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To investigate the load-strain curves and failure modes of spontaneous-combustion coal gangue coarse aggregate
(SCGCA) concrete-filled steel tube (CFST) stub columns under axial compression, 36 SCGCA CFST specimens and
18 comparative SCGCA concrete specimens were firstly tested with various SCGCA replacement ratios, concrete
strengths and steel tube thicknesses. The results reveal that the bearing capacity of SCGCA CFST significantly
decreases with increasing SCGCA replacement ratio, while corresponding strain increases. The addition of
SCGCA can activate confining stress offered by steel tube in advance. The hoop strain of SCGCA CFST specimens
increases with increasing SCGCA replacement ratio under same axial strain, resulting in enhanced confining
stress. An analysis-oriented model of SCGCA CFST stub columns was then established on basis of test results, and
an extended parameter analysis was further conducted using the model. Finally, the feasibility of design methods
in existing design codes for evaluating bearing capacity of SCGCA CFST stub columns under axial compression

was discussed.

1. Introduction

To meet the requirements of economic and social development,
annual consumption of coal resources in China has reached 40 million
tons [1]. As the primary solid waste produced during the mining and
processing of coal resources [2], the coal gangue in China has accu-
mulated to 6 billion tons with annual increase of about 300-350 million
tons [3]. This vast amount of coal gangue has led to a series of problems,
including land appropriation and ecological destruction [4]. To address
these issues, researchers have started exploring the potential substitu-
tion of coal gangue coarse aggregate (CGCA) for non-renewable natural
coarse aggregate (NCA) in conventional structural concrete adopting
relevant research approach [5-8]. For instance, Zhou et al. [9] intro-
duced a compressive stress-strain model for CGCA concrete. Wang et al.
[10] conducted experiments to study the influences of CGCA on me-
chanical behavior of concrete. Test results showed that the elastic
modulus at 28 days reduced by 23% and 32% and the 360-day drying
shrinkage increased by 62% and 92% for rock coal gangue coarse
aggregate (RCGCA) concrete and spontaneous-combustion coal gangue
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coarse aggregate (SCGCA) concrete, respectively. They also recom-
mended the drying shrinkage and elastic modulus predictive models for
CGCA concrete [11,12]. Zhang et al. [13] carried out the tests to study
the influences of particle size distribution and replacement ratio of
SCGCA on mechanical behavior of concrete. The result demonstrated
that compressive strength, splitting tensile strength and elastic modulus
of concrete decreased by 19.4%, 36.1% and 32.2%, respectively, when
SCGCA completely replaced NCA. The effect of coarse aggregate size
distribution was found to be limited. Wang et al. [14] discussed the
flexural behavior of concrete with NCA, SCGCA or SCGCA and coal
gangue fine aggregate (CGFA) through experimental and numerical
methods. Liu et al. [15] carried out both numerical and experimental
studies on mechanical behavior of RCGCA concrete columns with
various RCGCA replacement ratios and eccentricities. They further
developed the design formulas for calculating bearing capacity of such
column. Based on the current studies, it is evident that CGCA concrete
has weaker workability and mechanical behavior than NCA concrete
owing to high water absorption, porous properties and low crushing
strength. Therefore, researchers have proposed the method of using
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Table 1
Specimen detail.
Specimens Label L D fed r t
(mm) (mm) (MPa) (%) (mm)
SCGCA C40-0-1,2,3 300 150 40 0 /
concrete C40-50-1,2,3 50 /
C40-100-1,2,3 100 /
C60-0-1,2,3 300 150 60 0 /
C60-50-1,2,3 50 /
C60-100-1,2,3 100 /
SCGCA CFST S40-0-a-1,2 450 156 40 0 3.0
S40-50-a-1,2 50
S40-100-a-1,2 100
$40-0-b-1,2 450 158 40 0 4.0
S$40-50-b-1,2 50
$40-100-b-1,2 100
S40-0-c-1,2 450 159 40 0 4.5
S40-50-c-1,2 50
S40-100-c-1,2 100
S60-0-a-1,2 450 156 60 0 3.0
S60-50-a-1,2 50
S60-100-a-1,2 100
S60-0-b-1,2 450 158 60 0 4.0
$60-50-b-1,2 50
S$60-100-b-1,2 100
S60-0-c-1,2 450 159 60 0 4.5
S60-50-c-1,2 50
S$60-100-c-1,2 100

external confinement to enhance mechanical properties of CGCA con-
crete [16-21], and the CGCA concrete-filled steel tube (CFST) has
emerged as a solution to ease resource pressure, lower energy con-
sumption [22-24], and further unlock the possibility of coal gangue as
“green” building materials, aligning with the demands of the times.

Li et al. [25] and Li and Zhong [26] developed the strength criteria,
constitutive relationship and transverse deformation coefficient of core
concrete in SCGCA CFST stub column through combined experimental
research and theoretical analysis. Gao et al. [20] conducted experiments
to study the influence of RCGCA replacement ratio on axial mechanical
behavior of RCGCA CFST stub column and proposed a revised design
approach for such columns. Test and analysis results revealed that axial
compressive strength and elastic modulus of specimens decreased with
increasing RCGCA replacement ratio, suggesting that relatively lower
concrete strength and higher steel strength were more suitable for
RCGCA CFST stub columns. Meanwhile, Zhang et al. [21] conducted
experimental and numerical studies to explore mechanical properties of
SCGCA CFST stub column under axial compression, considering various
SCGCA replacement ratios and steel tube thicknesses. They also pro-
vided recommended calculation formulae for determining bearing ca-
pacity of such columns.

Based on existing studies, it can be inferred that there is still limited
theoretical and experimental research on the mechanical behavior of
SCGCA CFST stub column. In addition, an analysis-oriented model of
NCA CFST stub columns proposed by Kwan et al. [27] offered a new
approach to predict mechanical behavior of SCGCA CFST stub columns
under axial compression. Yu et al. [28] conducted experiments on CFST
stub columns with different aggregate types and found that specimens
made of lightweight concrete exhibited faster lateral expansion when
contrasted with samples made of ordinary concrete. Accordingly, this
research conducted axial compressive test on SCGCA CFST stub column,
investigating the effects of SCGCA replacement ratio, steel tube thick-
ness and concrete strength on load-strain curves and failure modes.
Subsequently, an analysis-oriented model of SCGCA CFST stub columns
was established, considering assumption of path independence, modi-
fied hoop strain-axial strain model and axial stress-axial strain model of
core concrete, which was further verified through the comparison of
axial load-axial strain curves and axial bearing capacity between pre-
dicted and tested results. Furthermore, the study examined the impact of
critical parameters on mechanical behavior of SCGCA CFST stub column

Journal of Constructional Steel Research 215 (2024) 108534

Crushin
Screening

Fig. 1. Diagram of SCGCA.

Table 2

Material properties of aggregates.
Material characteristics SCGCA NCA NFA
Loose bulk density (kg/mS) 978 1304 1457
Apparent density (kg/m>) 2476 2664 2602
Tap bulk density (kg/m®) 1114 1420 1565
Void content (%) 48.72 54.65 41.6
Moisture content (%) 0.83 2.56 0.64
Water absorption (%) 8.25 2.42 1.3
Particle size distribution (mm) 4.75-19.5 4.75-19.5 0.01-4.75
Crushing value (%) 16.5 5.83 /
Crushing strength (Mpa) 5.4 32.5 /

subjected to axial compression using the analysis-oriented model. The
applicability of existing design formulas in evaluating bearing capacity
of SCGCA CFST stub column under axial compression was discussed in
relation to the comparison with tested and numerical results. The find-
ings in this study can serve as a foundation for the application of SCGCA
CFST as a structural member, further promoting the large-scale utiliza-
tion of coal gangue resources.

2. Experimental program
2.1. Design of specimens

A total of 54 cylindrical specimens, including 36 SCGCA CFST stub
columns and 18 SCGCA concrete ones as reference, were tested under
axial compression. Table 1 lists the design details of specimens, where L
is the height of specimens, D is the section diameter of SCGCA CFST and
SCGCA concrete specimens, r represents the SCGCA replacement ratio of
specimens, f.q is the design compressive strength of SCGCA concrete
with r = 0 (NCA concrete), tis the thickness of steel tube of SCGCA CFST
specimens. The specimens are categorized as follows: letters “C” and “S”
represent the SCGCA concrete specimens and SCGCA CFST specimens,
respectively; the followed figures of 40 and 60 represent f.q = 40 MPa
and 60 MPa, respectively; the figures of 0, 50 and 100 in second part
represent r = 0, 50% and 100% respectively; letters “a”, “b” and “c”
represent t = 3.0 mm, 4.0 mm and 4.5 mm respectively; and figure of 1,
2 and 3 in last part represent different specimens with identical pa-
rameters. For instance, the specimen labeled S60-50-b-2 is the second
SCGCA CFST specimen with a design strength of 60 MPa for concrete, r
=50% and t = 4.0 mm.

2.2. Materials

2.2.1. SCGCA and NCA

The raw material of spontaneous-combustion coal gangue was
secured from Fuxin, China and processed to the SCGCA with 4.75-19.5
mm continuous gradation (Fig. 1) through operations of crushing,
screening, classification and mixing. The natural gravel with the same
gradation as SCGCA and river sand with 0.01-4.75 mm particle size
scale and 2.58 fineness modulus were used as natural coarse aggregate
(NCA) and natural fine aggregate (NFA), respectively, which met
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Fig. 2. Particle size distributions of coarse and fine aggregates.
Table 3
Main chemical constituents of SCGCA (%).
Si0, AlL,Os Fe,03 MgO Ca0 K,0 Na,O TiO, P,0s SO5 cl MnO
57.46 18.66 7.06 2.54 3.61 3.98 1.86 0.90 0.23 0.75 0.12 2.75
] Table 4
Material properties of steel tubes.
" Quartz Type D x t (mm x mm) fy (Mpa) fu (Mpa) E, (Gpa) Vs
¢ Gismondine 1 156 x 3.0 282 459 201 0.28
A Potash feldspar 2 158 x 4.0 295 465 206 0.28
. 3 159 x 4.5 317 477 204 0.29
v Plagioclase

0 10 20 30 40 50 60 70 80
Angle (20)

Fig. 3. XRD spectra of SCGCA.

requirements of particle size distribution of aggregates in JGJ 52-2006
[29]. The material properties of SCGCA, NCA and NFA were tested ac-
cording to the methods specified for normal concrete in JGJ 52-2006
[20] and relevant values are given in Table 2. Particle size distributions
of SCGCA, NCA and NFA are portrayed in Fig. 2, meeting requirements
of GB/T 14685-2011 [30] and GB/T 14684-2011 [31].

To explore chemical compositions and physical phases of SCGCA, X-
ray diffraction (XRD) and X-ray fluorescence (XRF) tests were respec-
tively conducted on its powder of concrete with a compressive strength
of 39.6 MPa. The XRF analysis result is displayed in Table 3 and it is
noticeable that SiOy (57.46%) and Al,Os3 (18.66%) are the major
chemical constituents of SCGCA, similar to that of the NCA. The XRD

spectra results are shown in Fig. 3 and it can be seen that quartz and
gismondine are the main mineral constituents of SCGCA.

2.2.2. Steel

There were three types of steel tube in SCGCA CFST specimens. Three
standard coupons cut from the longitudinal portion were prepared for
each type of steel tube. Material properties of steel tube were obtained
through the tensile test of standard coupons based on the methods rec-
ommended in GB/T 228.1-2021 [32] and the average values of that are
listed in Table 4, in which f, denotes the tensile (ultimate) strength, f;
represents yield strength, E; denotes modulus of elasticity, and vs de-
notes Poisson’s ratio.

2.2.3. Concrete

There were six types of concrete in specimens. The mixture of con-
crete was designed according to JGJ 55-2011 [33] and the materials
used were NCA, SCGCA, NFA, tap water in laboratory, P-O 42.5 cement
and a high-efficiency water reducer with a reduced rate of 30%. The
amount of SCGCA in concrete with different r was determined on basis of
the fundamental of replacing NCA with equal volume and pre-wetting of
one hour was required for SCGCA due to high water absorption and large
porosity of that. The additional water usage was 60% of the water ab-
sorption of SCGCA to guarantee that the mixture of concrete met related
construction requirement [34]. The mix proportions, slump and 28-day
cubic compressive strength (f.,) of concrete are recorded in Table 5.
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Table 5
Mixture, slump and compressive strength of concrete.
Type r (%) Raw materials (kg/m®) Slump (mm) feu (Mpa)
NCA SCGCA NFA Water Cement Water reducer Additional water
40-0 0 1024 / 627 188 470 9.4 0 95 49.2
40-50 50 512 476 627 188 470 9.4 37 920 39.6
40-100 100 / 952 627 188 470 9.4 74 75 30.4
60-0 0 1031 / 605 172 520 10.4 0 115 65.8
60-50 50 515 479 605 172 520 10.4 37 105 52.5
60-100 100 / 958 605 172 520 10.4 74 85 39.4
3. Results and discussion
. . 1. ‘A CFST i
At 3.1. SCGCA CFST specimens
i 3.1.1. Failure modes
; The failure modes of the SCGCA CFST and concrete specimens are
; SCGCA concrete shown in Fig. 5. It can be seen that, for SCGCA concrete specimens, the
i failure modes gradually transform from shear failure to longitudinal
i splitting with the increasing r. For SCGCA CFST specimens, outward
LVDT : buckling occurred at the end and mid-height of the steel tubes; the
/v* specimens with larger t (e.g., S40-50-c) displayed drum-like failure
2/ . while those with smaller t (e.g., S40-50-a) exhibited typical shear fail-
Strain gauges : Specimen ure; moreover, the inner concrete remained good integrity apart from
é the crushing happened at the position of outward buckling; the speci-
i o Steel plate Mid-height section mens with larger r showed more obvious damage of the core concrete

Fig. 4. Test set-up and instrumentation arrangement.

2.3. Specimen preparation

The plastic molds with the diameter of 150 mm and the height of 300
mm and steel tubes with the internal diameter of 150 mm and the height
of 450 mm were fabricated for t SCGCA concrete and SCGCA CFST,
specimens respectively. The debris on inner and outer surfaces of plastic
molds and steel tubes were cleaned before pouring concrete. Besides
that, the rust on inner and outer surfaces of steel tube were wire brushed
off and then a steel plate with the dimension of 160 mm x 160 mm x 10
mm was welded beneath it. The concrete was poured into the vertically-
placed plastic molds and steel tubes, vibrated until fully consolidated
and wrapped tightly with plastic film. After curing under standard
condition (RH > 95%, T = 20 + 2 °C) for 28 days, the top of each
specimen was polished to obtain the smooth surface. For SCGCA CFST
specimens, another steel plate with the same size was welded onto the
top of steel tube to gurantee that core concrete and steel tube worked
together during initial loading phase.

2.4. Instrumentation and test method

The tests of SCGCA concrete and SCGCA CFST specimens under axial
compression were conducted using 5000 kN hydraulic compression
machine, and the load and measurement devices are depicted in Fig. 4.
Four pairs of strain gauges were mounted at the mid-height of each
specimen, with each pair of strain gauges positioned at 90° intervals.
The longitudinal and circumferential strain gauges were used to obtain
the axial and hoop strains of the specimens, respectively. Furthermore,
two linear variable differential transformers (LVDTs) were symmetri-
cally arranged to measure the axial displacement of the specimens. The
preload tests and alignment validation were implemented prior to
formal loading. The tests were stably controlled by a loading rate of 1
mm/min and terminated when the axial displacement reached 20 mm.

and greater outward buckling of the steel tube.

3.1.2. Axial load-axial strain and corresponding hoop strain-axial strain
relationship

Table 6 records the mechanical indexes of the SCGCA CFST and
concrete specimens, where Ny and Ny are the bearing capacity of the
SCGCA CFST and concrete specimens, respectively; The peak stress (f.o)
and elastic modulus (E.,) of SCGCA concrete specimens are determined
according to the specific method in GB/T 50081-2019 [35]; &.. and é&¢,
are the peak strains at Nys and Ny, respectively; e.sc and & are
respectively the axial splitting strain of the SCGCA CFST and concrete
specimens, which is the indicator of forming splitting cracks in concrete.
It should be noted that the formation of splitting cracks is a sign that the
concrete has created the inelastic hoop strain [30]. Since the confine-
ment effect of steel tube to core concrete is passive, the confining stress
of the steel tube affects the hoop strain of the core concrete, and vice
versa [27]. Therefore, it is crucial to obtain the mechanical behavior of
the SCGCA CFST specimens by accurately estimating the hoop strain of
the core concrete and confining stress of the steel tube.

Fig. 6 depicts the effects of r and t on axial load-axial strain curves
and corresponding hoop strain-axial strain curves of SCGCA CFST
specimen, in which N denotes axial load imposed on thspecimens; ¢, and
ep, represent axial and hoop strains, respectively; ¢, and &, are taken as
the positive and negative values respectively, which remains consistent
throughout the subsequent analysis; the blue squares and green triangles
respectively are the elastic limit point of e-¢, curve and peak point of N-
&, curve, which are respectively represented by é.. and e for the
SCGCA CFST specimens. It can be found from the experiment that there
is a similar changing trend in N-g, curves of two types of specimens.
Thus, the SCGCA CFST specimens were taken as an example:

The whole N-¢, curve of SCGCA CFST specimen can be categorized
into three stages: (a) Elastic stage (e,€(0, &csc]): when ¢, < g, steel tube
and core concrete are in a separated state with no interaction between
them; and when &5 < &, < €, the steel tube begins to confine core
concrete as circumferential expansion of core concrete increases. In this
stage, the concrete is always in the elastic stage because that confining
stress can postpone the formation and development of the splitting
cracks in core concrete. (b) Elastic-plastic stage (¢,€(&csc, €ccl): the axial
strain enters elastic-plastic stage with the occurrence of splitting cracks
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r=50%
(a) C40-r series

S40-50-c
(b) S40-r-¢ series
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S40-100-c

Fig. 5. The failure modes of SCGCA CFST and concrete specimens.

in core concrete. (c) Plastic stage (e,€(eqc, o0)): the axial strain enters
plastic stage as axial load ascends to bearing capacity. The hoop strain-
axial strain curves of specimens can be categorized into two stages: (a) 2)
£,€(0, ecscl: the axial strain is small and the hoop one grows slowly; (b)
€,€(€cse, ), the hoop strain enters the inelastic stage with the appear-
ance of splitting cracks in core concrete, and at this stage, the hoop strain
increases rapidly with increasing axial strain.
The following phenomenon can be observed in Fig. 6 and Table 6 for
SCGCA CFST specimens:

(1) There is a downward trend for Ny, with the increase of r. Spe- 3)
cifically, the average value of Ny, for S40-100-a series specimens
and S60-100-a series specimens are 22.4% and 21.9% lower than
that of Nys for S40-0-a series specimens and S60-0-a series
specimens, respectively. It can be explained by the fact that

compressive strength of core concrete decreases with increasing
r, and the similar conclusion can be found in [36].

There is also a downward trend for e.c with the increase of r.
Specifically, the average value of e for S40-100-a series spec-
imens and S60-100-a series specimens are 23.8% and 23.0%
lower than that of &5 for S40-0-a series specimens and S60-0-a
series specimens, respectively, which can be illustrated by earlier
micro-cracks and circumferential expansion of specimens with
the more SCGCA. Such unique characteristic can be used to
activate confining stress offered by steel tube in advance.

There is an upward trend for ¢, with the increase of r. Specif-
ically, the average value of ¢.. for S40-100-a series specimens and
S60-100-a series specimens are 24.6% and 54.0% higher than
that of .. for S40-0-a series specimens and S60-0-a series spec-
imens, respectively.
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r=50%

S60-100-b

S60-0-c "~ $60-50-c "~ S60-100-c

(d) S60-r- series
Fig. 5. (continued).
(4) The ¢, of SCGCA CFST specimens increases with increasing r at stress of steel tube is passively applied to core concrete owing to
the same ¢,, which suggests that the addition of SCGCA causes a the circumferential expansion of concrete. Therefore, the higher
greater circumferential expansion of concrete. The confining confining stresses can form with the greater circumferential
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Table 6
The mechanical indexes of the SCGCA CFST and concrete specimens.
Specimens r(%) tmm) e (%) €cc (%) Nus (kN) Esc €co Nue feo Eeo €cc/Eco Nus/Nue
Value  Avg. Value  Avg. Value Avg. (%) (%) (kN) (MPa) (MPa) Value  Avg. Value  Avg.
S$40-0-a-1 0 3 0.174 0.168 0.976 0.952 1561.9 1548.7 0.116 0.186 719.2 40.7 29,142 5.16 5.04 217 2.15
S40-0-a-2 0 3 0.162 0.928 1535.6 4.91 2.14
S40-50-a-1 50 3 0.140 0.149 1.154 1.097 1319.0 1327.2 0.098 0.211 651.4 36.9 25,375 5.66 5.38 2.02 2.04
S40-50-a-2 50 3 0.158 1.040 1335.3 5.10 2.05
S40-100-a- 100 3 0.133 0.128 1.134 1.186 1191.9 1201.5 0.081 0.227 505.6 28.6 20,747 5.09 5.32 2.36 2.38
1
S40-100-a- 100 3 0.123 1.238 1211.1 5.55 2.40
2
S40-0-b-1 0 4 0.193 0.181 1.206 1.151 1764.7 1816.9 0.116 0.186 719.2 40.7 29,142 6.38 6.09 2.45 2.53
S40-0-b-2 0 4 0.169 1.096 1869.2 5.80 2.60
$40-50-b-1 50 4 0.170 0.162 1.209 1.257 1665.8 1659.4 0.098 0.211 651.4 36.9 25,375 5.93 6.16 2.56 2.55
S$40-50-b-2 50 4 0.154 1.305 1653.0 6.40 2.54
S40-100-b- 100 4 0.139 0.143 1.358 1.378 1385.4 1368.6 0.081 0.227 505.6 28.6 20,747 6.09 6.18 2.74 2.71
1
S$40-100-b- 100 4 0.147 1.398 1351.7 6.27 2.67
2
S40-0-c-1 0 4.5 0.191 0.202 1.192 1.233 1910.4 1893.4 0.116 0.186 719.2 40.7 29,142 6.31 6.52 2.66 2.63
S40-0-c-2 0 4.5 0.213 1.274 1876.5 6.74 2.61
S40-50-c-1 50 4.5 0.179 0.184 1.380 1.338 1701.3 1718.2 0.098 0.211 651.4 36.9 25,375 6.76 6.56 2.61 2.64
S40-50-c-2 50 4.5 0.189 1.296 1735.2 6.35 2.66
S40-100-c- 100 4.5 0.168 0.162 1.433 1.427 1519.2 1540.9 0.081 0.227 505.6 28.6 20,747 6.43 6.40 3.00 3.05
1
S$40-100-c- 100 4.5 0.156 1.421 1562.6 6.37 3.09
2
S60-0-a-1 0 3 0.179 0.183 0.715 0.724 1812.5 1819.4 0.125 0.190 900.1 51.0 32,270 3.80 3.85 2.01 2.02
S60-0-a-2 0 3 0.187 0.733 1826.3 3.90 2.03
S60-50-a-1 50 3 0.175 0.164 0.797 0.830 1605.3 1630.3 0.104 0.222 840.9 47.6 29,104 4.05 4.21 1.91 1.94
S60-50-a-2 50 3 0.153 0.863 1655.3 4.38 1.97
S60-100-a- 100 3 0.149 0.141 1.164 1.115 1410.5 1420.1 0.095 0.234 670.4 37.9 22,345 5.20 4.98 2.10 2.12
1
S60-100-a- 100 3 0.133 1.066 1429.6 4.76 213
2
S60-0-b-1 0 4 0.217 0.203 0.894 0.916 1995.3 1976.3 0.125 0.190 900.1 51.0 32,270 4.76 4.87 2.22 2.20
$60-0-b-2 0 4 0.189 0.928 1957.4 4.94 2.17
S$60-50-b-1 50 4 0.186 0.189 0.964 1.033 1851.0 1865.7 0.104 0.222 840.9 47.6 29,104 4.89 5.24 2.20 2.22
S60-50-b-2 50 4 0.192 1.102 1880.3 5.59 2.24
$60-100-b- 100 4 0.152 0.168 1.169 1.192 1688.9 1672.2 0.095 0.234 670.4 37.9 22,345 5.22 5.32 2.52 2.49
1
S$60-100-b- 100 4 0.184 1.215 1655.5 5.42 2.47
2
S60-0-c-1 0 4.5 0.235 0.220 0.983 1.013 2175.8 2159.6 0.125 0.190 900.1 51.0 32,270 5.23 5.39 2.42 2.40
S60-0-c-2 0 4.5 0.205 1.043 2143.3 5.55 2.38
S60-50-c-1 50 4.5 0.208 0.207 1.059 1.102 2032.1 2039.1 0.104 0.222 840.9 47.6 29,104 5.38 5.59 2.42 2.43
S60-50-c-2 50 4.5 0.206 1.145 2046.2 5.81 2.43
S60-100-c- 100 4.5 0.212 0.188 1.308 1.266 1792.6 1812.0 0.095 0.234 670.4 37.9 22,345 5.84 5.65 2.67 2.70
1
S60-100-c- 100 4.5 0.164 1.224 1831.4 5.46 2.73
2
expansion of concrete, which is capable of improving the ductility 4. Analysis-oriented model for SCGCA CFST specimens

and strength of the structure [37].

(5) It can be found that with the increase of t, there are higher Ny,

—

The research results in Kwan et al. [27] indicated that the essential

€csc and .. under the same f.q and r. The value of Nys/Nyc and &¢./
€co for specimens range from 1.94 to 3.05 and 3.85 to 6.56,
respectively. In especial, when t = 4.0 mm, the value of Nys/Nyc
for S40 and S60 series specimens range from 2.53 to 2.71 and
2.20 to 2.49 respectively and that of e../eco for S40 and S60 series
ones range from 6.09 to 6.18 and 4.87 to 5.32 respectively; when
fed = 60 MPa, the value of Nys/Ny for t = 4.0 mm and 4.5 mm
series specimens range from 2.20 to 2.49 and 2.40 to 2.70
respectively and that of e../¢., for t = 4.0 mm and 4.5 mm series
ones range from 4.87 to 5.32 and 5.39 to 5.65 respectively. Based
on that, it can be concluded that the greater t and lower f.q of the
SCGCA CFST specimens, the better the enhancement effect of
strength and ductility of those. Furthermore, under same axial
strain, the hoop strain increases with decreasing t, which is
consistent with the conclusions in Lai and Ho [38].

ingredients for establishing the analysis-oriented model of SCGCA CFST
specimens were as follows: (1) a confining stress-hoop strain model
considering stress-strain characteristics of steel tube; (2) a hoop strain-
axial strain model of core concrete considering different compressive
strengths and confining stresses; (3) an axial stress-axial strain model of
core concrete considering different compressive strengths and confining
stresses.

4.1. Proposed analysis-oriented model

4.1.1. Stress-strain model of steel tube

In monotonic axial compression tests, the thin-walled steel tube of
SCGCA CFST specimens is approximatively under a biaxial stress state
with longitudinal compression (6,s) and circumferential tension (og ),
and its stress can be expressed as [39]:
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For the stress of steel tube in elastic stage (ce. < fy), generalized
Hooke’s law is applied and expressed as:

do! . de’
A= @
doy L—vs [ vs dey

where do | and dol are the longitudinal and circumferential incre-

mental stresses respectively, del; and de); are the longitudinal and
circumferential incremental strains respectively, and i denotes the
number of incremental steps.

For the stress of steel tube in plastic stage (c. > f;), incremental
Prandtl-Reuss equation is utilized and expressed as:

2 SaSh

do,, BT T e | [
P = ; &)
d(y()‘s - Vs SaSh Sﬁ de().s
oo — 2 _0

where s, = Sc+ ViSo, Sb = ViSx+ So, Sc = S2+ 2+ Vs and s =
(o1 _ i1 _1 i1 i1
3 (262,s —Op )’ So = 3 ( — 044 + 20_9.3 )

4.1.2. Hoop strain-axial strain model of core concrete

Fig. 7 depicts the comparison of the hoop strain (ep)-axial strain (e;)
curves of core concrete in SCGCA CFST specimens between the calcu-
lated results by Kwan et al. [21] and the tested results, where the blue
and black lines represent the calculated and tested results respectively. It
is noticeable that hoop strain in the tested curves is greater than that in
Kwan’s model under the same axial strain, which indicates that hoop
strain-axial strain model of NCA concrete presented in Kwan et al. [27]
isn’t suitable for the core concrete in SCGCA CFST specimens.

The model in Chen et al. [40] is modified by considering the influ-
ence of r based on tested results of SCGCA concrete specimens to
demonstrate mechanical properties of those specimens, which can be
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g. 6. Effect of r and ¢t on axial load-axial strain and hoop strain-axial strain curves of SCGCA CFST specimen.
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expressed as:
foo = (140.018r —0.3022)f, Q)
€00 = (14+0.26r)e,, 5)
Eeo = (1-0.32r)E,, (6)

/ /

where E,| = 47004/f.,, €., = 700+ 1724/f,

> feo and e, denote peak
stress and corresponding strain of SCGCA concrete specimens respec-
tively, f,, and ¢,, denote peak stress and corresponding strain of NCA
concrete specimens respectively, E, and E,, denote elastic modulus of
SCGCA concrete and NCA concrete specimens.

Thus, the model in Kwan et al. [27] is modified by considering the
effect of r to portray hoop strain-axial strain relationship of core con-
crete in SCGCA CFST specimens, which can be expressed as:

&= —vcgzqt(lvavaz)g—r %)
s P 1.1

& = —19.1k (€] — o) " {0.1 +0.9 exp<—5.3k2 (/—) ” } ®

Eg— = (0.44 4 0.0021f., — 0.00001£2) (1 +30exp( — 0.013f,,) j‘,i) ©)

el =€+l 10

where & and &? denote elastic and inelastic hoop strains of core concrete
in SCGCA CFST specimens respectively, ¢! and ¢! denote hoop and axial
strains of core concrete in SCGCA CFST specimens respectively, v, is the
Poisson’s ratio of SCGCA concrete specimens and taken as 0.2 herein, o,
is confining stress of steel tube to core concrete in SCGCA CFST speci-
mens, .5 denotes axial splitting strain of SCGCA CFST concrete speci-
mens, k; and k; are calculating coefficients considering r.

Before the formation of splitting cracks, the concrete is under elas-
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Fig. 7. Comparison of hoop strain-axial strain curves between calculated and tested results.

ticity and isotropy, and at this time, the elastic hoop strain (&) is
calculated according to Eq. (7). After the formation of splitting cracks,
the concrete is inelastic and anisotropic and hoop strain (¢!) is the sum
of elastic strain caused by Poisson’s effect and inelastic one caused by
splitting cracks, as shown in Eq. (10).

In order to determine the calculation methods of k; and ko, it is
assumed that the bond between concrete and steel tube is intact [38] and
these two components meet the deformation coordination conditions
under axial compression, which can be denoted as:

T
& =& = &

an
e =g,=¢ 12)

Then, based on the regression analysis of the ahead tested ey-¢,

curves of SCGCA CFST specimens, the calculation methods of k; and kg
are as follows:

ko =1+0.25° (13)

ky =1-0.2172 14)

The comparison of hoop strain (ey)-axial strain (e;) curves of core
concrete in SCGCA CFST specimens between the calculated results by
Egs. (7)-(10) and the tested results is shown in Fig. 7, where the red and
black lines represent the calculated and tested results respectively. It can
be concluded that the modified model in the paper offers a more
reasonable prediction of hoop strain-axial strain relationship of core
concrete in SCGCA CFST specimens compared to Kwan’s model.
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predictions.

4.1.3. Axial stress-axial strain model of core concrete

Scholars have proposed several confined concrete models [41-44],
including analysis models that consider stress-path dependence [45-47]
and active confinement models. The models developed in Attard and
Setunge [48] and Xiao et al. [49] are applied to characterize axial stress-
axial strain relationship of core concrete in SCGCA CFST specimen and
formulated as:

2
)l

ﬁ:C N T T 2 (15)
1 +(A—2)<:t) +(B+l)(£%)
0.80
f;: 1 +3.24(/ﬁ> (16)

where ¢! is axial strain of core concrete in SCGCA CFST specimens, fcc
and &, denote maximum stress and corresponding strain of core con-
crete in SCGCA CFST specimens respectively, A and B denote factors
controlling the shape of axial stress-axial strain curve and expressed as:

2

A= % B= % ascending portion
g 4], O )
A= i i i/ i B= — & i __\%2/)
o I e Rl e s

where £ (2.50-0.30In(f. ) -2

Ece 0.26 +
1.12(%) +1

(261 e, fp = 0L
6.35 (7) +1

Fig. 8 plots the comparison of e../eco Of specimens between the

predicted results by Xiao et al. [49] and Lim and Ozbakakloggu [50] and

the tested results, where (ecc/€co)e and (ecc/eco)p are the tested and

predicted results respectively. It is noted that existing peak strain models

of NCA concrete in Xiao et al. [49] and Lim and Ozbakakloggu [50]

fi (1.47-0.17In(fo, ) -1
2; E = T, o057
5,06<ﬂ) +1

fco

+ 1, ey =

+ 1.

10
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Fig. 9. Flowchart of the analysis process.

aren’t applicable to SCGCA CFST specimens.
To obtain the reliable &../e.,, a modified equation based on Xiao
et al. [49] is suggested, which considering the effect of r.

e P 1.06b
=1+ 174a (f—)
SCU co

wherea =1— 0.168r, b =1 — 0.13r+ 0.72r2.

The comparison of e../¢., of specimens between the predicted results
by Eq. (18) and the tested results is displayed in Fig. 8, where (e¢c/€code
and (ecc/€co)p are the tested and predicted results respectively. It can be
concluded that the mean value (MV), standard deviation (SD) and

18

a7

descending portion

average absolute error (AAE) of (ecc/eco)p/(€cc/Eco)e are 0.943, 0.042,
and 0.047 respectively, which verifies the rationality and reliability of
the equation, meanwhile the limitation of the active confinement model
lies in its failure to consider the porous characteristics of aggregates,
necessitating further investigation in the future [51-53].

4.2. Deformation coordination and equilibrium conditions

At initial loading phase, it is thought that core concrete and steel tube
are separated and confining stress of steel tube to core concrete is
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Fig. 10. Comparison of axial load-axial strain curves between experimental measurements and model predictions.

assumed to be zero. Subsequently, as the splitting crack forms, the hoop
strain of core concrete increases rapidly to that of steel tube, which
begins to confine the core concrete at this time. During this stage,
confining stress can be calculated using deformation coordination and
equilibrium condition, expressed as:

2t

- 19

Or = — Ops = —

2t

11

4.3. Implementation of the analysis-oriented model

The complete flowchart of the analysis-oriented model for SCGCA
CFST specimens proposed in the paper is illustrated in Fig. 9 and
described in detail as follows:
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(1) Input the basic parameters of specimens, such as the section
diameter (D), the steel yield strength (fy) and the steel tube

thickness (t) of SCGCA CFST specimens; the peak stress (fw) of the
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NCA concrete specimens and SCGCA replacement ratio (r). The
fecos €co, and E, can be calculated by Egs. (4)-(6). And then, apply
an incremental axial strain (de,) of 0.0001 to axial strains of
concrete and steel tube which start from 0.

(2) It is assumed that confining stress is zero before axial strain
achieves &g.. The &5 can be obtained by Eq. (9) under o, = 0.
Calculate hoop strains of steel tube (&) and core concrete (&) of
SCGCA CFST specimens using Egs. (1)—(3) and (7), (19) respec-
tively. Then the process enters the next step when & > gy ;
conversely, adjust axial strain of steel tube and concrete until
satisfying the condition.

(3) Continue to apply de, and calculate the confining stress (¢,) and
hoop strain (¢) of SCGCA CFST specimens based on the stress-
strain model of the steel tube (Egs. (1)-(3)), the hoop strain-
axial strain model of core concrete (Egs. (7)-(10)) and the
deformation coordination and equilibrium conditions (Eq. (19)).

(4) Substitute o, and the current axial strain (¢,) to evaluate axial
stresses of core concrete (a"zf) in SCGCA CFST specimens based on
Egs. (15)-(18). Acquire axial stresses of steel tube (o,) by using
incremental axial and hoop strains gained from step (3).
Furthermore, calculate axial load of the SCGCA CFST specimens
(N) by the following equation:

N =0, A, +0,A. (20)

where Ag and A, represent the cross-sectional areas of steel tube and core
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Fig. 12. Effects of critical parameters on N-¢, curves of the SCGCA CFST stub columns.
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Fig. 13. Evaluations of N, by available design methods in current design codes.

concrete in SCGCA CFST specimens, respectively.

(5) Repeat above steps until total axial strain of core concrete reaches
1.6% and then output complete axial load-axial strain curve of
SCGCA CFST specimens.

4.4. Verification of analysis-oriented model

The comparison of axial load (N)-axial strain (e,) curves of SCGCA
CFST specimens between predicted results by the analysis-oriented
model in this paper and tested results is shown in Fig. 10, where the
black and red lines represent tested and predicted results, respectively. It
can be observed that there is a similar changing trend between the
predicted and the tested N-¢, curves of the SCGCA CFST specimens.
Fig. 11 further demonstrates the comparison of axial bearing capacity of
SCGCA CFST specimens between predicted results by the analysis-
oriented model in the paper and the tested results, where (Ny), and
(Nys)e are the predicted and tested bearing capacity respectively. It can
be obtained that the MV, SD and AAE of (Nys)p/(Nys)e are 1.002, 0.057,
and 0.047 respectively, which verifies the rationality and reliability of
analysis-oriented model presented in this paper for SCGCA CFST
specimens.
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4.5. Extensive parameter analysis

Considering the limited number of tested SCGCA CFST specimens, an
extensive parameter analysis was further performed by the proposed
analysis-oriented model. The basic conditions of the typical calculation
example are: L = 450 mm, D = 156 mm, D/t =52, f; = 345 MPa, foq = 30
MPa, r = 50%, and the variation ranges of critical parameters are: r =
0-100%, fy = 235-460 MPa, fcq = 30-50 MPa, D/t = 34.6-78.

Fig. 12 depicts the influences of critical parameters on axial load (N)-
axial strain (&,) curves of SCGCA CFST stub column. It is observed that
initial elastic modulus of N-¢, curves declines with increasing r and D/t
and decreasing fcq, the plastic stage of N-¢, curves occurs in advance
with increasing r and D/t and decreasing f, and f.q, and the bearing
capacity (Nys) of SCGCA CFST stub column ascends with decreasing r
and D/t and increasing fy and fcq.

4.6. Verification of the design methods

The reliability of design methods in GB50936-2014 [54], AISC
360-10 [55], ACI 318-11 [56] and Eurocode 4 [57] was discussed for
calculating bearing capacity (Nys) of SCGCA CFST stub columns under
axial compression. The comparison between predicted and experimental
or numerical bearing capacities is depicted in Fig. 13, where Ny and
Nyse (Nys,n) are the predicted and the experimental (numerical) results
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respectively. It can be obtained that the MV (SD) of Nys,p/Nus,e/n are
0.856 (0.035), 0.756 (0.071), 0.715 (0.063) and 0.861(0.032) for
GB50936-2014, AISC 360-10, ACI 318-11 and Eurocode 4 respectively,
which indicates that design approaches in four design codes underesti-
mate bearing capacity of SCGCA CFST stub column subjected to axial
compression.

5. Conclusions

On basis of the experimental and theoretical studies in this research,
the main conclusions can be made as follows:

(1) Similar to NAC CFST, the outward bulking of steel tube occurs at
the end and mid-height of the SCGCA CFST specimens. With the
increase of t, the failure modes of specimens change from the
shear failure to the drum-like failure; with the increase of r, the
damage of core concrete and outward buckling of steel tube tend
to be severe.

(2) With the increase of r, the bearing capacity Ny, and axial splitting

strain e¢sc of the SCGCA CFST specimens decrease while the peak

strain &, increases; with the increase of t, the Ny, €csc and e¢. of
the SCGCA CFST specimens increase.

Under same axial strain, the hoop strain of SCGCA CFST speci-

mens increases with increasing r, which causes greater circum-

ferential expansion of core concrete and corresponding higher
confining stress of steel tube.

The analysis-oriented model developed in this paper, which

considers the expansion characteristic of the SCGCA concrete,

can reasonably predict mechanical behavior of SCGCA CFST stub
columns under axial compression and offer a theoretical guide-
line for design method and specification of such stub columns.
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