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0is paper systematically investigated the axial compression behavior of circular concrete-filled high-strength thin-walled steel
tubular (CFHTST) columns with out-of-code diameter-to-thickness (D/t) ratios.0e axial compression test was first conducted to
examine the failure mode, load-displacement curves, and composite mechanism effect. 0e finite element (FE) model was
thereafter established to perform full-range analysis on the load versus displacement curve as well as the interaction behavior,
where the parametric study was performed to investigate the influences of the material strengths and geometric sizes. Subse-
quently, the applicability of typical design methods was evaluated, and a revised equation for determining strain εscy corre-
sponding to ultimate strength was established to assess the plastic deformation capacity of CFHTSTcolumns. Finally, a theoretical
model for calculating axial bearing capacity was derived based on unified twin-shear strength theory by considering the influence
of intermediate principal stress. 0e research results indicate that a relatively high confine effect can be guaranteed for CFHTST
columns under out-of-code D/t ratios, given that the ratio Nu/Nnom between the measured capacity (Nu) and nominal cross-
sectional capacity (Nnom) mainly distributes within 1.179∼1.292; the full-range analysis reflects that the axial load-deformation
curve can be distinguished by four various loading stages; the scope b� 0.3∼0.55 of intermediate stress coefficient is generally
suggested for predicting axial strength of circular CFSTcolumns within an error of ±5%. 0e abovementioned study can provide
the meaningful design reference for the analysis and application of CFHTST columns.

1. Introduction

Circular concrete-filled steel tubular (CFST) columns have
been gradually applied in many building structures, e.g., the
ultrahigh-rise buildings, long-span bridges, urban viaducts,
and heavy-load pylons due to their efficient fabrication
procedure and favorable mechanical behavior in which the
core concrete can prevent outer steel tube out of local
buckling; meanwhile, the steel tube can confine the concrete
infill into a triaxial compression state for improving the
strength and ductility [1]. 0e steel tube also acts as the

framework for bearing the self-weight of upper structure
before casting core concrete, therefore making a reduced
labor employed and construction cost [2]. However, using
normal-strength (NS) materials and limiting the axial
compression ratio too high in the practical structures usually
result in large section sizes to reduce the architecture aes-
thetics as well as the thicker steel plates to increase the
welding difficulty and decrease the welding quality [3, 4].
Consequently, the high-strength (HS) material especially the
HS steel (steel yield strength fy≥ 690MPa) has gradually
attracted great attention to conduct structural optimization
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for the traditional CFST columns, forming a relatively new-
type CFSTcolumn, namely, the concrete-filled high-strength
thin-walled steel (fy≥ 690MPa) tubular (CFHTST) columns
[5, 6].

Various experiments have been conducted to investigate
the axial compression behavior of circular CFST columns
[7–29]. For example, Sakino et al. [10] examined the be-
havior of centrally loaded circular CFSTcolumns using steel
tubes of fy � 262∼835MPa and concrete of
fc � 25.4∼85.1MPa, and subsequently the stress-strain
models for core concrete were proposed. Gupta et al. [19]
investigated the behavior of circular concentrically loaded
CFST columns with the D/t ratios of 25∼39, indicating that
the steel tube in a smaller D/t ratio can provide high con-
finement effect to concrete infill. Han et al. [21] experi-
mentally investigated the axial local compression behavior of
thin-walled circular steel tube confined concrete stub col-
umns with D/t� 72.8, in which the steel yield strength was
362.9MPa and the cube crushing strength (fcu) of concrete
was 74.3MPa, and it indicates that the bearing capacity
decreases as increasing local compression area ratio. Beck
et al. [22] conducted the axial compression test on circular
CFSTcolumns with the cylinder compressive strength (fc) of
concrete in 22.5∼105.45MPa combined with the NS steel
tube (fy � 287.33∼342.95MPa), reflecting that the Canadian
and European codes are able to predict mean column re-
sistance compared with the conservative ANSI/AISC code.
Abed et al. [23] examined the compressive behavior of
circular CFST columns with NS materials under the D/t
ratios of 20∼54, in which it indicates that the underesti-
mation of the axial capacities calculated by current design
codes (e.g., EC4 and ACI 318) reduces as the D/t ratio in-
creases compared with the tested strength. Lai et al. [25]
experimentally studied the compressive behavior of spiral-
confined NS steel tube (fy � 289.5MPa) infilled HS concrete
(fc � 104.5∼125.3MPa), reflecting that spirals effectively
improve the ultimate strength by an average percentage of
6.1%. Xiong et al. [29] researched the compressive perfor-
mance of circular CFST columns with ultrahigh-strength
concrete up to 193.3MPa and NS steel of 300∼428MPa,
where the ultimate bearing capacity can be achieved at a very
small axial strain before the significant confinement to core
concrete is induced owing to the brittleness of HS concrete.

However, the above studies mainly focus on concrete-
filled thick-walled steel tubular columns with NS steel; for
the CFSTcolumns, using HS steel may bring about largerD/t
ratios that were beyond the specific requirements of design
codes, namely, the CFST columns with out-of-code D/t
ratios. Currently, a limited test data still exists for the out-of-
code CFHTST columns to investigate the composite
mechanism induced by HS thin-walled steel tubes, resulting
that the corresponding design method is not included in
design standards. Compared with the thick-walled CFST
columns, one urgent issue for CFHTSTcolumns is that many
design guidelines restrict the application of HS steel and
impose strict limitation on the diameter-to-thickness (D/t)
ratio, i.e., American AISC 360-16 [30] applies to the
structural steel of nominal yield strength not more than
525MPa; European EC4 [31] and Chinese GB 50936-2014

[32] specify the steel yield strength limitation of 460MPa.
Considering the local buckling induced by the thin-walled
steel tube, the aforementioned codes [30–32], respectively,
stress the limitations of D/t≤ 0.31Es/fy, D/t≤ 90·235/fy, and
D/t≤ 135·235/fy, which obstructs the popularization and
application of CFHTST columns. For those CFHTST col-
umns with out-of-codeD/t ratios, there is still an uncertainty
on the applicability of current design methods, in which the
composite behavior between the core concrete and thin-
walled steel tube also needs to be examined to ensure the
confine effect for enhancing the ductility and bearing ca-
pacity of CFST columns.

0is paper experimentally investigated the axial com-
pression behavior of out-of-code CFHTST columns using
Q690 steel, including the failure mode, axial load versus
displacement curves, and compressive strength. A finite
element (FE) model was established and verified to conduct
full-range analysis for revealing the composite mechanism
between outer steel tube and core concrete; subsequently, the
parametric study was performed to examine the influence of
material strengths and D/t ratios. Finally, the applicability of
existing design methods was reappraised, and the revised
design methods were, respectively, proposed to predict peak
strain εscy and the ultimate bearing capacity. Accordingly,
the study mentioned in this paper can provide the mean-
ingful design reference for the analysis and application of
CFHTST columns.

2. Experimental Investigation

2.1. Specimen Design. As shown in Table 1, a total of 12
specimens were designed and tested under the axial loading,
where all specimens were fabricated with the Q690 steel
tubes in a constant thickness of 2mm. According to the
design codes of AISC 360-16, EC4, and GB 50936-2014, the
upper limitations of D/t ratios are, respectively, 84, 29, and
43 for Q690 steel; hence, influence of various out-of-code D/
t ratios (70∼130) was achieved by changing the diameters,
and the tested stub CFST columns had the identical length
(L)-to-diameter (D) ratio of 3.75. To identify the tested
CFHTST columns, the notation was adopted in the form of
CFST-○-◇ (e.g., CFST-140-1) where ○ indicates the outer
diameter of steel tube and◇ represents the tested number of
the same series. Two endplates with a thickness of 12mm
were welded on the bottom and top ends of columns, en-
abling the steel tube and core concrete exposed to axial
loading together.

2.2. Material Properties. 0e coupon test was conducted to
obtain the properties of Q690 steel tube, in which the yield
strength (fy) and ultimate strength (fu) were, respectively,
741MPa and 795MPa and the modulus of elasticity (Es) was
201500MPa. As for the concrete infill, the mix proportion
was in the ratio of cement (Portland 425) : fine aggregate :
coarse aggregate : water : water reducer : fly ash� 360 : 693 :
1084 :170 :13.2 : 80 (unit: kg/m3). During the concrete
casting, concrete test cubes (150×150×150mm) were re-
served and cured under the same condition as the tested
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CFHTST columns, in which the concrete was poured by two
batches. 0e average measured compressive cubic strengths
(fcu) of concrete were 50.3MPa and 53.4MPa as shown in
Table 1.

2.3. Instrumentation and Loading Procedure. 0e general
schematic of the axial loading test is illustrated in Figures 1
and 2. In Figure 1, a compression testingmachine of 5000 kN
capacity was utilized to impose axial load on CFHTST
columns, and four displacement transducers were placed on
the midheight of the column to measure out-of-plane de-
formations for avoiding overall instability failure. 0e axial
shorting displacement of test column was automatically
measured by the test machine. A total of 24 strain gauges
(shown in Figure 2) divided into three tiers by the spacing of
tube diameter were mounted on the tube surface where the
layout of each layer was arranged in an equal interval of 45°
to record the longitudinal and circumferential deformation.
Regarding the loading program, the hybrid load-displace-
ment controlling method was used so that the axial com-
pression was loaded with an increment of 10% of predicted
ultimate bearing capacity (Np) until 0.6 Np was reached, and
subsequently the axial load was controlled by the dis-
placement mode with a speed of 0.5mm/min. Meanwhile,
the loading speed of 2∼3 kN/s was adopted in the load
controlling stage for each increment. 0e test was termi-
nated as the local buckling or concrete crushing obviously
occurred.

2.4. Test Results and Analysis. A summary of typical failure
modes is displayed in Figure 3. Generally, the obvious
wrinkles (local buckling) of HS thin-walled steel tubes and
severe concrete crushing can be similarly observed among
tested CFHTST columns; however, a slight difference exists
in the buckling distribution and concrete fracture surface, in
which the failure slant angle of core concrete tends to form
with the increase in diameter (D/t� 90∼130), i.e., the angle
between the slip line of crack face and longitudinal axis is
approximately 45° due to the reduced confine effect of thin-
walled steel tube. 0e obtained axial load-displacement

curves are illustrated in Figure 4, for which the full-range
response can be divided into the elastic, elastic-plastic, and
failure stage. Comparing the columns with D/t ratios of
90∼130, it can be observed that the failure stage of columns
with D/t� 70 remains a horizontal tendency without ap-
parent degradation because of the difference of confinement
coefficients (ξ � (Asfy/Acfck)) among tested columns,
where As and Ac denote the cross-sectional area of steel tube
and core concrete, respectively, and fck is the prism strength
of concrete and can be transformed through fcu [33]. For
CFHTST columns under D/t� 70, the calculated confine-
ment coefficient ξ is 1.14 larger than those values (0.56∼0.88)

Table 1: Details of the CFHTST columns.

Specimen D (mm) D/t fcu (MPa) fy (MPa) Nnom (kN) Nu (kN) NFE (kN) Nu/Nnom NFE/Nu

CFST-140-1 140 70 50.3 741 1228 1589 1582 1.294 0.996
CFST-140-2 140 70 50.3 741 1228 1550 1582 1.262 1.021
CFST-140-3 140 70 50.3 741 1228 1555 1582 1.266 1.017
CFST-180-1 180 90 53.4 741 1885 2284 2409 1.212 1.055
CFST-180-2 180 90 53.4 741 1885 2405 2409 1.276 1.001
CFST-180-3 180 90 50.3 741 1809 2301 2342 1.272 1.018
CFST-220-1 220 110 53.4 741 2605 3227 3140 1.239 0.973
CFST-220-2 220 110 53.4 741 2605 3072 3140 1.179 1.022
CFST-220-3 220 110 50.3 741 2491 2990 3034 1.200 1.015
CFST-260-1 260 130 53.4 741 3435 4120 4104 1.199 0.996
CFST-260-2 260 130 53.4 741 3435 4302 4104 1.252 0.954
CFST-260-3 260 130 53.4 741 3435 4198 4104 1.222 0.978

MV 1.240 1.004
SD 0.036 0.027

Displacement
transducer

Column
Test
setup

Figure 1: Test site diagram.
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Figure 2: Schematic of measuring points.
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of the columns under D/t� 90∼130, reflecting the influence
on composite behavior of various combinations of material
and geometric parameters. As a whole, the CFHTST col-
umns with out-of-code D/t ratios do not demonstrate a
sudden failure after reaching the maximum bearing capacity
(Nu), reflecting that a reasonable ductile deformation ca-
pacity can be guaranteed.

On the other hand, Figure 5 shows the measured load-
strain curves of various strain gauges, where the suffix letters
of L and C, respectively, indicate the longitudinal strain and
circumferential strain, where the symbol FE indicates the
modelling results of the numerical model that will be dis-
cussed in the following part. It can be observed that the
plastic deformation of HS steel tube is fully developed be-
yond the yield strain, and the no obvious local buckling
happens during elastic stage, reflecting an elastic-plastic
buckling and failure mode. 0e tested bearing capacity of
columns is listed in Table 1, and the nominal cross-sectional
capacity (Nnom) was calculated by Nnom �Asfy+Acfc for
comparison, where fc is the cylinder strength of concrete
[33]. 0rough Table 1, the ratio of Nu/Nnom mainly dis-
tributes in the range of 1.179∼1.292 with a mean value (MV)
of 1.240, demonstrating that the HS thin-walled steel tube
under out-of-code can provide a relatively high confine
effect to the core concrete for enhancing the bearing ca-
pacity. 0erefore, from the perspective of axial bearing

capacity, the limitations on D/t ratios of circular CFST
columns may be properly loosened using HS thin-walled
steel tubes for performing structural optimization where the
specific values on D/t ratios should also consider the seismic
demand and the cost and convenience in construction
procedure.

3. Finite Element (FE) Modelling

To investigate the full-range axial compression behavior of
circular CFHTST columns, in this part, the FE model was
established and validated in ABAQUS program to reveal the
composite mechanism; subsequently, the parametric study
was performed to investigate the influences of key param-
eters on the axial compression behavior.

3.1. Establishment of FE Model. 0e three-dimensional
eight-node hexahedral solid element C3D8R and four-node
shell element S4R were, respectively, selected to simulate the
core concrete and steel tube under the reduced integration
mode. An elastic-plastic stress-stain relationship including
five stages recommended by Han et al. [34] was adopted in
the FE model to simulate the nonlinear behavior of HS steel
tubes. 0e modulus of elasticity (Es) and Poisson’s ratio
were, respectively, taken as 206000MPa and 0.3. 0e

D/t = 70

Local buckling

(a)

D/t = 90

(b)

D/t = 110

(c)

D/t = 130

(d)

Figure 3: Failure modes.
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Figure 4: Axial load-displacement curves: (a) D/t� 70 and 90; (b) D/t� 110 and 130.
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concrete damage plasticity (CDP) model offered in ABA-
QUS program was applied to depict the material perfor-
mance [35], where the confined stress-strain relationship of
concrete was adopted as follows [36]:

y �

2 · x − x
2
, x≤ 1,

x

β0 · (x − 1)
2

+ x
, x> 1,

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(1)

where x � (ε/ε0) andy � (σ/fc); ε and σ are the compres-
sive strain and stress;fc is the compressive cylinder strength;

ε0 is the peak strain calculated by ε0 � εc + 800 · ξ0.2
× 10− 6;

and εc � (1300 + 12.5 · fc) × 10− 6. 0e model parameter β0
for circular CFST column is determined as

β0 � 2.36 × 10− 5
 

0.25+(ξ− 0.5)7[ ]
· fc( 

0.5
· 0.5≥ 0.12. (2)

0e modulus of elasticity (Ec) and Poisson’s ratio for
concrete can be defined as 4700

��
fc


and 0.2, respectively [2].

As for the tensile behavior of concrete, the fracture energy-
based method was utilized, and the equations for calculating
the tensile strength (ft0) and fracture energy (GF) are, re-
spectively, as follows [37]:
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ft0 � 0.26 × 1.25fc( 
2/3

,

GF � 73 fc( 
0.18

.
(3)

To simulate the interaction behavior between the HS
thin-walled steel tube and core concrete, the Coulomb
friction model and hard contact were, respectively, applied
in the tangential direction and the normal direction based on
the surface-to-surface contact. 0e relative sliding is acti-
vated when the shear stress increases up to the critical value
(τcrit) [36]:

τcrit � μ · p≥ τbond,

τbond � 2.314 − 0.0195 ·
D − 2t

t
≥ 0.2 N/mm2

 ,

(4)

where the friction coefficient (μ) was taken as 0.6 [36]; p is
the contact stress of the normal direction; and τbond is the
bond stress between the steel tube and concrete core that the
relevant studies indicate the average bond stress for circular
section is in the range of 0.2∼0.4MPa; therefore, a lower
limit value of 0.2 was adopted for CFHTSTcolumns [36]. For
the HS thin-walled steel tubes, it is sensitive to the initial
geometric imperfection; therefore, after the modal analysis
of outer steel tube, the local imperfection amplitude (w) was
determined and introduced to the FE model of CFST col-
umns as follows [30]:

w

t
�

1
16.5

��
D

2t



. (5)

0e mesh convergence analysis was conducted to de-
termine an appropriate mesh density. Along the circum-
ference, 24 elements were divided for the columns with
diameters of 140mm and 180mm, and the corresponding
elements in columns with diameters of 220mm, 260mm,
and 300mm were, respectively, set to the equal parts of 28,
32, and 38; additionally, the element size in the axial di-
rection was maintained as a 1 (length) :1 (width) scale. 0e
fixed boundary condition was used at the column base, and
an axial compression loaded by the displacement-controlled
method was applied on the column top of which only the
axial displacement freedom was allowed. 0e New-
ton–Raphson solving method was utilized to analyze the
nonlinear behavior.

3.2. Validation of FE Model. 0e established FE models for
CFHTST columns were validated in terms of the full-range
load versus strain curve, failure mode, and ultimate bearing
capacity. Figure 5 displays the validation result of full-range
load versus strain curves of typical columns, in which it can
be observed that the calculated curves of FE models agree
well with the test curves in the initial stiffness, ultimate
bearing capacity, and post-peak behavior. 0e suffix letters
of L and C, respectively, indicate the longitudinal strain and
circumferential strain. 0e typical failure mode was com-
pared between the simulation and test (Figure 6), from
which the local buckling of the FE model matches well with
test result. As for the axial bearing capacity shown in Table 1,

the ultimate strength (NFE) from the FE model displays a
mean value (MV) and standard deviation (SD) of 1.004 and
0.027 in the ratio NFE/Nu, respectively, compared with the
tested ultimate capacity (Nu). Admittedly, slight difference
among the comparison results inescapably exists in the
buckling extent and degradation behavior of post-peak
stage, which is likely ascribed to the uncertainties in the
concrete property and initial imperfection. Generally, the
developed FE model in this paper simulates well with the
axial compression characteristics of circular CFHTST col-
umns and can be utilized to perform further mechanism
investigation.

3.3. Full-Range Analysis on Compressive Behavior. One
typical specimen was utilized for the explanation of full-
range behavior and composite mechanism, where the di-
ameter (D) and thickness (t) are 220mm and 2mm, re-
spectively; the steel yield strength (fy) and compressive
cylinder strength of concrete (fc) are, respectively, 690MPa
and 80MPa. 0e column length is 3.75 times as long as the
diameter D. As shown in Figure 7, the typical axial load-
deformation curve of CFHTSTcolumn is displayed, and the
contact pressure as well as the corresponding contributions
of bearing capacity carried out by steel tube and core
concrete is also illustrated, where five characteristic points
marked in the curve were adopted to distinguish the various
performance stages as follows:

Stage 1. OA: In this stage, the steel tube and core
concrete mainly show elastic response. Because of the
concrete having a smaller Poisson’s ratio (0.2) than that
of steel (0.3), the HS thin-walled steel tube tends to
show larger lateral expansion than the core concrete;
subsequently, the contact pressure remains zero,
reflecting the steel tube and core concrete, respectively,
working in the independent state. 0erefore, in Fig-
ure 8, the circumferential stress σθ of steel tube is almost
zero, and the Von Mises stress σMises can be approx-
imately equal to the axial stress σz. Point A usually
indicates that the nominal axial strain reaches the
deformation of (1/3)(fy/Es) (e.g., a strain of 1106 με
for Q690 steel tube); meanwhile, the axial stress of
concrete increases to 47MPa (Figure 9). At the end of
this stage, the core concrete and steel tube, respectively,

Point 1: local
buckling

Point 2: no local
buckling

Figure 6: Failure modes of the FE model and test.
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contribute 87% and 13% of the compressive capacity to
the whole column.
Stage 2. AB: In this stage, the contact pressure between
steel tube and core concrete gradually arises, resulting
in the increase in circumferential stress σθ. Conse-
quently, the concrete immerses in the triaxial com-
pression accompanied by the bidirectional
compression and uniaxial tension for steel tube. Point B
usually indicates limit of elasticity for steel tube while
the concrete can reach the stress of 87MPa, namely,
1.088fc due to confinement effect (Figure 9). At point B,
the steel tube and concrete, respectively, share 85% and
15% of axial strength of whole member.
Stage 3. BC: 0e CFHTST column enters into elastic-
plastic stage with obvious plastic deformation in steel
and concrete while the axial compressive stiffness
gradually degrades. Simultaneously, the contact pres-
sure and circumferential stress σθ sharply increase. At
the point C, the column reaches the ultimate bearing

capacity while the steel tube yield accompanied with
local buckling, leading to a longitudinal stress degra-
dation of buckling location, i.e., the point 1 (Figure 8).
And the concrete core with a maximum stress of
105MPa displays a nonuniform stress distribution in
radial direction. Due to the high confinement of outer
HS steel tube, the concrete strength is improved to
1.313 fc (Figure 9).
Stage 4. CD: In Figure 7, the CFHTSTcolumn exhibits a
failure process as the bearing capacity of component
gradually decreases accompanied by the local buckling
and concrete crushing. As illustrated in Figure 10, the
total response of post-peak stage mainly relies on the
critical confinement coefficient (ξo), in which the co-
efficient ξo is approximately equal to 1.0 for circular
CFSTcolumns [36]. For example, in Figure 4, the tested
specimens (ξ �1.14) of CFST-140-1∼CFST-140-3 per-
form an elastic perfectly plastic behavior comparing the
columns with lower confinement coefficients (CFST-
180-1∼CFST-180-3).

3.4. Parametric Study. Upon validation of the FE model, a
parametric study in this section was performed to investigate
the influences of key parameters on the axial compression
behavior of CFHTST column, including the material
strengths and geometric sizes. 0e detailed result of the
parametric study is shown in Table 2. Influence of key
parameters is discussed in following parts.

3.4.1. Effects of Concrete Strength. Figure 11 demonstrates
the effects of concrete strength on the full-range axial load-
deformation curve and bearing capacity. Taking typical
columns (D� 220mm, t� 2mm, and fy � 690MPa) as ex-
amples in Figure 11(a), it indicates that the ultimate axial
strength and initial tangent stiffness of CFHTSTcolumns are
significantly enhanced by increasing the concrete strength
since the cross-sectional area is mainly occupied by the core
concrete. 0e post-peak compressive behavior sharply de-
grades with the increase in concrete strength due to the
decrease in confinement coefficient ξ. As for the bearing
capacity in Figure 11(b), a linear increment tendency is
approximately maintained with increase in concrete
strength under the D/t ratios of 70∼150, i.e., increasing the
strength fc from 40MPa to 80MPa and 100MPa, the bearing
capacity, respectively, increases by 44.9% and 93.0% under
D/t� 110; however, the index NFE/Nnom shown in Table 2 is
weakened with the enhancement of fc, reflecting the reduced
confinement effect, i.e., the index NFE/Nnom decreases by
10.29% and 14.34% for the columns with D/t� 70 (CFST-
1∼CFST-3), respectively, and in the case ofD/t� 130 (CFST-
10∼CFST-12), those values, respectively, reduce by 8.71%
and 11.81%.

3.4.2. Effects of Steel Yield Strength. Figure 12 illustrates the
effects of steel yield strength on the full-range behavior and
bearing capacity. As shown in Figure 12(a), a slight dif-
ference exists in the initial tangent stiffness but the ultimate
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strength is apparently improved while improving steel yield
strength. Similar to the concrete strength, the ultimate
bearing capacity in Figure 12(b) increases linearly while
enhancing the strength fy from 460MPa to 890MPa, in
which the bearing capacity is, respectively, enhanced by
3.4%, 8.4%, and 15.2% in the case ofD/t� 130. For the index
NFE/Nnom in Table 2, a slight increment remains within the
scope of fy � 460∼890MPa; for instance, NFE/Nnom under
D/t� 110 (e.g., CFST-8 and CFST-22) and 130 (e.g., CFST-
11 and CFST-25) severally increases by 1.08% and 0.65%
between fy � 460MPa and fy � 690MPa, reflecting the tiny
improvement in composite behavior due to the lower steel
ratios in out-of-code D/t ratios. Generally, the CFHTST
columns with HS thin-walled steel tubes can remain a
positive confinement effect for enhancing the composite
behavior.

3.4.3. Effects of D/t Ratios. Herein, the influence of D/t ratio
was investigated by altering the wall thickness t of the steel
tube as well as maintaining the diameter D unchanged.
Obviously, in Figure 13, the ultimate bearing capacity is
decreased as increasing the thickness t, namely, reduces the
D/t ratio, i.e., the increment in D/t ratio from 50 to 75 and
150 can, respectively, lead to a decrease of 16.6% and 32.6%
in bearing capacity accompanied with a faster descending
process of post-peak stage. Furthermore, for the columns of
CFST-11, CFST-33, and CFST-34 in Table 2, the corre-
sponding values of index NFE/Nnom reduce by 4.92% and
10.41%, respectively.

4. Design Method

4.1. Applicability of Existing Methods. To reasonably design
the CFHTST columns, the applicability of existing calcula-
tion methods specified in AISC 360-16 [30], EC4 [31], and
GB 50936-2014 [32] was evaluated for predicting the ulti-
mate compression capacity. Besides, three popular design
methods from literature [38–40] were also examined on the
prediction accuracy of strength. As shown in Figure 14, the
calculation results of abovementioned methods are dis-
played based on test and FE data of CFHTSTcolumns in this
paper, for which the design method in AISC 360-16 is overly
conservative for predicting bearing capacity with a mean
value (MV) of 0.695 in Np/Nu, where Np denotes the pre-
dicted bearing capacity. Inversely, the relative accuracy is,
respectively, achieved by the corresponding MVs of 1.095
and 1.073 for GB 50936-2014 and EC4. 0e calculation
methods in literature [38, 39] underestimate the bearing
capacity of CFHTST columns with MVs of 0.846 and 0.944
compared with the MV of 1.042 for the design method in
literature [40]. 0e difference between the above methods
may ascribe to the various definitions on ultimate strength
and load bearing limit state.

4.2. Strain εscy at Ultimate Strength. 0e strain εscy corre-
sponding to ultimate bearing capacity generally reflects the
plastic deformation capacity and composite performance of
CFST columns [2, 37]. Regarding this relatively new-type
circular CFHTSTcolumn, the corresponding design method
is also necessary for the deformation control and limit state
determination; consequently, based on the parametric study,
a regressive expression displayed in equation (6) is estab-
lished within the scope of fc � 40∼120MPa,
fy � 460∼890MPa, and D/t� 50∼150, where the unit for fc is
MPa.

εscy � 421f
0.5
c + 7224ξ0.5

− 3000. (6)

As illustrated in Figure 15, the prediction result of εscy on
various combinations of concrete strength fc and confine-
ment coefficient ξ was assessed, for which the strain εscy
gradually increases as increasing fc and ξ, reflecting that the
predicted result of equation (6) agrees well with the nu-
merically determined strain εscy, i.e., the strain εscy in the
cases of fc � 40MPa versus ξ � 1.02 and fc � 120MPa versus
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ξ � 0.42, respectively, represents plastic deformation for
various responses of post-peak stages (elastic perfectly
plastic or declining behavior). Moreover, certain difference
of the prediction results can be ascribed to the different
definition in ultimate limit state, material nonlinearity, and
initial imperfection. As a whole, the proposed expression of
determining εscy can be accepted as a practical design tool to
evaluate the plastic deformation capacity for circular
CFHTST columns.

4.3. Eeoretical Model for Compressive Strength. Many ver-
sions of strength theories have been established for struc-
tural materials, e.g., the single-shear criterion of maximum
shear criterion, Huber-von Mises criterion, and two-shear
criterion [41]. Generally, the yield function is expressed by
the way of F (σ1, σ2, σ3)� 0, where σ1, σ2, and σ3 denote the
three principle stresses. Obviously, all effects of the three
components of σ1, σ2, and σ3 must be considered in the
structural analysis, especially for the influence of interme-
diate principal stress σ2; however, its effect on limit state is

still ambiguous until the presence of unified strength theory
(UST) [42], as shown in Figure 16; various limit loci can be
induced due to the different contributions of intermediate
principal stress, leading to an uncertain bearing capacity in
ultimate limit state. 0erefore, in this section, a theoretical
model of compressive strength for CFHTST columns is
gradually developed based on the unified twin-shear
strength theory.

0rough the UST, the mathematical equation is
expressed as follows [42]:

F � σ1 −
α

1 + b
bσ2 + σ3(  � σt, σ2 ≤

σ1 + ασ3
1 + α

,

F′ �
1

1 + b
σ1 + bσ2(  − ασ3 � σt, σ2 ≥

σ1 + ασ3
1 + α

,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(7)

where α � (σt/σc) is the ratio of uniaxial tension strength
(σt) to compression strength (σc) and b is the intermediate
stress coefficient that reflects the influence of intermediate
principal stress. For a CFHTST column loaded in axial
compression, the mechanical analysis of components is

Table 2: Results of the parametric study.

Specimen D (mm) D/t L (mm) fc (MPa) fy (MPa) Nnom (kN) NFE (kN) NFE/Nnom

CFST-1 140 70 525 40 690 1179 1513 1.283
CFST-2 140 70 525 80 690 1760 2026 1.151
CFST-3 140 70 525 120 690 2341 2574 1.099
CFST-4 180 90 675 40 690 1745 2082 1.193
CFST-5 180 90 675 80 690 2718 3015 1.109
CFST-6 180 90 675 120 690 3691 3991 1.081
CFST-7 220 110 825 40 690 2411 3010 1.248
CFST-8 220 110 825 80 690 3877 4361 1.125
CFST-9 220 110 825 120 690 5342 5809 1.087
CFST-10 260 130 975 40 690 3177 3794 1.194
CFST-11 260 130 975 80 690 5236 5708 1.090
CFST-12 260 130 975 120 690 7295 7681 1.053
CFST-13 300 150 1125 40 690 4044 4748 1.174
CFST-14 300 150 1125 80 690 6797 7428 1.093
CFST-15 300 150 1125 120 690 9550 10201 1.068
CFST-16 140 70 525 80 460 1561 1769 1.133
CFST-17 140 70 525 80 550 1639 1868 1.139
CFST-18 140 70 525 80 890 1934 2249 1.163
CFST-19 180 90 675 80 460 2461 2720 1.105
CFST-20 180 90 675 80 550 2561 2838 1.108
CFST-21 180 90 675 80 890 2942 3267 1.111
CFST-22 220 110 825 80 460 3562 3965 1.113
CFST-23 220 110 825 80 550 3685 4118 1.117
CFST-24 220 110 825 80 890 4151 4702 1.133
CFST-25 260 130 975 80 460 4863 5267 1.083
CFST-26 260 130 975 80 550 5009 5446 1.087
CFST-27 260 130 975 80 890 5560 6070 1.092
CFST-28 300 150 1125 80 460 6366 6931 1.089
CFST-29 300 150 1125 80 550 6535 7136 1.092
CFST-30 300 150 1125 80 890 7172 7814 1.090
CFST-31 300 75 1125 40 460 4390 5369 1.223
CFST-32 300 50 1125 40 460 5155 6578 1.276
CFST-33 300 75 1125 80 690 7924 9190 1.160
CFST-34 300 50 1125 80 690 9035 11022 1.220
CFST-35 300 75 1125 120 890 11346 12761 1.125
CFST-36 300 50 1125 120 890 12749 15149 1.188
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illustrated in Figure 17, where the core concrete is in the
triaxial compression state and the steel tube suffers from the
combination of bidirectional compression and circumfer-
ential tension.

Regarding the core concrete in Figure 17, the stress
satisfies the condition of 0> σ1 � σ2 > σ3; hence, the UST in
equation (7) can be defined in terms of concrete cohesion (c)
and internal friction angle (φ) [43] as follows:

F′ − F � b τ23 + σ23 sin φ − τ12 − σ12 sin φ( 

� b(1 − sin φ) σ1 − σ3( ≥ 0,
(8)

where τ23 � ((σ2 − σ3)/2), σ23 � ((σ2 + σ3)/2), τ12 �

((σ1 − σ2)/2), and σ12 � ((σ1 + σ2)/2). Subsequently, the
UST can be replaced as follows:

F′ � τ13 + bτ23 + sin φ σ13 + bσ23(  � (1 + b)c sin φ. (9)

0erefore, equation (9) can be determined through

1 + b

2
σ1 − σ3(  +

1 + b

2
σ1 + σ3( sin φ � (1 + b)c sin φ.

(10)

0en, it can be further simplified to
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−σ3 �
2c cos φ
1 − sin φ

−
1 + sin φ
1 − sin φ

σ1, (11)

where the subentry can be, respectively, defined as fc �

(2c cos φ/(1 − sin φ)) and k � ((1 + sin φ)/(1 − sin φ))

under uniaxial loading state; hence, equation (11) is
translated into |σ3| � fc + k|σ1|, for which fc is the concrete
cylinder strength and k is the strength enhancement factor
under the triaxial compression state. 0e above relation-
ship between the confining pressure σ1 and axial strength
σ3 behaves theoretically linear, and the results of triaxial
concrete compression test indicate that the enhancement
factor k � 4.1 can be approximately adopted [44].0erefore,
in this paper, the concrete strength can be defined as
follows:

σ3


 � fc + 4.1p. (12)

Subsequently, the contribution of core concrete to the
axial bearing capacity is calculated by

Nc � σ3


Ac. (13)

From the abovementioned theory, the concrete strength
under triaxial compression has no concern with the pa-
rameter b because of the equal values of intermediate
principal stress and minimum principal stress in circular
CFST columns. Moreover, the factor α of steel can be ap-
proximately equal to 1. Subsequently, for the thin-walled
cylinder suffered from axial compression and radial pres-
sure, the theoretical strength solution can be expressed as
follows [45]:
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σ1 � σθ �
pR

t
,

σ2 � σr � −p,

σ3 � σz � −fy +
pR

t
−

p

2
,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(14)

where R indicates the inside radius of steel tube and t is the
wall thickness. During the ultimate state of CFHTST col-
umn, the circumferential stress increases quickly than axial
stress when there is no obvious initial imperfection, and the
radial pressure can be obtained on the basis of equation (14)
and UST in equation (7), namely,

p �
2btfy

R + 2bR + 2bt + t
. (15)

0erefore, the contribution of steel tube to axial bearing
capacity can be determined as follows:

Ns � σz


As � fy −

pR

t
+

p

2
 As. (16)

Finally, the total axial capacity of CFHTST column is
obtained by the superposition of equations (13) and (16),
namely,N�Nc+Ns.0rough the UST, the Huber-vonMises
criterion for steel tube can be approximated by letting b� 0.5
[42], for which it can be accepted as a primary value for
predicting bearing capacities of CFHTST columns. To val-
idate the primary model (b� 0.5), the test or FE data in this
paper (Tables 1 and 2) were used for initiatory comparison;
moreover, the test data from other literature (Table 3) in-
cluding a total of 194 columns were also collected for the
further model validation. 0e validation results of the
proposed model (Np) are shown in Figure 18, in which a
reasonable accuracy of the proposed model (b� 0.5) is re-
alized by the MV (Np/Nu) of 1.065 for the CFHTSTcolumns
(Figure 18(a)); compared with the prediction results of GB
50936-2014 and EC4 in Section 4.1 (Figure 14), the proposed
model performs a primary accuracy to calculate the axial
bearing capacity of those CFHTST columns. Moreover, as
displayed in Figure 18(b), the prediction results (242 col-
umns) of the collected data (194 columns) and data in this
paper (48 columns) generally achieve a relative precision by
aMV of 1.034, reflecting that the proposed theoretical model
(b� 0.5) can be utilized for predicting axial strength of
circular CFST columns.

To investigate the influence of b on axial bearing ca-
pacity, the parametric study was conducted while altering
material strengths and D/t ratios, as shown in Figure 19. In
Figure 19(a), the predicted bearing capacity gradually in-
creases as improving the values of b, in which the higher
prediction results can be obtained for the HS steel (e.g.,
fy � 690MPa versus fy � 460MPa) with value of b unchanged.
In Figure 19(b), increasing values of b generally reduces the
accuracy with a higher deviation; before b� 0.5, the preci-
sion of Np/Nu under the same b is enhanced as increasing
concrete strength and vice versa, reflecting Np/Nu closing to
1. Furthermore, the influence of b on various D/t ratios is
illustrated in Figure 19(c), where before b� 0.3, the higher
value of Np/Nu can be derived at the same b when increasing
D/t ratios, and it gradually reduces thereafter. To examine
the model accuracy on the whole database (242 columns)
from Tables 1∼3, the prediction results of various b and the
average curve of MV (Np/Nu) are illustrated in Figure 19(d),
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Table 3: Summary of test data of circular CFST columns.

No. of columns D (mm) t (mm) D/t fc (MPa) fy (MPa) Reference
26 76.5∼300 1.5∼4.5 24∼100 9.9∼48.4 232∼603 [8]
18 121∼320 5∼12 10∼46 26.6∼46.6 249∼294 [9]
6 100∼101.8 0.5∼5.7 18∼192 18∼37.4 244∼320 [10]
10 159∼1020 5.1∼13.3 31∼106 15∼46 291∼382 [11]
15 165∼190 0.9∼2.8 59∼221 41∼108 186∼363 [12]
13 125∼133 1∼7 18∼125 106 232∼429 [14]
36 133∼168 3.3∼5.4 25∼50 32.3∼58.8 325∼392 [15]
26 60∼250 1.9∼2.0 32∼134 77.2∼82 282∼404 [17]
31 101∼265 1.5∼5.4 24∼68 18.4∼42.7 265∼358 [46]
13 101∼319 3.0∼10.4 31∼34 23.2∼52.2 335∼452 [47]
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from which the overall predicted strength displays a higher
deviation with the increase in b, i.e., the MV (Np/Nu) for
b� 0.1 and b� 0.9 is, respectively, 0.883 and 1.099. Regarding
the average curve of b versus MV (Np/Nu), a reasonable
accuracy can be generally achieved for b� 0.3∼0.55 within an
error of ±5%. 0erefore, the scope of intermediate stress
coefficient b� 0.3∼0.55 is suggested for the predicting axial
bearing capacity of circular CFST columns.

5. Conclusions

0is paper systematically investigated the axial compression
behavior of out-of-code CFHTST columns, and some
valuable conclusions can be drawn within the scope of
current research as follows:

(1) 0e tested CFHTSTcolumns fail in a mode of severe
local buckling and concrete crushing, where the
angle between the slip line of crack face and lon-
gitudinal axis is approximately 45° under D/
t� 90∼130. 0e ratios of Nu/Nnom mainly distribute
within 1.179∼1.292 by a MV of 1.240, demonstrating
that the HS thin-walled steel tubes under out-of-code
D/t ratios can provide a relatively high confine effect
to core concrete for enhancing the bearing capacity.

(2) 0e FE model is established for revealing composite
mechanism, where the axial load-deformation curve
can be distinguished by four various loading stages,
and the composite action is analyzed based on the
stress development and full-range interaction
behavior.

(3) 0e applicability of typical design methods including
AISC 360-16, EC4, and GB 50936-2014 is evaluated
for predicting the ultimate compression capacity,
where the method in AISC 360-16 is overly

conservative for predicting bearing capacity with a
MV of 0.695 in Np/Nu. Inversely, the relative accu-
racy is, respectively, achieved by the corresponding
MVs of 1.095 and 1.073 for GB 50936-2014 and EC4.

(4) 0e expression that can be accepted as a practical
design tool for determining strain εscy corresponding
to ultimate compression strength is established and
verified for evaluating the plastic deformation ca-
pacity of CFHTST columns.

(5) A theoretical model for calculating axial bearing
capacity is derived and established based on the
unified twin-shear strength theory by considering
the influence of intermediate principal stress. 0e
database of collected circular CFST columns is de-
veloped for preliminary model validation (b� 0.5)
where the prediction results generally achieve a
relative precision by a MV of 1.034. Subsequently,
the overall predicted strength displays a higher de-
viation with the increase in b, i.e., the MV (Np/Nu) of
b� 0.1 and b� 0.9 which are, respectively, 0.883 and
1.099. 0e scope b� 0.3∼0.55 of intermediate stress
coefficient is generally suggested for predicting axial
bearing capacity of circular CFSTcolumns within an
error of ±5%.
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