circular specimens. At the begin-
ning of loading, the curves of circular specimens have a

Table 3: Basic parameters and measured strength of specimens

Type R (%) L (mm) D(B) (mm) t (mm) fy (MPa) fc (MPa) fck (MPa) θ Nu (kN)

S-0-1/2 0 400 100 2 262.5 48.2 36.6 0.610 579.7
S-25-1/2 25 400 100 2 262.5 33.2 25.2 0.886 442.3
S-50-1/2 50 400 100 2 262.5 43.6 33.1 0.675 531.4
S-75-1/2 75 400 100 2 262.5 47.9 36.4 0.613 569.0
S-100-1/2 100 400 100 2 262.5 48.7 37.0 0.604 607.2
C-0-1/2 0 400 114 2 272.5 48.2 36.6 0.552 722.4
C-25-1/2 25 400 114 2 272.5 33.2 25.2 0.801 577.2
C-50-1/2 50 400 114 2 272.5 43.6 33.1 0.610 675.0
C-75-1/2 75 400 114 2 272.5 47.9 36.4 0.555 717.1
C-100-1/2 100 400 114 2 272.5 48.7 37.0 0.546 736.2

Note: θ = (fy × As)/(fck × Ac); As = section area of steel tube; Ac = section area of concrete.

Figure 4: (a) Test setup and (b) measurement point arrangement.
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somewhat linear relationship. However, after reaching the
peak load, the circular specimen curves drop relatively
slowly, and the loads remain stable.

Figure 7 depicts the relationship between the speci-
mens’ ultimate strength Nu and ultimate displacement Δu
with different replacement ratios. The ultimate strength
tends to first decrease and then increase as the replace-
ment ratio increases, regardless of the section form. Figure
7a shows that under a 25% replacement ratio, the ultimate
strength of specimens decreases the most, with the square
and circular specimens decreasing by 23.7 and 20.1%,

respectively. At a low substitution ratio, the strength decreases
due to the weakness of recycled aggregates [39]. However,
when the replacement ratio increases to 100%, the ultimate
strength increases the most, with the square specimens and
circular specimens increasing by 4.7 and 1.9%, respectively.
The strength of low- and medium-strength concrete is jointly
determined by the ITZ and the porosity of the matrix [40].
Therefore, the strength decrease is attributed to the weak-
ening of the ITZ by the recycled aggregates, resulting in a
decrease in concrete strength. In addition, the strength increase
is caused by the increase in under-hydrated active material on

Figure 5: Failure patterns of specimens: (a) all the square specimens, (b) all the circular specimens, (c) square specimen destruction mode, (d) circular
specimen destruction mode.
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the aggregate surface [41] and higher water absorption [42],
which decreases the actual water/cement ratio and porosity of
the matrix. The reduction in matrix porosity has a positive
effect that outweighs the negative effect of ITZ weakening,
resulting in an increase in concrete strength.

Figure 7b shows that the ultimate displacement of both
square and circular specimens increases with the substitu-
tion ratios. Chen et al. [43] attributed the increase in ulti-
mate displacement to the lower stiffness of recycled coarse
aggregate compared to natural coarse aggregate. Figure 7b
demonstrates a general increase in ultimate displacement
with the replacement ratio, which may be attributed to the

decrease in recycled concrete’s modulus of elasticity as the
aggregate replacement ratio increases [44,45]. At a substi-
tution ratio of 100%, the ultimate displacement of square
specimens exhibits the highest increase, reaching 62.4%.
Figure 7a and b and Table 3 indicate that, despite the hoop
coefficient of square specimens being greater than that of
circular specimens, the ultimate strength and ultimate displa-
cement of circular specimens surpass those of square speci-
mens, regardless of the replacement ratio. It suggests that
circular specimens are more effective in restraining the
core concrete than square specimens, which aligns with the
previous study [36].

Figure 6: Load–displacement curves of specimens: (a) the square specimens, (b) the circular specimens.

Figure 7: Performance comparison of specimens with replacement ratio: (a) ultimate strength, (b) ultimate displacement.
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3.3 Load–strain curve

Figure 8 displays the load–strain curves of both square and
circular specimens. During the initial loading stage, both
square and circular specimens exhibit linear performance,
with the slope of the axial strain greater than the lateral
strain. The different Poisson’s ratios between the steel tube
and the core concrete result in each being under individual
stress during this time, with the steel tube having a minimal
impact on the concrete.

Following the end of the linear elastic stage, the square
and circular specimens exhibit a distinct behavior with
increasing load. In the case of most square specimens,
the axial and transverse strains maintain a linear relation-
ship until the load reaches 0.9 Nu. Subsequently, the trans-
verse strain increases at a faster rate, and the curve’s slope
begins to decrease. This occurrence can be attributed to the
lateral expansion of the core concrete, resulting in the
emergence of a bonding force with the steel tube. When
the load reaches 0.75 Nu, the axial and transverse strains of
circular specimens experience a sudden increase. This
sudden increase can be attributed to the decrease in
bonding force, indicating that the specimen has entered
the yield state.

Upon reaching Nu, the curves vary based on the sec-
tion form of the specimen. In Figure 8a, it can be observed
that the load of square specimens decreases sharply with a
small strain and then stabilizes, resulting in a prominent
point in the load–strain curve. In contrast, the strain increases
sharply for circular specimens as shown in Figure 8b, but the
load decreases to a lesser extent, resulting in a relatively
smoother load–strain curve. This observation suggests that

circular specimens have better deformation capacity than
square specimens. The difference in deformation capacity is
attributed to the more uniform distribution of contact pres-
sure between the tube wall and the core concrete in circular
specimens [46]. Rectangular sections experience stress concen-
trations at the corners, while the constraint near the flat edge
is insufficient [47].

Figure 8 shows that the different replacement ratios
have a minimal impact on the load–strain curves in the
early stage. However, after the specimens have yielded, the
curves for different replacement ratios begin to diverge.
The influence of the replacement ratios on the ultimate
strain is irregular. The replacement ratios have a certain
influence on the subsequent load–strain curve, but no sig-
nificant regular pattern is observed.

3.4 Lateral deformation factor

The lateral deformation factor μ is the ratio of the trans-
verse strain to the longitudinal strain. Figure 9 displays the
lateral deformation factor of the specimens. It can be
observed that the substitution ratio has a minimal effect
on the curves, while the cross-section form significantly
influences the results. Circular specimens exhibit more
regular curves compared to square specimens. The lateral
deformation factor μ of circular specimens remains near
0.3 (Poisson’s ratio of steel [35]) until the load reaches 0.8
Nu. In contrast, Poisson’s ratio for concrete is only 0.2 [23],
which indicates the effective restraint effect of the circular
section.

Figure 8: Load–strain curves of specimens: (a) the square specimens, (b) the circular specimens.
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3.5 Analysis of test results

3.5.1 Initial stiffness K0

The initial stiffness K0 is a measure of a specimen’s ability
to resist elastic deformation under initial stress [48]. The
calculation formula is defined as follows:

=K
N

Δ
,

0

45%

45%

(1)

where N45% is the strength of the specimens when the
applied load reaches 45% of the ultimate strength before
damage and Δ45% is the axial displacement of the speci-
mens when the applied load reaches 45% of the ultimate
load before damage.

Figure 10a illustrates that as the replacement ratios
increase, the initial stiffness first decreases and then
increases. This variation in initial stiffness is attributed
to the impact of different replacement ratios on the com-
pressive strength of the core concrete [49].

3.5.2 Residual bearing ratio αr

The residual bearing ratio αr is defined as the ratio of the
minimum bearing capacity Nr to the ultimate strength Nu,
which is used to measure the continuous bearing capacity
of specimens after damage [50]. It is defined as follows:

=α
N

N
.

r

r

u

(2)

Figure 10b illustrates that the residual bearing ratio
exhibits an upward and then downward trend with the
replacement ratio. The maximum residual bearing ratio
occurs when the replacement ratio is 25%. This is due to
the positive correlation between the residual bearing ratio
and the hoop coefficient [51]. Once the hoop factor exceeds
a specific value (about 4.5 and 1 for square and circular
CFST specimens, respectively), the residual bearing capa-
city increases even after reaching the ultimate strength
[23,52,53]. After reaching the ultimate strength, a higher
residual bearing ratio is observed in specimens with lower
core concrete strength, indicating a stronger restraint pro-
vided by the steel tubes.

3.5.3 Strength improvement factor SI

The strength improvement factor SI, defined by Eqs. (3) and
(4), represents the ratio of the ultimate strength Nu to the
nominal strength N0. It is used to measure the degree of
strength improvement due to the interaction between the
steel tube and the concrete.

=
N

N
SI ,

u

0

(3)

= + ′N A f A f .
0 s

y
c

c

(4)

Figure 10c illustrates that the strength improvement
factor of all specimens is greater than 1, irrespective of
the replacement ratio. It is attributed to the restraining
effect of the steel tube [54], resulting in an ultimate

Figure 9: Lateral deformation factor of the specimens: (a) the square specimens, (b) the circular specimens.
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strength of the specimen that is significantly higher than
the sum of the steel tube and concrete (Nu/(Asfy + Acfc′) > 1).
The strength improvement factor is greater for circular spe-
cimens than for square specimens. However, the change in
strength improvement factor is insignificant for both square
and circular specimens with the replacement ratio. It is
likely due to the large diameter-to-thickness ratio, which
leads to less confining pressure provided by the steel tube
and less constraint on the internal core concrete [51].

4 Comparison of test values with
national codes

The bearing capacity of CFST short columns with slurry-
wrapping recycled aggregates was studied, and the test
results were compared with the following codes: Chinese
code GB50936 [55], European code EC4 [56], American code
AISC360-10 [57], and Japanese code AIJ [58]. The tested
compressive strength was transformed due to the different
concrete shapes used for calculations in the various codes
(prism in China, cylinder in Europe, USA, and Japan) [51].
The cylinder compressive strength (fcc) was obtained by con-
verting the cubic compressive strength (fc) according to the
European code (BS EN 1992-1-1-2004) [59]. The prism com-
pressive strength (fck) was obtained by converting the cubic
compressive strength (fc) according to the Chinese code
(GB50010-2010) [60]. The conversion results are shown in
Table 4.

4.1 Chinese code GB50936

Chinese code GB50936 treats the steel tube and the core con-
crete as a single entity, studying their combined compressive
capacity, which is calculated by multiplying the combined

area of CFST (Asc) and the compressive strength of CFST (fsc).
The conversion factors for the compressive strength of CFST (fsc)
and prism compressive strength (fck) depend on the section
form. The calculation formulas are shown in the following:

=N A f ,
CN sc

sc

(5)

( )= + +f Bθ Cθ f1.212 ,
sc

2

ck

(6)

where for the square specimens: = +B f0.131 /213 0.723
y

,
= − +C f0.07 /14.4 0.026

ck

; for the circular specimens:
= +B f0.176 /213 0.974

y

, = − +C f0.104 /14.4 0.031
ck

.

4.2 European code EC4

The European code EC4 calculates the CFST bearing capa-
city using the superposition method, where the total capa-
city is the sum of the bearing capacity of steel tubes and
core concrete. It involves the sum of the products of steel
tube area As and yield strength fy, and concrete area Ac and
concrete compressive cylinder strength fcc, as shown in Eq.
(7). When the section form is circular, and the relative
slenderness ratio and eccentricity are small, the coeffi-
cients ηs and ηc can be used to reflect the increase in
core concrete strength caused by constraint, as shown in
the following equations:

Figure 10: Analysis of test parameters: (a) initial stiffness, (b) residual bearing ratio, (c) strength improvement factor.

Table 4: Conversion table of concrete compressive strength

Type NCA/
(MPa)

RCA1/
(MPa)

RCA2/
(MPa)

RCA3/
(MPa)

RCA4/
(MPa)

fc 48.2 33.2 43.6 47.9 48.7
fcc 36.6 25.2 33.1 36.4 37.0
fck 38.2 27.3 34.1 37.9 38.7

Note: fc = the cubic compressive strength; fcc = the cylindrical compres-
sive strength; fck = the prismatic compressive strength.
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= +N A f A f ,
EU s

y
c

cc
(7)

⎟⎜= +
⎛
⎝

+
⎞
⎠

N η A f A f η
t

D

f

f
1 ,

EU
s

s
y

c
cc c

y

cc

(8)

( )= + ≤η λ0.25 3 2 1,
s

(9)

= − + ≥η λ λ4.9 18.5 17 0,
c

2 (10)

where λ and the effective length coefficients are calculated
according to the literature [51].

4.3 American code AISC360-10

The American code AISC360-10 uses the superposition
method to calculate the strength. For the steel tube part,
no correction factor is applied, while the concrete part uses
correction factors of 0.85 and 0.95 for square and circular
specimens, respectively, as shown in Eqs. (11) and (12).

( )( )= ++N f A A f0.658 0.85 ,

f A A f P
US

0.85 /

y
s c

cc

y
s c

cc
e (11)

( )( )= ++N f A A f0.658 0.95 ,

f A A f P
US

0.95 /

y
s c

cc

y
s c

cc
e (12)

where Pe is calculated according to AISC360-10 [57] and the
effective length factor is taken as 1.0.

4.4 Japanese code AIJ

The Japanese code AIJ uses the superposition method to
calculate the strength. It applies different correction factors

to the calculation formulas for different section forms. For
square sections, a correction factor of 0.85 is applied to the
concrete part; while for circular sections, a correction factor
of 1.27 is applied to the steel tube part. The calculation for-
mulas for square and circular specimens are shown in the
following equations, respectively:

= +N A f A f0.85 ,
JP s

y
c

cc
(13)

= +N A f A f1.27 .
JP s

y
c

cc
(14)

4.5 Comparative results

The calculation results are presented in Table 5 and Figure 11.
It can be observed that the results of the GB50936 and EC4
codes are more accurate, both falling within ±9% of the error
range. The EC4 code is the most accurate, with results ranging
from −3 to +8%, but the GB50936 calculation is more stable.
However, the AISC360-10 and AIJ codes are more conserva-
tive, with the maximum exceeding 36 and 20% of the mea-
sured values, respectively.

5 Axial compressive stress–strain
analysis of the specimens

During the axial compression of the specimens, the defor-
mation of the test points was too large and exceeded the
permissible range of the strain gauges. The nominal

Table 5: Comparison of measured and calculated bearing capacity

Type Calculated values/(kN) Measured value/(kN) Nu/NCN Nu/NEU Nu/NUS Nu/NJP

NCN NEU NUS NJP Nu

S-0 620.4 557.9 499.4 505.0 579.7 0.93 1.04 1.16 1.15
S-25 483.8 457.4 415.6 419.7 442.3 0.91 0.97 1.06 1.05
S-50 578.4 520.1 467.9 472.9 531.4 0.92 1.02 1.14 1.12
S-75 617.9 555.1 497.1 502.7 569.0 0.92 1.03 1.14 1.13
S-100 625.3 562.5 503.2 509.0 607.2 0.97 1.08 1.21 1.19
Mean value 0.93 1.03 1.14 1.13
Standard deviation 0.05 0.08 0.10 0.10
Coefficients of variation 0.05 0.08 0.09 0.09
C-0 673.5 690.9 535.4 606.7 722.4 1.07 1.05 1.35 1.19
C-25 533.9 591.4 437.4 503.1 577.2 1.08 0.98 1.32 1.15
C-50 630.5 653.4 498.5 567.7 675.0 1.07 1.03 1.35 1.19
C-75 671.0 688.1 532.7 603.8 717.1 1.07 1.04 1.35 1.19
C-100 678.4 695.5 539.8 611.4 736.2 1.09 1.06 1.36 1.20
Mean value 1.08 1.03 1.35 1.18
Standard deviation 0.02 0.06 0.03 0.04
Coefficients of variation 0.02 0.06 0.02 0.03
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stress–strain curve of the specimens was obtained by
transforming the measured axial displacement from the
displacement gauges using the appropriate formula and
normalizing it [61], as shown in Figure 12. Based on the
observed trends, the curves in Figure 12a are divided
into ascending, descending, and stable segments, while
the curves in Figure 12b are divided into elastic, elasto-
plastic, descending, and stable segments. Mathematical
models for square and circular specimens were established
based on the test data from this study and the relevant
literature [22,36,61], represented by Eqs. (15) and (16),
respectively.

( ) ( ) ( )

[ ( ) ( ) ] ( )

( )

⎪

⎪

⎧
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⎩

= − + − + ≤
= + − + − < ≤
= + >
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3 2
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(16)

where X = ε/εu, Y = σ/σu, εu = εscy, σu = fscy, fscy represents
the calculated strength index of specimens, and εscy repre-
sents the strain corresponding to the specimen strength
index fscy. For the square specimens, A is the parameter
of the ascending section and is recommended to be set to
0.98; B and xA are the parameters of the descending sec-
tion, and their recommended values are 0.41 and 2.6,
respectively; C and D are the stable section parameters,
with recommended values of −0.01441 and 0.84289, respec-
tively. For the circular specimen, a and xa are the elastic
section parameters and are suggested to take the values of

Figure 11: Comparison of experimental and calculated values: (a) GB50936, (b) EC4, (c) AISC360-10, (d) AIJ.
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2 and 0.4, respectively; b is the elastoplastic stage parameter
and is recommended to be −0.55; c, d, e, f, xb are the elastic
section parameters, with recommended values of 0.1328,
−0.6312, 0.81, 0.69, and 2.2, respectively; g is the parameter
of the stable segment and is suggested to be set to 0.83.

This study analyzes the fundamental parameters that
affect the working mechanism and mechanical properties of
specimens. The influence of the slurry-wrapping recycled
aggregate replacement ratio and cross-sectional forms on
the ultimate stress and ultimate strain is taken into account.
The GB50936 code, chosen for its accuracy and stability, is

used to establish stress–strain curve expressions for the
whole process of the SRACFST specimens. The stress–strain
curves for square and circular specimens are given in the
following, respectively:

( )

( )

[( ( )

( ) ] ( )

( ) ( )
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⎨

⎪
⎪⎪

⎩
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⎪
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σ f ε ε ε εε ε

ε ε

σ f ε ε ε ε

ε ε ε ε ε ε

σ f ε ε ε ε

1.02 1.04 0.98 /

/ 0.41

2.6

0.01441 / 0.84289 2.6 ,

scy

scy

3 2

scy scy

2

scy

3

scy

scy

3 3

scy

3

2

scy scy scy

scy
scy scy

(17)

Figure 12: Dimensionless nominal stress–strain curves: (a) the square specimens, (b) the circular specimens.

Figure 13: Comparison of calculated and test-measured stress–strain curves for part specimens: (a) S-0, (b) S-25, (c) S-50, (d) S-75, (e) C-0, (f) C-50, (g)
C-75, (h) C-100.
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where the correction factors η and φ are the cubic poly-
nomials of the calculated strength index fscy and the calcu-
lated strain index εscy respectively, with respect to the
slurry-wrapping recycled aggregate replacement ratio r.
The expressions for η and φ are given in the following
equations:

for square specimens:

= − − +η r r r0.93338 0.06031 0.02588 0.12273 ,

2 3 (23)

= − + −φ r r r2.2805 0.18574 2.28096 0.62518 .

2 3 (24)

for circular specimens:

= + − +η r r r1.07284 0.08472 0.27195 0.19982 ,

2 3 (25)

= + − +φ r r r3.95915 1.8728 4.36406 4.12331 .

2 3 (26)

Figure 13 compares the calculated stress–strain curve
with the test-measured curve for some specimens. The
results show a good agreement between the calculated
and test-measured curves, indicating the predictability of
the whole-process stress–strain curve of the SRACFST using
the proposed mathematical expressions.

6 Conclusions

This study presents the results of 20 CFST short columns
with varying slurry-wrapping recycled aggregate replace-
ment ratios. The study compares the current calculation
codes and analyzes the whole-process stress–strain curves
of the specimens, leading to the following conclusions:
1) The ultimate strength decreases and then increases as

the replacement ratio increases. The strength of SRACFST
columns exhibited a minimum at 25% aggregate replace-
ment and a maximum at 100% aggregate replacement.
The positive effect of the slurry-wrapping treatment in
enhancing matrix porosity outweighs the negative effect

of the complex ITZ of the recycled aggregate, resulting
in a favorable strength performance of the SRACFST
columns.

2) Circular CFST columns exhibit higher ultimate strength
and displacement compared to the square CFST col-
umns at the same slurry-wrapping recycled aggregate
replacement ratio.

3) The residual bearing ratio of specimens positively cor-
relates with the hoop factor. However, the change in
strength improvement factor for circular and square
specimens is not significant as the substitution ratios
increase.

4) Among the codes studied, the European Code EC4
demonstrates more prediction of the ultimate load of
specimens and the Chinese Code GB50936 exhibits
more calculation stability. In contrast, the American
Code AISC360-10 and the Japanese Code AIJ tend to
calculate more conservatively.

5) The expression for the whole-process stress–strain curve
has been established, and the calculated curve shows good
agreement with the test-measured curve.

6) Slurry-wrapping treatment becomes more complicated
for aggregates with particle sizes between 5 and 10mm.
Apply slurry-wrapping treatment to aggregates above
10 mm, which facilitates industrial production.
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