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Abstract: Local buckling in steel tubes was observed to be capable of reducing the ultimate loads
of thin-walled concrete-filled steel-tube (CFST) columns under axial compression. To strengthen
the steel tubes, steel bars were proposed in this paper to be used as stiffeners fixed onto the tubes.
Static-loading tests were conducted to study the compression behavior of square thin-walled CFST
columns with steel bar stiffeners placed inside or outside the tube. The effect and feasibility of steel
bar stiffeners were studied through the analysis of failure mode, load–displacement relationship,
ultimate load, ductility, and local buckling. Different setting methods of steel bars were compared as
well. The results showed that steel-bar stiffeners proposed in this paper can be effective in delaying
local buckling as well as increasing the bearing capacity of the columns, but will decrease the ductility
of the columns. In order to obtain a higher bearing capacity of columns, steel bars with low stiffness
should be placed inside and steel bars with high stiffness should be placed outside of the steel
tubes. The study is helpful in providing reference to the popularization and application of this new
structural measure to avoid or delay the local buckling of thin-walled CFST columns.

Keywords: steel-bar stiffeners; square thin-walled CFST column; compression behavior; local
buckling; structural measure

1. Introduction

Thin-walled concrete-filled steel-tube (CFST) columns have received extensive attention from scholars
and engineers, because of their significant advantages to reduce the amount of steel consumption and
workload of welding. Ahmad studied the local buckling restraining behavior of concrete-filled steel
tubular columns under seismic loads and the interaction between steel tube and concrete was discussed [1].
Montuori et al. studied the evaluation of the ultimate behavior of concrete-filled tubular (CFT) members
subjected to nonuniform bending moments and presented a fiber model able to predict the ultimate
response of CFT members [2]. Elchalakani et al. presented a new method to determine new ductile
slenderness limits suitable for plastic design of structures based on the measured strains in plastic-bending
tests on concrete-filled tubes [3]. Choi et al. showed, through experimental and numerical investigations,
that thick flanges of high-strength steel, thin webs of mild steel, and electrodes for the thin and mild steel
can be used to increase cost efficiency without performance degradation and the hybrid rectangular CFT
(RCFT) sections can develop full plastic strength [4]. Campiche et al. evaluated the seismic behavior of
CFS buildings sheathed with gypsum panels by shaking-table tests and developed a numerical model
able to simulate the dynamic/earthquake response in an OpenSees environment [5]. Ghazijahani et al.
studied the structural behavior of timber-filled and carbon fiber reinforced polymer (CFRP) jacketed
circular steel tubes and clarified the effect of each material on structural behavior [6]. Then, they studied
the effect of timber cores on the structural response of concrete-filled circular tubes under compression [7].
Ding et al. established finite element models of concrete-filled steel-tube stub columns under local
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compression and proposed precise and concise formulas [8]. The steel tube can be used as the concrete
formwork and support the stirrup inside as well. But, mechanical deficiencies still exist, so that local
buckling is easy to form into the thin-walled steel tube, thus making it unable to completely use the
bearing capacity of the core concrete inside the tube. Therefore, the improvement of local-buckling
performance of the thin steel tube becomes a critical problem in the study of thin-walled CFST columns.
Some experiments and analysis have been conducted to resolve the problem. Uy et al. used a finite
strip model for elastic local buckling to study the behavior of steel plates in composite steel–concrete
members, considered the buckling of the steel skin and suggested the width-to-thickness ratios suitable
for design [9]. Schnabl et al. presented an efficient mathematical model for studying the global buckling
behavior of CFST columns with compliant interfaces [10]. Thai et al. proposed a new stress-strain model
considering the local-buckling effect [11]. Dundu conducted buckling tests of square concrete-filled
steel tubes under concentric axial compression [12]. Long et al. studied the local-buckling behavior of
eccentrically loaded rectangular CFT columns and derived the formulas for critical buckling stress of
the steel plates [13]. Song et al. investigated factors that affect the buckling and postbuckling behavior
of steel flanges of partially encased composite columns [14]. Patel et al. considered the influences of
local buckling and proposed a fiber model to analyze CFST beam columns [15]. On the other hand,
some structural measurements were proposed to resist local buckling in previous studies, such as setting
straight ribs [16], tensile sheets [17], longitudinal and transverse stiffeners [18,19], binding bars [20], angle
braces, and other kinds of buckling restrained braces [21,22]. Such measurements can improve the effect
of steel tubes on confining concrete, but also result in construction operation difficulties, like the increase
of welding workload and a decrease in construction quality. Therefore, some kind of new method needs
to be explored to resolve some of these mentioned problems.

Here, longitudinal steel bars were set as stiffeners in the tube of square thin-walled CFST columns
and spot welding was used to fix the steel bars onto the tubes, which were proposed as a new
structural measure in this paper. Compared with some existing steel-plate stiffeners (Figure 1),
the steel-bar stiffeners are simpler and more convenient for construction. In addition, steel bars
have certain longitudinal rigidity and can be connected to the steel-pipe wall by spot welding.
Using the spot-welding method can simplify the construction process and reduce the workload
of welding significantly as well. To test the effect of such structural measures and their feasibility in
practical projects, an experimental study was conducted in this paper on the compression behaviors of
square thin-walled CFST columns with steel-bar stiffeners inside the tube. Several setting methods
of the steel-bar stiffeners were compared and analyzed on their improving effects on the mechanical
performance of stub columns through static-loading experiments.
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Figure 1. Comparison of existing stiffeners and steel-bar stiffeners. (a) Binding bar; (b) tensile sheet; 
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Figure 1. Comparison of existing stiffeners and steel-bar stiffeners. (a) Binding bar; (b) tensile sheet;
(c) angle brace; (d) steel bar.
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2. Experimental Program

2.1. Test Specimens

Six column specimens were fabricated in the test. The square tubes of the column specimens were
made of Q235 cold-rolled steel sheets with a thickness of 2 mm. The section width of a square tube
was 200 mm. To unify the stress of the column sections under the axial static loads applied at the end
of columns, steel sheets of 250 × 250 × 6 mm were welded on both ends of the column specimens.
The specimen details are shown in Figure 2.
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Figure 2. Details of column specimen.

The diameter of steel bars was determined according to the requirements of the minimum inertial
moment of stiffeners. HPB235 steel bars were used to make the stiffeners of the specimens for welding
convenience and better ductility.

The specimen plan is shown in Table 1. There are two thin-walled CFST columns with steel-bar
stiffeners inside the tube, two thin-walled CFST columns with steel-bar stiffeners outside the tube,
one thin-walled CFST column without any stiffeners inside, and one steel tubular column without
concrete and stiffeners inside the tube. The section details of the specimens are shown in Figure 3.

Table 1. Specimen plan.

Column
Number

Stiffener
Setting

Concrete
Setting

Column
Height (mm)

Column Width
(mm)

Tube Thickness
(mm)

Steel-Bar
Diameter (mm)

Cross-Section
Area Ratio of

Steel to Column

C1 Empty tube No concrete 1200 200 2 - 100%

C2 No stiffeners Concrete-filled 1200 200 2 - 3.96%

C3
Steel-bar
stiffener

inside tube
Concrete-filled 1200 200 2 12 mm 5.07%

C4
Steel-bar
stiffener

inside tube
Concrete-filled 1200 200 2 16 mm 5.91%

C5
Steel-bar
stiffener

outside tube
Concrete-filled 1200 200 2 12 mm 5.07%

C6
Steel-bar
stiffener

outside tube
Concrete-filled 1200 200 2 16 mm 5.91%
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2.2. Specimen Fabrication

The square thin-walled steel tube was made of two parts, including a U-shaped steel plate and a
flat steel plate. The square steel tube was formed by welding those two parts together. The welding
method is shown in Figure 3g.

For the columns with the steel-bar stiffeners inside the tube, the bars were fixed on the steel plates
by spot welding before welding the two parts of plates together. The distance of two welding spots
was set to be 10 mm along the bars. The cover plate was then welded onto one of the column ends.
For the columns with the steel-bar stiffeners outside the tube, the two parts of steel plates were first
welded together to form the square tube. The cover plate was then welded onto one of the column
ends. The steel bars were finally fixed onto the plates by spot welding.

When casting concrete into the square steel tube, the tube was placed on the ground vertically
and the concrete was poured into the tube layer by layer. A vibrator with a diameter of 50 mm was
used in the concrete casting to densify the concrete. At the final casting, the top of the concrete was
made to be flush with the top of the steel tube. After two weeks of curing, there was some longitudinal
shrinkage in the concrete. So, cement mortar was used to again make the filler top flush with the
top of steel tube. Then the cover steel plate was used to close the top of the square steel tube by
welding. For each column, a group of three cubic concrete specimens were made and cured to test the
mechanical properties of the concrete in the steel tube.

2.3. Materials Properties

The mechanical properties of steel plates and steel bars were tested through tensile experiments
according to Chinese code GB/T 228.1-2010 [23]. The mechanical properties of concrete were tested
through compressive experiments according to Chinese code GB/T 50081-2002 [24]. The tested
properties of the steel materials and concrete are shown in Tables 2 and 3, respectively.
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Table 2. Properties of steel materials.

Type Yield Strength (N·mm−2) Ultimate Strength (N·mm−2) Elastic Modulus (N·mm−2)

Steel tube 243.0 368.5 1.82 × 105

Steel bar 231.3 355.3 1.97 × 105

Table 3. Properties of concrete.

Type Cube Compressive Strength (N·mm−2) Axial Compressive Strength (N·mm−2) Elastic Modulus (N·mm−2)

Core concrete 24.5 16.4 2.77 × 104

2.4. Loading and Measurement

Static-loading experiments were conducted using a 5000 kN hydraulic pressure-testing machine,
which is shown in Figure 4. The static pressure load was applied onto the column specimens step by
step. At the beginning, each load step was 1/10 of the ultimate load of the column, and then adjusted
to 1/20 of the ultimate load of the column when close to the ultimate load. The load and displacement
of column top were detected by the data-collection system and recorded in a computer. With the load
being applied step by step, the relationship of load and longitudinal displacement was planned by the
computer, which could be used to monitor the experimental process and determine the yield-load and
ultimate-load values.
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3. Test Results

3.1. Failure Mode

The failure modes of all the specimens are shown in Figure 5. For column C1, with no concrete
inside the steel tube, concave local buckling of the steel plate occurred in one side of the square steel
tube and convex local buckling of the steel plate occurred in the opposite side.

For column C2, with concrete but no stiffeners inside the steel tube, three buckling waves were
formed in the middle of the steel tube. Although local buckling occurred in the thin-walled steel tube,
the failure mode of this column was shear failure due to the support of the concrete inside the tubing.

For columns C3 and C4, with both concrete and steel-bar stiffeners inside the steel tube, shear
failure was found as the main failure mode. Local buckling occurred in the upper areas of the tube
and the thin plate of the square tube was pushed out by the steel bars inside.

For columns C5 and C6, which had concrete inside and steel-bar stiffeners outside the steel tube,
shear failure was observed as the main failure mode as well. Local buckling occurred in the areas
close to the end of the tube. The buckling waves of steel-bar stiffeners were the same as the waves of
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the steel plates in C5 for the smaller stiffness of the steel bars with a 12 mm diameter. The welding
points between the bars and the plates were almost undamaged. Some buckling waves of the steel-bar
stiffeners in C6 were bigger than the steel plates for the larger stiffness of the bars with a 16 mm
diameter. The welding points in the big buckling waves were almost damaged.
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Figure 5. Failure modes of specimens.

3.2. Load–Displacement Relationship

The load–displacement relationship curves of the six column specimens are shown in Figure 6.
Three stages were observed in Figure 6. In the first stage, the displacement was small and proportionally
increased with the load. Columns were still in the range of elasticity under the test load. However, in the
second stage, the value of loads began to decrease, with displacement increasing after achieving the
ultimate load. The higher the ultimate load was, the more rapidly the load decreased. When it came to
the ultimate load, the displacement of C3 was the biggest among all the specimens, 10.1 mm, and the
displacement of C6 was the smallest, 4.6 mm. In the last stage, the load tended to stabilize or increase
a little, while displacement increased rapidly leading to the final damage of the columns. It has been
observed that the displacement of the columns ranged from 20 to 40 mm as the loads stabilized.
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Figure 6. Load–displacement relationship curves of column specimens. (a) C1; (b) C2; (c) C3; (d) C4;
(e) C5; (f) C6.

The ultimate load of C2, with a value of 802 kN, was significantly larger as compared to C1.
Columns with stiffeners, meanwhile, achieved an even larger ultimate load than C2, ranging from
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1100 to 1353 kN. It can also be observed that C6, with steel-bar stiffeners outside the tube, reached
the highest ultimate load among the columns with a value of 1353 kN. It can be concluded that the
ultimate load and maximum displacement of the concrete-filled columns with stiffeners were much
larger than the columns without any stiffeners, which proved that the stiffeners were very useful in
improving the mechanical performance of the square thin-walled CFST columns.

3.3. Ultimate Load

In order to study the effect of steel-bar stiffeners on the axial bearing capacity of the columns,
nominal bearing capacity was used in this study. Nominal bearing capacity means that the axial
bearing capacity of a square thin-walled CFST column was assumed to be composed of three parts
without considering the confinement effect on the core concrete provided by the steel tube. The first
part is the capacity of the concrete inside the tube, the second one is the capacity of the steel tube,
and the last part is the capacity of the stiffeners. The formula used to calculate the nominal bearing
capacity of the columns is shown in Equation (1):

N0 = fc × Ac + fyt × Ast + fys × Ass (1)

where N0 is the nominal bearing capacity of the column, kN; fc is the strength of concrete inside the
steel tube, N/mm2; Ac is the cross-section area of the concrete, mm2; fyt is the strength of the steel tube,
N/mm2; Ast is the cross-section area of the steel tube, mm2; fys is the strength of the steel-bar stiffener,
N/mm2; and Ass is the cross-section area of the steel-bar stiffener, mm2.

The axial bearing capacities of the eight column specimens obtained from the static-loading tests
were compared with the nominal bearing capacities calculated according to Equation (1), which is
shown in Table 4. In Table 4, Nue is the actual bearing capacity of the columns obtained from the tests.

Table 4. Comparison of axial bearing capacity of columns.

Column Number Ass (mm2) Nue (kN) N0 (kN) Nue/N0

C1 - 145.0 384.9 0.377
C2 - 802.0 1014.9 0.790
C3 452.4 1154.5 1119.6 1.031
C4 804.2 1200.0 1200.9 0.999
C5 452.4 1100.0 1119.6 0.983
C6 804.2 1353.0 1200.9 1.127

Table 4 shows that the Nue/N0 of C1 s only 0.377. Because of this, local buckling in the thin steel
plate of the square tube led to an unstable failure of the column before the steel reached yield strength.
As a result, the actual bearing capacity of the column was much lower than the nominal capacity.

For C2, the supply to the tube from the concrete inside significantly increased the bearing capacity
of the column. However, due to the high ratio of the cross-section width of the square tube to tube-wall
thickness, local buckling occurred earlier leading to a premature failure of the column. Thus, the actual
bearing capacity of the column was still lower than the nominal capacity.

For the column specimens with stiffeners inside or outside the tube, bearing capacities were
increased significantly as compared with C2, and especially the bearing capacity of C6, with a 16 mm
diameter steel bar outside the tube, which increased by 68.7% compared with C2. The ratios of Nue/N0

of these columns were all around 1.0, and the ratio of C6 even reached 1.127. Such observations
verified that the steel-bar stiffeners were able to provide effective support to delay the local buckling
that occurred in the steel plate of the tube, which improved the confinement effect from the steel tube
on the core concrete and made better use of the steel's material properties.

The actual bearing capacity of C3 with 12 mm diameter steel bars inside was higher than that
of C5 with the same-diameter bars outside the tube. This phenomenon can be explained as follows.
When the 12 mm diameter steel bars were used as stiffeners, the cross-section area ratio of steel to
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column increased from 3.96% to 5.07% (Table 1). This increase can lead to the increase of the stiffness
of the steel tube, and can provide support to resist local buckling. But when the increase of the
steel cross-section area ratio was 1.11%, the support provided by the steel-bar stiffeners was still not
sufficient. So when these steel bars were used outside of the steel tube as specimen C5, they could not
give sufficient support to the steel tube to resist local buckling, although the total area of the column
section was bigger. When the steel bars were used inside of the steel tube as specimen C3, the core
concrete inside the tube could provide good confinement to the steel bars. Thus, the stiffness of the
bars could be increased and better support could be provided to the steel tube to resist local buckling.
Therefore, the bearing capacity of C3 was higher than that of C5.

Meanwhile, the actual bearing capacity of C6 with 16 mm diameter steel bars outside was higher
than that of C4 with the same diameter bars inside the tube. This condition was different to that
of C3 and C5, which can be explained as follows. When the 16 mm diameter steel bars were used
as stiffeners, the cross-section area ratio of steel to column increased from 3.96% to 5.91% (Table 1).
This 1.95% increase of the steel cross-section area ratio could lead to sufficient stiffness increase in
the steel tube, and provide better support to the steel tube to resist local buckling regardless of being
inside or outside the tube. Thus, when they were put outside the tube, the total area of column
section to bear the load was larger than that of the column with the steel bars put inside the tube.
Therefore, the bearing capacity of C6 was higher than C4.

From the above analysis, it can be seen that steel-bar stiffeners can effectively improve the bearing
capacity of square thin-walled CFST columns. In addition, compared with the traditional way of
increasing wall thickness, the steel-bar stiffener has a better effect on improving the bearing capacity
of the column. Taking C4 as an example, when four 16 mm steel bars were used, the increase of
steel content was equivalent to increasing the wall thickness of the steel pipe from 2 mm to 3 mm.
However, it is calculated that, when the steel-pipe wall thickness is 3 mm, the increase of the bearing
capacity of the columns is about 15% [25] relative to a wall thickness of 2 mm, while the increase is
about 50% after steel-bar stiffeners are used.

3.4. Ductility

To study the effect of steel-bar stiffeners on the ductility of columns under axial pressure load,
ductility coefficients of the columns were calculated in this paper. The formula of ductility coefficient
is shown in Equation (2):

DI = ∆max/∆y (2)

In Equation (2), DI is the ductility coefficient; ∆max is the maximum axial displacement of the
column top, which was assumed to be taken when the load dropped to 85% of the ultimate load in this
paper; ∆y is the yielding displacement of the column top, which was assumed to be taken when the
load increased to 75% of the ultimate load in this paper [26].

According to Equation (2), the comparison of the ductility of all column specimens except C1 is
shown in Table 5.

Table 5. Comparison of ductility of columns.

Column Number ∆y/mm ∆max/mm DI

C2 5.1 17.5 3.43
C3 7.2 14.5 2.01
C4 5.0 10.5 2.10
C5 4.4 14.1 3.20
C6 3.5 8.1 2.31

It can be seen from Table 5 that the ductility of the column with steel-bar stiffeners was lower than
the column (C2) without any steel-bar stiffeners. In the columns (C3~C6) with stiffeners, the values
of DI ranged from 2.01 to 3.20, while the value of the DI of C2 was 3.43. It proved that steel-bar
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stiffeners could decrease the ductility of these columns. The reason is that the steel bars significantly
increased the bearing capacity of the columns, but when these steel bars yielded, bearing capacity
rapidly decreased. Then, ductility decreased too.

In the columns with steel-bar stiffeners inside the tube (C3 and C4), the difference in steel-bar
diameter made little difference in column ductility. The ductility of this kind of columns was lower
than in the columns with stiffeners outside the tube because the constraint from the core concrete and
steel tube lowered the deformation capacity of the steel bars.

In the columns with steel-bar stiffeners placed outside the tube (C5 and C6), the DI value of
C5 was 3.20, while that of C6 was 2.31. It proved that a higher cross-section area ratio of steel to column
can lead to lower deformation capacity for the column, while a lower steel-section area ratio can result
in higher deformation capacity.

3.5. Local Buckling

Under axial loads, square thin-walled CFST columns are easier to have local buckling occur than
round columns, especially when the ratio of cross-section width of the tube to tube-wall thickness
is high. To study the effect of steel-bar stiffeners on delaying or avoiding local buckling, the loads
when local buckling was observed to be occurred, called local-buckling load in the paper, were
compared in Table 6. In Table 6, Nu is ultimate load; Nq is the local-buckling load; Nqi/Nq2 is the ratio
of local-buckling load of other columns to the load of column C2.

Table 6. Comparison of local-buckling load of columns.

Column Number Nu (kN) Nq (kN) Nq/Nu Nqi/Nq2

C1 145.5 120.0 0.825 0.194
C2 802.0 620.0 0.773 1.000
C3 1154.5 700.0 0.606 1.129
C4 1200.0 820.0 0.683 1.323
C5 1100.0 760.0 0.691 1.226
C6 1353.0 880.0 0.650 1.419

It can be seen from Table 6 that the Nq of every column is less than Nu, which proved that all the
columns had local buckling before they damaged under axial loads.

Comparing the local-buckling loads, C2 was much higher than C1, which means that the concrete
inside provided significant help in delaying local buckling. As to the columns with steel-bar stiffeners
inside or outside the tube, the local-buckling loads were obviously higher than C2, especially C6, with
16 mm diameter steel bars outside the tube, which was higher than C2 by 41.9%. It can be concluded
that steel-bar stiffeners are effective in delaying local buckling.

4. Summary and Conclusions

Through static-loading tests and analysis, the mechanical properties of square thin-walled CFST
columns with steel-bar stiffeners were studied. The effect of different structural measures was
compared. The following conclusions were drawn:

(1) When steel-bar stiffeners are placed inside or outside the steel tube of square thin-walled CFST
columns, they can effectively delay local buckling in thin steel tubes. Higher local-buckling loads
and ultimate bearing capacity of the columns can be achieved as well. However, the ductility of the
columns decreased.

(2) When the increase of the cross-section area ratio of steel to column is 1.11%, steel-bar stiffeners
can work better when placed inside the steel tube and obtain higher bearing capacity of columns,
because of the constraint effect of core concrete. When the increase of the cross-section area ratio of
steel to column is 1.95%, steel-bar stiffeners should be placed outside the steel tube to enlarge the
cross-section area of the column and obtain higher bearing capacity.
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(3) A higher cross-section area ratio of steel to column can lead to lower deformation capacity for
the column, while a lower steel-section area ratio can result in higher deformation capacity.

(4) The structural measures of using steel bars as stiffeners and using spot welding to fix the
steel bars onto the tube to strengthen square thin-walled CFST columns are effective and feasible,
which can delay local buckling in the tube, increase the bearing capacity of the column, and save
construction costs.
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