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ABSTRACT

Circular high-strength concrete-filled double steel tubular (CFDST) columns are high
performance members where the internal and external steel tubes offer significant confinement
to the concrete infill. The confinement remarkably improves the concrete compressive strength
and ductility. However, no fiber element models have been formulated for computing the
responses of CFDST columns with circular steel tubes filled with high-strength concrete
incorporating accurate confinement to the core and sandwiched concrete. In this paper, a new
fiber-based numerical model is developed that computes the axial load-strain responses of
circular high-strength CFDST short columns under axial loading. Based on existing
experimental results, a new confining pressure model is developed for the determination of the
confining pressures on the core-concrete in CFDST columns with circular sections. A new
strength degradation parameter is also proposed that allows the concrete post-peak
characteristics to be quantified. The fiber-based numerical model validated by experimental
data is used to assess the responses of high-strength CFDST columns considering important

parameters, which include the inner steel tube, external tube diameter-to-thickness ratio and
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concrete and steel strengths. A simple expression is derived for the estimation of the axial load-
carrying capacities of circular short CFDST columns and comparisons with several design
codes are made. The proposed fiber-based analysis technique and design equation can

accurately determine the responses of short circular high-strength CFDST columns.

Keywords: Concrete-filled double steel tubes; composite columns; high-strength concrete;

numerical modeling.

1. Introduction

A circular concrete-filled double steel tubular (CFDST) column is fabricated by means of filling
concrete into two concentrically-placed circular hollow steel tubes as illustrated in Fig. 1. The
CFDST columns have higher ductility and strength performance than conventional circular
concrete-filled steel tubular (CFST) columns because the internal steel tube offers additional
confinement to the core-concrete. In addition, CFDST columns could be constructed by high-
strength concrete that allows further improvement in the column ultimate strengths, but its
brittleness affects the ductility of the columns. Analytical and experimental investigations on
circular high-strength CFDST columns constructed by carbon steel tubes have been very
limited. The confinement induced by the inner and external steel tubes to the core-concrete in
CFDST columns with circular sections has not been fully understood and quantified.
Furthermore, limited studies on CFDST columns have not resulted in the development of
appropriate design specifications in international standards for circular CFDST columns.
Therefore, it is important to propose an accurate numerical model that can accurately quantify
the confinement effects in circular CFDST columns to determine the behavior of CFDST

columns and propose design recommendation based on numerical solutions.
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The performance of CFST columns made of circular and rectangular sections has been studied
by means of conducting experiments [1-6]. Portolés et al. [3] performed testes on slender
circular CFST columns exposed to eccentric loadings. It was observed from the tests that the
high-strength concrete increased the strength of shorter columns under small load eccentricities.
However, increasing the end eccentricity improved the column ductility. Their comparative
studies showed that the strengths of eccentrically-loaded slender CFST columns calculated by
the design approach given in Eurocode 4 [7] were conservative compared to test data. Similar
conclusions were given by O'Shea and Bridge [4] for circular CFST short columns under
combined actions. Xiong et al. [6] studied the experimental behavior of short CFST circular
columns constructed by means of using ultra-high-strength concrete (UHSC). They reported
that UHSC CFST short columns attained their ultimate axial strengths at small strains before
the core-concrete was confined by the steel tubes. In addition, the applied loads on the UHSC
CFST columns dropped sharply after the maximum load had been attained owing to the

brittleness of high-strength concrete.

In comparisons with experimental studies on CFST columns, only limited experimental
investigations on CFDST columns with circular sections were performed by researchers, such
as Xiong et al. [6], Peng et al. [8], Liew and Xiong [9], Romero et al. [10], Wan and Zha [11],
Ekmekyapar and Al-Eliwi [12]and Ibafiez et al. [13]. Peng et al. [8] tested axially-loaded short

CFDST circular columns to failure. The cube strengths of the filled concrete in these specimens

varied from 66 MPa to 102 MPa. The diameter-to-thickness (D, /t,) ratios of the external tube

varied from 27 to 65.4 and the internal steel tube D, /t; ratios ranged from 14.1 to 22.8.

Experimental observations indicated that the column ultimate strengths were reduced by

increasing the D, /t, ratios of the outer tube. Xiong et al. [6] conducted experiments on circular

CFDST short columns where ultra-high-strength concrete was employed. The yield stress of
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inner and outer tubes was up to 428 MPa. The compressive cylindrical strengths of the filled
concrete varied from 51 to 184 MPa. It was found that CFDST short columns with circular
sections had higher axial strengths than circular CFST short columns. Liew and Xiong [9] and
Romero et al. [10] reported that the performance of CFDST columns was dependent on the
sectional configurations of steel tubes. Filling the inner tube with ultra-high-strength concrete
and the external tube with normal-strength concrete resulted in considerable improvement in
the column ultimate axial strengths with superior ductility than any other combinations of
concrete strength. Chang et al. [14] and Zheng et al. [15] undertook experiments on short
concrete-filled stainless steel-carbon steel tubular (CFSCST) circular columns where the outer
circular tube was constructed by stainless steel and the internal circular tube was made of carbon
steel. Although CFSCST columns can be regarded as another form of CFDST columns, their

behavior sustainably differs from that of CFDST columns.

Computational models were proposed that calculated the responses of CFST columns and
double-skin CFST columns with circular sections by researchers [16-24]. Hu et al. [16], Liang
and Fragomeni [18], and Lai and Varma [21] proposed confinement models for the
determination of the lateral confining pressures and the post-peak strength degradation of core
concrete and implemented them in the nonlinear analysis procedures for CFST columns with
circular sections. Numerical studies on CFSCST columns made of circular sections were
undertaken by Chang et al. [14] and Hassanein et al. [23, 24]. In these investigations, the finite
element program ABAQUS was employed to create 3D models for the nonlinear analysis of
CFSCST columns. The confinement models proposed for the concrete core in circular CFST
columns were employed to determine the confinement induced by the internal and external
tubes to the core-concrete in CFSCST columns. The stress-strain model for stainless steel

obtained by the tensile coupon tests was applied to the external stainless-steel tube [25].
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However, Quach et al. [26] reported that the compressive stress-strain responses of stainless
steels is greatly different from the tension behavior. The adoption of the constitutive model for
stainless steel based on the tensile coupon testes may lead to the underestimation of the ultimate

loads of CFSCST circular columns [19].

Numerical studies on circular CFDST short column constructed by carbon steel tubes have been
extremely scare [11, 27]. Wan and Zha [11] proposed a confining pressure model and a
softening reduction factor as a function of confining factors for determining the post-peak
responses of concrete in CFDST columns. However, it was found that the computed axial load-
strain curves deviated considerably from experimental data. This highlights that further studies
on the confinement mechanism are necessary and important in order to determine the actual
responses of CFDST columns constructed by circular sections. Ahmed et al. [28] formulated a
fiber-based mathematical model for short CFDST columns where the external tube was
rectangular and the internal tube was circular. The local buckling of rectangular steel tube and
concrete confinement were considered. The fiber analysis technique was demonstrated to

simulate well the responses of rectangular short CFDST columns.

The above literature review shows that no fiber-based mathematical models have been proposed
for the simulation of concentrically-loaded circular CFDST short columns constructed by
carbon steel tubes. To accurately determine the responses of short CFDST columns made of
circular sections, an accurate confinement model recognizing the effects of material properties
and geometry of CFDST circular sections needs to be developed. In this paper, a fiber-based
numerical method is formulated for the simulation of the axial behavior of CFDST columns
with circular sections filled with high-strength concrete incorporating concrete confinement. A

new formula is proposed based on experimental results for evaluating the confining pressures
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on the core-concrete. An expression for the estimation of the residual concrete strength in the
post-yield regime is also given. Verified by experimental results, the numerical technique is
utilized to undertake a parametric study on the behavior of CFDST columns. An expression is
given for calculating the column ultimate axial strengths and compared with experimental data

and several design codes.

2. The fiber-based numerical model

A numerical modeling technique has been proposed based on fiber element formulations for
the determination of the performance of short CFDST columns made of circular sections
subjected to concentric axial loading. A column having a slenderness ratio (L/r) less than 22 is
defined as a short column whose strengths are governed by its section capacities [29]. The
method of fiber analysis is computationally efficient and accurate numerical technique for
composite columns [28-32]. The method discretizes the cross-section of the CFDST column
into many small fiber elements as illustrated in Fig. 2. Steel fibers are assigned to steel material
properties while concrete fibers are assigned to concrete material properties. The assumptions
of the mathematical formulation are: (a) the bond at the interface of the steel tubes and concrete
is perfect; (b) the strain is lineally distributed through the cross-sectional depth; and (c) the
concrete shrinkage and creep are ignored. The computational procedure starts with initializing
a small strain and then calculating the fiber stresses by means of employing the uniaxial stress-
strain models for concrete and steel materials. The axial force P is computed by integrating
stresses over the column cross-section. The analysis is repeated by incrementally increasing the

axial strain until the axial load drops to 50% of the column ultimate axial load or the specified

ultimate concrete strain &, is exceeded.
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The ductility of a CFDST column in axial compression is expressed by the following indicator:

Pl =—+ 1)

in which ¢, is the strain at the axial load that falls to 90% of the column ultimate strength in the
post-peak range or the ultimate strain in the post-yield ascending stress-strain branch. The yield

strain ¢, is calculated as¢, . / 0.75, where &5 represents the strain under the axial load that

achieves 75% of the column ultimate axial load in the ascending branch [22, 33, 34]
3. Material model for steel tubes

The internal and external steel tubes in a CFDST column with circular section are under biaxial
stresses resulting from the longitudinal compression and either hoop compression or tension
which lowers the yield stress of the steel tubes. To consider this effect, the yield stress is reduced
by a factor of 0.9 in the constitutive model for structural steels as shown in Fig. 3. The parabolic

curve in the strain range of 0.9¢,, < ¢, <& applied to cold-formed steels is defined using the

expression proposed by Liang [30] as

1

-09 45
o, = fs{uj )

£q —0.9¢,

where o denotes the axial steel stress; &, represents the axial steel strain; f stands for the

steel yield strength; &, is the yield strain; and ¢; is the strain at the onset of strain-hardening
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and is taken as 0.005 in the present study.

The equations given by Mander [35] are utilized to calculate the stress from the axial strain

when the strain is in the range of ¢, <&, < ¢&,,, written as

o, = f, —[QJ (f,—f) 3)
&gy — €
E,, — &
- E su st 4
\ S{—fsu_fsyJ %)

in which f_, denotes the steel tensile strength, &, = 0.2 is the ultimate strain and E represents

the steel modulus at the onset of strain-hardening and a value of 0.02E; s used.

4. Material model for confined concrete

4.1. General stress-strain curve

The two-stage stress-strain model presented in Fig. 4 is employed to model the responses of

confined concrete in CFDST columns with circular sections under axial compression. In the

first stage (0 < ¢, < &), the following formula by Mander et al. [36] is employed to calculate

the stress of the confined concrete from the axial strain:

3 f. (e, /e.)A
(e le) +A-1

()
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where o is the axial stress in compression and ¢, denotes the corresponding strain; f_ and ¢,

represent the compressive strength and corresponding strain of the confined concrete,

respectively; and 4 controls the initial slope and the curvature of the ascending branch and

given by
=
2’ — . cC—C . 6
gccEc - fcc ( )

in which E; represents the concrete modulus of elasticity. Lim and Ozbakkaloglu [37] derived
an expression for estimating E; by analyzing many experimental results on concrete cylinders.

Their expression was modified by Ahmed et al. [28] to consider the effect of column size as

follows:

E, = 4400 [y, f." (MPa) (7)

where y, stands for the reduction factor applied to the concrete strength considering the

influence of the column size, proposed by Liang [30] for CFST columns as

7. =1.85D;%%% (0.85< y, <1.0) ®)

in which D, denotes the concrete-core diameter of circular CFST and CFDST columns, and
taken as (D, —2t,) for sandwiched concrete and (D, —2t,) for core-concrete in circular CFDST

columns.
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In the second stage (e, > ¢, ), the descending stress-strain branch of confined-concrete is

defined by the equation formulated by Lim and Ozbakkaloglu [37] as

- 9
1+ & _g(I:c ( )
& _gt;c

where f_ represents the concrete residual strength and & denotes the concrete strain

corresponding to the inflection point, which defines the shape of the stress-strain curve in the

post-peak range as illustrated in Fig. 4.

Parameters studies show that the f, / f_ ratio is mainly influenced by the D/t ratio and f, .

Based on the regression analyses, an expression is proposed for f_ / f_ as follows:

:— = 12420 -00029 (%} ~ 00044 y,f,  (0< ;— <10) (10)

cc cC

The accuracy of the proposed Eq. (10) for calculating the normalized residual strength of
concrete ( f, / f_.) is examined in Fig. 5 against the results obtained from the parametric study

on 92 test data [1, 2, 6, 8, 9, 11, 12, 38, 39].
Lim and Ozbakkaloglu [37] provided a formula for determining the strain (&) at the inflection
point based on extensive test results. Their formula was modified by Ahmed et al. [28] by using

7. to incorporate the column size effect as follows:

10
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=285, 7.) [ 4 o205, (1514t a

cc

The concrete ultimate strain (&) as illustrated in Fig. 4 is specified and used as the stopping

criterion in the numerical analysis.
4.2. Compressive strength and strain of confined concrete

As illustrated in Fig. 4, when the axial compressive concrete stress exceeds the effective

strength y, f, of concrete in a CFDST column with circular section, the concrete is said to be

confined by the steel tubes. This implies that the confined-concrete compressive strength

increases from y_f_ to the maximum value f_ with increasing the axial load [22]. The
maximum strength ( f._) and its corresponding strain (&) of the concrete confined are

determined by the formulas provided by Mander et al. [36] incorporating the factor y, given by

Liang and Fragomeni [18] as follows:

. Kk, f .
fccz[l+ 1 re]yc f (12)
7ot
AN
£ =g 42 (13)
cc C ]/C fC

in which f_ represents the confining pressure on the concrete offered by the tubes. In the

present study, k; =4.1 and k, = 20.5 provided by Richart et al. [40] are used. The axial strain

11
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¢, at f, depends on the effective concrete strength in compression. The following equation

given by De Nicolo et al. [41] for computing the strain &, is adopted in the present study:

&, =0.00076 +/(0.626y, f, —4.33)x 10" (14)
4.3. Confining pressure model for sandwiched concrete

Experimental results showed that the outer tube of a circular CFDST column was forced to
buckle locally outward and the sandwiched concrete crushed where the steel tube buckled [6,
11, 12]. The finite element analyses on circular CFST and CFDST columns conducted by Chang
et al. [21] indicated that the longitudinal compressive stress in the core-concrete in the circular
CFDST column was higher than that in the corresponding concrete in the CFST column.
However, the longitudinal compressive stress in the sandwiched concrete in the CFDST column
was similar to that in the corresponding concrete in the CFST column. This implies that in a
CFDST short column under axial compression, the core-concrete is confined by both the outer
and inner steel tubes but the sandwiched-concrete is confined mainly by the outer steel tube and
the confinement provided by the inner steel tube on the sandwiched concrete is insignificant
and can be ignored. In this study, the lateral pressure on the sandwiched concrete (f_)in

CFDST columns made of circular sections is estimated by the following expressions provided

by Hu et al. [16]:

0.043646 —0.000832 [&J for 21.7 < % <47

° (15)
j for 47< ?0 <150

0

o _

tO
DO
t

0

f
¥ 10.006241-0.0000357 [
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4.4. Proposed confining pressure model for core concrete

The confining pressure model for the core concrete was developed by means of interpreting the
experimental data of 34 circular short CFDST columns given in Table 1 [6, 8-9,11-12]. The
maximum axial load on the axial load-strain curve with softening was used as the ultimate axial
strength of the CFDST column. For specimens without softening behavior, the axial load at the
ultimate strain was assumed to reach its ultimate state. The compressive strength for the
confined core-concrete was calculated by subtracting the capacities of the sandwiched concrete

and internal and external steel tubes. The lateral pressure ( f ) on the core concrete obtained

rpi exp
from experiments was then determined using Eq. (16). By undertaking the regression analyses
on the experimental data given in Table 1, a new expression for quantifying the confining

pressure exerted on the core-concrete in CFDST columns with circular sections is proposed as

0 i 0 1:i

f; =2.2897 + o.ooeses[%} - 0.1918(%j - [0.0585[%] - 0.3801[ D, H &t (fy20) (16)

in which Di and D, are the diameters of the internal and external steel tubes, respectively; t;

andt, are the thickness of the inner and outer tubes, respectively; and & is the confinement

factor which is expressed by

— A%o fsy,o + A%i fsy,i
A%cyc fsc + A:cj/c fcc

. (17)

in which A, A;, A.and A, are the cross-sectional areas of the outer tube, inner tube,

sandwiched-concrete and core-concrete, respectively; f__and f_ are the strengths of the core

! 'ce

13
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concrete and sandwiched concrete in compression, respectively; f , and f , are the yield

syi
stresses of the internal and external tubes, respectively. Figure 6 shows that the lateral pressures

calculated by the proposed Eq. (16) are in good correlation with test data.

5. Comparisons of computer solutions with test results

The accuracy of the fiber-based numerical model incorporating the proposed confining pressure
model and material constitutive laws is established by means of comparing computations with
corresponding measurements provided by Xiong et al. [6], Peng et al. [8], Liew and Xiong [9],
Wan and Zha [11] and Ekmekyapar and Al-Eliwi [12]. Table 1 gives the material and geometric

properties of 40 tested CFDST short columns. The unconfined concrete strengths were

determined by the compression tests on concrete cubes( f,,), concrete cylinders of 100x200
mm (f...0 or concrete cylinders of 150x300 mm(f.). For consistency, the unconfined

concrete strengths were converted to f_using the conversion of f;k’100/1.05and0.85fc'u,

respectively.

The predicted ultimate axial loads (P, ) by the numerical model and the experimental values

,num

(P

o) are given in Table 2. It is observed that the fiber modeling technique accurately
determines the capacities of short CFDST circular columns. The statistical study indicates that

the mean P /P ratio is calculated as 0.97 while both the coefficient of variation and

unum! Py exp
standard deviation are 0.08. The simulated axial load-strain behavior of high-strength CFDST
columns are provided in Fig. 7. The measured axial load-strain performance of the tested
columns is determined by the mathematical model with reasonable accuracy. The

experimentally measured column initial axial stiffness slightly differs from the predicted one.

14
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The fiber-based modeling method also gives a good simulation of the post-yield responses of
the CFDST columns. The discrepancy between the predictions and measurements is caused by
the uncertainty of the actual concrete strength and stiffness in the tested specimens and the

average concrete strength was used in the numerical analyses.

6. Parametric study

The mathematical model proposed was utilized to examine the structural behavior of short
circular high-strength  CFDST columns. The details on the CFDST columns under
investigations are provided in Table 3. Steel tubes having the yield stresses of 250, 300, 350,
400 and 450 MPa were used in the numerical analyses and their corresponding tensile strengths

were 320, 400, 420, 500 and 520 MPa, respectively. In the parametric study, the ultimate
concrete strain &, was taken as 0.04 which gives conservative results of columns with

ascending stress-strain behavior in the post-yield range.

6.1. Influences of the internal steel tube

The effects of the internal tube on the strength as well as ductility of the CFDST column were
examined by comparing its axial load-strain response with that of the conventional CFST
column. For this purpose, analyses on Columns C1 and C2 presented in Group G1 in Table 3
were undertaken by the mathematical model. Both columns had the same outer tube diameter
as well as the steel area and were made of high-strength concrete of 60 MPa. Figure 8 shows
that the CFDST column has 4.85% higher strength than the CFST column due to the inclusion
of the internal circular tube. The reason for the strength increase is that the inner steel tube

provides additional confinement to the core-concrete, which increases the strength of the core-

15
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concrete thereby the column ultimate strength. The CFDST column also has a better ductility

than the CFST column. However, the column initial stiffness is not affected by the internal tube.

The influences of the internal tube diameter on the column behavior were evaluated by

analyzing Columns C3-C6 in Group G1 in Table 3. Only the inner tube diameter (D,) was

varied in this investigation. Figure 9 presents the calculated axial loads as a function of axial
strains for these CFDST columns. The ultimate axial loads of short circular CFDST columns

are found to increase significantly as D, increases. By increasing the diameter D, from 157.5

mm to 202.5, 247.5 and 292.5 mm, the percentage increases in the column ultimate strengths

are 3.4%, 7.1% and 11.4%, respectively. It would appear that increasing the diameter D, reduces

the sandwiched-concrete area but increases the core-concrete area. This implies that more
concrete would be confined by the internal tube. Consequently, the strength of the CFDST
column increases. Figure 9 indicates that the column initial axial stiffness is slightly affected
by the inner tube diameter. The computed ductility indices of CFDST columns having different
diameters are provided in Fig. 10. It would appear that circular CFDST short columns have
very good ductility with a strain ductility index greater than 16.0. It is discovered that the

ductility index of CFDST columns has a slight decrease as the inner steel tube diameter reduces.

Investigations were undertaken on the influences of the internal tube thickness on the behavior
of CFDST columns. Columns C7-C10 in Group G1 in Table 3 with thickness ranged from 6.67
to 20 mm were analyzed. The results computed by the numerical technique are shown in Fig.
11. It appears that the ultimate axial strength of CFDST column increases considerably with

increasing the thickness of the internal tube. The increase in the column ultimate strength is

14.1% when the thickness t; is increased from 6.67 mm to 20 mm. This can be explained by

the fact that increasing the inner tube thickness leads to an increase in the steel area with yield

16
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stress of 450 MPa but the same reduction in the core-concrete area with compressive strength

of 40 MPa, which results in a considerable increase in the ultimate axial strength of the column.
As demonstrated in Fig. 12, reducing the thickness t; causes a slight decrease in the ductility
because of the reduction in the internal tube area. The numerical results presented in Fig. 12
indicate that when the thickness t; is reduced from 20 mm to 15, 10 and 6.67 mm, the axial

ductility index decreases from 17.40 to 17.35, 17.31 and 17.20, respectively.

It has been demonstrated that circular CFDST columns possess higher strength and ductility
than circular CFST columns. High strength inner steel tubes may be used to further increase the
column capacity. The use of the inner steel tube instead of reinforcing bars certainly speeds up
the construction process. Moreover, the existing conventional CFST column can be
strengthened by using an additional external steel tube filled with concrete and it becomes a
CFDST column. However, to achieve economical and efficient designs, the cross-sections of
CFDST columns must be properly designed. The proposed computational model can be used
to analyze the cross-sectional capacities of CFDST columns to determine the optimal designs

of CFDST columns.

6.2. Influences of D, /t, ratio

The behavior of CFDST columns is significantly dependent on the D, /t, ratios. Two scenarios
were considered to examine the effects of D, /t, ratios. The CFDST columns with D, /t, ratios

of 35, 40, 45 and 50 given in Group G2 in Table 3 were examined in the first scenario by

changing the outer tube diameter D only. Figure 13 gives the computed load-strain

relationships of these columns. It would appear that increasing the external steel tube diameter
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D, significantly increases the column axial strength. By increasing D, from 280 mm to 320,

360 and 400 mm, the increases in the column axial strengths are 17.4%, 33.7% and 52.8%,
respectively. This is because increasing the diameter of the outer tube increases the areas of
both steel tube and concrete so that the column ultimate axial load increases. As depicted in

Fig. 13, the column initial stiffness increases considerably with an increase in the D, /t ratio,

however, it has an insignificant impact on the post-peak responses of CFDST columns. The
axial strain ductility indices are given in Fig. 14. The ductility indices are found to vary with

D, /1, ratios. The computed axial ductility indexes are 16.3, 17.32, 18.73 and 19.63 for columns

with D, /t, ratios of 35, 40, 45 and 50, respectively.

In the second scenario, only the external tube thickness t, was changed to determine the D, /t,
ratios as 35, 40, 45 and 50 as shown in Group G2 in Table 3. The axial load-strain curves
predicted are given in Fig. 15. It would appear that decreasing the thicknesst, significantly
decreases the column ultimate strength. The strength reductions are computed as 6.7%, 13.4%
and 17.3%, respectively when the thickness t, is reduced from 12.86 mm to 11.25, 10 and 9

mm, respectively. The reason for this is that deceasing the outer tube thickness reduces the steel
tube area and the confinement on the sandwiched and core concrete so that the column axial

loads decease significantly. It can be seen from Fig. 15 that the D, /t, ratio influences the post-
yield curves. Figure 16 illustrates that increasing the D, /t, ratio improves the axial ductility.
For CFDST short columns with D, /t_ ratio of 35, 40, 45 and 50, the calculated strain ductility

indexes are 16.05, 17.08, 18.44 and 19.06, respectively.

6.3. Influences of concrete compressive strength
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In Group G3 in Table 3, the concrete of different strengths was used to construct CFDST
columns. The compressive concrete strengths of 55 MPa, 75 MPa, 95 MPa and 115 MPa were
considered in the fiber analysis. The predicted load-strain responses presented in Fig. 17

indicate that using higher strength concrete significantly improves the ultimate strength of
CFDST columns. When f_increases from 55 MPa to 75 MPa, 95 MPa and 115 MPa, the

increases in the column ultimate strengths are 13.7%, 29.2% and 44.4%, respectively. This can
be explained by the fact that the ultimate axial load of short CFDST columns is governed by its
section and material properties such as the concrete compressive strength. However, it is
noticed that CFDST columns constructed using high-strength concrete are less ductile due to

its brittle behavior.

6.4. Influences of steel yield strength

The yield stress of steel tubes has influences on the behavior of CFDST columns and its effect
was studied by using the fiber-based model. The Columns in Group G4 in Table 3 were
considered for this study. The calculated responses of these CFDST columns constructed by
steel tubes having various yield stresses are given Fig.18. It is observed that the ultimate
strength of the CFDST column significantly increases when the steel yield stress is increased.
When the yield stress is increased from 250 MPa to 300 MPa, 350 MPa, 400 MPa and 450
MPa, the column ultimate strength is found to increase by 4.7%, 7.5%, 13.4% and 19.4%,
respectively. The reason for the column strength increase is that the ultimate axial strength of a
short CFDST column is governed by its section and material properties such as the steel yield
strength. The strain ductility indices of CFDST columns are depicted in Fig. 19. It is shown that
the ductility index of the column increases with an increase in its steel yield strength up to 350

MPa and after that it decreases as its steel yield strength increases.
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7. Proposed design model

Currently, there are no design specifications available for the design of stub CFDST columns
constructed by circular carbon steel tubes. Previously, Liang and Fragomeni [18] proposed a
formula for the computation of the ultimate axial capacities of CFST columns with circular
cross-sections under axial loading considering confinement effects. Liang [22] also derived
design formulas for double-skin CFST short columns in axial compression. Hassanein et al.
[23] recommended a formula for the design of CFSCST columns where the outer tube was
made of duplex stainless steel. Based on the proposed model for lateral pressures on core-
concrete and the previously cited work [18, 22], a new simple expression for the estimation of

the ultimate strength of short circular CFDST columns is proposed as

I:)u,design = 750 fsyo Aso + 7si fsyi Asi + (750 fcl + 4'1frp0)Asc + (7/cc fc' + 4':I'frpi)'akc (18)
where y,and y are strength factors, accounting for the influences of hoop-tension, strain

hardening as well as imperfections on the outer tube and inner tube, respectively and were

developed by Liang and Fragomeni [18] as

-0.1

7, =1.458 (?—J (09<y, <11 (19)
D -0.1

7, =1.458 [t—j (0.9<y, <11 (20)

The proposed design equation is verified by comparing calculations with test data of 40 CFDST

columns in Table 2, where P P..and P are the ultimate axial loads calculated using

u,des * " u.exp u,num
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Eq. (18), obtained from experiments and determined by the fiber analysis, respectively. It is

observed that the mean P, /P _ ratio is 0.97 and the calculated coefficient of variance and

u,des’ Tuexp

standard deviation are 0.08. The strength computations of circular CFDST columns by the
design model are further validated by numerical predictions in Table 3. It is shown that the
strengths computed by the design model agree extremely well with corresponding numerical
predictions. The proposed design formula can predict 98% of the numerical strengths with a

coefficient of variance of 0.02.

8. Comparisons with design codes

The applicability of the existing design specifications for short circular CFST columns given in
Eurocode 4 [7], ACI 318-11 [42] and AISC 360-16 [43] to circular CFDST columns is
examined herein. Table 4 presents the specifications of the design codes to calculate the
ultimate axial strengths. Eurocode 4 accounts for the influence of concrete confinement on the
strength calculations of CFST circular columns whereas ACI 318-11 and AISC 360-16 neglect
this effect. Table 2 summaries the comparisons between design calculations and measured
results on 40 tested CFDST short columns. The calculated ultimate strengths using ACI 318-
11and AISC 360-16 codes are very conservative compared to test results. Although the design
method specified in Eurocode 4 yields better estimations of the load-carrying capacities of
CFDST columns than ACI 318-11 and AISC 360-16, but it could not capture the actual
improvement in the core concrete strength. The mean calculated-to-measured ultimate axial
strengths calculated by suing Eurocode 4, ACI 318-11and AISC 360-16 are 0.89, 0.79 and 0.83,
respectively. On the contrary, the proposed design model generally yields better strength
predictions of short CFDST columns than design codes. The current design equation given in

Eurocode 4 [7] for CFST columns is simpler than the proposed Eq. (18), but Eq. (18) yields
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more accurate results than the current design provision. Further studies should focus on
developing a more simple revision to the current design provision in Eurocode 4 for the design

of CFDST columns.

9. Conclusions

This paper has described a fiber-based mathematical model formulated for the numerical
simulations of short circular CFDST columns subjected to axial loading. A new model for
computing the confining pressures on the core-concrete has been proposed based on existing
test data together with a new strength-degradation parameter for quantifying the post-peak
responses of confined concrete. The accuracy of the developed numerical analysis technique
incorporating the new proposals of material constitutive laws has been examined by
comparisons with experimental results of CFDST columns. Details parametric studies have
been conducted considering various columns geometry and material properties. A new design
formula has been derived and verified by test results. Furthermore, the applicability of the
existing design rules recommended by Eurocode 4 [7], ACI 318-11 [42] and AISC 360-16 [43]

for circular CFST columns to circular CFDST columns has been investigated.

The conclusions are given as follows:

(1) The fiber-based mathematical model developed produces predictions which are in good
correlations with experimental data of circular CFDST columns under axial compression.
(2) If both circular CFDST and CFST columns have the same external tube diameter and the
same steel area, the CFDST column has higher strength and ductility than the CFST

column.
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(3) Increasing the inner steel-tube diameter remarkably improves the ultimate strength of the
CFDST column.

(4) Increasing the thickness of the inner tube considerably increases the ultimate axial loads of
CFDST columns made of normal strength concrete but its effect diminishes when high-
strength concrete is used.

(5) The use of higher strength steel tubes and concrete results in higher axial capacities, but it
considerably affects the column axial ductility.

(6) The design rules specified in Eurocode 4 [7], ACI 318-11[42] and AISC 360-16 [43] for
circular CFST columns give conservative calculations of the ultimate axial strengths of
short CFDST columns made of circular steel sections.

(7) The design formula proposed yields more accurate ultimate strength predictions of CFDST

columns than the design approaches provided in existing design codes.
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Figures and tables

Table 1 Geometric and material properties of tested circular CFDST short columns.

Specimen Outer Tube Inner Tube Concrete | Ref.
Do >ty & fsy,o fsu,o Es,o Dixt, & fsy,i fsu,i Es,i fcl,o 1:cl,i
(mm) t, | (Mpa) | (MPa) | (GPa) (mm) t; | (MPa) | (MPa) | (GPa) | (MPa) | (MPa)
Cl-1 133x45 | 296 | 361 | 410 | 200 | 55.9x34 | 164 | 361 | 410 | 200 | 56.1 | 56.1 [8]
C1-2 133x45 | 296 | 361 | 410 | 200 | 56x3.4 166 | 361 | 410 |200 |561 |56.1
C2-1 1325x3.0 | 442 | 361 | 410 | 200 | 56x3.0 187 | 361 | 410 |[200 |[561 | 561
C2-2 1325x3.0 | 442 | 361 | 410 | 200 | 56x3.0 187 | 361 | 410 |200 |561 | 561
c2-3 1323x32 | 413 | 361 | 410 | 200 | 56.1x3.2 | 175 | 361 | 410 | 200 | 799 | 79.9
C2-4 132x3.0 | 440 | 361 | 410 | 200 | 56.1x3.2 | 175 | 361 | 410 | 200 | 799 | 79.9
C2-5 1321x3.1 | 426 | 361 | 410 | 200 | 56x3.4 165|361 | 410 |200 |867 | 867
C2-6 132x32 | 413 | 361 | 410 | 200 | 56.1x3.0 | 18.7 | 361 | 410 | 200 | 86.7 | 86.7
C3-1 131.8x2.1 | 62.8 | 361 | 410 | 200 | 54.8x2.4 | 228 | 361 | 410 | 200 | 56.1 | 56.1
C3-2 130.8x2.0 | 654 | 361 | 410 | 200 | 54.2x2.6 | 208 | 361 | 410 | 200 | 56.1 | 56.1
C4-1 108x4.0 | 27.0 | 361 | 410 | 200 | 48x3.0 160 | 361 | 410 | 200 |561 | 56.1
C4-2 1065x2.3 | 463 | 361 | 410 | 200 | 48x3.4 141361 |40 |[200 |[561 | 561
C5-1 1075x3.1 | 347 | 361 | 410 | 200 | 47.6x30 | 159 | 361 | 410 | 200 | 56.1 | 56.1
C5-2 107.6x3.1 | 347 | 361 | 410 | 200 | 47.6x31 | 154 | 361 | 410 | 200 | 56.1 | 56.1
$3-1-1 219x50 | 438 | 377 | 511 | 205 | 114x36 | 317 | 406 | 505 | 213 | 51 51 [9]
S3-1-2 219x50 | 438 | 377 | 511 | 205 | 114x36 | 3L7 | 406 | 505 | 213 | 167 | 167
S3-1-3 219x5.0 | 438 | 377 | 511 | 205 | 114x36 | 3L7 | 406 | 505 | 213 |51 167
S3-1-4 219x5.0 | 438 | 377 | 511 | 205 | 114x36 | 3L7 | 406 | 505 | 213 |51 184
$3-2-1 219x10 219 | 381 | 509 | 212 | 114x63 | 181 | 428 |521 | 209 |51 51
$3-2-2 219x10 219 | 381 | 509 | 212 | 114x63 | 181 | 428 | 521 | 209 | 167 | 167
$3-2-3 219x10 219 [ 381 [ 509 [212 | 114x63 | 181|428 |[521 [209 |51 167
S3-2-4 219x10 219 [ 381 [ 509 |212 | 114x63 | 181 | 428 |521 | 209 |51 184
ALl 426x7.73 | 55.1 | 298 | 408 | 206 | 133x6.6 | 202 | 3314 | 478 | 200 | 259 | 25.9 [11]
A2-1 426x752 | 56.6 | 302 | 407 | 206 | 133x6.6 | 202 | 460 | 683 | 200 | 259 | 25.9
Al-2 426x752 | 56.6 | 302 | 407 | 206 | 219x6.7 | 327 | 3168 | 460 | 200 | 259 | 25.9
A2-2 426x752 | 56.6 | 302 | 407 | 206 | 219x6.7 | 327 | 478 | 660 | 200 | 259 | 25.9
AL3 426x752 | 56.6 | 302 | 407 | 206 | 273x65 | 420 | 322 | 415 | 200 | 259 | 259
A23 426x752 | 56.6 | 302 | 407 | 206 | 273x65 | 420 | 447 | 626 | 200 | 259 | 25.9
CC1-SC1-0T1 139.7x33 | 423 | 290 | 350 | 200 | 88.9x4.25 | 209 | 375 | 450 | 200 | 291 | 29.1 [12]
CC1-SC1-0T2 139.7x59 | 237 | 355 | 410 | 200 | 88.9x4.25 | 209 | 375 | 450 | 200 | 291 | 29.1
CC1-SC2-0T1 139.7x33 | 423 | 290 [ 350 | 200 | 88.9x4.25 | 20.9 | 375 | 450 | 200 | 649 | 29.1
CC1-SC2-0T2 139.7x59 | 237 [ 355 | 410 | 200 | 88.9x4.25 | 20.9 | 375 | 450 | 200 | 649 | 29.1
CC2-SC1-0T1 139.7x33 | 423 | 290 | 350 | 200 | 88.9x4.25 | 20.9 | 375 | 450 | 200 | 29.1 | 64.9
CC2-SC1-0T2 139.7x59 | 237 | 355 | 410 | 200 | 88.9x4.25 | 20.9 | 375 | 450 | 200 | 291 | 64.9
CC2-SC2-0T1 139.7x33 | 423 | 290 | 350 | 200 | 88.9x4.25 | 20.9 | 375 | 450 | 200 | 649 | 64.9
CC2-SC2-0T2 139.7x59 | 237 [ 355 | 410 | 200 | 88.9x4.25 | 20.9 | 375 | 450 | 200 | 649 | 64.9
DC-09 219.1x6.3 | 348 | 300 | 467 | 202 | 114x63 | 181 | 428 | 519 | 209 | 185 | 155 [6]
DC-10 219.1x6.3 | 348 | 300 | 467 | 202 | 114x63 | 181 | 428 | 519 | 209 | 167 | 167
DC-11 219.1x6.3 | 348 | 300 | 467 | 202 | 114x63 | 181 | 428 | 519 | 209 | 142 | 142
DC-12 219.1x6.3 | 34.8 | 300 | 467 | 202 | 114x63 | 181 | 428 | 519 | 209 | 166 | 166
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Table 2 Ultimate axial strengths of circular CFDST short columns.

SpeCimen Pu,exp I:rj,num FZI,EC4 Rj,ACl Fl’J,NSC Pu,des Pl um P cs Rsci Pu,aisc| P
(kN) (kN) (kN) (kN) (kN) (kN) F{J,exp R exp Rj,exp P, ,exp Pu,exp
C1-1 1942 1818 1847 1407 1455 1823 0.94 0.95 0.72 0.75 0.94
C1-2 1911 1818 1846 1407 1455 1823 0.95 0.97 0.74 0.76 0.95
C2-1 1683 1409 1546 1196 1249 1425 0.84 0.92 0.71 0.74 0.85
C2-2 1592 1409 1546 1196 1249 1425 0.89 0.97 0.75 0.78 0.90
C2-3 1831 1730 1852 1470 1544 1781 0.94 1.01 0.80 0.84 0.97
C2-4 1875 1694 1811 1442 1516 1718 0.90 0.97 0.77 0.81 0.92
C2-5 1870 1813 1916 1532 1612 1837 0.97 1.02 0.82 0.86 0.98
C2-6 1925 1831 1908 1524 1605 1853 0.95 0.99 0.79 0.83 0.96
C3-1 1434 1214 1327 1042 1097 1231 0.85 0.93 0.73 0.77 0.86
C3-2 1425 1190 1303 1026 1080 1204 0.84 0.91 0.72 0.76 0.84
C4-1 1432 1276 1042 979 1009 1281 0.89 0.73 0.68 0.70 0.89
C4-2 1106 931 875 810 842 948 0.84 0.79 0.73 0.76 0.86
C5-1 1256 1110 947 883 915 1121 0.88 0.75 0.70 0.73 0.89
C5-2 1182 1110 953 888 920 1126 0.94 0.81 0.75 0.78 0.95
S$3-1-1 3626 4051 3460 3207 3351 3790 1.12 0.95 0.88 0.92 1.05
$3-1-2 8529 7834 7295 6467 6938 8022 0.92 0.86 0.76 0.81 0.94
$3-1-3 4968 4950 4499 4091 4323 5014 1.00 0.91 0.82 0.87 1.01
S3-1-4 5239 5175 4652 4220 4465 5193 0.99 0.89 0.81 0.85 0.99
S$3-2-1 6300 6558 4891 4670 4783 5918 1.04 0.78 0.74 0.76 0.94
$3-2-2 9817 8943 8252 7526 7930 9211 0.91 0.84 0.77 0.81 0.94
$3-2-3 7022 6798 5828 5466 5660 6897 0.97 0.83 0.78 0.81 0.98
S3-2-4 7160 6794 5966 5583 5788 7041 0.95 0.83 0.78 0.81 0.98
Al-1 8142 8804 7260 6756 7043 7410 1.08 0.89 0.83 0.87 0.91
A2-1 9830 9079 7563 7057 7341 7720 0.91 0.76 0.71 0.74 0.78
Al-2 9830 9383 7725 7227 7506 7956 0.95 0.79 0.74 0.76 0.81
A2-2 10025 10189 | 8446 7947 8216 8586 1.02 0.84 0.79 0.82 0.86
Al-3 9740 9767 8037 7542 7818 8275 1.00 0.83 0.77 0.80 0.85
A2-3 10739 10801 | 8717 8222 8488 8755 1.01 0.81 0.77 0.79 0.82
CC1-SC1- 1435.05 | 1460 1306 1247 1282 1429 1.02 0.91 0.87 0.89 1.00
OT1
CC1-sC1- 1977.94 | 2090 1658 1605 1635 1972 1.06 0.84 0.81 0.83 1.00
0T2
CC1-sC2- 1606.89 | 1673 1514 1412 1475 1661 1.04 0.94 0.88 0.92 1.03
OT1
CC1-sC2- 2044.44 | 2278 1908 1817 1871 2237 111 0.93 0.89 0.92 1.09
0T2
CC2-sC1- 1570.15 | 1627 1415 1328 1381 1563 1.04 0.90 0.85 0.88 1.00
OoT1
CC2-SC1- 215311 | 2255 1849 1767 1815 2182 1.05 0.86 0.82 0.84 1.01
0T2
CC2-sC2- 1784.39 | 1839 1704 1574 1655 1877 1.03 0.96 0.88 0.93 1.05
OoT1
CC2-SC2- 227477 | 2374 2099 1979 2051 2448 1.04 0.92 0.87 0.90 1.08
0T2
DC-09 7640 7346 7038 6309 6727 7504 0.96 0.92 0.83 0.88 0.98
DC-10 7209 7699 7414 6629 7078 7878 1.07 1.03 0.92 0.98 1.09
DC-11 6882 6961 6631 5963 6346 7100 1.01 0.96 0.87 0.92 1.03
DC-12 8375 7699 7383 6602 7049 7847 0.92 0.88 0.79 0.84 0.94
Mean 0.97 0.89 0.79 0.83 0.95
Standard Deviation (SD) 0.08 0.08 0.06 0.07 0.08
Coefficients of Variance (COV) 0.08 0.09 0.08 0.08 0.08

29



Ahmed, M., Liang, Q. Q., Patel, V. I. and Hadi, M. N. S. (2019). Numerical analysis of axially loaded circular high
strength concrete-filled double steel tubular short columns. Thin-Walled Structures, 138: 105-116.

Table 3 Geometric and material properties of circular CFDST short columns utilised in the
parametric study.

Group Column Outer tube Inner tube Concrete Ultimate strength
D, t, D o foo D; t & fy f' P P @
(mm) (mm) t, (MPa) | (mm) | (mm) t, (MPa) c u,num u,ces o
(MPa) (kN) (kN) '

Gl C1 500 12.88 | 38.8 350 - - - - 60 18973 18387 0.97
C2 500 10 50 350 280 5 56 350 60 19751 19849 1.00
C3 450 10 45 350 157.5 8 19.68 350 60 14831 14696 0.99
c4 450 10 45 350 202.5 8 25.31 350 60 15330 15249 0.99
C5 450 10 45 350 2475 8 30.93 350 60 15889 15868 1.00
C6 450 10 45 350 2925 8 36.56 350 60 16520 16534 1.00
Cc7 600 10 60 450 200 6.67 30 450 40 21648 20403 0.94
C8 600 10 60 450 200 10 20 450 40 22343 21168 0.95
C9 600 10 60 450 200 15 13.33 450 40 23520 22396 0.95
C10 600 10 60 450 200 20 10 450 40 24694 23559 0.95
G2 C11 280 8 35 350 140 5 28 350 60 7180 7127 0.99
C12 320 8 40 350 140 5 28 350 60 8428 8417 1.00
C13 360 8 45 350 140 5 28 350 60 9601 9607 1.00
Cl4 400 8 50 350 140 5 28 350 60 10968 11000 1.00
C15 450 9 50 350 200 8 25 350 70 15806 15844 1.00
C16 450 10 45 350 200 8 25 350 70 16568 16523 1.00
C17 450 11.25 40 350 200 8 25 350 70 17840 17683 0.99
C18 450 12.86 35 350 200 8 25 350 70 19123 18966 0.99
G3 C19 480 12 40 350 200 8 25 350 55 18311 17655 0.96
C20 480 12 40 350 200 8 25 350 75 20817 20537 0.99
ca21 480 12 40 350 200 8 25 350 95 23653 23420 0.99
c22 480 12 40 350 200 8 25 350 115 26449 26302 0.99
G4 Cc23 720 12 60 250 280 8 35 250 60 31692 30722 0.97
C24 720 12 60 300 280 8 35 300 60 33175 31866 0.96
C25 720 12 60 350 280 8 35 350 60 34072 33229 0.98
C26 720 12 60 400 280 8 35 400 60 35949 34729 0.97
c27 720 12 60 450 280 8 35 450 60 37836 36319 0.96
Mean 0.98
Standard Deviation (SD) 0.02
Coefficients of Variance (COV) 0.02
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Table 4 Design formulas for circular CFDST short columns given in design codes.

Design codes

Design equations

Eurocode 4 [7]

Circular CFST columns:

t fy
Purimer = A T + A T L+ 77, F‘ T )
Pecs = Puowter + Puinner

1, =0.25(3+2.) (1, <1.0)
n, =49-18.51+1742 (1, >0)

where the relative slenderness ratio is ; — /M
N cr

ACI 318-11 [42]

Pa=A fsw +08A f_ +A, fwi +08A, T,

AISC 360-16 [43]

_[po.658%™] forP, >044p
“AC T 0.877PR, for P, < 0.44P,

P0 :Aofsyo_i-g'%cfsc +A§i fsyi+gpécfcc

T
Pe = W(El)eﬁ

(E Deff = Esolso+Esi|si +C4Esc|sc +C4Ecc|cc

C, :0.6+2( A Jso.g
A +A

C,=0.95 for circular section
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Fig. 1. Cross-section of circular CFDST column.
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Fig. 2. Typical discretization of circular CFDST column section in the fiber element analysis.
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Fig. 3. General material stress-strain curve for structural steels.
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Fig. 4. Stress-strain curves for confined concrete in circular CFDST columns.
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Fig. 5. Verification of the proposed expression for determining the residual concrete strength.

Rz = 0.87

Eq. 16
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Fig. 6. Verification of the proposed expression for determining the lateral pressure on core
concrete with the test results.
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Fig. 7. Comparison of computational and experimental axial load-strain curves for circular
CFDST short columns.
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Fig. 8. Effects of the inner steel tube on the axial load-strain curves.
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Fig. 9. Effects of the diameter of the inner steel tube on the axial load-strain curves of circular
CFDST short columns.

......... D; =157.5 mm
D; =2025 mm
— — D; =2475 mm

Axial Load P (kN)
]

— D; =2925 mm

36



Ahmed, M., Liang, Q. Q., Patel, V. I. and Hadi, M. N. S. (2019). Numerical analysis of axially loaded circular high
strength concrete-filled double steel tubular short columns. Thin-Walled Structures, 138: 105-116.

25
20 1 Hﬂ‘.
15
a
10
5 -
0 I I I
0 0.2 04 0.6 0.8
D; / D,

Fig. 10. Effects of Di/Do ratio on the strain ductility index of circular CFDST short columns.
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Fig. 11. Effects of the thickness of the inner steel tube on the axial load-strain curves of
circular CFDST short columns.
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Fig. 12. Effects of p, /¢, ratio on the strain ductility index of circular CFDST short columns.
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Fig. 13. Effects of the diameter of the outer steel tube on the axial load-strain curves of
circular CFDST short columns.
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Fig. 14. Effects of Do /to ratio by varying diameter of the outer steel tube on the strain ductility
index of circular CFDST short columns.

25000
20000 r

3 — i — —

= TSSO

S 15000 | e ST

i

IS | TS t, =9 mm

g 10000 H =t =10mm

— - t,=11.25 mm
2000 — t, =1286 mm
0 1 I I L

0 0.01 0.02 0.03 0.04 0.05
Strain €

Fig. 15. Effects of the thickness of the outer steel tube on the axial load-strain curves of
circular CFDST short columns.
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Fig. 16. Effects of Do /to ratio by varying thickness of the outer steel tube on the strain
ductility index of circular CFDST short columns.
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Fig. 17. Effects of concrete compressive strength on the axial load-strain curves of circular
CFDST short columns.
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Fig. 18. Effects of steel yield strength on the axial load-strain curves of circular CFDST short
columns.
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Fig. 19. Effects of steel yield strength on the strain ductility index of circular CFDST short
columns.
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