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Abstract: Concrete-filled steel tubular (CFST) structures are well known to possess high strength and
ductility. CFST members are used under complex stress states, such as beam–columns, piers, caissons,
or other foundation components. Recommendations for the design and construction of concrete-
filled steel tubular (CFST) structures were published in 1997 and revised in 2008 in Japan. In the
recommendations, calculation methods for the axial strength and flexural strength of CFST columns
were established on the basis of experimental results of more than 400 specimens; however, the test
results of the columns that failed in shear referred to only 12 specimens in the recommendations. It is
necessary to accumulate experimental data on the shear strengths and behaviors of CFST columns.
Tests and analyses have been carried out on eight circular CFST column specimens with a shear span
ratio of 0.75. The diameter-to-thickness ratio of the steel tube is approximately 34. The shearing
capacities of the tests were underestimated by over 20% errors using the calculation method of the
CFST Recommendations in Japan. The load versus deformation relations obtained by the tests were
well traced by 3D-FEM analysis. The shearing capacities were estimated as an average of 12% errors
using 3D-FEM analysis.

Keywords: short column; flexural strength; load–deformation relation; 3D-FEM

1. Introduction

Concrete-filled steel tubular (CFST) columns provide a number of advantages when
used in seismic-resistant frames. The inner concrete increases the axial and flexural stiffness
and load-carrying capacity while permitting more slender elements. Because slender beam–
columns are normally predicted to fail in buckling or flexure, few studies of short columns
of CFST that fail in shear have been conducted. It is necessary to provide a design formula
for very short columns in structural designs based on a few specimens that fail in shear.
To obtain data on the shearing failure of short CFST columns, we have experimentally
investigated the load versus deformation characteristics of CFST specimens subjected to
shearing force under constant axial compression. The test results were compared with
those of the 3D-FEM analyses.

An extensive number of experimental studies for CFST members were conducted in the
fifth phase of the U.S.–Japan Cooperative Earthquake Research Program from 1992 to 1996.
The total summaries of this program were reported in papers by El-Tawil and Bracci [1]
and by Goel [2]. The analytical model for composite and hybrid structures was overviewed
by Spacone and EI-Tawil [3]. The test results for axial compression were examined in
two papers by Varma [4] and the authors [5]. The beam-column tests were reported in
Refs. [6,7]. The research on the connections is presented in the papers [8–11].

The authors proposed uniaxial stress–strain curve models for inner concrete and steel
tubes of CFSTs in Ref. [5] in this program. The authors also investigated the flexural
behavior of single-curvature columns through experimental and analytical studies [12].
In this analytical study, the proposed uniaxial stress–strain curve models were used to
predict the bending behavior accurately as a multi-fibers model. One of the authors had
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already studied the triaxial state of the components of composite and hybrid structures in
Refs. [13,14] by a finite elements method (FEM).

In Japan, “Recommendations for Design and Construction of Concrete Filled Steel
Tubular Structures [15]” was published in 1997 and revised in 2008. The Recommendation
includes the results of the U.S.–Japan research and summarizes more than 400 specimens to
establish the design methods for axial and flexural capacities but refers to only 12 specimens
to verify the calculation method for shearing capacity. The 12 test results of shear fail-
ure of CFST short columns, of which shear span ratios were from 1.0 to 1.5, were re-
ported by Sakino [16]. The sectional shapes of the twelve specimens were limited to
100 mm × 100 mm squares. The concrete strength of the tests was around 20 MPa, which
was relatively lower than that of normal use of CFST. This study focuses on the shearing
capacity and behavior of a circular CFST column.

The characteristic behaviors of CFST members have been investigated by many re-
searchers. Analytical studies on CFST columns under axial compression were conducted
by Choi and Xiao [17] and Hu et al. [18]. There were some analytical studies on predicting
the behavior of beam–columns by Varma et al. [19] and the behavior of beam–column
connections by Chiew et al. [20]. The CFST structure has the feature of the mutual confining
effects between inner concrete and steel tube. The confining effect was essentially explained
by three-dimensional models. These previous studies showed that FEM analysis is an
effective way to predict complex three-dimensional stress states, for example, the study
by Tort and Hajjar [21]. The authors also conducted a numerical investigation by 3D-FEM
analysis to trace the relations between the shearing force and drift angle of the circular
CFST columns.

Important research on the shearing behavior of circular CFST members was reported
by Roeder et al. [22]. In this study, a database of test results of circular CFST that failed in
shear was built, and they proposed a new calculation method for the shearing capacities of
circular CFST columns. The Roeders’ study focused on beams or piles without axial force.
Our study focuses on the columns with axial force.

In Section 2, an outline of the experimental work is presented. Section 3 shows the
experimental results. A model for FEM analysis is shown in Section 4, and the analytical
results are discussed in Section 5. In Section 6, the results of the test, analysis, and calculation
are compared. Section 7 summarizes the outcomes of the study.

2. Specimen and Test Setup

A test matrix is presented in Table 1. A primary test parameter is the ratio of the axial
force N to the nominal axial force capacity N0. Annealed and non-annealed steel tubes
are used. The average compressive strength of concrete cylinders is 50.9 MPa. The yield
stress of the non-annealed steel tube is 531 MPa, and that of the annealed one is 507 MPa.
The notations in the tables are as follows: D: diameter of steel tube, t: wall thickness of steel
tube, D/t: diameter to thickness ratio, a/D: shear span to depth ratio, a: shear span, cσB:
strength of concrete cylinder, σy: yield stress of steel tube, N: constant axial force applied.

Table 1. Test matrix.

Specimen D (mm) t (mm) D/t a/D cσB (N/mm2) σy (N/mm2) N/N0 Annealing

N75-1

165 4.87 34 0.75 50.8

531

0.1
×

(Non-annealed)
Non 0.2

N75-3 0.3
N75-4 0.4

A75-1

507

0.1
#

(Annealed)
A75-2 0.2
A75-3 0.3
A75-4 0.4

The shape of the test specimen is shown in Figure 1. The mid-height region of the
specimen is broken by the loading apparatus shown in Figure 2. The specimens are
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fabricated by welding steel tubes and plates. Four 19 mm thick plates are set laterally as
loading stubs. Two central plates are carefully placed in the steel tube. The two plates are
welded on one side of each plate, i.e., the upper and lower sides of the test part are not
welded to avoid the influence of welding heat on the test specimen.

Figure 1. Test specimen.

Figure 2. Loading apparatus.

The axial force N is adopted by the universal testing machine at Kyushu University.
Lateral forces Q are applied by a double-acting hydraulic jack with a capacity of 1 MN.
A bending moment diagram of the whole test setup is shown in Figure 3. The mid-height
region of the specimen deforms anti-symmetrically, as shown in Figure 4.

Figure 3. Bending moment diagram.
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Figure 4. Deformation of tested part.

The deformation histories of the test are shown in Figure 5, where the vertical axis
shows the drift angle R of the specimen, and the horizontal axis shows the number of
loading cycles. The drift angles R are obtained by dividing lateral displacements by the clear
height of the specimen. The test is controlled under R according to Figure 5, where the peak
drift angle increases stepwise from 1.0/100 rad. to 4.0/100 rad. Three cyclic deformations
are applied at each drift angle. When the specimens do not show maximum strength
within R = 4.0/100 rad., extra deformations are applied. They are up to R = 8.0/100 rad.
for non-annealed specimens and R = 6.0/100 rad. for annealed specimens.

Figure 5. Deformation histories.

Figure 6 shows locations for transducers and strain gauges. The eight linear variable
differential transformers (LVDTs) are used to measure the deformations of the specimens.
The four of them are set horizontally on both sides of the specimen to measure the drift angle
R. Axial displacements are obtained from four LVDTs set vertically at four corners of the
stub of the steel plate. A total of ten strain gauges are used for each specimen. The gauges
are available for the post-elastic range and are grouped into A and B. The gauges in group
A glued on the flange longitudinally are used to measure the curvatures of the top and
bottom of the specimen. If the strains in group A attain the yield strain, the specimen is
judged to be yielding in flexure at this point. The three-axis gauges in group B, glued on
the web, are used to determine two-dimensional stress tensors. From the stress tensor, von
Mises stress σe is calculated by Equation (1).

σe
2 =

1
2

{
(σθ − σz)

2 + σθ
2 + σz

2 + 6τθz
2
}

(1)
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where σθ, σz are normal stresses of horizontal and vertical directions. τθz is the shearing
stress. They are obtained from the strain data on the web of specimens. If the value of σe
attained the yield stress, the specimen is judged to be yielding in shear.

Figure 6. Locations of transducers and strain gauges.

3. Experimental Results

The relations between shearing force Q and drift angle R are shown in Figure 7.
The symbol # is the coordinate (Qy, Ry), which indicates the occurrence of yielding in
shear. The loading tests for N75-2, N75-3, A75-1, A75-2, and A75-3 yield in shear during the
loading to R = 2.0/100 rad. before the observation of flexural yielding; then, the shearing
forces of the specimens increase according to the increases of the displacements. N75-1
occurs shearing and flexural yielding at the same deformation. N75-4 and A75-4 attain their
maximum strengths Qmax around R = 3.0/100 rad., and then slight decreases in strengths
are observed. Only N75-4 yields in flexure before the shear-yielding occurs.

Figure 7. Relations between shearing force Q and drift angle R.

Figure 8 shows the pictures of the inner concrete of N75-1 and A75-1 after the tests.
Both have clear diagonal cracks, which show typical shearing failure.

Figure 8. Cracks on inner concrete after test.
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The test specimens do not have fractures or cracks at the welded parts or on the surface
of the steel tubes. This indicates that the test specimens successfully exhibited shearing
or flexural capacities. It is difficult to clearly distinguish the failure modes of shear and
flexure. Comparisons between the shearing capacities and flexural capacities are discussed
in Section 6, entitled “Comparisons of Test, Analysis and Calculation”.

4. Finite Element Model for Analysis

An analytical investigation of the test specimens was carried out using finite element
code DIANA version 9.5. The feature of the program includes the modified compressive
theory for concrete [23]. The purpose of the analysis is mainly to estimate each of the
shearing forces that the steel tube and the inner concrete sustained in the tests. The material
properties of the concrete and steel are listed in Tables 2 and 3. The property of the interface
element between the steel tube and the inner concrete is shown in Table 4. The concrete is
modeled by solid elements. A total strain crack model based on the modified compression
field theory is used for the nonlinear constitutive law. The tensile properties of the concrete
are shown in Figure 9. The tensile strength is calculated by the expression appearing
in “Design Guidelines for Earthquake Resistant Reinforced Concrete Building Based on
Inelastic Displacement Concept” [24], published by AIJ. The Hordjik model [25] is used for
the tension-softening function. The tensile fracture energy Gf is calculated by the expression
used among “Standard Specifications for Concrete Structures” [26], published by JSCE. The
compressive properties of the concrete are shown in Figure 10. The Feenstra model [27]
is used to determine the compressive properties. The compressive fracture energy Gc is
estimated by the expression of Nakamura and Higai [28]. The steel tube and the web of
the stub are modeled by curved shell elements with four nodes. The flange of the stub is
modeled by solid elements. A bilinear model, shown in Figure 11, is used for the material
properties of the steel. The yield stress is determined by the von Mises yield criterion.
The Coulomb friction model is used for the interface element between steel and concrete,
as shown in Figure 12. The analytical properties of the interface elements used for the CFST
column by Komuro et al. [29] are adopted.

Table 2. Material properties of concrete.

Specimen Ec (N/mm2) cσB (N/mm2) σt (N/mm2) Gc (N/mm) Gf (N/mm)

N75 3.12 × 104 50.9 2.35 62.6 0.108
A75

Table 3. Material properties of steel.

Specimen t (mm) Es (N/mm2) σy (N/mm2) H (N/mm2)

N75 4.87 2.01 × 105 531
2.01 × 103

A75 507

Table 4. Properties of interface between steel tube and concrete.

Specimen kn (N/mm3) kt (N/mm3) c (N/mm2) tanΦ ft (N/mm2)

N75
1.0 × 104 1.0 × 103 0.783 3.6 0

A75
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Figure 9. Tensile properties of concrete [25].

Figure 10. Compressive properties of concrete.

Figure 11. Material properties of steel.

Figure 12. Coulomb–friction model.

The components of the FEM analysis are illustrated in Figure 13. Half of the entire
specimen is investigated because the specimen is symmetrical in the Z–X plane. Spring
elements are installed at the center section of the specimen to measure the shearing forces
of the steel tube and the inner concrete directly.
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Figure 13. Finite element model for analysis.

A 0.4 mm clearance is provided between the steel tube and the flanges of the stubs
because the diameter of the steel tube is 165.2 mm and the diameter of the hole of the
flanges is 166 mm. There are gaps between the steel tube and flange of the stubs; hence,
they are not welded at the sides of the test part but are welded at the sides of the stub parts.
The authors intend to avoid the influence of welding heat on the critical section, as shown
in Figure 1.

Contact elements are used in the clearance between the steel tube and the flange.
Spring elements with high stiffness are used in the welded parts.

The axial force is applied at the top of the specimen. Lateral displacements are applied
in opposite directions at the upper and lower flanges. The lateral displacements are given
to the drift angle of R = 4/100 rad. in the X-axis direction. The drift angle R is obtained
by dividing the relative displacements between the two flanges by the clear heights of
the specimens. Displacements of all nodes on the Z–X plane are zero in the Y-direction.
The central node at the top of the specimen is fixed in the X-direction. The central node at
the bottom of the specimen is fixed in both the X and Z directions.

5. Analytical Results and Discussions

The relations between the shearing force Q and drift angle R are shown in Figure 14.
The dotted lines show the experimental results, and the solid lines show the analytical results.
The symbols △ and # indicate the occurrences of flexural and shearing cracks in the inner
concrete in the analyses. The symbols ▲ and • indicate the flexural and shear yielding of the
steel tub in the analyses. The symbol ▼ shows the analytical shear strength Qana.

Figure 14. Relations between shearing force Q and drift angle R in the analysis.
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With respect to the crack of the inner concrete, shearing cracks are observed from
around R = 0.6/100 rad. in the analyses. The shearing cracks appear after the observation
of the flexural cracks. The increase in the axial force ratio delays the drift angle when the
flexural crack appears. With respect to the yielding of the steel tube, the shear yielding
occurs around R = 1.5/100 rad. The flexural yielding occurs prior to the shear yielding.
These results contradict experimental results. It is noteworthy that the maximum strengths
are exhibited after the shear yielding of the steel tube in both the test and analysis.

The initial stiffness in the test and the analysis generally agree. The maximum strengths
of the analyses are smaller than those of the tests for all specimens. During the tests, the
shearing force of the specimens gradually increases after R = 3/100 rad. On the other hand,
in the analysis, the shearing force decreases after the peak at R = 3/100 rad. The difference
is due to the strain hardening of the steel tube. Because the test is carried out under cyclic
loading, the strain hardening rate of the test is greater than that of the analysis under
monotonic loading.

Contour diagrams of minimum principal stress of the inner concrete of the N75-1
and N75-4 specimens are shown in Figure 15, where the shape of the compression strut is
confirmed. Furthermore, the increase in axial force enhances the shearing capacity because
the compression region becomes larger. Contour diagrams of the shearing stress of the steel
tubes of N75-1 and N75-4 specimens are shown in Figure 16, where the increase in axial
force decreases the shearing stress of the steel tube. When the specimens exhibit maximum
strength, the shear yielding of steel tubes is confirmed.

Figure 15. Compressive stress contour of concrete.

Figure 16. Shearing stress contour of steel tube.
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6. Comparisons of Test, Analysis, and Calculation

In Figure 17 and Table 5, the maximum strength of the test Q′max, the maximum strength
of the analysis Qana, shearing capacity Qsu, and flexural capacity Qbu are compared. The
values of Q′max are averages of the absolute values of Qmax and Qmin of the tests. The Qsu
and Qbu are calculated using the methods defined in the CFST Recommendations in Japan.
The Qsu is the generalized superposed strength, as shown in Equation (2).

Qsu = sQsu + cQsu (2)

Figure 17. Relations between axial force ratio and shearing capacity.

Table 5. Comparisons of maximum strengths.

Specimen Q′max (kN) Qana (kN) Qsu (kN) Qbu (kN) Q′max/Qana Q′max/Qsu Qana/Qsu Qana/Qbu

N75-1 655 592 506 703 1.11 1.29 1.17 0.84
N75-2 672 588 517 725 1.14 1.30 1.14 0.81
N75-3 649 573 511 728 1.13 1.27 1.12 0.79
N75-4 596 545 489 712 1.09 1.22 1.12 0.77
A75-1 627 582 486 671 1.08 1.29 1.20 0.87
A75-2 654 571 496 694 1.15 1.32 1.15 0.82
A75-3 620 557 490 698 1.11 1.27 1.14 0.80
A75-4 629 531 468 683 1.19 1.34 1.13 0.78

Ave. 1.12 1.29 1.15 0.81

St. dev. 0.033 0.034 0.025 0.031

The shearing capacities of steel tube and inner concrete are calculated by CFST Recom-
mendations and are shown as sQsu and cQsu. The experimental results of Q′max are greater
than the analytical results of Qana and the calculated values of Qsu in all specimens. Be-
cause the average of the Q′max/Qana is 1.12, the analyses can safely evaluate the maximum
strengths of the experiments in 12%. The average values of Qmax/Qsu and Qana/Qsu are
1.29 and 1.15. The standard deviations of each ratio are also shown in Table 5. This shows
that the methods in the CFST Recommendations provide safe estimates of the shearing ca-
pacities. Both Q′max and Qana are lower than Qbu. This shows that the maximum strengths
of the tests and analyses do not attain the full plastic states of the sections of the specimens,
which are defined as the flexural capacities in the CFST Recommendations. The maximum
strengths of the specimens are significantly affected by the shearing stress on the steel tube
and inner concrete based on the observations of the tests and analyses. The comparisons
between the test results and the design formulas suggest that all specimens fail in shear
and exhibit their shearing capacities as the maximum strengths.

In Figure 17 and Table 6, the shear forces that the steel tube and inner concrete sustain
at the maximum strength of the CFST are shown as sQana and cQana in the analyses and are
compared with each other. sQana and cQana are estimated by integrating the bearing forces
of the spring elements arranged in the middle surface of the specimen. The ratio of the
shearing forces of the steel tube and inner concrete is approximately 7:3 for the specimens.
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sQana/sQsu is 1.10 on average, so sQsu safely evaluates the shearing strength of the steel
tube. The average value of cQana/cQsu is 1.29; thus, cQsu underestimates the shearing
strength of the inner concrete.

Table 6. Comparisons between sQana, cQana, and sQsu, cQsu.

Specimen sQana (kN) cQana (kN) sQana/Qana cQana/Qana sQana/sQsu cQana/cQsu

N75-1 442 161

0.73 0.27

1.14 1.30
N75-2 434 163 1.08 1.27
N75-3 424 159 1.08 1.26
N75-4 404 151 1.09 1.34

A75-1 424 161

0.72 0.28

1.15 1.32
A75-2 417 164 1.09 1.27
A75-3 405 161 1.08 1.28
A75-4 389 150 1.09 1.32

Ave. 0.72 0.28 1.10 1.29

7. Conclusions

Shearing capacities and behaviors of short CFST columns have been experimentally
and analytically investigated. In the experiments, eight specimens with a/D of 0.75 are
subjected to cyclic shearing forces under a constant axial force. The main test parameter
was the axial force ratio. Relations between the shearing force and drift angle were obtained
through the tests. Then, a 3D-FEM analysis was carried out to trace the load versus
deformation relations of each specimen of the tests. The maximum strengths of tests and
analyses were compared to each other and to the shearing and flexural capacities calculated
by the design formulas of “Recommendations for Design of and Construction of Concrete
Filled Steel Tubular Structures” in Japan. The following conclusions were derived.

1. In the tests, shear yielding of the steel tube was observed before each specimen
exhibited the maximum strength. Diagonal cracks were observed in the inner concrete
after the tests were conducted.

2. The results of the 3D-FEM analyses traced the overall trend of the shearing force and
drift angle relations obtained from the tests.

3. The maximum strengths of the specimens obtained from the test and analysis were lower
than the flexural capacities calculated by the CFST Recommendations in Japan. The load-
carrying capacities of the CFST short columns were influenced by shearing forces.

4. The maximum strengths of the tests were compared with the shearing capacities
calculated by the CFST Recommendations in Japan. The maximum strengths of the
tests were underestimated, with 29% errors. The value of the standard deviation of
the ratio of the test and calculation was 0.034.

5. The maximum strength of the tests was the evaluated safety, with a 12% error by the
3D-FEM analyses. The value of the standard deviation of the ratio of the test and
analysis was 0.033.
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