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Abstract 

High-strength-concrete (HSC) is brittle, but its ductility can be dramatically increased when 

confined by steel tubes. However, the size of hot-rolled tubular sections is commonly limited 

to 600mm, its capacity as mega columns in many high-rise buildings is inadequate. This 

paper details the use of fabricated and rolled sections as mega-columns by the direct analysis 

of design (DAM) which is further presented for application with high-strength-concrete-

filled-tubular (HCFT) columns of circular and octagonal sections allowing for confinement 

effects in concrete. To capture the material yielding behaviors and to allow for an explicit 

simulation on the member initial curvatures, a curved-piecewise-Hermite(CPH) element is 

especially developed for simulating the behaviors of HCFT columns under extreme loading 

conditions. A plastic-fiber-hinge-model using the sectional strength-iteration surfaces is 

proposed for capturing the yielding behavior at the hinge locations and the analytical method 

for generating the yield surfaces is elaborated. To this, one-element-per-member is sufficient 

for numerical simulation; and the savings in computer time are considerable, making the 

proposed theory practical. The material model for the HSC in steel tubes is essential for a 

successful design. To this, an experiment on two groups of confined specimens, e.g. circular 

and octagonal, is established for investigating the properties of HSC, and an approximated 

calculation method is proposed and validated with the experiments. Consequently, the 

corresponding stress vs. strain relations of the confined HSC can be determined for use in 

analysis. Finally, examples are given for verifying and validating the proposed method for 

HCFT columns with circular and octagonal sections. 

 

Keywords: Direct Analysis; Element; High-strength concrete; Nonlinear; Octagonal; Steel  
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1. Introduction 

Direct analysis, which is also sometimes called as second-order plastic analysis with 

geometric and material imperfections, is advocated to investigate the true and ultimate 

structural behavior of members and frames over the past decades. This method is widely 

adopted in conventional structural design under static loads, performance-based seismic 

design, progressive collapse analysis and structural fire analysis. In order to reflect the actual 

structural performance and stability, the vital effects inherent to the members are needed to 

be considered and they include the large deflection effect, material yielding and initial 

member curvatures. 

Concrete-filled tubular (CFT) columns are among the most economical and structurally 

efficient among reinforced and composite members in terms of resistance to high 

compressive loads. In addition to the steel tube being used as a load-carrying component, it 

also provides the confinement to the concrete core, thereby increases the compressive 

strength and improves ductility of the concrete. Further, the steel sections can be used as 

temporary works for fresh concrete so the cost of fabricating formworks can be saved. All 

these advantages are well-recognized and supported by experiments and reported (see, for 

example, Knowles and Park [1], Wardenier et al. [2] and Han et al. [3]). Extensive research 

and experiments have been conducted in the past decades to investigate the behaviors of CFT 

columns including Tomii et al. [4], Tanaka et al. [5], Schneider [6], Huang et al. [7], Mursi 

and Uy [8], Hu et al. [9], Dai and Lam [10], Sheehan et al. [11], Ellobody [12], Han et al. [3] 

and Dai et al. [13]. 

When using the structural form, a considerable increase in load bearing capacity due to 

concrete confinement effect is achieved and column size can be reduced with an increase in 

the usable floor area. Additionally, the concrete core restricts the local buckling of 

surrounding steel tubes and increases the column stiffness. Susantha et al. [14] investigated 
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the Hyogoken-Nanbu earthquake in Japan and noted another advantage of CFT columns as 

having more ductility and larger energy absorbing capacity than the bare steel or reinforced 

concrete columns. Summarizing all these observations, CFT columns are thus favorable 

structural components for tall buildings constructed in high-density urban areas and 

earthquake-active regions. 

However, the commercial off-the-shelf tubular columns are limited to rectangular, circular 

and elliptical cross-section (see Fig. 1a to 1c). Their maximum outer diameter, D and 

thickness, t are normally less than 500 mm and 50 mm, respectively. For high-rise buildings 

less than 100 meters, tubular columns are normally fabricated as welded sections (see Fig. 2a) 

to increase the load-carrying capacity. In recent years, mega-size cross-sections as shown in 

Fig. 3 have been adopted to further increase the load-carrying capacity for super high-rise 

buildings with height over 100 meters. As the maximum diameter of tubular sections is 

generally limited to 500mm, the size of using them as columns cannot satisfy the need for a 

column in a high rise building under high axial compression due to accumulative loads from 

floors above. 

In addition to the load-carrying capacity, steel tube can also confine the concrete in-fill, and 

hence increases the compressive strength and significantly improves the ductility of the 

concrete. Research from Susantha et al. [15] indicated that this influence would be 

dramatically affected by the cross-section shape of the tube. The strength and ductility of the 

confined concrete core can be increased in circular CFT columns [1], while only the ductility 

of the concrete in CFT members with rectangular sections can be improved [16]. However, 

manufacturing challenges would be encountered while fabricating a large-sized circular steel 

tube. Therefore, an optimal and practical solution can be achieved by using the alternative – 

octagonal shaped section, as illustrated in Fig. 2b. It is crucial to investigate the 

corresponding confinement behavior on the concrete core in this octagonal shaped section. 
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In this research, high strength concrete (HSC) refers to concrete with the characteristic 

concrete cube strength greater than 60 MPa (~8.7 ksi). HSC offers greater stiffness and 

strength than normal strength concrete. To date, the readily-mixed product of HSC can be 

easily sourced in the market and is being extensively used [17]. However, HSC is an 

extremely brittle material as schematically shown in Fig. 4. Nevertheless, when it is confined 

by circular steel tubes, both the ductility and strength of HSC can be improved (see Fig. 5, 

Liew et al. [18]). 

High-strength concrete-filled-tubular (HCFT) columns are usually slender and their stability 

problems are dominant and therefore the P-δ-Δ effects are important in design. To achieve an 

acceptable level of accuracy, the member local imperfection should be taken into account 

otherwise the structural stability cannot be assessed reliably. The curved high-order beam-

column element developed by Chan and Zhou [19] and the curved stability function element 

proposed by Chan and Gu [20] are suitable candidates for analysis of slender axially-loaded 

members and also have been widely used in the design practice. However, the current 

theories mainly use the conventional refined plastic hinge method and it assumes the plastic 

hinges are formed only at the element ends. Therefore, two and more elements are required 

for accurate modeling of a member to capture the plastic hinge location. This not only 

increases the computational time, but also causes difficulties in modeling the member 

imperfections. In this paper, a curved-piecewise-Hermite (CPH) element is developed for 

simulating the HCFT columns with circular and octagonal sections, which is derived on the 

basis of the arbitrarily-located-hinge (ALH) element developed by Liu et. al [21, 22] and the 

work originally conducted by Chen and Chan [23] . 

To reflect the inelastic behavior of HCFT columns, an approach using the plastic fiber hinge 

model [24] is adopted in the present study. Material yielding on hinge locations is reflected 

by a gradually softening spring. Contrary to the traditional or refined plastic hinge model, 
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where the simplified linear interaction equations are adopted to examine yielding on sections, 

the accurate and rigorous criterion described by the sectional yield surfaces are utilized in the 

proposed plastic fiber hinge model. To generate the sectional yield surfaces, the numerical 

method based on quasi-Newton interactive scheme [25] is employed, where the steel and 

concrete components are divided into several fibers and parallel layers, respectively, in 

calculating the stress resultants of a cross section. 

The material constitutive relations are essential and vital for an accurate numerical simulation 

and the design by direct analysis. Many researchers proposed the stress vs. strain models for 

the confined concrete, such as Mander et al. [26], Cusson and Paultre [27], Susantha et al. 

[15], Binici [28], Lokuge et al. [29] and Samani and Attard [30]. In the present study, the 

stress vs. strain curve from Eurocode-2 [31] is employed for the confined high-strength 

concrete, where the effective confining stress is the crucial factor in the relation. The lateral 

pressure acting on the concrete core in a circular tubular section can be calculated by the 

force-equilibrium method to be discussed in the followings. However, research on the 

effective confining stress for the concrete in the octagonal tube is limited. This paper, 

proposes an effective confinement area method to approximate the confining stress and hence, 

to obtain the corresponding strain vs. strain curves for the confined high-strength concrete in 

circular and octagonal steel tubes. 

To verify the proposed material models, an experimental investigation was carried out to 

study the behavior of confined high-strength concrete in tubular columns. Two comparison 

groups, which contained two circular and octagonal tubular specimens with the depth-to-

thickness (d/t) ratio equaling to 38.74, were tested. Besides, another two groups of 

unconfined specimens, which had the same size of the concrete core in the confined 

specimens, were also examined. The stress vs. strain curves of the confined and unconfined 
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concrete were measured in the experiment, and the results were compared with the proposed 

material constitutive models. 

Further, in this paper, a direct analysis method for HCFT columns is proposed, large 

deflection, imperfections, confinement effects and material yielding are all taken into 

consideration. A curved-piecewise-Hermite (CPH) element is developed and its formulations 

for the numerical analysis are elaborated. For capturing the yielding behavior at the hinge 

locations, a plastic fiber hinge model using the sectional yield surfaces is introduced. The 

sectional yield surfaces for the HCFT circular and octagonal sections are produced by a 

robust cross-section analysis technique. The material constitutive model for the confined 

high-strength concrete in the circular and octagonal steel tubes is proposed and verified by 

the experiment. Finally, for validating the accuracy, applicability and effectiveness of the 

proposed analytical model, several examples are solved. 

2. Numerical Analysis Framework 

2.1 Assumptions 

In the current study, the following assumptions are adopted for the analysis of the HCFT 

columns and their cross sections. (1) Small strains but large deformations are assumed and 

handled using the incremental tangent stiffness method proposed by Chan [32]; (2) Euler-

Bernoulli hypothesis is adopted and the strain distribution along the cross section is linear; (3) 

Second-order effects including the P-∆ and P-δ deformations and imperfections are 

considered; (4) Material yielding on the critical section is simulated by the plastic fibre hinge; 

(5) Loads are conservative and applied on element nodes; (6) Slippage between the steel tube 

and the concrete core is disregarded; and (7) Tensile strength of concrete is only taken into 

account in computing the concrete fracture surface and ignored in calculations at other limit 

states. 
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2.2 Element formulations 

To simulate the behaviors of HCFT columns, the vital effects including initial imperfections, 

material yielding and large deformations, must be incorporated into the element formulations. 

To this, a beam-column element with the piecewise-Hermite shape functions and initial 

member curvature is proposed in the present study. 

Referring to Fig. 9, there are twelve degrees of freedom (DOFs) for displacements and given 

by : 

 {u} = {𝑒 θ11y θ11z θx θ12y θ12z δz δy θ21y θ21z θ22y θ22z}𝑇 (1) 

The piecewise shape function is presented as: 

when −0.5 ≤
𝑥

𝐿
≤ 0 

v𝑦(x) = {𝑁𝐿} ∙ {𝜃11𝑦 𝜃12𝑦 𝛿𝑧}𝑇  

v𝑧(x) = {𝑁𝑅} ∙ {𝜃11𝑧 𝜃12𝑧 𝛿𝑦}𝑇   

(2) 

when 0 ≤
𝑥

𝐿
≤ +0.5 

v𝑦(x) = {𝑁𝐿} ∙ {𝜃21𝑦 𝜃22𝑦 𝛿𝑧}𝑇  

v𝑧(x) = {𝑁𝑅} ∙ {𝜃21𝑧 𝜃22𝑧 𝛿𝑦}𝑇   

where, the shape function vectors {𝑁𝐿} and {𝑁𝑅} are written as: 

 {𝑁𝐿} = {2𝑥2𝐿(𝐿 + 2𝑥) 𝑥𝐿(𝐿 + 2𝑥)2 (𝐿 − 4𝑥)(𝐿 + 2𝑥)2}/𝐿3 (3) 

 {𝑁𝑅} = {𝑥𝐿(𝐿 − 2𝑥)2 2𝑥2𝐿(𝐿 − 2𝑥) (𝐿 + 4𝑥)(𝐿 − 2𝑥)2}/𝐿3 (4) 

The initial member imperfections can be incorporated by the parabolic equations as: 

 𝑣𝑜𝑦(𝑥) = 𝑣𝑚𝑜𝑦(1 − (2𝑥/𝐿)2) and 𝑣𝑜𝑧(𝑥) = 𝑣𝑚𝑜𝑧(1 − (2𝑥/𝐿)2) (5) 

in which, 𝑣𝑚𝑜𝑦 and 𝑣𝑚𝑜𝑧 are the magnitudes of the initial member imperfection at the mid-

span for minor and major axes, respectively. 

In the Finite Element Method (FEM), the secant relation and tangent stiffness matrix are 

required to be formulated for the incremental-iterative numerical procedure. To this, the total 

potential energy can be formulated as: 

 𝑈 =
1

2
∫ 𝐸𝐴𝑢(𝑥)̇ 2𝑑𝑥

𝐿

+
1

2
∫ 𝐸𝐼𝑦𝑣𝑦(𝑥)̈ 2𝑑𝑥

𝐿

+
1

2
∫ 𝐸𝐼𝑧𝑣𝑧(𝑥)̈ 2𝑑𝑥

𝐿

+
1

2
∫ 𝐺𝐽𝑡(𝑥)̇ 2𝑑𝑥

𝐿

 
(6) 
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    +
1

2
∫ 𝑃(𝑣𝑦(𝑥)̇ 2 + 2𝑣0𝑦(𝑥)̇ 𝑣𝑦(𝑥)̇ )𝑑𝑥

𝐿

+
1

2
∫ 𝑃(𝑣𝑧(𝑥)̇ 2 + 2𝑣0𝑧(𝑥)̇ 𝑣𝑧(𝑥)̇ )𝑑𝑥

𝐿

 

    + ∫ 𝑆𝑚𝑦𝑑𝜃
𝜃𝑚𝑦

+ ∫ 𝑆𝑚𝑧𝑑𝜃
𝜃𝑚𝑧

 

in which, 𝑢(𝑥) and 𝑡(𝑥) are the linear interpolation functions for the axial and torsional directions, 

respectively; 𝜃𝑚𝑦, 𝜃𝑚𝑧, Smy and Smz are the rotations and rigidities of the internal hinge at the 

mid-span for both axes. 

The secant relations can be obtained by the first derivation of the total potential energy given 

by : 

 

P =
EA

𝐿
𝑒 +

12EA

5𝐿2
δy

2 +
12EA

5𝐿2
δz

2 +
EA

30
θ11y

2 +
EA

30
θ11z

2 + (−
EA

6𝐿
vm0y −

EA

10𝐿
δz) θ12y +

EA

30
θ12y

2
 

+θ11y (
EA

6𝐿
vm0y −

EA

10𝐿
δz −

EA

60
θ12y) + (−

EA

6𝐿
vm0z −

EA

10𝐿
δy) θ12z +

EA

30
θ12z

2
 

+θ11z (
EA

6𝐿
vm0z −

EA

10𝐿
δy −

EA

60
θ12z) +

EA

30
θ21y

2 +
EA

30
θ21z

2 −
EA

6𝐿
vm0yθ22y +

EA

30
θ22y

2
 

+θ21y (
EA

6𝐿
vm0y −

EA

60
θ22y) + δz (

4EA

𝐿2
vm0y +

EA

10𝐿
θ21y +

EA

10𝐿
θ22y ) −

EA

6𝐿
vm0zθ22z +

EA

30
θ22z

2
 

+θ21z(
EA

6𝐿
vm0z −

EA

60
θ22z) + δy(

4EA

𝐿2
vm0z +

EA

10𝐿
θ21z +

EA

10𝐿
θ22z) 

(7) 

 M11y  =
8EIy

𝐿
θ11y +

4EIy

𝐿
θ12y −

24EIy

𝐿2
δz +

𝐿𝑃

15
θ11y −

𝐿𝑃

60
θ12y −

𝑃

10
δz +

𝑃

6
vm0y (8) 

 M11z  =
8EIz

𝐿
θ11z +

4EIz

𝐿
θ12z −

24EIz

𝐿2
δy +

𝐿𝑃

15
θ11z −

𝐿𝑃

60
θ12z −

𝑃

10
δy +

𝑃

6
vm0z (9) 

 M12y  =
4EIy

𝐿
θ11y +

8EIy

𝐿
θ12y −

24EIy

𝐿2
δz −

𝐿𝑃

60
θ11y +

𝐿𝑃

15
θ12y −

𝑃

10
δz −

𝑃

6
vm0y (10) 

 M12z  =
4EIz

𝐿
θ11z +

8EIz

𝐿
θ12z −

24EIz

𝐿2
δy −

𝐿𝑃

60
θ11z +

𝐿𝑃

15
θ12z −

𝑃

10
δy −

𝑃

6
vm0z (11) 

 Fz =
24EIy

𝐿3
[8δz + 𝐿(−θ11y − θ12y + θ21y + θ22y)] +

𝑃

10𝐿
[48δz + 𝐿(−θ11y − θ12y + θ21y + θ22y) + 40vm0y] (12) 

 Fy  =
24EIz

𝐿3
[8δy + 𝐿(−θ11z − θ12z + θ21z + θ22z)] +

𝑃

10𝐿
[48δy + 𝐿(−θ11z − θ12z + θ21z + θ22z) + 40vm0z] (13) 

 M21y  =
8EIy

𝐿
θ21y +

4EIy

𝐿
θ22y +

24EIy

𝐿2
δz +

𝐿𝑃

15
θ21y −

𝐿𝑃

60
θ22y +

𝑃

10
δz +

𝑃

6
vm0y (14) 

 M21z  =
8EIz

𝐿
θ21z +

4EIz

𝐿
θ22z +

24EIz

𝐿2
δy +

𝐿𝑃

15
θ21z −

𝐿𝑃

60
θ22z +

𝑃

10
δy +

𝑃

6
vm0z (15) 

 M22y  =
4EIy

𝐿
θ21y +

8EIy

𝐿
θ22y +

24EIy

𝐿2
δz −

𝐿𝑃

60
θ21y +

𝐿𝑃

15
θ22y +

𝑃

10
δz −

𝑃

6
vm0y (16) 
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 M22z  =
4EIz

𝐿
θ21z +

8EIz

𝐿
θ22z +

24EIz

𝐿2
δy  −

𝐿𝑃

60
θ21z +

𝐿𝑃

15
θ22z +

𝑃

10
δy −

𝑃

6
vm0z (17) 

 Mt  =
GJ

𝐿
θx (18) 

To predict incremental displacements due to applied incremental forces, the tangent stiffness 

is required and calculated as follows: 

 δ2Π =
𝜕2Π

𝜕𝑢𝑖𝜕𝑢𝑗
δ𝑢𝑖δ𝑢𝑗 = [

𝜕𝐹𝑖

𝜕𝑢𝑗
+

𝜕𝐹𝑖

𝜕𝑞

𝜕𝑞

𝜕𝑢𝑗
]δ𝑢𝑖δ𝑢𝑗   (19) 

Therefore, the tangent stiffness matrix is output and written in terms of three parts as, 

 [𝑘]𝑒 = [𝑘]𝐿 + [𝑘]𝐺 + [𝑘]𝑆   (20) 

where, [k]e is the element tangent stiffness; [k]L is the linear stiffness matrix of an element; 

[k]G is the geometric stiffness matrix of an element; and [k]S is the spring stiffness for the 

internal plastic hinge. 

The element stiffness matrix is to be condensed to six degrees of freedom for compatibility to 

the existing computer program as well as improving the numerical efficiency. The relations 

between the condensed stiffness matrix [k*] and the generalized force {f} are given as, 

 {𝑓} = [𝑘∗]{𝑢}𝑒   (21) 

and, 

 [𝑘∗] = [𝑘]𝑒𝑒 − [𝑘]𝑖𝑒

𝑇
[𝑘]𝑖𝑖

−1[𝑘]𝑖𝑒 {𝑓} = {𝐹}𝑒 − [𝑘]𝑖𝑒
𝑇 [𝑘]𝑖𝑖

−1{𝐹}𝑖  (22) 

also, the internal DOFs can be computed as, 

 {𝑢}𝑖 = [𝑘]𝑖𝑖
−1({𝐹}𝑖 − [𝑘]𝑖𝑒{𝑢}𝑒) (23) 

where, {𝑢}𝑒 is the external DOFs and expressed as {𝑒 θ11y θ11z θx θ22y θ22z}𝑇; {𝑢}𝑖 is the 

internal DOFs as {θ12y θ12z 𝛿𝑧 𝛿𝑦 θ21y θ21z}𝑇; {𝐹}𝑒 is the force vector applied at external 

nodes as {𝑃 𝑀11𝑦 𝑀11𝑧 𝑀𝑥 𝑀22𝑦 𝑀22𝑧}𝑇; and {𝐹}𝑖 is the internal force vector written as 

{𝑀12𝑦 𝑀12𝑧 𝐹𝑧 𝐹𝑦 𝑀21𝑦 𝑀21𝑧}𝑇. 
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2.3 Plastic Fiber Hinge Model 

The degradation in hinge stiffness reflects the material yielding on hinge sections. In the 

plastic fiber hinge model [24], the formulations for calculating the spring stiffness S, are 

written as, 

 
10 010

EI
S

L

+= , for i erM M   
(24) 

 ( ) ( )
( )

/   
= − −pr i i er

EI
S M M M M

L
 for er i prM M M     

(25) 

 
( )EI

S
L


= , for i erM M   

(26) 

where EI(ζ)/L is the flexural stiffness in the current iteration; and erM 
 and prM 

 are the 

elastic and plastic moments under the current axial force. 

The concrete cracking of the critical section on the hinge locations are considered by an 

approximate method using the effective second moment of inertia, which can be calculated 

by the formula by Branson [33], as follows. 

 ( ) ( )
3 3

/ 1 / = + −
 e cr a un cr a crI M M I M M I , when Ma ≥ Mcr 

(27) 

 e unI I= , when Ma < Mcr (28) 

Where, Mcr is the cracking moment, equal to the intersected points by the combined loads and 

the concrete fracture surfaces; and Icr represents the initial second moment of area at zero 

axial load without concrete tensile strength. 

2.4 Cross section analysis approach 

In the analysis of the HCFT composite sections, the reference axes for outputting the 

resultant forces are taken as the geometric centroid, and the coordinates are given as, 

 
c c s s

gc

c s

A Z A Z
Z

A A

+
=

+
 c c s s

gc

c s

A Y A Y
Y

A A

+
=

+
  (29) 
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where, As and Ac represent the area of the steel tube and concrete core respectively; Zc, Yc, Zs 

and Ys, denote the coordinates of the component centroid; and Zgc and Ygc are the calculated 

coordinates of the geometric centroid. 

Three types of coordinate systems, namely as ZCY, zoy and uov systems, are adopted in the 

analysis. The ZCY axes are used for section modelling and give the global coordinates to the 

component centroids. The zoy and uov axes share the same origin equal to the sectional 

geometric centroid, and they are used implicitly in the numerical analysis procedure. The 

relations between these coordinate systems can be given by, 

 pcz Z Z= −
, pcy Y Y= −

 
(30) 

 cos sinn nu z y = +
, 

cos sinn nv y z = −
 (31) 

As to compute the stress resultant of the concrete core, the whole component will be divided 

into adequate numbers of parallel layers as illustrated in Fig. 13 and the formulae are given as, 
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(32) 
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(33) 

 
1
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1 1 1
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L i

vc vci c
u
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M M ududv  
+

= = =

= =   
 

(34) 

where nL represents layer number and nv(i) stands for the number of the intersected points 

within the layers. 

The steel tube is automatically meshed into small fibres, and its stress resultant can be 

computed as, 

 
1

sn

xs sk sk
k

N A
=

=  
1

sn

us sk sk sk
k

M A v
=

= −  
1

sn

vs sk sk sk
k

M A u
=

=  (35) 

in which, Ask is the area of steel fibers; and σsk is the stress in the fiber. 
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The internal forces in terms of axial load and bending moments can be computed by 

summing up the stress resultant of the steel tube and the concrete core. Since the forces are 

obtained by referring to the local axes, a transformation of the bending moments from uov to 

zoy axes is required and given by,  

 x xc xsN N N= +  (36) 

 u uc usM M M= + , v vc vsM M M= +  (37) 

 cos sinz u n v nM M M = − , sin cosy u n v nM M M = +  (38) 

Once the neutral axis of a cross section is determined, the sectional capacity can be computed. 

To this, the Quasi-Newton iterative strategy is adopted for calculating the height of the 

neutral axis dn related to the axial force Nx, and expressed as, 

 

'

, '
( )n n

n k n xd x

x x

d d
d d N N

N N

−
= + −

−
 (39) 

in which, dn,k is the height of the neutral axis in the current step; dn and dn’ denote the smaller 

and larger value of the height of the neutral axis in the last step; and Nx and Nx’ are the 

corresponding axial forces with reference to the height of the neutral axis. 

The sectional yield surfaces can be generated by rotating the orientation θn of neutral axis 

from 0o to 360o, and the overall analysis procedure for generating the sectional yield surfaces 

is illustrated in Fig. 14. 

3. Constitutive Models of Confined High-strength Concrete 

An accurate numerical method for direct analysis is established on the basis of the material 

constitutive models that fundamentally affect the simulation of CFT columns. High strength 

concrete is an extremely brittle material, with strength that abruptly demises once collapse 

occurs. When the concrete is confined by steel tubes, its ductility significantly improves as 

reported by Knowles and Park [1]. Hence, confinement effects must be considered in the 

analysis.  
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3.1 Stress–strain Relationship 

The complete stress–strain relationship of concrete is plotted in Fig. 6, in which the 

compressive component of the constitutive relationship of concrete is taken from Eurocode 2 

[31] and can be expressed as, 

 ( )01 1 /
n

c c cf   = − −
 

 when 00 c  
 

(40) 

 c cf =
 

when 0c c cu   
 

(41) 

in which fc denotes for the peak design strength of concrete under compression and ranges 

from 12MPa to 90MPa; ɛ0 and ɛcu are the strains at reaching the maximum strength and the 

ultimate, respectively. For the high-strength concrete, ɛ0 equals to ɛcu; n represents the 

exponent that can be conventionally taken as 2.0 and 1.4 for normal and high strength 

concrete, respectively. 

The confinement effect of concrete can be taken into account by modifying the stress–strain 

relationship indicated in the equation (1) and (2) thus: 

 , 2(1.000 5.0 / )c c c ckf f f= +
 

for 2 0.05 cf 
 

(42) 

 , 2(1.125 2.50 / )c c c cf f f= +
 

for 2 0.05 cf 
 

(43) 

 
2

0, 0 ,( / )c c c c c cf f =
 

  (44) 

 , 20.2 /cu c cu cf  = +
 

  (45) 

in which σ2 is the effective confining force; fc,c is the peak compressive strength of confined 

concrete; and ɛ0,c and ɛcu,c represent the confined concrete strains at the maximum and 

ultimate strengths, respectively. The effective lateral confining stress for the circular and 

octagonal tubular sections are discussed in the next section. 

The strain softening model proposed by Bazant [34] is adopted as the tensile part of the 

constitutive relationship of concrete. It is described as follows: 
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 c c cE = −
 

for 0 0t c  
 

(46) 

  0( )c t c t tf E  = − − −
 

for 0tu c t   
 

(47) 

 70 / (57 145 )t c tE E f= +
 

  (48) 

where σc is the stress of concrete at specific strain ɛc; Ec and Et are the modulus of elasticity 

and tangent tensile strain softening modulus, respectively; and ɛt0 and ɛtu denote the strains at 

peak tensile strength and tensile fracture, respectively. 

3.2 Confinement action in circular CFT sections 

The lateral pressure σ2 is a vital factor that determines the confinement action on the concrete 

in a steel tube. In circular CFT sections, this confining stress σ2o can be calculated from the 

force-equilibrium condition, indicated in Fig. 7 (a), and given as: 

 σ2c(𝐷 − 2𝑡) = 2𝜎𝜃𝑡 (49) 

And it can be rewritten as: 

 σ2c =
2𝑡

𝐷 − 2𝑡
𝜎𝜃 =

2

𝐷/𝑡 − 2
𝜎𝜃 

(50) 

in which, σ2c is the effective confining stress for the confined concrete in the circular tubular 

section; D and t are the diameter and plate thickness of the circular tube, respectively; and 𝜎𝜃 

is the hooping stress of the steel tube. 

Furthermore, a factor k for reflecting the effectiveness of the confining action by referring to 

the circular tube is introduced and the equation in (50) is further revised as: 

 σ2 = 𝑘
2

𝐷/𝑡 − 2
𝜎𝜃 

(51) 

where, k is the factor for evaluating the effective confining stress, and it is empirically 

assumed as 0.85 for high-strength concrete. 

The D/t ratio in equations (50) and (51) is limited to a maximum value, which is defined in 

Eurocode 4 [35] and given as:  
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 Max (
D

t
) = 90 ∗

235

fy
 

(52) 

in which, fy is the design strength of steel tube. 

3.3 Confinement action in octagonal CFT sections 

The lateral pressure acting on the confined concrete core in an octagonal CFT section is 

illustrated in Fig. 7 (b). In the present study, an approximated method by assuming the 

effective confining zone is proposed as given in Fig. 8. And a reduction factor η is proposed 

and can be derived as: 

 𝜂 =
𝜋𝑑2/4

𝜋𝐷2/4
= (

𝑑

𝐷
)

2

= (cos 22.50)2 = 0.854 
(53) 

By submitting the equation (52) into (51), the effective confining stress for the octagonal 

tubular section is given as: 

 σ2o = 𝑘
2

𝐷/𝑡 − 2
𝜂𝜎𝜃 = 𝑘

1.7

𝐷/𝑡 − 2
𝜎𝜃 

(54) 

4. Experimental Investigation 

The experimental investigation aimed to study the material characteristics of HSC confined in 

circular and octagonal steel tubes. A series of uni-axial and tri-axial compression tests on 

HSC specimens was designed. The specimens discussed in the preceding section are shown 

in Fig. 15. For comparison, a group of unconfined specimens are tested (Fig. 16). The 

dimensions of the two groups of confined specimens, namely CHS 194 and OHS 194, are 

presented in Table 1 and Table 2, respectively. 

4.1 High strength concrete properties 

Standard tests for cube and cylinder concrete specimens were conducted in accordance with 

Eurocode 2 [31] to evaluate the fundamental material characteristics of the HSC.  The 

dimensions of the specimens are 100 × 100 × 100 mm and 150 mm diameter × 300 mm 

height for cube and cylinder specimens respectively. Strain gauges with 120 mm in length 
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were used to measure the vertical strain of the concrete specimens. The concrete cubes and 

cylinders were then crushed to failure to determine the compressive strength using the-house 

compression machines at the loading rates of 2 kN/second and 0.13 mm/min respectively.  

To obtain the material characteristics of concrete, the cube and cylinder tests had been 

conducted at 28 days, 32 days and 50 days, and the results are tabulated in Table 3. From the 

results, it can be seen that, the compressive strength was still increasing after 28 days. 

However, a more objective comparison can be made by testing the unconfined specimens 

with the same size of the concrete core in confined specimens. The comparisons will be 

presented in the following sections. 

4.2 Experimental Design 

The experimental program aimed to investigate the material characteristics of HSC confined 

in steel tubes. Thus, vertical load is applied only on the concrete core. To facilitate the 

alignment of vertical load and to avoid the direct exertion of stress on the steel tubes, a 32-

mm thick loading pad was placed on top of the specimens, which were slightly smaller than 

the concrete core (Fig. 17). 

Theoretically, the confinement effect does not exist at the early stage of loading owing to the 

fact that the Poisson’s ratio of concrete (typically 0.2 for uncracked concrete, Eurocode-2 

[31]) is lower than that of steel (typically 0.3, Eurocode-3 [36]) at the initial loading stage. 

The concrete core of the specimen is then loaded axially, generating Poisson-type lateral 

expansion that reacts with the steel tube to develop confinement, which is also called as 

passive confinement. However, as the axial load increases, the lateral expansion of concrete 

gradually becomes greater than the steel due to the change in the Poisson’s ratio of concrete, 

and hence a radial pressure is developed at the concrete–steel interface. At this stage, 

confinement of the concrete core is achieved and the steel is in hoop tension. 
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Although the vertical load is only applied on concrete core, the vertical shear force caused by 

friction is transferred across the steel tube to the concrete core interface. Besides the hoop 

stress is induced by the concrete expansion, the stress state can then be determined by the 

Von-Mises yield criterion as illustrated below: 

 σs = √𝜎𝑣
2 + 𝜎𝜃

2 − 𝜎𝑣𝜎𝜃 
(55) 

in which, σs is the current Von-Mises stress in the steel tube; σv is the stress at the vertical 

direction; and σθ denotes for the hooping stress in the tube. 

Strain gauges were attached on the outer surface of the steel tubes to evaluate the actual stress.  

Strain gauges were also used to measure the hoop and axial strains of the outer surface of the 

steel tube at two diametrically opposite points at the mid height of each specimen. The 

specimen setup is shown in Fig. 18. The vertical strain on the concrete core was measured by 

the direct deformation measurements using linear variable displacement transducers (LVDTs). 

The experimental setup is shown in Fig. 19. 

4.3 Material characteristics of steel tube 

The material properties of the steel tubes were determined by conducting tension tests on 

tensile coupons, which were machined from the walls of the tubes from the two specimen 

groups (i.e., CHS 194 and OHS 194). The specimens were prepared according to BS EN 

10002 [37], and four specimens were tested at each group. Standard experimental procedure 

was followed with the loading rate as 0.002 mm/minute. The results are summarized in Table 

4. 

4.4 Experimental results 

The axial stress–strain relationships of the confined concrete core are illustrated in Fig. 20. 

The effects of confinement are highly apparent both as the axial strength and ductility of the 

specimens increase. As previously mentioned, another comparison groups with the 
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unconfined specimens are also tested. The experimental results for the CHS 194 group and 

OHS 194 group specimens are plotted in Fig. 21 and Fig. 22, respectively. 

The results for the two groups are shown in Table 5. Some of the experimental findings are 

discussed as follows. (1) Although HSC is brittle, its ductility in the circular and octagonal 

tubes significantly increases. (2) The strength enhancement of HSC is also observed in the 

two comparison groups, in which ultimate compressive strength increases to 69% and 45% in 

the circular and octagonal groups, respectively. (3) An apparent confinement effect is 

observed in the core of the octagonal tubes. The hooping stresses of the steel tubes were 

measured in the experiment. By using the equation (51) and equation (53) proposed for the 

circular and octagonal tubular sections, respectively, the effective confining stress can be 

determined. Consequentially, the material constitutive model of confined concrete can be 

generated. Comparison results with the experiment and the present models are tabulated in 

Table 6. The present study showed satisfactory in predicting the ultimate strength of confined 

HSC in the circular and octagonal tubes. 

5. Verification Examples 

To verify the accuracy, efficiency and versatility of the present method for the proposed 

design approach, several examples are selected and presented as following. 

5.1 Analysis of high-strength concrete-filled circular and octagonal sections 

In this example, two high-strength-concrete-filled tubular sections with circular and 

octagonal shapes are analyzed. Same section dimensions are assumed for the two sections, 

and the diameters and plate thickness are 500mm and 25mm, respectively. The steel grade is 

S355, where the design tensile strength fy, shear strength fyv and Young’s modulus are 

355MPa, 204.96MPa and 205GPa, respectively. High-strength concrete is adopted for the 

two HCFT sections, where the concrete grade is C80/95 and the other parameters as design 
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strength fcd, initial yield strain ε0 and fracture strain εc are 53.33MPa, 0.0025 and 0.0026, 

respectively.  

The effective confining stresses for the circular and octagonal sections are 19.36 MPa and 

16.45MPa, respectively. The comparisons for the plain and confined high-strength concrete 

are plotted in the Fig. 23. From the comparison, it clearly indicates the consideration of the 

confinement effects can dramatically increase the sectional capacities in terms of 

compressive and flexural strengths.  

5.2 Experimental verification with the circular HCFT columns 

The experimental investigations on high-strength-concrete-filled circular hollow steel 

columns conducted and reported by Neogi and Sen [38] are referenced for verifying the 

proposed numerical method. Ten columns are analyzed with both ends pinned and modeled 

by one element per member. To confirm the versatility, the recoded deflection under loads of 

the column M5 is compared with the predicted results by the current approach shown in Fig. 

25, where indicates slight difference between two curves by the present theory and by 

experiment. It further indicates the versatility of the proposed plastic analysis method for 

design and analysis of the CFT columns. The analysis results for the other columns are given 

from Fig. 26 to Fig. 28, and also summarized in Table 7 which indicates the claim of the 

proposed theory being accurate and efficient. 

6. Conclusions 

This paper proposes a numerical-based design method for direct analysis of HCFT columns 

with circular and octagonal sections, considering imperfections, large deflection, material 

yielding and concrete cracking effects. In contract to hot-rolled circular hollow sections of 

size commonly limited to 500mm, the polygonal structural form has virtually no limitation in 

its size so its application as mega columns in high-rise buildings is practically attractive with 

confinement effects considered. To simulate the behaviors of the HCFT columns, a curved-
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piecewise-Hermite (CPH) element is proposed in this paper. A plastic fiber hinge model 

using the sectional yield surfaces is introduced for reflecting yielding behavior at hinge 

locations. The sectional yield surfaces for HCFT sections are generated by a robust cross-

sectional analysis technique elaborated in this paper. The material constitutive models for the 

confined high-strength concrete in steel tubes are investigated by an experiment. The lateral 

pressure exerted on the concrete core in a circular tubular section can be calculated by the 

force-equilibrium. The effective confining stress for the concrete in the octagonal tube has 

been proposed based on the effective confinement area and the corresponding strain vs. stain 

curves are determined. Experimental results showed that, the strength of HSC increased 

dramatically increased in two groups, and the ductility was significantly improved. The 

present study showed satisfactory in predicting the material behaviors of confined HSC. The 

distinct feature of this research includes the integration of the high-performance element with 

the rigorous section analysis technique, which only requires the basic material properties. 

Finally, several examples are conducted to verify the accuracy, efficiency and effectiveness 

of the proposed semi-analytical and computational model. 
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Tables 

Table 1. Dimensions of confined specimens in CHS 194 group 

Specimen 
Tube Thickness 

External 

Diameter 
Height 

Concrete 

Area 
Steel Area 

mm mm mm mm2 mm2 

C1-B 5.00 193.80 369.04 26533 2966 

C1-C 4.99 193.36 368.48 26412 2953 

 

Table 2. Dimensions of confined specimens in OHS 194 group 

Specimen 

Tube 

Thickness 
Edge Length Height 

Concrete 

Area 
Steel Area 

mm mm mm mm2 mm2 

O1-A 5.01 73.73 369.72 23376 2872 

O1-B 5.00 73.81 368.30 23435 2870 

 

Table 3. Strength of concrete obtained from cube and cylinder test 

Test day Cube Strength fcu Cylinder Strength fc fcu/fc 

MPa MPa  

28 days 98 76 0.77 

32 days 115   

50 days 126 96 0.76 

 

  



Table 4. Steel properties obtained from coupon test 

 

Table 5. Summarized experimental results 

Confined shape D/t ratio 

Yield 

strength of 

steel 

Unconfined 

concrete 

strength 

Confined 

concrete 

strength 

Concrete 

strength 

increased 

MPa MPa MPa  

Circular 38.75 379.25 80.85 136.62 69% 

Octagonal 38.52 289.50 82.74 120.15 45% 

 

Table 6. Comparison results with the experiment and the present models 

Specimen Shape 
𝛔𝛉 𝛔𝟐 fc,c fexp. 

fc,c/ fexp. 
MPa MPa MPa MPa 

C1-B Circular 378.7  17.4  134.4  134.4  1.00  

C1-C Circular 372.9  17.1  133.7  138.8  0.96  

O1-A Octagonal 299.5  11.7  122.4  122.3  1.00  

O1-B Octagonal 300.6  11.8  122.5  118.0  1.04  

Mean      1.00 

 

  

Group fy fu Es εe Eu Possion’s ratio 

MPa MPa GPa mm/mm GPa  

CHS-194 379 515 207 0.0170 1.24 0.3 

OCT-194 290 455 202 0.0096 1.21 0.3 



Table 7. Summarized comparison results of circular CFT columns 

Column Mark 
Experiment Present Study Exp./Pres. 

kN kN  

M1 622 636 0.98 

M2 702 720 0.98 

M3 600 590 1.02 

M4 625 609 1.03 

M5 653 648 1.01 

M6 739 739 1.00 

M7 758 751 1.01 

M8 548 577 0.95 

M9 548 548 1.00 

M10 417 394 1.06 

Average 1.00 

 



Figures 

   

(a) Circular (b) Rectangular (c) Elliptical 

Fig. 1 Typical concrete-filled-tubular (CFT) columns with normal-size sections 

  

(a) Rectangular (b) Octagonal 

Fig. 2 Concrete-filled-tubular (CFT) columns with large-size sections 

 

Fig. 3 Concrete-filled-tubular (CFT) columns with mega-size sections 



  

(a) Behavior of high-strength concrete (b) Exploded high-strength concrete core 

Fig. 4 Failure mode of the unconfined high-strength concrete column 

 

 

Fig. 5 Schematic compressive behavior of HCFT columns 

 

 



 

Fig. 6 Complete stress–strain relationship of confined and unconfined concrete 

 

 

 

(a) Circular section (b) Octagonal section 

Fig. 7 Confining pressure in circular and octagonal tubular sections 

  



 

 

(a) Effective confinement area 
(b) Relation 

Fig. 8 Effective confinement area in octagonal tubular section 

 

(a) Deflection along local y-axis 

 

(b) Deflection along local z-axis 

Fig. 9 Forces vs. deflections of curved-piecewise-Hermite (CPH) element 



 

  

(a) Circular section (b) Octagonal section 

Fig. 10 Modeling of circular and octagonal concrete-filled sections 

 

Fig. 11 Initial yield, failure, and concrete fracture surfaces of a cross section 

 



 

Fig. 12 Elastic and plastic moments for plastic fiber hinge model 

 

 

Fig. 13 Stress resultants of concrete component 



 

Fig. 14 Procedure for generating the sectional yield surfaces 
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 (a) Circular confined specimen (b) Octagonal confined specimen  

Fig. 15 Confined specimens with same D/t ratio 

 

  

 

(a) Circular unconfined specimen (b) Octagonal unconfined specimen  

Fig. 16 Unconfined specimens with the same size of concrete core 

 



 

Fig. 17 Schematic test setup 

 

 

  

 

 (a) Circular tube (b) Octagonal tube  

Fig. 18 Strain gauges setup for confined specimens 
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 (a) Circular confined specimens 

 

 

 

  

 

 (b) Octagonal confined specimens 

 

 

Fig. 19 Experimental setup for confined specimens 

  



 

Fig. 20 Stress-strain curves of confined specimens 

 

Fig. 21 The results between the circular confined and unconfined specimens 



 

Fig. 22 The results between the octagonal confined and unconfined specimens 

 

Fig. 23 P-M interaction curves 



 

Fig. 24 Comparison between experiment and the present theory for member M5 

 

Fig. 25 Results by present theory for columns M1 to M3 



 

Fig. 26 Results by present theory for columns M4, M6 and M7 

 

Fig. 27 Results by present theory for columns M8 to M10 
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