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Abstract. In order to study the axial compression performance of sand-lightweight concrete-filled steel tube (SLCFST) stub
columns, three circular SLCFST (C-SLCFST) stub column specimens and three SLCFST square (S-SLCFST) stub column
specimens were fabricated and static monotonic axial compression performance testing was carried out, using the volume ratio
between river sand and ceramic sand in sand-lightweight concrete (SLC) as a varying parameter. The stress process and failure
mode of the specimens were observed, stress-strain curves were obtained and analysed for the specimens, and the ultimate
bearing capacity of SLCFST stub column specimens was calculated based on unified strength theory, limit equilibrium theory
and superposition theory. The results show that the outer steel tubes of SLCFST stub columns buckled outward, core SLC was
crushed, and the damage to the upper parts of the S-SLCFST stub columns was more serious than for C-SLCFST stub
columns. Three stages can be identified in the stress-strain curves of SLCFST stub columns: an elastic stage, an elastic-plastic
stage and a plastic stage. It is suggested that AlJ-1997, CECS 159:2004 or AlJ-1997, based on superposition theory, can be
used to design the ultimate bearing capacity under axial compression for C-SLCFST and S-SLCFST stub columns; for varying
replacement ratios of natural river sand, the calculated stress-strain curves for SLCFST stub columns under axial compression
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show good fitting to the test measure curves.
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1. Introduction

As a type of lightweight aggregate concrete, all
lightweight concrete has advantages including light
(Shafigh et al. 2013)' heat preservation and sound insulation
(Tang 2017), good working performance (Chien et al. 2014)
and excellent seismic performance (Carrillo et al. 2015); of
these benefits, its low apparent density is the most
prominent. This is very important in the application and
popularisation of all lightweight concrete in high-rise
buildings, space structures and large volume structures
(Zhang et al. 2018). However, since coarse and fine
lightweight aggregates are used for lightweight aggregate
concrete, lightweight aggregate floatation is a serious
problem (Obaidat and Haddad 2016). The strength of
lightweight aggregate is very low, and it is therefore
difficult for all lightweight concrete to meet design
requirements (Ayati et al. 2018).

Using all lightweight concrete as a basis, a new type of
lightweight aggregate concrete called SLC is made using
natural river sand as a partial or complete substitute for
lightweight sand in all lightweight concrete (Zhang et al.
2017). Compared with all lightweight concrete, SLC has a
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higher strength and elastic modulus (Yang and Ashour
2011), lower shrinkage deformation (Choi et al. 2014), and
can reduce pumping and construction difficulties (Dong et
al. 2016, Meng and Khayat 2017), greatly reducing the
project costs (Amel et al. 2017).

Concrete-filled steel tubes are widely used in industrial
and civil buildings due to their high bearing capacity, good
plasticity and toughness, convenient methods of
construction and good seismic performance (Min et al.
2013, Tao et al. 2016). Montejo et al. (2012), Zhang et al.
(2015), Tu et al. (2014) and Liu et al. (2014) have
extensively studied and reported on the static, long-term
mechanical and hysteretic properties and fire resistance of
concrete-filled steel tubes. SLCFST is formed by placing
SLC inside a steel tube; this can not only offer the
advantages of high strength, good plasticity and toughness,
convenient construction methods and good seismic
performance of concrete-filled steel tubes, but can also
greatly improve the mechanical properties of core SLC
through the confining pressure of the external steel pipes.
SLCFST can reduce the self-weight of the concrete-filled
steel tube and achieve the purpose of strengthening the
constraint on the core material, and also protects the SLC
from external harmful media erosion and deterioration.
These factors mean that SLCFST can be adapted to the
needs of modern engineering structures, which involve
large spans, heavy loads and very high structures
(Abdelgadir et al. 2011, Ghannam et al. 2004).
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At present, only a limited amount of research has been
carried out on all lightweight concrete-filled steel tubes. Fu
et al. (2016, 2014) studied the compressive and bending
properties of all lightweight concrete-filled steel tubes, and
the results showed that with an increase in the ratio of the
steel area, the restraining effect of the steel tube on the
lightweight aggregate concrete is increased; the moment
capacity of all lightweight concrete-filled steel tubes
increased as the steel ratio and core lightweight concrete
strength increased. Assi et al. (2003) studied the
contribution of lightweight aggregate and foamed concrete
to the ultimate strength capacity of square and rectangular
steel tube sections, finding that these materials can be used
in composite constructions to increase the flexural capacity
of steel tubular sections. AL-Eliwi et al. (2017) studied the
performance of lightweight aggregate and self-compacted
concrete-filled steel tube columns, and the results showed
that the nature of the utilized lightweight aggregate led to
the local buckling mode being dominant in lightweight
concrete-filled steel tube columns. In all, these results show
that the strength, modulus and plasticity of the core
lightweight concrete are improved to varying degrees under
the constraints of the external steel tube, and the stiffness of
all-lightweight concrete-filled circular steel tube also
improves. However, little research into SLCFST has been
done.

On the basis of the above studies, C-SLCFST and S-
SLCFST stub columns were designed and made in this
study using shale ceramsite and shale pottery as lightweight
aggregate with different replacement ratios of river sand.
An axial compression performance test was carried out on
the SLCFST stub columns to reveal the stress mechanism
and failure mode, and the ultimate bearing capacity for axial
compressive stress. The whole process of mechanical
response was carefully analysed, and can provide a
reference for further research and applications of SLCFST.

2. Overview of testing
2.1 Design and manufacture of specimens

Six SLCFST stub columns were designed, with two
changing parameters: the cross-sectional form and the river
sand replacement ratio. The cross-sectional forms of the
steel tube were circular and square; three circular steel tubes
and three square steel tubes were made, all of which were
welded using a straight weld. The diameter of the round
steel tube was 159 mm, while the length of the side of the
steel tube was 150 mm. The river sand replacement ratio
refers to the loose volume proportion of river sand in all
fine aggregate. Its levels in this study were 0%, 50%, and
100%.

The raw material for the SLC was P, O 42.5R cement,
fly ash, a water reducing agent, running water, natural river
sand, shale ceramsite and shale pottery. The mixes of sand
light concrete with three different replacement ratios are
shown in Table 1. The sand light concrete with a strength
grade of LC35 was made up based on a replacement ratio of
0%; the other types of replacement sand light concrete were
made up by changing the loose volume ratio of the sand.

Table 1 Mix of sand-lightweight aggregate concrete (kg/m?®)
Water

River sand Fly - Shale Shale  Natural
Water Cement reducing . .
replacement ash agent ceramsite  pottery river sand
0% 171 472 159 6.31 444 408 0
50% 171 472 159 6.31 444 204 341
100% 171 472 159 6.31 444 0 682

Table 2 Design parameters for specimens

No. r L D t LDDt o« fy fu E v & fu f ¢

C-0 0% 480 159 3.5 3.0245.430.0942 337 417 178 1.89 1891 35.8 24.7 1.29

C-1 50% 480 159 3.5 3.0245.430.0942 337 417 178 1.89 1891 42.1 35.9 0.88

C-2100% 480 159 3.5 3.0245.430.0942 337 417 178 1.89 1891 44.8 42.4 0.75

S-0 0% 450 150 3.0 3.0050.000.0851 268 342 161 1.67 1666 35.8 24.7 0.92

S-1 50% 450 150 3.0 3.0050.000.0851 268 342 161 1.67 1666 42.1 35.9 0.64

S-2 100% 450 150 3.0 3.0050.000.0851 268 342 161 1.67 1666 44.8 42.4 0.54

Note: r is the river sand replacement ratio; L is the height of
the specimen (mm); D is the outer diameter of the circular
steel tube or the outer side length of the square steel tube
(mm); tis the thickness of the steel tube (mm); « is the steel
ratio (a = AdAc, As, Acstand for the cross-sectional area of
the steel tube and SLC, respectively); fy, f, are the yield
strength and ultimate strength of the steel tube (MPa),
respectively; E is the modulus elasticity of the steel tube
(GPa); v is the Poisson’s ratio for the steel tube; &y is the
yield strain of the steel tube; fc,, fc are the cube compressive
strength and axial compressive strength of the SLC
corresponding to the specimens (MPa); and ¢ is the hoop
coefficient (for ofy/fc).

Second level fly ash was used, accounting for 25% of the
total cement material, and the main ingredient of the water-
reducing agent was a f-high condensation compound of
naphthalene sulphonic acid formaldehyde, in a mixing
quantity of 1% of the total cementing material.

An 8 mm-thick end plate was welded at one end of the
steel tube after it was made. The SLC was poured from the
other end, and cube and prism standard test blocks were
prepared in the same condition. After the specimens were
completely cured, the same proportionate cement mortar
was used to make the surface level, and another 8 mm-thick
end plate was welded onto the tube so that the SLC was
completely enclosed inside the steel tube. The design
parameters for the specimens are shown in Table 2.

2.2 Test method

The test was carried out on a 500 t hydraulic press, and
the loading device used is shown in Fig. 1. Load control
was used in the test loading system, whereby each level of
load was taken as P,/10 (where Py is the estimated ultimate
load), and held for two minutes; when loaded to 0.90 P, it
was transferred to displacement control, and the control
displacement amplitude was about 3 mm, when
strengthening sections appeared and developed on the
loading-displacement curves till displacement reached to
the maximal range of dial indicator, the test was ended. The
axial strain and hoop strain of the external steel tube were
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Fig. 1 Loading and measuring device used in testing

automatically recorded by the static strain collector, and
displacement data and load values were acquired by the dial
indicator and computer, respectively, as shown in Fig. 1.

3. Analysis and discussion of test results
3.1 Failure process and modes

In the initial stage of loading, there was no apparent
change in the appearance of the specimens. When the load
was increased to about 60% of the limit load, the core SLC
began to emit the sound of fine colloid cracking, and when
the load was increased to about 80%-90% of the limit load,
the laitance and rust on the steel tube surface began to fall
off, accompanied by a crackling sound, and the surface of
the steel tube began to buckle. When the limit load was
reached, the first buckling ring on the upper part of the steel
tube had been formed. With the continuation of the load, the
surface of the steel tube formed the second and third
buckling in turn, and the intense splitting sound of
lightweight aggregate was emitted from the specimen.
Finally, the specimen was completely destroyed by the
excessive deformation of the steel tube.

After the test, the external steel tube was opened and the
failure mode of the core SLC was observed. The failure
modes of the SLCFST stub column is shown in Fig. 2. As
shown in Fig. 2(a) and (b), the outside of the circle and
square steel tube were outwardly buckled. The buckling
parts of the circular specimens were mainly concentrated in
the upper, lower, and middle sections, and buckling parts of
square specimens mainly concentrated in the upper regions.
The buckling of the square steel tube was more serious; the
individual square specimen appeared to be torn in the upper
region of the pipe, and the steel pipe in the upper parts of
some square specimens was torn. As shown in Fig. 2(c), the
core SLC exhibited cracked and crushed areas along the
whole height range of the round specimen, and there were
signs of sliding-reshaping downward due to compression,
with powdered SLC in the fracture section; in the half-
height range for the square specimen, the core SLC was
crushed, and the damage was more serious, while in the

(@) Circular steel tube

;
(b) Square steel tube

(c) Core SLC

Fig. 2 Failure modes for specimens
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Fig. 3 Measured stress-strain curves for specimens
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Table 3 Degraded amplitudes and recovery amplitudes of
axial bearing capacities for specimens

No. c-0 c1 c2 5-0 51 52
First peak 5778 5808 5444 5336 5178 4502
stress/MPa
Valley 56.65 56.8 5240 4697 4631  40.10
stress/MPa
Risingpeak &, o 64.90 60.35 4899 5147  44.93
stress/MPa
Axial

compression
bearing capacity
degenerate range
Axial
compression
bearing capacity
recovery range

98.0% 97.8% 96.3% 88.0%  89.4%  89.1%

107.7%  111.7% 1109%  91.8%  99.4%  99.8%

lower part of the core SLC, there was no evidence of
cracking or crushing.

3.2 Measured stress-strain curves

The measured load and displacement for the SLCFST
stub column were converted to nominal stress-strain curves
using Eqg. (1), as shown in Fig. 3

o=NIA, &=All 1)

where N is the axial compressive force of the specimen; A is
the total cross-sectional area of the specimen; Al is the
compression displacement of the specimen during the stress
process; and | is the specimen height.

As shown in Fig. 3, the nominal stress-strain curves for
all SLCFST stub column specimens could be divided into
three stages: a linear rise, slow growth and a slow
drop/steady development. From the point of view of force
performance, this phenomenon reflects the three loading
stages (elastic, elastic-plastic and plastic) for the SLCFST
stub column. In the elastic stage, the stress-strain curve for
the SLCFST stub column is almost straight, and the elastic
proportional limit load is about 50%-70% of the limit load.
When the specimen enters the elastic-plastic stage, the outer
circle and square steel tube gradually yielded, and the micro
cracks in the core SLC continued to expand, leading to a
significant increase in the longitudinal displacement of the
specimen. the nominal stress-strain curve then gradually
deviated from a straight line until it reached the peak point.
At this point, the bearing capacity of the specimen reached
the ultimate bearing capacity. When the specimen entered
the plastic stage, the nominal stress-strain curve of the
specimen showed a relatively gentle descent section; at this
point, the yielding of the steel was more severe, and the
vertical load was mainly borne by the core SLC. Compared
with the square specimen, the binding distribution of the
circular specimen’s outer steel tube to the core SLC was
more uniform; this is due to the effect of the external steel
tube on the core SLC, whereby the hoop coefficient is high,
the nominal stress-strain curve of the plastic stage slowly
rises, and the bearing capacity of the specimen is larger than
the ultimate bearing capacity at the end of the test. In the
plastic stage of the nominal stress-strain curve for the
square specimen, there are small fluctuations in the upper
and lower stages, but the bearing capacity at the peak is less

than the ultimate bearing capacity.

3.3 Degradation and recovery of axial compression
bearing capacity

To define the axial compression bearing capacity
degenerate range of the SLCFST stub columns, the ratio
between the valley stress and peak stress in the measured
stress-strain curve is used; to define the axial compression
bearing capacity recovery range of the SLCFST stub
column, the ratio of the rising peak stress to the first peak
stress is used, where the maximum stress after the first peak
stress is taken as the rising peak stress. The degradation and
recovery range of the axial compression bearing capacity of
the circular and square specimens are shown in Table 3.
The stress-strain curve for the circular specimen shows a
slow rise after reaching the valley, and the recovery peak
stress is taken as the axial compression bearing stress at the
end of loading.

As shown in Table 3, for circular specimens, the
degradation and recovery range of the axial compression
bearing capacity undergo very little change, and thus the
river sand replacement ratio has little influence on the
degradation and recovery range. The mean value of the
degradation range for the axial compression bearing
capacity is 97.37%, and the mean value of the recovery
range for the axial compression bearing capacity is
110.10%. C-SLCFST stub columns can still maintain a high
bearing capacity after reaching the ultimate load, and they
show strengthening features. For the square specimens, the
ratio of river sand replacement has little effect on the
degradation and recovery range axial compression bearing
capacity; the mean value of the degradation range of the
axial compression bearing capacity is 88.83%, while the
mean value of the recovery range for the axial compression
bearing capacity is 97.00%. After it reaches the limit load,
the axial compression bearing capacity of the upper part of
the square steel tube and the SLC is greatly reduced, and its
axial compression bearing capacity is greatly reduced. With
continued loading, the yield range of the square steel tube
increases, and the buckling hoop gradually becomes circular
rather than square. The confining mechanism of the square
steel tube on the SLC is close to that of the circular steel
tube, and the steel itself is fully strengthened, so the axial
compressive bearing capacity of square specimens also
increases, although its recovery range is smaller than that of
the circular specimen.

3.4 Load-axial strain curve for the steel tube

The axial strain of the external steel tube in the loading
process can be measured using the axial strain gauge
located in the central part of the external steel tube. The
axial load(N)-axial strain(e,) of the C-SLCFST and S-
SLCFST stub columns is shown in Fig. 4.

As shown in Fig. 4(a), in the initial stage of loading, the
N-¢a curve of the circular specimen rose linearly; when the
turning point was reached, the specimen yielded due to
axial compression, and the measured axial strain of the steel
tube was fairly similar to that of the yield strain. After that,
since the core SLC still had some bearing capacity under



Mechanical performance of sand-lightweight concrete-filled steel tube stub column under axial compression 631

12004
10004
— 800+
X
= 6004
=z /:
400 c-0 yield line of circular steel tube .
—e—C-1 1
2009 —a—C-2 !
1
0 T T T T ’ i
-12000 -10000 -8000 -6000 -4000 -2000 0
-3
gaxial /10
(a) Circular specimens
1000 T
1
| —=—S-0
8004 .~ 51
! ——352
— 600+ ,
— 1
~
Z 4004 ;
AN
. yield line of square steel tube
2004 \
1
0 L T T T
-2000 -1600 -1200 -800 -400 0

e /107

axial

(b) Square specimens

Fig. 4 Relationships of column axial load-steel tube axial
strain

the constraint of the external circular steel tube, the N-g,
curve rose slowly. Compared with the load, the strain of the
steel tube increased rapidly, and the N-g. curve showed a
long period of plastic deformation. Before the axial strain
gauge was invalid, the axial compression strain measured
for external steel tube of the circular specimen was more
than 10,000 ue, and the performance of the axial
compression material of the external circular steel tube was
fully developed. As shown in Fig. 4(b), similarly to the
initial loading of the circular specimen, the axial
compression strain of the square specimen increased
approximately linearly with the increase in the load. When
the load reached 70%-80% of the limit load, the axial
deformation of the square specimen was too large and the
axial strain gauge was damaged, and was unable to collect
subsequent strain data; however, the data collected before
failure exceeded the yield strain of the square steel tube.
This also indicates that the axial deformation resistance of
the square specimen was weaker than that of the circular
specimen, and the overall performance of the external
square steel tube and core SLC was relatively poor.

3.5 Load-hoop strain curve of the steel tube
The hoop strain of the external steel tube during the

process of axial compression was collected using the hoop
strain gauge positioned in the central part of the external
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Fig. 5 Relationships of column axial load-steel tube hoop
strain

steel tube, and the axial load (N)-hoop strain (en) curves for
the SLCFST stub columns are shown in Fig. 5.

As shown in Fig. 5, in the initial stage of loading, the
hoop strain of the circular and square specimens increased
linearly with an increase in the load, and was less than the
axial compression strain. At this point, the external steel
pipe was not involved in the core SLC constraints, as it was
bearing the axial compression rather than the hoop tension.
When the N-g, relation curve underwent a turning point, the
specimen entered the axial compression yield state; at this
stage, there was little difference between the hoop tensile
strain and the yield strain of the steel pipe ring. Compared
with C-1 and C-2, the N-g relation curve for C-0 is more
representative. In particular, following the axial
compression yield stage of the specimen, the hoop strain of
the steel pipe increased rapidly, with the external steel tube
restraining the core SLC significantly. By comparing Figs.
5(a) and 4(a), it can be shown that the growth rate of the
hoop tensile strain was much greater than that of the axial
compressive strain for circular specimen, and the hoop
strain of the steel tube under the same load was also greater
than the axial strain, showing that the external steel tube
was subjected to hoop tension rather than axial compression
at this point. Before the hoop strain gauge failed, the hoop
strain in the C-0 steel tube was more than 12,000 ue,
meaning that the hoop tensile performance of material for
the external circular steel tube had exhibited fully. Due to
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Table 4 Comparison between measured results and
calculated results for the ultimate bearing capacity for
circular specimens

Limit
equilibrium
theory

Unified strength theory Superposition theory

Nu Zhong
/kN  Shantong
equation

Han Linhai CECS
equation 28:2012

No.

AlJ-1997 EC4-2004  ACI-2005

Ne/KN' Ne/Nu No/KN' No/Nu' No/KN' Ne/Nu' No/KN' Ne/Nu No/KN' Ne/Nu Ne/KN' Ne/Ny

C-0 1144 1276 1.115 1213 1.060 1647 1.440 982 0.858 780 0.682 663 0.580

C-1 1164 1535 1.319 1463 1.257 1846 1.586 1179 1.013 934 0.802 805 0.692

C-2 1078 1693 1571 1615 1.498 1975 1.832 1293 1.199 1024 0.950 888 0.824

Average value  1.335 1.272 1.619 1.024 0.811 0.698
Standard deviation 0.186 0.179 0.162 0.139 0.110 0.100
Variation 139 0.141 0.100 0.136 0.135 0.143

coefficient

Table 5 Comparison between measured results and
calculated results for the ultimate bearing capacity for
square specimens

Unified strength theory Superposition theory

Zhong
No. NukN  Shantong
equation

Han Linhai e oo150:004 - AlL3-1007

. EC4-2004  ACI-2005
equation

NJ/KN No/Nu Ne/KN No/Nu N/KN - No/Nu- Ne/KN' Ne/Nu' No/KN' Ne/Nu Ne/kN- Ne/Ny

S-0 1201 1091 0.908 1090 0.828 994 0.828 866 0.721 823 0.685 0.908 0.527

S-1 1165 1397 1.199 1393 1.052 1226 1.052 1063 0.912 978 0.839 1.199 0.670

S-2 1013 1572 1.552 1564 1.343 1360 1.343 1177 1.162 1068 1.054 1.552 0.856

Average value  1.220 1.216 1.074 0.932 0.860 0.684
Standard deviation 0.263 0.260 0.211 0.180 0.151 0.135
Variation - 16 0.214 0.196 0.194 0.176 0.197

coefficient

the early failure of the steel tube strain gauges in the square
specimen, the measured data for the hoop tension strain in
the test is low. However, by comparing Figs. 5(a) and 5(b),
it can be seen that under the same load, the hoop strain of
the circular specimen was larger than that of the square
specimen. This is because the external circular steel tube
constraining the core SLC binding was strong and uniform,
and the measured Poisson’s ratio for the circular steel tube
was less than that of the square steel, and the circular steel
tube gets involved in working state of constraints earlier
than the square steel tube.

4. Calculation of the ultimate bearing capacity

To date, many studies of the ultimate bearing capacity
of concrete-filled steel tubular members have been carried
out. In these, the theories put forward for the ultimate
bearing capacity of stub columns under axial compression
are mainly the unified strength theory, the limit equilibrium
theory and the superposition theory. Unified strength theory
involves the Zhong Shantong equation (Zhong 2003) and
the Han Linhai equation (Han 2016), while limit
equilibrium theory involves CECS 28:2012 (2012), and
superposition theory includes CECS 159:2004 (2004), the
Japanese code AIlJ-1997 (1997), European Association
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Fig. 6 Measured non-dimensional strain-stress curves for
specimens

Standard EC4-2004 (2004), and American Standard ACI-
2005 (2005). In order to investigate whether the existing
calculation method is applicable to SLCFST stub columns,
based on the test data, the ultimate bearing capacity of the
specimen under axial compression is calculated using the
above equations, procedures and specifications, and the
calculated value (N¢) is compared with the measured value
(Ny), as shown in Tables 4 and 5.

As shown in Tables 4 and 5, for the C-SLCFST and S-
SLCFST stub columns, the calculated value based on
Zhong Shantong equation and the Han Linhai equation of
the unified strength theory and CECS 28:2012 of the limit
equilibrium theory is larger than the measured value, so the
design of the ultimate bearing capacity of SLCFST stub
columns under axial compression may be risky according to
the above theory. Meanwhile, based on the superposition
theory, the calculated values of EC-4 and ACI-2005 are
markedly lower than the measured values, in other words,
the calculated value of the ultimate bearing capacity of
SLCFST stub columns under axial compression based on
this theory may be conservative. For the C-SLCFST stub
columns, the calculated values based on AlJ-1997 of the
superposition theory are in good agreement with the
measured values, and the standard deviation and the
coefficient of variation are both small. The ratio between
the calculated value and the measured value is less discrete,
and it is therefore suggested that the calculation of the
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ultimate bearing capacity of the C-SLCFST stub columns
under axial compression should use AlJ-1997. For the S-
SLCFST stub columns, the calculated values based on the
CECS 159:2004 and AlJ-1997 standards of superposition
theory are in good agreement with the measured values, and
the ratio between the two is not very discrete. It is therefore
recommended that CECS 159:2004 or AlJ-1997 are used
for the calculation of the ultimate bearing capacity of the S-
SLCFST stub columns.

5. Analysis of full stress-strain curves

In order to eliminate the influence of the changing
parameters, the measured stress and strain of SLCFST stub
columns were divided by the peak stress and the peak
strain, respectively, and non-dimension stress-strain curves
are obtained as shown in Fig. 6.

Each dimensionless stress-strain curve of the circular
specimens in Fig. 6(a) can be divided into three parts: a
linear ascending section, a slowly ascending stage and a
later development stage. The mathematical expressions are
fitted by the least squares method, the result is shown in Eqg.

(2).
y=ax,
y=b(x-1.0)3+1.0, x,<x<1 )
y=c(x-1.4)2+d, x>1

X< Xu

In the above equation, x = eley, Y = oloy, Where the
parameters &, and oy represent the peak strain and peak
stress for the circular specimen; xa is the ratio of the elastic
proportionality limit strain to the peak strain, and it is
recommended to use xa = 0.60; the range of variation of the
parameter a is 1.24 to 1.49, and it is recommended to use
a =1.40 and b = 2.50; and the changing range of parameter
c is 0.01 to 0.07, and it is recommended to use ¢ = 0.02, d =
1.00.
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Based on an analysis of the working mechanism and the
mechanical properties of the C-SLCFST stub columns, and
considering the change in the parameter of natural river
sand replacement ratio, equations for the full stress-strain
process curve of the specimen can be derived, and these are
given in Egs. (3) to (5).

In the above equation, fsy is the strength index of the C-
SLCFST stub columns under axial compression; &y is the
strain corresponding to the strength index of the C-SLCFST
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Fig. 7 Comparison between calculated curves and measured
test curves for circular specimens

stub columns under axial compression; z and ¢ are
correction factors associated with the replacement ratio,
where 7 =0.91 — 0.27r and ¢ = 1.2 + 0.2r; B = 0.176f,/ 215
+0.974; and C = —0.104f:/20 + 0.0309.

Each non-dimensional stress-strain curve of square
specimens in Fig. 6(b) can be divided into four parts: a
linear ascending section, a slowly ascending section, a
descending section and a later development stage. The
mathematical expression is fitted by the least squares
method, the result is shown in Eq. (6)

y' =ex, X'< Xg

y' =(f-2x" *+(@-2f)x >+ fx', x <1

y' =g(x' -1.7)* +0.89, 1<X <%, (6)
y'=0.9, X' > X

In the above equation, X' = ¢/e'y and y' = alc'y; €'y and o'y
are the peak stress and peak strain of the square specimens,
respectively; xg isthe ratio of the elastic ratio limit strain to
the peak strain; xc is the ratio of the limit strain to the peak

strain in the descending section, and it is recommended to
use xg = 0.5; xc= 1.7; the range of variation in the parameter
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Fig. 8 Comparison between calculated curves and measured
test curves for square specimens

e is 1.49 to 2.28, and it is recommended to use e = 1.57; the
range of variation in the parameter f is 1.78 to 3.33, and it is
recommended to use f = 2.28; and g= 0.22.

By the similar way of C-SLCFST stub columns, the
equations for the full stress-strain process curves of the S-
SLCFST stub columns under axial compression are
established by considering the variation of natural river
sand replacement ratio, as shown in Egs. (7) to (9).

£
o=e—2g, 0<¢ <056,

Esey

o= Lo (9o @ 2t)e, ek 1o, 050, <8 <
E] 1 . S scy

K o scy’ scy cy — (7)
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o' =09f,, £>174,,
fey=1'(1.212 + B¢ + C'&) f, (8)

where f'sy is the strength index of the S-SLCFST stub

columns under axial compression; &'sy IS the strain
corresponding to the strength index of the S-SLCFST stub
columns under axial compression; #’ and ¢’ are correction
factors associated with the replacement ratio, where 7' =
1.10 — 0.48r and ¢’ = 1.60 — 0.92(r-0.70)% B' = 0.131f,/235
+0.723; and C' = —0.07f;/20 + 0.026.

A comparison of the calculated stress-strain curves and
tested stress-strain curves for the C-SLCFST and S-
SLCFST stub columns are shown in Figs. 7 and 8.
Obviously, it can be indicated that calculated stress-strain
curves are in good agreement with tested stress-strain
curves for circular specimens and square specimens. Thus,
Egs. (3) to (5) and (7) to (9) can be used to calculate the full
stress-strain curves for the C-SLCFST and S-SLCFST stub
columns manufactured in this study.

To be sure, for the validation of proposed models in
Egs. (3) and (7), another set of results from other references
will be used in the further study.

6. Conclusions

Axial compression test and analysis of six SLCFST stub
columns specimens are carried out in this study. The
following conclusions are obtained:

* The peripheral steel tube of the SLCFST stub columns
buckles outward, and the core SLC is crushed. The
destructive positions of the circular specimen appear in the
upper, lower and middle regions, while destructive
positions of square specimens are mainly in the upper
region; the destructive degree of square specimens is more
serious than that of circular specimens, and some square
specimens even appear the phenomenon that steel tube was
tearing.

+ The measured nominal stress-strain curves for all
SLCFST stub columns have three distinct stages: a linear
rise, a slow growth and a slow drop/steady development. In
terms of force performance, there are three stages in the
axial compression process of SLCFST stub columns: an
elastic, an elastic-plastic and a plastic stage.

* In the early axial compression stage of C-SLCFST
stub columns, the relationship between load and the axial or
hoop strain shows a linear rise, when the curve of load-axial
strain or load-hoop strain reach the turning point, there is a
long plateau of plastic deformation. The axial compression
and hoop tension performance of C-SLCFST stub columns
have been fully developed.

« Based on the superposition theory, it is suggested that
AlJ-1997 be used to calculate and design the ultimate
bearing capacity for C-SLCFST stub columns. CECS
159:2004 or AIlJ-1997 should be applied in the designing
and calculation of the ultimate bearing capacity for S-
SLCFST stub columns.

» Equations for the full stress-strain curves of the
SLCFST stub columns are put forward with using the
parameter of natural river sand replacement ratio, and the
calculated curves show good agreement with the measured
curves.
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