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Tests on twelve circular concrete-filled steel tube stub columns with mixed red mud and three circular concrete-filled steel tube
stub columns to investigate the influence of the mixed proportion of red mud on the mechanical behavior of axial compressive
circular concrete-filled steel tube stub columns are reported. It is found that with the increase of red mud content, the ultimate
load increases first and then decreases; on the contrary, the ultimate displacement decreases first and then increases; the specimen
stress reaches the proportion limitation as the steel tube longitudinal strain is around 160 με and reaches the yield limitation as the
steel tubes’ longitudinal strain is around 4400∼5000 με. ,e axial compressive bearing capacity empirical formulation of concrete-
filled steel tubes stub columns mixed with red mud is proposed. ,e theoretical calculation results agree well with those
experimental data.

1. Introduction

Circular concrete-filled steel tube (CCFST) can provide
excellent structural properties, such as high bearing capacity
and high ductility, and the steel tube of CCFSTcan be used as
permanent formwork to reduce the construction schedule
without any effect by seasonal climate. ,erefore a con-
siderable amount of studies on CCFST have been carried out
in recent decades [1–9], which make this kind of structure
more and more widely used in subways, tunnels, bridges,
high-rise, and super high-rise buildings.

Various studies of the utilization of solid waste in the
construction industry have been conducted in recent years
[10–13]. Most of the solid wastes generally produce certain
radiation and corrosiveness, and the poured concrete with
mixing those solid wastes normally engenders attribute of
high dispersion. However, the steel tube has the charac-
teristics of radiation protection and corrosion resistance,
and it has a behavior to constrain the dispersion of concrete.
,erefore, the solid wastes utilized in the CCFST would

greatly improve the utilization rate of solid wastes in the
world. Nowadays, the research works of solid wastes in
CCFST [14–16] have already been conducted and achieved
some research results.

As a result, this paper takes red mud as a research object
to study its effective utilization. Red mud, as a solid waste
produced in the process of bauxite extraction, occupies a
large amount of land. Its high alkali content causes serious
pollution in the surroundings, which makes the red mud
disposal and utilization increasingly prominent [17]. At
present, the main field of red mud treatment is in the
construction industry, and some achievements have been
made. It was found that red mud had good cementations’
activity and could be well utilized [18]. Liu and Poon [19]
used bauxite residue-red mud instead of part of fly ash to
make self-compacting concrete in order to test its me-
chanical behavior. It was found that the compressive
strength, the splitting tensile strength, and the elastic
modulus of the specimens were increased, respectively. Wu
et al. [20] put forward the concept of the CCFSTmixed with
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red mud first and conducted experimental research on
pushing core concrete out of steel tube. ,e research result
indicated that the bond slip behavior of the CCFST mixed
with red mud was improved; it was proved that the cement
of core concrete could be partly replaced by the red mud.

In order to investigate the influence of mixing pro-
portion of the red mud on the mechanical behaviors of
CCFSTstub columns under axial compressive load, the tests
on a total of fifteen specimens under axial compressive
bearing load including twelve specimens of CCFST stub
columns mixing with the red mud and three specimens of
CCFST stub columns are reported in this paper. ,e main
objective of these tests was twofold: firstly, to derive the
empirical formulation of axial compressive bearing capacity
by the discussion on the influence of mixing proportion of
the red mud in CCFSTstub columns; and secondly, to verify
the correctness of the formulation by comparing and ana-
lyzing the calculation results and the test data.

2. Experimental Study

2.1. Specimen Material

(1) Steel tube: a seamless circular steel tube was applied.
According to Chinese Code GB/T228-2002, the
tensile test method of metal material at the status of
room temperature, the yield strength fy, tensile
strength fu, elastic modulus Es, yield strain εsy, and
Poisson’s ratio ]s will be determined, shown in
Table 1.

(2) Concrete: Yatai brand 42.5R normal cement mixed
with 5∼15mm aggregates, the river sand, and the tap
water; the superplasticize was applied from Liaoning
Jianfeng Industrial Co., Ltd; Bauxite residue-red
mud generated in Beihai Alumina Plant, Weiqiao,
Shandong Province. ,e chemical composition of
the red mud is shown in Table 2. ,e quality sub-
stitution rate of the red mud in the concrete was
applied for 0%, 5%, 10%, 15%, and 20%, respectively.
,e mixture ratio of the red mud concrete was in
accordance with the Chinese standard JGJ55-2001
mix design of normal concrete, as can be seen in
Table 3.

2.2. Specimen Labels and Parameters. A total of fifteen
specimens were constructed including twelve CCFST stub
columns mixed with the red mud and three CCFST stub
columns. A summary of the specimen information is given
in Table 4. ,e specimens labeled as CSC are for Circular
Stub Column; the fourth letter labeled as A, B, or C is for the
external diameter of the specimens of 108mm, 133mm, or
159mm, and the last Arabic numeral labeled 1, 2, 3, 4, or 5 is
for the quality substitution rate of the red mud of 0%, 5%,
10%, 15%, or 20%. L is the length of the stub column;D is the
external diameter of the circular steel tube; ts stands for the
wall thickness of the steel tube; r% means the quality sub-
stitution rate of the red mud; fcu means the cubic com-
pressive strength of concrete;α means the steel content; ξs

stands for the confining factor; Ne
u is the ultimate bearing

capacity of stub column.

2.3. Specimens Fabrication. A circular steel tube was cut into
fifteen steel tubes according to the length shown in Table 4
on the automatic cutting machine. All the specimens were
three times the diameter in length to reduce the end effects
and to ensure that the specimens would be stub columns
with minimum effect from slenderness. Each tube was
welded to a 200mm× 200mm× 10mm steel base plate at the
bottom of the steel tube. Fifteen same size steel plates were
milled with a 3mm deep concentric round groove which
diameter was 0.2mm bigger than the external diameter of
the steel tubes and was used as the movable cover plates on
the top of the steel tubes. ,e red mud concrete was poured
from the top of the steel tube and compacted with vibration
until the redmud concrete was higher than the top surface of
the steel tube. All the specimens were cured for 2weeks, then
the top surface of the red mud concrete-filled steel tube was
ground smooth and flushed with the steel tube by using an
angle polishingmachine.,e steel cover plate covered on the
top surface of the steel tube.,is was done to ensure that the
load was applied evenly across the cross-section and si-
multaneously to the steel tube and concrete core. See Fig-
ures 1 and 2 for the fabricated test specimens.

2.4. Test Arrangement andMeasurement. ,e loading device
and measuring equipment are shown in Figures 3 and 4. All
the specimens were tested with a universal testing machine
with a 2000 kN capacity in the structural engineering lab-
oratory of Liaoning Construction Sciences Academy. ,e
longitudinal displacement of each specimen was measured
by two transducers with ameasurement range of 50mm.,e
arrangement of strain gauges is shown in Figure 5. ,ere
were 8 strain gauges in total, including 4 longitudinal strain
gauges and 4 circumferential strain gauges (points 1–4). ,e
type of strain gauge was BX120-5AA, and the size was 50× 3.
TDS602 was used for collecting relative strain and
displacement.

2.5. Loading System. According to Chinese Code GB/T
50152-2012 Standard for test method of concrete structures,
the test adopted method of load increment, as shown in
Figure 6. ,e estimated ultimate loads of the 3 series A, B, C
specimens were about 900 kN, 1300 kN, and 1700 kN, re-
spectively. ,e preloading value was applied 10% of the
estimated ultimate load in order to make a concentric ad-
justment imposing on specimens. ,en, the loads were
applied in increments of 1/10 of the estimated ultimate load

Table 1: Mechanic properties of the steel tube.

Label D× t
(mm)

fy

(MPa)
fu

(MPa)
Es

(GPa)
εsy

(με) ]s

CSCA 108× 4.5 323.3 490.0 205 1650 0.27
CSCB 133× 4.5 298.9 462.7 203 1600 0.27
CSCC 159× 4.5 292.3 463.6 203 1550 0.27
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in the elastic range. When the target loads were reached,
each target load was maintained for 2mins on the specimen.
As the load reached 60% of the estimated ultimate load
(540 kN, 780 kN, and 1020 kN, respectively), the loads were

applied in an increment of 1/20 of the estimated ultimate
load. When the target loads were reached, each target load
was maintained for 2mins as well. As the specimen was
under destruction, the load continued to increase slowly.
After reaching the ultimate load value, the loads were ap-
plied continuously until the deformation of the specimen
was too big, then the test stopped. Each test took approx-
imately one hour to complete. In the whole process of the
test, the load readings and deformation measurements were
recorded automatically by the pressure servo machine,
which provided enough data points to complete the drawing
of load displacement curve.

3. Experimental Results and Discussion

3.1. Analysis of Experimental Phenomena. At the beginning,
the specimens were loaded in the elastic stage without ob-
vious change. When the load reached 60% ∼ 70% of the
ultimate load, the shear slip line appeared on the steel tube
wall. As the load reached 80% ∼ 90% of the ultimate load, the
rust on the steel tube wall started falling down, the local
buckling of the steel tube happened, and the cross shear slip
line emerged. ,en, the specimens were in the failure stage.
Because the confining factor was relatively big, the

Table 2: Red mud chemical composition.

Al2O3 Na2Ok Fe2O3 SiO2 TiO2 CaO CO2 H2O H2O Loss PH Density (g.cm−3)
% 23.73 7.39 28.79 24.63 2.22 2.69 0.97 8.59 1 14.94 11.3 3.2

Table 3: ,e proportion of red mud concrete Kg/m3.

SN Red mud Cement Sand Aggregate I Aggregate II Water Superplasticize
RMC-0 0 360 780 216 862 162 3.6
RMC-5 18 342 780 216 862 162 3.9
RMC-10 36 324 780 216 862 162 4.2
RMC-15 54 306 780 216 862 162 4.5
RMC-20 72 288 780 216 862 162 4.8
Note: RMC labeled for red mud concrete; 0, 5, 10, 15, and 20 are for quality substitution rate of red mud 0%, 5%, 10%, 15%, and 20%, respectively.

Table 4: Parameters of the specimens.

SN Specimen L (mm) D (mm) ts (mm) r (%) fy (MPa) fcu (MPa) D (ts) α ξs Ne
u (kN)

1 CSCA-1 324 108 4.5 0 323.3 36.9 24 0.19 2.488 885.6
2 CSCA-2 324 108 4.5 5 323.3 50.5 24 0.19 1.815 1003.4
3 CSCA-3 324 108 4.5 10 323.3 46.6 24 0.19 1.968 971.8
4 CSCA-4 324 108 4.5 15 323.3 44.0 24 0.19 2.083 948.6
5 CSCA-5 324 108 4.5 20 323.3 34.0 24 0.19 2.700 860.5
6 CSCB-1 400 133 4.5 0 298.9 36.9 29.6 0.15 1.821 1289.6
7 CSCB-2 400 133 4.5 5 298.9 50.5 29.6 0.15 1.328 1403.6
8 CSCB-3 400 133 4.5 10 298.9 46.6 29.6 0.15 1.440 1369.4
9 CSCB-4 400 133 4.5 15 298.9 44.0 29.6 0.15 1.524 1349.2
10 CSCB-5 400 133 4.5 20 298.9 34.0 29.6 0.15 1.976 1265.6
11 CSCC-1 477 159 4.5 0 292.3 36.9 35.3 0.124 1.463 1630.1
12 CSCC-2 477 159 4.5 5 292.3 50.5 35.3 0.124 1.067 1884.5
13 CSCC-3 477 159 4.5 10 292.3 46.6 35.3 0.124 1.157 1812.5
14 CSCC-4 477 159 4.5 15 292.3 44.0 35.3 0.124 1.225 1766.5
15 CSCC-5 477 159 4.5 20 292.3 34.0 35.3 0.124 1.587 1600.0

Figure 1: Specimens.
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drum-shaped failure occurred (Figure 7), while the speci-
mens showed good ductility. After the ultimate load was
reached, the bearing capacity of the specimens was different
according to the different confining factor. For the speci-
mens with big confining factor, the bearing capacity was
slightly increased. For the specimens with small confining
factor, the bearing capacity was slightly decreased. For the
specimen with a moderate confining factor, the bearing
capacity kept the same. ,e deformation of the specimens in
those 3 situations was continuously increasing until the
specimens were loaded to failure. ,e failure modality of the

CCFSTwith the red mud specimen was similar to the failure
modality of the CCFST specimen. Figure 8 shows all the
specimens with failure mode.

3.2. Influence of Mixed Red Mud. ,e load (kN) versus
displacement (mm) curves for the 3 groups specimens (A, B,
C) are presented in Figure 9.

As shown in Figure 9, the load (kN) versus axial dis-
placement (mm) curves for the 3 series of specimens are little
different. It was found that with the increase of the quality
substitution rate of the red mud (r) in the CCFST stub
column, the ultimate load of specimens increased first and
then decreased. ,e ultimate load was the maximum, as
r� 5%, the ultimate load on the CCFST with the red mud
specimens for groups A, B, and C were 1003.4 kN,
1403.6 kN, and 1884.5 kN, respectively, which increased
13.30%, 8.84%, and 15.61% compared with those 3 CCFST
specimens. As r� 20%, the ultimate load on the CCFSTwith
the red mud specimens for groups A, B, and C were
860.5 kN, 1265.6 kN, and 1600 kN, respectively, which de-
creased 2.83%, 1.86%, and 1.85% than the ultimate load on
the 3 CCFST specimens. It illustrates that when the quality
substitution rate of the red mud is between 0%∼20%, the
ultimate load on the CCFSTwith the red mud increases, the
reasons of which are twofold: firstly, the red mud has the
characteristics of pozzolanic. During the hydration of
concrete, Ca (OH)2 was produced. It reacted with active
SiO2, Fe2O3, and Al2O3 produced from the red mud in the
second time hydration and generated the hydrate calcium
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Figure 4: Column test layout.
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silicate and the hydrate calcium acuminate. In the process of
the reaction, Ca (OH)2 generated was being consumed,
which caused further hydration reaction promoted. ,e
structure of the interface between the internal medium of
concrete was improved. ,e compressive strength of con-
crete was enhanced; and secondly, the red mud particles
were finer after processing, its specific surface area was
bigger than 400m2/kg, while the specific surface area of

Portland cement was only bigger than 300m2/kg. ,erefore,
the red mud played a physical filling role in the concrete.,e
concrete mixing with the red mud would have smaller pores
and lower porosity, which caused the compactness of the
concrete was raised. As a result, the compressive strength of
the concrete would be improved.

As seen in Figure 9, with the increase of the quality
substitution rate of the red mud (r) in the CCFST stub

Figure 7: Local buckling of the steel tube.

(a) (b)

(c)

Figure 8: Failure mode of specimens. (a) CSCA. (b) CSCB. (c) CSCC.
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Note:
(1) �e horizontal line is to keep the load unchanged 
for two minutes.
(2) Oblique straight line is the load that increases slowly.

Figure 6: Simplified diagram of the method of load increment.

Advances in Materials Science and Engineering 5



column, the ultimate displacement of the specimens de-
creased first and then increased, the ultimate displacement
was minimum, as r� 5%, the ultimate displacement of the
CCFST with the red mud specimens for groups A, B, and C
were 5.8mm, 4.5mm, and 3.3mm, respectively, decreased
10.77%, 19.64%, and 26.67% than those 3 CCFSTspecimens.
As r� 20%, the ultimate displacement of the CCFSTwith the
red mud specimens for groups A, B, and C was 6.6mm,
5.9mm, and 4.7mm, respectively, increased 1.54%, 5.36%,
and 4.44% than the ultimate displacement of the 3 CCFST
specimens. Obviously, when the quality substitution rate of
the red mud was between 0%∼20%, the ultimate displace-
ment of the CCFST with the red mud specimens decreased
and the ductility became weaker compared with the CCFST
specimens, the main reason of which was that the strength of

the CCFST mixing the red mud was improved and the
stiffness was enhanced.

3.3. Analysis of the Whole Process of Stress Strain. ,e
nominal compressive stress of the specimen is σsc � N/Asc:

σsc is the nominal compressive stress of the specimen
N is the axial pressure,
Asc is the cross-sectional area of the specimen

,e axial compressive strain of the specimen is εsl � Δ/L:

εsl is the compressive strain of the specimen
Δ is the axial deformation
L is the height of the specimen
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Figure 9: ,e load versus displacement curves. (a) Group A. (b) Group B. (c) Group C.
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According to Figure 8, the typical σsc − εsl curves of the
specimens were obtained, as shown in Figure 10.

As can be seen from Figure 10, the curve mainly un-
dergoes three stages: elastic stage (OA), elastic-plastic stage
(AB), and ascending/descending/horizontal stage (BC).

OA stage: the curve is linear. It indicates that the quality
substitution rate of the red mud has little effect on the
stiffness when the specimen is in the elastic stage. ,e steel
tube and the red mud concrete have not been working well
together. When reaching point A, the steel tube is in a
compressive yield state, the longitudinal strain is about
1600 με, the circumferential strain is around 450 με, and the
specimen reaches the proportional limitation.

AB stage: the specimen is in the elastic-plastic stage, and
the steel tube and the red mud concrete bear the load si-
multaneously. With the development of the red mud con-
crete cracks in the steel tube, the transverse deformation
exceeds the Poisson’s ratio of the steel tube. Mutual ex-
trusion produced between these two materials causes the
steel tube to produce the confinement effect on the red mud
concrete core. At the same time, the redmud concrete core is
in a three-dimensional compressive state. ,erefore, the
bearing capacity of the specimen is enhanced. As reaching
point B, the longitudinal strain of the steel tube is about
4400∼5000 με, and the specimen reaches the yield limitation.

BC stage: when it exceeds point B, the curve is divided
into three situations according to the different confining
factor. As ξs � ξ0, the curve is basically horizontal; as ξs > ξ0,
it becomes a slowly rising curve, the bigger the confining
factor is, the larger the rise range is, and vice versa; as ξs < ξ0,
it is a gradually falling curve, the smaller the confining factor
is, the larger the decline range is, and vice versa. According
to Table 4 and Figure 9, ξ0 � 1.1.

4. Simplified Calculation of Axial Compressive
Bearing Capacity

4.1.9eProposedEmpirical Formulation ofAxialCompressive
Bearing Capacity of Stub Column. According to Figure 9,
when the specimens reach the peak load, the deformation is

too big. ,e components would have lost their usage
function if they were applied in the real projects. ,erefore,
the ultimate yield strength fscy of the specimen (longitu-
dinal strain is about 4400–5000 με) determined by the stress-
strain relations shown in Figure 10 is defined as the ultimate
strength of the axial compressive bearing capacity of the
specimen. In the range of quality substitution rate of the red
mud r� 0%∼20%, regression analysis of test data is carried
out, as shown in Figures 11 and 12.

,e formulation of fscy proposed by regression analysis
is as follows:

fscy � φr 2.094 + 0.765ξs( fck. (1)

,en, the axial compressive bearing capacity formula-
tion of the CCFSTstub columnwith the redmud is proposed
as follows:

Nu � fscyAsc, (2)

φr � 0.993 − 1.480r + 8.261r
2
, (3)

Asc � As + Ac. (4)

fscy is the ultimate strength of axial compressive bearing
capacity; fckis the standard value of compressive strength of
concrete; fck � 0.67fcu. ξs is the confining factor of steel
tube; ξs � (fyAs/fckAc). Nuis the axial compressive bearing
capacity of stub column; Ascis the composite section area of
CCFST stub column with red mud; As is the section area of
steel tube of CCFST stub column with red mud; Ac is the
section area of concrete of CCFST stub column with red
mud; φr is the influence coefficient of quality substitution
rate of the red mud; r is the quality substitution rate of the
red mud

When r� 0%, it can be seen as the formulation of the
axial compressive bearing capacity of the CCFST stub
column.
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Figure 10: ,e σsc − εsl relations of the specimens.
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Figure 11: ,e relationship between ultimate yield strength and
confining factor.
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4.2. Validation of the Proposed Empirical Formulation. In
order to verify the correctness of the proposed empirical
formulation, the calculated results from formula (2) shown
above were compared with test data of fifteen specimens, as
can be seen in Figure 13(a). It was found that the mean value,
the standard deviation, and the variation coefficient of the
CCFST stub columns with the red mud Nc

u/Ne
u were 0.989,

0.024, and 0.024, respectively. ,e result indicates that, in
general, the theoretical values of the axial compressive
bearing capacity of stub columns agree well with the ex-
perimental data.

Due to the limited experimental data of 15 CCFST stub
columns with the red mud, the additional experimental data
of a total of 325 CCFST stub columns specimens (r� 0%)
from references [1–8, 21–29] were introduced in order to
further validate the proposed formulation and were com-
pared with the calculated value from formula (2), as can be
seen in Figure 13(b). It was found that the mean value, the
standard deviation, and the variation coefficient of CCFST
stub columns Nc

u/Ne
u were 0.938, 0.141, and 0.150, respec-

tively. In the same way, the theoretical value of the axial
compressive bearing capacity of the stub column agrees well
with the experimental data as well.

,erefore, formula (2) is applicable to the calculation of
axial compressive bearing capacity for the CCFST stub
columns with the red mud (as r� 0% for the CCFST stub
columns). Formula calculation value is generally safe and
suitable for engineering application.

5. Conclusions

Based on the results of this study, the following conclusions
can be drawn:

(1) with the increase of the quality substitution rate of
the red mud (r� 0%∼20%) in the CCFST stub col-
umn with the red mud, the ultimate load increases
first and then decreases; on the contrary, the ultimate
displacement decreases first then increases; the ul-
timate load is maximum, as r� 5%, while the ulti-
mate displacement is minimum; as r� 20%, the
ultimate load and the ultimate displacement are both
nearly the same, respectively, as r� 0%.

(2) As the longitudinal strain of the steel tube is about
1600 με, the specimen reaches the proportional
limitation; as the longitudinal strain of steel tube is
about 4400∼5000 με, the specimen reaches the yield
limitation. When it exceeds yield limitation, as
ξs � ξ0, the curve is basically horizontal; as ξs > ξ0, it
becomes a slowly rising curve; as ξs < ξ0, it is a
gradually falling curve, ξ0 � 1.1.

(3) Empirical formulation of axial compressive bearing
capacity of the CCFST stub columns with the red
mud is proposed with clear expression, and it is
suitable for engineering application.

(4) ,e experimental data of total 340 specimens, in-
cluding 15 specimens shown in this paper, were
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Figure 13: ,e comparison of calculated result and experiment result of axial compressive bearing capacity.

Advances in Materials Science and Engineering 9



compared with calculated results from formula (2).
,e calculated results agree well with the experi-
mental data, which approve the correctness of the
empirical formulation.
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