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A B S T R A C T

This paper presents a comparative study of circular concrete-filled steel tubular stub columns with three differ-
ent stirrup confinement types: bidirectional stirrups, loop stirrups and orthogonal stirrups. Axial compression
tests have been carried out aiming at investigating the effects of the stirrup form and volume-stirrup ratio on the
mechanical behavior of the stirrup-confined circular CFT stub columns, and ABAQUS was used to carry out the
3D numerical modelling. Radial stress of the core concrete and the composite action among the steel tube, stir-
rups and the core concrete have been investigated. It is found that the confinement provided by stirrups on core
concrete strongly outperforms that provided by steel tube, steel sections or steel reinforcement. Furthermore, a
simplified approach was developed to predict the ultimate bearing capacity of stirrup-confined circular CFT stub
columns, which agreed well with the experimental and numerical results.

Nomenclature

A⁠c Cross-sectional area of the core concrete
A⁠s Cross-sectional area of the steel tube
A⁠sso The converted cross-sectional area of the stirrup
A⁠sc Total area of cross-section
d Diameter of the stirrup
D Diameter of the circular section
f⁠c Uniaxial compressive strength of concrete
f⁠cu Compressive cubic strength of concrete
f⁠s Yield strength of the steel tube
f⁠sv Yield strength of stirrups
f⁠sc Ultimate strength of CFT column
k Lateral pressure coefficient
L Height of specimens
N⁠u Axial ultimate bearing capacity of stirrup-confined cir-

cular CFT stub columns
N⁠u,3 Ultimate bearing capacity of stirrup-confined circular

CFT stub columns

N⁠u,e Ultimate bearing capacity of stirrup-confined circular
CFT stub columns from test results

N⁠u,fe Ultimate bearing capacity of stirrup-confined circular
CFT stub columns from FE results

t Wall thickness of the steel tube
σ Axial stress of concrete
σ⁠i Equivalent stress of steel tube
σ⁠L,s Axial compressive stress of steel tube
σ⁠r,c Radial concrete stress of the confined area
σ⁠r,cr radial stress of core concrete caused by stirrups
σ⁠θ,s Tensile transverse stress of steel tube
ε Axial strain of concrete
ε⁠c Strain corresponding with the peak compressive stress

of concrete
ε⁠L Axial strain of columns
ε⁠i Equivalent strain of steel tube
ε⁠y Yield strain of the steel tube
v⁠sc Poisson's ratio of steel tube
ρ⁠s Steel ratio of the steel tube
ρ⁠sv Volume-stirrup ratio
ρ⁠sa Equivalent stirrup ratio
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ρ⁠so Overall steel ratio

1. Introduction

Concrete-filled steel tubular (CFT) columns have been widely used in
high-rise/super-high-rise buildings, urban bridges and large-span struc-
tures, thanks to their excellent static and earthquake-resistant capaci-
ties. Circular tube shows best confinement to the core concrete of CFT
columns. However, the thickness of the steel tube is limited due to weld-
ability and construction concerns for large-diameter CFT columns [1].
In order to improve the mechanical performance of CFT columns with-
out increasing the wall thickness of the steel tube, various methods
have been proposed. Regarding the existing concrete-filled steel tubular
columns, FRP strengthening methods (by wrapping the steel tube with
FRP materials) have been comprehensively studied in [2–5]. FRP could
generally help resist local buckling and improve ultimate bearing ca-
pacity of columns significantly, but the ductility may be decreased due
to FRP rupture and sudden deterioration at the ultimate state. On the
other hand, for newly built CFT columns, the methods of adding steel
inside the steel tube have been extensively used to improve the overall
steel ratio and ultimate capacity of the CFT stub column. For example,
Hassanein et al. [6,7] studied the mechanical behavior of double skin
tubular short columns, and found that the ultimate axial load increased
significantly by increasing the concrete compressive strength or by de-
creasing the hollow ratio. However, increasing the inner-to-outer thick-
nesses ratio or the yield strength of the inner steel tube did not signif-
icantly increase the ultimate axial load. Chang et al. [8] and Wang et
al. [9] studied the strength and ductility of CFT columns with steel sec-
tions and concluded that those types of columns have very high ductility
and energy absorption capacities due to the composite action among the
steel tube, steel section, and the core concrete; however, their ultimate
bearing capacities are approximately equivalent to the simple superposi-
tions of steel sections and the CFT columns, with no additional confine-
ment produced by steel sections. Chithira and Baskar [10] studied the
strength behavior of CFT columns with and without shear connectors,
who found that the shear connectors did not significantly increase the
load capacities of CFT columns. Xiamuxi et al. [11,12] also proposed a
reinforcing method by applying axial reinforcement inside the steel tube
to improve its overall mechanical property; the results have shown that,
although reinforced CFT has better performance than CFT, the axial re-
inforcement cannot deduce the buckling of CFT stub columns, and over
arranged reinforcement may cause pre-failure of concrete.

Welding technology has been commonly used in steel structures. In
practice, however, it is difficult to guarantee the quality of welding

when the wall of large diameter CFT column is too thick (e.g. thick-
ness larger than 800 mm). Therefore, using relatively thin steel tube
combined with welded stirrups on the steel tube could be an alterna-
tive method. Ding [1] studied square stirrup-confined CFT stub columns
with cross ties, spiral, and rhombus stirrups. The results showed that
welding bidirectional stirrups to the inner surface of the steel tube is
the most efficient way in reinforcing square CFT stub columns. This ap-
proach has been validated for track-shaped concrete-filled steel tubular
stub columns [13] as well.

In this paper, the reinforcing methods using stirrups were studied for
circular CFT columns, thanks to the promising improvement on the me-
chanical properties of other sectional shapes of CFT columns. The main
objectives and research scopes of this study are: (1) circular CFT stub
columns with bidirectional stirrups, loop stirrups or orthogonal stirrups
with the same volume-stirrup ratio were tested to investigate the ef-
fect of different stirrups forms on the overall ultimate bearing capaci-
ties and ductility; (2) circular loop stirrup-confined CFT stub columns
with different volume-stirrup ratios were tested to investigate the ef-
fect of different volume-stirrup ratios on their ultimate bearing capaci-
ties and ductility; (3) 3D finite element modelling was established using
ABAQUS for carrying out parametric studies; the confinement effect on
the core concrete between stirrups and the steel tube were compared;
(4) a simplified approach was developed to predict the ultimate bearing
capacity of a stirrup-confined circular CFT stub column.

2. Experimental investigation

2.1. Specimens and material

A total of 5 groups of test specimens were designed, and the
cross-sections of specimens are shown in Fig. 1. Geometric properties
and characteristics of specimens are shown in Table 1, where the first
number in the specimen label represents the type of stirrups: 1 for or-
thogonal stirrups; 2 for bidirectional stirrups; and 3 for loop stirrups.
The CFT represents concrete-filled steel tubular stub column. The sec-
ond number in the specimen label stands for the volume-stirrup ratio.
Each test is repeated twice (namely A and B), therefore ten specimens
were tested in total. The nominal dimensions of each specimen were 500
(D) mm × 4 (t) mm × 6(8/10) (d) mm × 1200 (H) mm. D is the diam-
eter of the circular section; t is the wall thickness of the steel tube; H is
the height of the specimen; d is the stirrups diameter; s is the spacing of
longitudinal stirrups; ρ⁠s is the cross-sectional steel ratio; f⁠cu is the cubic
compressive strength of the core concrete; f⁠s is the yield strength of the
steel tube; f⁠sv is the yield strength of stirrups; N⁠u,e is the experimental
ultimate load-bearing capacity of a stub column; N⁠u,c is the FE numeri-
cal ultimate load-bearing capacity of a stub column; DI is the ductility

Fig. 1. Cross-sections of specimens.
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Table 1
Properties of specimens.

Specimens label D × t × d × H/mm s/mm ρ⁠s /% ρ⁠sv /% ρ⁠sa /% f⁠cu /MPa f⁠s /MPa f⁠sv /MPa N⁠u,e /kN N⁠u,fe /kN N⁠u,3 /kN DI ρ⁠sa/ρ⁠s

1CFT1-A 500 × 3.65 × 5.98 × 1200 60 2.90 0.46 0.77 48.5 380 635 12,964 12,214 11,718 4.37 0.27
1CFT1-B 500 × 3.65 × 5.98 × 1200 2.90 0.46 0.77 12,304 12,214 11,718 4.45 0.27
2CFT1-A 500 × 3.77 × 6.03 × 1200 63 2.99 0.48 0.80 12,763 12,328 11,864 4.40 0.28
2CFT1-B 500 × 3.77 × 6.03 × 1200 2.99 0.48 0.80 12,288 12,328 11,868 3.78 0.28
3CFT1-A 499 × 3.70 × 5.80 × 1200 50 2.94 0.42 0.70 13,098 12,159 11,630 3.34 0.24
3CFT1-B 500 × 3.67 × 5.80 × 1200 2.91 0.42 0.70 11,700 12,103 11,641 2.09 0.24
3CFT2-A 500 × 3.70 × 7.58 × 1200 50 2.94 0.72 1.20 13,230 12,969 12,311 5.38 0.41
3CFT2-B 500 × 3.70 × 7.58 × 1200 2.94 0.72 1.20 13,043 12,969 12,311 5.16 0.41
3CFT3-A 500 × 3.70 × 8.82 × 1200 50 2.94 0.98 1.64 13,504 13,641 12,870 7.16 0.57
3CFT3-B 500 × 3.70 × 8.82 × 1200 2.94 0.98 1.64 13,434 13,641 12,870 7.05 0.57
c16-000 158 × 1.50 × 0 × 450 / 3.76 / / 308 / 815 / 739 / /
c23-000 158 × 2.14 × 0 × 450 / 5.34 / / 286 / 907 / 857 / /
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index of a specimen; ρ⁠sv is the volume-stirrup ratio; ρ⁠sa is the equivalent
stirrup ratio (ρ⁠sa = ρ⁠sv × f⁠sv/f⁠s).

The volume-stirrup ratio of a circular CFT stub column with differ-
ent types of stirrups can be calculated by the following equations:

(1)

(2)

(3)

Each bidirectional (or orthogonal) stirrup was bent 90 degrees at
both sides by 5 cm, then the bent parts were welded on the inner wall

of the steel tube, as shown in Fig. 2(a). For the CFT stub column
with loop stirrups, three longitudinal stirrups (diameters of 6 mm) were
welded in the steel tube first, then the loop stirrups were welded to
the longitudinal stirrups. All welding of stirrups began from the middle
height and worked towards both ends of the steel tube. Fig. 2(b) shows
circular steel tubes with different stirrups being tested.

Note that the method proposed in this paper mainly aims to solve the
weldability and construction concerns for large-diameter CFT columns,
i.e. diameter larger than 800 mm. This type of columns is commonly
used for bridge piers, ground floor columns of ultra-high-rise build-
ings, large-scale shopping malls, and underground car parks. Welders
can usually access those columns and do the welding either in-situ or
off-site. The welding procedure used by the authors in lab is recom-
mended for those large-scale columns. However, for a medium size CFT
column, where it sees beneficial in using those types of stirrups, the au-
thors would propose to make a reinforcement cage by pre-welding stir-
rups with longitudinal reinforcement bars, place the reinforcement cage
in the steel tube, and weld the cage to the steel tube as much as possi-
ble.

2.2. Experimental set-up and measurements

Material properties of concrete and steel were tested before investi-
gating the mechanical performance of the stirrup-confined circular CFT
stub columns. Concrete standard cubes were tested according to Chi-
nese standard GB/T50081-2002 [14] to investigate the cubic compres-
sive strength of concrete. Tensile coupon tests according to Chinese
standard GB/T228-2002 [15] were carried out using steel plates with

Fig. 2. Steel tubes with various stirrups.
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Fig. 3. Experimental instrumentation for all specimens.

thickness of 4 mm and stirrups with diameters of 6 mm, 8 mm and
10 mm. The tested material properties of concrete, steel and stirrups
have been summarized in Table 1. (two paragraphs are missed) (next
paragraph) Compressive experiments on stub column specimens
were conducted using a 2000-ton tri-axial stress testing machine in the
National Engineering Laboratory of Central South University. To accu-
rately measure the deformation, three strain rosettes (S1 to S3) were
attached at the mid-height and two LVDTs (L1 and L2) were installed
at the same height of another two oppositeside surfaces, as shown in
Fig.3. (next paragraph) The load is increased at a step of 1/10 of the ex-
pected ultimate load in the elastic stage and at a step of 1/20 of the ex-
pected ultimate load in the elastic–plastic stage. Each loading step takes
3-5 mins which is similar to a slow continuous loading mode and data
is acquired by different classifications. When the ultimate load is ap-
proached, specimens are loaded slowly and continuously until failure
and the data is recorded continuously. The loading of each specimen
lasts about 1.5 h.

2.3. Test observations and failure modes

At the initial loading stage, all specimens showed elastic behavior as
seen from the load-axial strain curves. The compressive stiffness of the
specimen in this stage was larger than that in the other stages, and the
axially elastic displacement of specimens and axial and transverse strain
of steel tube were relatively small.

When the load increased to about 70% of the ultimate load, all spec-
imens went into elastic-plastic stage, where local buckling of the steel
tube occurred near both ends of the specimen due to the end effect.
When the axial load reached the ultimate loading capacity, local buck-
ling also occurred near the middle of the steel tube, although the in-
creases of buckling deformations of 1CFT1 and 2CFT1 at the failure
stage were not as significant as that of 3CFT1.

After the load reached the ultimate value, the bearing capacity was
gradually decreased while the axial strain was continuously increased.
The internal stirrup was snapped accompanied with crisp sound, and
the buckling deformation of the steel tube became more obvious. The
specimen began to show shear failure mode, and the experiment finally
terminated due to excessive deformation. The load-axial strain relation-
ship of stub columns is shown in Fig. 4. Typical failure modes of the stub
columns were found to be local buckling at middle height and top end
of specimens, and shear failure from the upper part to the lower part.

After experiments, the steel tubes were cut open in order to exam-
ine the failure mode of the core concrete. Inclined shear rupture zones
were clearly seen from upper to lower parts of the core concrete. It was
found that there was no weld failure of the spot welds between stirrups
and the steel tube, and the stirrups did not affect the failure mode of

the core concrete in the circular CFT columns. Typical failure modes of
the stirrups-confined CFT specimens are shown in Fig. 5(a)–(d), while
the failure mode of an ordinary circular CFT stub column adopted from
literature [16] is shown in Fig. 5(e). The parameters of the specimens
are shown in Table 1. All of the observed failure modes of the speci-
mens were local buckling from the top to the middle portion as shown in
Fig. 1. The shear failure zones of the stirrups-confined circular CFT stub
columns were close to the middle positions, and the amplitudes were
much smaller than that of ordinary circular CFT stub columns. It can be
seen that stirrups can effectively reduce the local buckling of a CFT stub
column.

2.4. Experimental results and discussion

Ultimate bearing capacities, ductility and Poisson's ratios of all 5
groups of stub columns have been plotted in Fig. 6 to Fig. 8, and the
effects of different types of stirrups and volume-stirrup ratios will be dis-
cussed below.

2.4.1. Ultimate bearing capacity

(1) Effect of the form of stirrups. Fig. 6(a) shows that, with the
same cross-sectional steel ratio of 2.9% and volume-stirrup ratio of
0.45%, the ultimate bearing capacities of three stub columns were
close, although the ultimate bearing capacities of specimens 1CFT1
were the largest, followed by specimens 2CFT1. The average ulti-
mate bearing capacity of specimens 1CFT1 was 0.86% higher than
that of specimens 2CFT1, and 1.90% higher than that of specimens
3CFT1.

(2) Effect of the volume-stirrup ratio. The ultimate bearing capaci-
ties of specimens 3CFT are shown in Fig. 6(b). The average ultimate
bearing capacity of specimens 3CFT2 was 5.95% higher than that
of specimens 3CFT1 with an increase of 0.5% in the volume-stir-
rup ratio. For specimens 3CFT3, the average ultimate bearing ca-
pacity was 2.53% higher than that of specimens 3CFT2, while the
volume-stirrup ratio was 0.44% higher. It is indicated that increas-
ing the volume-stirrup ratio can effectively improve the bearing ca-
pacity of a stirrup-confined circular CFT stub column.

2.4.2. Ductility
To investigate the influence of various parameters on the ductility of

specimens, the ductility index (DI) has been calculated using literature
[17]:

(4)

where ε⁠0.85 is the axial strain when the load falls to 85% of the ultimate
bearing capacity after the peak load; ε⁠b=ε⁠0.75/0.75, where ε⁠0.75 is the
axial strain under a load of 75% of the ultimate bearing capacity in the
pre-peak stage. A higher DI value indicates a slower decrease of load af-
ter the ultimate state, thereby corresponding to a better ductile perfor-
mance.

(1) Effect of the form of stirrups. The ductility indexes (DI) of 1CFT1,
2CFT1 and 3CFT1 are shown in Fig. 7(a). The DI of specimens
1CFT1 was 7.8% higher than specimens 2CFT1 and 62.4% higher
than specimens 3CFT1. It is therefore indicated that, among the
three stirrup forms, orthogonal stirrup performs best in increasing
the constraint effect of the steel tube on the core concrete.

(2) Effect of the volume stirrup ratio. The ductility indexes of all
specimen 3CFTs are shown in Fig. 7(b). Among them the specimens
3CFT3 demonstrated the highest DI value. Therefore, increasing the
volume-stirrup ratio can efficiently increase the ductility of a CFT
stub column.
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Fig. 4. Load-axial strain curves of stub columns under axially loading.

2.4.3. Poisson's ratio
The Poisson's ratio is defined as the absolute value of the perimeter

strain divided by the axial strain. The average values of all gauges on
the specimen were used for the axial and the lateral strain respectively.
According to Yu et al. [18], an increase in the Poisson's ratio indicates
increased confinement effect of the concrete core offered by the steel
tube. Karimi et al. [19] and Ding et al. [1] stated that the Poisson's ra-
tio is an important parameter for evaluating confinement effectiveness.
The core concrete continually expands under loading, and the steel tube
and stirrups constrain the expansion of the concrete due to confinement
effect. On the other hand, stresses in the steel tube are highly affected
by the state of the core concrete. The perimeter strain of the steel tube
increases with the expansion of the core concrete, which leads to the in-
crease of the Poisson's ratio of the steel tube. The higher the Poisson's
ratio, the higher the composite action. The load- Poisson's ratio (v⁠sc)
curves of 1CFT, 2CFT and 3CFT stub columns have been plotted in Fig.
8.

At the initial loading stage (the bearing capacity was less than 40%
of the ultimate bearing capacity), the Poisson's ratio remained identi-
cal, which is close to the Poisson ratio of the steel. After then the Pois

son's ratio increased slowly until the bearing capacity reached 80% of
the ultimate bearing capacity, indicating that there was only minor com-
posite action among the steel tube stirrups and the core concrete. When
the specimen exceeded 80% of the ultimate bearing capacity, the Pois-
son's ratio began to increase rapidly. It continually increased after the
ultimate bearing capacity was reached and even exceeded 1.0, which
indicated that the steel tube produced significant constraint on the core
concrete at this stage.

(1) Effect of the form of stirrups. Fig. 8(a) shows that with the in-
crease of axial pressure, the Poisson's ratios of 1CFT1 and 2CFT1
stub columns were close and both increased faster than that of
3CFT1 stub column. It is indicated that the stirrups in 1CFT1 and
2CFT1 stub columns have stronger confinement effect on the core
concrete than that of 3CFT1.

(2) Effect of volume-stirrup ratio. Fig. 8(b) shows the axial load ver-
sus Poisson's ratio curves of 3CFT specimens. At the initial loading
stage, the average Poisson's ratio of 3CFT3 stub columns was larger
than those of 3CFT1 and 3CFT2 stub columns. Therefore, the con-
straint effect of stirrups on the core concrete is improved with the
increase of volume-stirrup ratio.

6
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Fig. 5. Typical failure modes of specimens.
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Fig. 6. Comparison of ultimate bearing capacities for all specimens.

Fig. 7. Comparison of ductility indexes for all specimens.

3. FE modelling

3.1. FE models

Nonlinear finite element (FE) analysis was carried out using com-
mercial software ABAQUS/Standard 6.14 for investigating mechanical
performance of stirrup-confined circular CFT stub columns under axial
loading. 3D solid element (C3D8R) were used for the circular steel tube,
the core concrete and the loading plate; 3D truss elements (T3D2) were
used for the internal stirrups; and rigid elements were adopted for the
loading plate to eliminate its deformation in the FE analysis.

A surface-to-surface contact was adopted for the constraint between
the steel tube and the core concrete with finite slip formula. The inter-
action of the normal direction of two surfaces was hard contact. In the
tangential direction, a friction coefficient of 0.5 was used in the analy-
sis. A tie constraint was adopted between the loading plate and the CFT
column so that no relative motion was allowed. Stirrups were embed

Fig. 8. Axial load vs. Poisson's ratio curves of the steel tubes among 1CFT, 2CFT and
3CFT.

ded in core concrete at specified positions. The FE model is shown in
Fig. 9.

The tri-axial compression plasticity-damage constitutive model [21]
was adopted for the core concrete of a stirrup-confined circular CFT
stub column; a bilinear elasto-plastic model, associated with the
Prandtl-Reuss flow rule, was used to describe the constitutive behav-
ior of the steel tube and stirrups. The stress-strain relationship of the
core concrete, the steel tube and the stirrups are described in literature
[21]. The above constitutive models have been successfully applied in
the track-shaped, square stirrup-confined CFT stub columns [1,13].

3.2. Model verification

The ultimate bearing capacities obtained from experiments and FEA
are shown in Table 1. The FE results agreed well with experiments, with
an average error of 1.4% and a coefficient of dispersion of 0.045. The
load-axial stain curves of all specimens obtained from both FE modelling
and experiment have been shown in Fig. 4. Good agreement has been
achieved between experimental and FE modelling results in the elas-
tic stage. However, larger deviations have occurred in the elastic-plas-
tic stage and failure stage. FE models have been found to overpredict
the post-yielding behavior compared with experimental results. Due to
unavoidable defects in the steel tube and the non-homogeneous charac-
teristics of concrete material, the core concrete and the steel tube were
prone to uneven deformation under loading, which accelerated the local
buckling of the steel tube and lead to rather rapid decline of the bearing
capacity of the CFT stub column in the elastic-plastic stage and failure
stage. However, due to the simplifications of the FE modelling, those
characteristics could not be captured in the numerical analysis.

8
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Fig. 9. Mesh generation of FE models.

3.3. Composite action analysis

The validated FE model was then used to investigate the composite
action among core concrete, steel tube and stirrups of a stirrup-confined
circular CFT stub column, and the results have been shown in Fig. 10:

1) Fig. 10(a) shows the relationship of stirrups stress versus axial strain
at the mid-heights of specimens. The stirrups have reached yield-
ing in all three types of stirrup-confined circular CFT stub columns.
Overall the orthogonal stirrups showed largest confinement on the
core concrete, followed by bidirectional stirrups and loop stirrups.

2) Fig. 10(b) shows the axial stress-strain curves and transverse
stress-strain curves of the steel tubes at the mid height. It is found
that the

Fig. 10. Stress-axial strain curves among specimens 1CFT1, 2CFT1 and 3CFT1 from FE
results.

intersection appeared earliest in the specimen with orthogonal stir-
rups, followed by the ones with bidirectional stirrups and loop stir-
rups. When the CFT column was axially loaded, both the concrete
and the steel tube were compressed until the axial yield strain was
reached. After then the core concrete expanded increasingly under
loading, which led to increasing transverse stress in the steel tube
due to confinement. According to the Mises yield criterion [20],
the axial stress of the steel tube decreased with the increase of the
transverse stress. Therefore, the earlier the intersection appeared, the
stronger the composite action was. It is again illustrated that the
composite action of the circular CFT stub column with orthogonal
stirrups is the greatest among all three types of stirrups-confined cir-
cular CFT columns.

3) Fig. 10(c) plots the average axial stress-strain curves of the core con-
crete. The circular CFT stub column with orthogonal stirrups showed
highest axial stress among all circular CFT stub columns, with or
without stirrups.

The axial ultimate bearing capacities of circular CFT stub columns,
with and without orthogonal stirrups, have been summarized in Table
2. The same overall steel ratio (i.e., transferring the volume of stirrups
to the steel tube) and same core concrete cross-sectional area have been
adopted. It was found that the ultimate bearing capacity of a circular
CFT stub column with orthogonal stirrups was slightly higher than that
of a circular CFT stub column with no stirrups. Therefore, using orthog-
onal stirrups could be an alternative reinforcing method in large diam-
eter circular CFT stub columns, in order to satisfy an overall steel ratio
while ensuring weldability of steel tubes.

3.4. Comparison of confinement effects

Radial stress of the core concrete (σ⁠r,c),which reflects confinement
effects of stirrups and the steel tube on the core concrete, can be ex-
pressed as:

(5)

where σ⁠r,c1 is radial stress of the core concrete caused by the steel tube,
and σ⁠r,c2 is radial stress of the core concrete caused by stirrups. Accord-
ing to Ding et al. [20],

(6)

where σ⁠θ,s is the tensile transverse stress of the steel tube.
Substituting Eq. (6) into Eq. (5), radial stress of the core concrete

caused by stirrups can be described as:

(7)

9
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Table 2
Comparisons of ultimate bearing capacities of FE models between CFT and 1CFT with same steel ratios.

Overall steel ratio D /mm f⁠s /MPa f⁠sv /MPa f⁠cu /MPa CFT 1CFT CFT 1CFT Increased value

t/mm ρ⁠s t/mm ρ⁠sv d/mm N⁠u,ef/kN N⁠u,ef/kN

0.045 500 380 635 48.5 5.69 0.04 5.05 0.005 4.82 12,944 13,059 0.8%
0.05 6.33 0.01 6.81 13,523 13,714 1.4%
0.055 6.97 0.015 8.35 14,107 14,335 1.6%
0.06 7.62 0.02 9.64 14,703 14,919 1.5%
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σ⁠r,c1 and σ⁠r,c2 obtained from FEA and Eq. (7) are shown in Fig. 11.
It is found that σ⁠r,c1 and σ⁠r,c2 increased with the increase of axial strain
before the specimens reached their ultimate bearing capacities. After
the ultimate state, σ⁠r,c2 gradually decreased, while σ⁠r,c1 continually in-
creased. The σ⁠r,c1 and σ⁠r,c2 of the ultimate state are shown in Table 3.
With the increase of volume-stirrups ratio, σ⁠r,c2 is increased more signif-
icantly than σ⁠r,c1. When the equivalent stirrup ratio is 1.64% (specimen
3CFT3), σ⁠r,c2 even exceeds σ⁠r,c1 at the ultimate state. It can be seen that
stirrups can effectively restrain the core concrete, and their confinement
effect could be even greater than that of the steel tube on the core con-
crete.

4. Bearing capacity calculation

4.1. Model simplifications

Parametric studies were carried out in this paper for investigat-
ing the mechanical performance of stirrup-confined circular CFT stub
columns. A total of 72 models were performed covering the follow-
ing parameters: nominal steel yield strength f⁠s ranged from Q235 to
Q420; concrete strength f⁠cu ranged from C40 to C100; diameter (D) was
500 mm; length (L) was 2D; the cross-sectional steel ratios ρ⁠s were 0.05

Fig. 11. Radial stress of the core concrete caused by the steel tube (σ⁠r,c1) and stirrups
(σ⁠r,c2).

Table 3
The σ⁠r,c1 and σ⁠r,c2 at the ultimate state.

ρ⁠s/% ρ⁠sa/% σ⁠r,c1/MPa σ⁠r,c2/MPa

3CFT1 2.9 0.7 3.07 1.45
3CFT2 2.9 1.2 3.11 2.63
3CFT3 2.9 1.64 3.22 3.56

Fig. 12. Average ratios of axial compressive stresses to yield stresses of the steel tubes.

and 0.08 respectively; and the equivalent stirrup ratios were 0.005 and
0.01 respectively. The following steel and concrete were paired up in
the parametric studies: C40 concrete was paired with Q235 steel; C60
concrete was paired with Q235 and Q345 steel; C80 concrete was paired
with Q345 and Q420 steel; and C100 concrete was paired with Q420
steel. The ratios of axial compressive stresses (σ⁠L,s) to the yield strength
(f⁠s) (f⁠sc = N⁠u/A⁠sc, where A⁠sc = A⁠c + A⁠s is the total cross-section area)
of the steel tubes in the middle sections at the ultimate state have been
obtained, as shown in Fig. 12. The average ratio of the axial compres-
sive stress to the yield stress of a steel tube at the ultimate state could
be expressed as:

(8)

Based on von Mises yield criterion [20], the tensile transverse stress
(σ⁠θ,s) of a steel tube can be obtained as:

(9)

Fig. 13 plots the von Mises stress contours at the ultimate states of
the circular CFT stub columns, with and without stirrup confinement. It
is found that the confining effect of the circular steel tube and stirrups
on the core concrete is evenly distributed. The average axial stress of the
core concrete in a stirrup-confined circular CFT stub column is higher
than that of the ordinary circular CFT stub column.

4.2. Simplified calculation method

The stress distribution of a stirrup-confined circular CFT stub col-
umn can be simplified as shown in Fig. 14. To facilitate design, stirrups
are transformed into the circular steel tube using an equivalent wall
thickness, in order to match the steel ratio. The sectional area of the
equivalent steel tube A⁠sso for a circular CFT stub column with orthogo

Fig. 13. Stress contours at mid-sections for circular CFT stub columns with and without stirrups.
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Fig. 14. Simplified stress distribution within the mid-section of a stirrup-confined circular CFT stub column.

nal stirrups can thereby be calculated by the following equation:

(10)

The sectional area A⁠sso for a circular CFT stub column with bidirec-
tional stirrups can be calculated by Eq. (11):

(11)

and the sectional area A⁠sso for a circular CFT stub column with loop stir-
rups can be calculated by:

(12)

From Fig. 13, the following relationship yields

(13)

The longitudinal compressive stress of the core concrete (σ⁠L,c) can be
expressed as:

(14)

in which k (=3.4) is the lateral pressure coefficient adopted from liter-
ature [20].

According to the static equilibrium of the cross-section, the ultimate
bearing capacity N⁠u,3 of an axially-loaded stirrup-confined circular CFT

stub columns can be expressed as:

(15)

Substituting Eqs. (8)–(14) into Eq. (15), the axial-loading bearing ca-
pacity of a stirrup-confined circular CFT stub column can be described
as:

(16)

where P is the coefficient for different types of stirrup-confined circu-
lar CFT stub columns. For the specimens 1CFT1, 2CFT1 and 3CFT1, the
coefficients have been found to be 1.7032, 1.7005 and 1.6996, respec-
tively. An identical value of P = 1.7 is thereby proposed. Eq. (16) can
then be rewritten as:

(17)

Fig. 15 shows the ultimate bearing capacities from experiments
(N⁠u,e), Eq. (17) (N⁠u,3) and FE modelling (N⁠u,fe). The average ratio of N⁠u,e
to N⁠u,3 is 1.062 with a dispersion coefficient of 0.033, and the aver-
age ratio of N⁠u,fe to N⁠u,3 is 1.048, with a dispersion coefficient of 0.008.
Therefore, it is concluded that the proposed formula agrees well with
experimental and FE results.

The ultimate bearing capacity of a circular CFT stub column with a
steel section [8,9] or steel reinforcement [11,12] is usually described as
a simple superposition of the steel section (or steel reinforcement) and
the ordinary CFT column, without any additional confining effect pro-
duced by the steel section (or steel reinforcement). The steel section or
steel reinforcement can only work up to its yield strength. However, the
innovative reinforcement proposed in this paper can perform up to 1.7
times of its yield strength, which is equivalent to the confinement of the
steel tube. It is then concluded that the constraint of the stirrup-confined
forms is more effective than steel sections or steel reinforcement to cir-
cular CFT stub columns.

Fig. 15. Comparison of ultimate bearing capacities among calculated results using Eq. (17), FE results and experimental results.
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5. Conclusions

This paper presents a comparative study of circular CFT stub
columns with three different stirrup-confined forms: orthogonal stir-
rups, bidirectional stirrups and loop stirrups. Based on the experimental
and numerical results, the following conclusions can be drawn:

(1) The stirrups did not affect the failure modes of the circular CFT
columns. All stirrup-confined circular CFT columns had local buck-
ling failure in the steel tube at the middle height and the top end of
a circular CFT column, and shear failure in the core concrete.

(2) The ultimate bearing capacity and ductility of a circular CFT stub
column with orthogonal stirrups were higher than those of the other
two stirrup types. Increasing the volume-stirrup ratio will increase
the ultimate bearing capacity and ductility of a stirrup-confined cir-
cular CFT stub column significantly.

(3) The composite action increased with the increase of the volume-stir-
rup ratio. With the same volume-stirrup ratio, orthogonal stirrups
produced strongest composite action among the three different
types of stirrups. Moreover, radial stress of the core concrete re-
sulted from stirrups was greater than that by the steel tube.

(4) A simplified design approach, validated by experimental and nu-
merical results, was developed to predict the ultimate bearing ca-
pacity of a stirrup-confined circular CFT stub column. The confine-
ment on the core concrete provided by stirrups investigated in this
paper strongly outperformed that provided by steel sections or steel
reinforcement in literatures.
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