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An analytical model of a double-skinned composite tubular (DSCT) column was developed and verified using test

results. The experimental results demonstrated the rigour and the validity of the present analytical model. Brief

parametric studies were carried out for DSCT columns. The developed model considered the confining effect and

material non-linearity of concrete. By the buckling or yielding condition of the inner tube of a DSCT column, its

failure mode and concrete model were defined. The strength of concrete, the hollow ratio of a DSCT column, and the

thickness of an inner tube were selected as the main parameters that affect the behaviour of a DSCT column. The

analysis results showed that concrete strength and the thickness of the inner tube affect the axial strength and

moment capacity of the column, while the hollow ratio affects only its axial strength.

Notation
ACC

i, j cross-sectional area of the jth element of the concrete

at the ith stage of strain distribution

AIT
i, j cross-sectional area of the jth element of the inner tube

at the ith stage of the strain distribution

AOT
i, j cross-sectional area of the jth element of the outer tube

at the ith stage of the strain distribution

Cb distance from the neutral axis to the near outer surface

Cb:i distance from the neutral axis to the near outer surface

at the ith stage of the strain distribution

D outer diameter of confined concrete

Di diameter of hollow section or inner diameter of

confined concrete

E modulus of elasticity

Ec tangent modulus of unconfined concrete

Eity modulus of elasticity of inner tube

Eoty modulus of elasticity of outer tube

Esec secant modulus of unconfined concrete

eb balanced eccentricity

F lateral force or lateral load

FL,i lateral force at the ith stage of the strain distribution

fbk buckling strength of the inner tube

fc stress acting on concrete

fco strength of unconfined concrete

fcc confined strength of concrete

fit stress acting on the inner tube

f CC
i, j stress acting on the jth element of the concrete at the

ith stage of the strain distribution

f IT
i, j stress acting on the jth element of the inner tube at the

ith stage of the strain distribution

f OT
i, j stress acting on the jth element of the outer tube at the

ith stage of the strain distribution

fity yield strength of the inner tube

fl confining pressure

flc confining pressure in the circumferential direction

flr confining pressure in the radial direction

fot stress acting on the outer tube

foty yield strength of the outer tube

fs stress acting on steel

fs(�s) stress function of steel

fu ultimate stress of steel

fy yield stress of steel

h height of the column

Lp length of the plastic hinge

Lp,i length of the plastic hinge at the ith stage of the strain

distribution

M moment

M0 nominal moment without axial load

Mb nominal moment under balanced condition

Mi moment at the ith stage of the strain distribution

MCC
i moment acting on concrete at the ith stage of the strain

distribution

M IT
i moment acting on the inner tube at the ith stage of the

strain distribution

MOT
i moment acting on the outer tube at the ith stage of the

strain distribution
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MCC
i, j moment acting on the jth concrete element at the ith

stage of the strain distribution

M IT
i, j moment acting on the jth inner tube element at the ith

stage of the strain distribution

MOT
i, j moment acting on the jth outer tube element at the ith

stage of the strain distribution

Mn nominal moment capacity of the column

Mu maximum moment capacity of the column

My yield moment of the column

M(z) moment function

Ne axial strength by empirical model (Wei et al., 1995b)

Np axial strength by the developed model (present)

Ns summation of each axial strength (inner tube, outer

tube, concrete)

Nt axial strength from test (Wei et al., 1995a)

P axial load

P0 nominal axial strength without eccentricity

Pb nominal axial strength under balanced condition

Pi axial load at the ith stage of the strain distribution

PCC
i axial load acting on core concrete at the ith stage of the

strain distribution

PIT
i axial load acting on inner tube at the ith stage of the

strain distribution

POT
i axial load acting on outer tube at the ith stage of the

strain distribution

PCC
i, j axial load acting on the jth concrete element at the ith

stage of the strain distribution

PIT
i, j axial load acting on the jth inner tube element at the

ith stage of the strain distribution

POT
i, j axial load acting on the jth outer tube element at the

ith stage of the strain distribution

pn axial load applied on neutral axis

Si,j length of the jth column element at the ith stage of the

strain distribution

tc thickness of the concrete wall

ti thickness of the inner tube

to thickness of the outer tube

tbk required minimal thickness of the inner tube to avoid

its buckling failure

teq equivalent thickness of the corrugated inner tube

tyt required minimal thickness of the inner tube to avoid

its yielding failure

wf height of the wave

wl length of one-half a wave

wS arc-length of one-half a wave

xCC
i, j distance from neutral axis to the centre of jth

concrete element at the ith stage of the strain

distribution

xIT
i, j distance from neutral axis to the centre of jth inner

tube element at the ith stage of the strain distribution

xOT
i, j distance from neutral axis to the centre of jth outer

tube element at the ith stage of the strain distribution

z distance from the bottom of the column to a specific

point along the height

˜ lateral displacement

˜i lateral displacement of the column at the ith stage of

the strain distribution

˜i, j lateral displacement of the jth column element at the

ith stage of the strain distribution

� axial strain of concrete

�cc axial strain of concrete at its peak strength

�co axial strain of unconfined concrete at its peak strength

�cu ultimate strain of the concrete

�L,i strain of left end in the critical section at the ith stage

of the strain distribution

�R,i strain of right end in the critical section at the ith stage

of the strain distribution

�s strain of steel

�u ultimate strain of the steel

�y yield strain of the steel

Łi, j rotation angle of the jth column element at the ith

stage of the strain distribution

�i curvature of the column at the ith stage of the strain

distribution

�(z) curvature function

Introduction
Double-skinned composite tubular (DSCT) columns have been

studied by many researchers (Tao et al., 2004; Wei et al., 1995a,

1995b; Zhao and Grzebieta, 2002) and a double-skinned hybrid

tubular (DSHT) column, which is composed of a fibre-reinforced-

polymer (FRP) tube and a steel tube, has also been investigated

(Teng et al., 2006; Yu et al., 2006). Many researchers agree that a

DSCT or DSHT column member shows strength greater than the

sum of the strengths of each component, but these studies have

focused on only the axial strength enhancement of a DSCT column.

In this study, an analytical model of a DSCT column is proposed

using section analysis and a curvature function. The developed

model adopted the definition of failure mode and the nonlinear

concrete model for a DSCT column that were suggested by Han et

al. (2010). The proposed model predicted the behaviour of a DSCT

column with acceptable accuracy through the axial load–bending

moment (P–M) interaction, lateral load–lateral displacement (F–

˜) relation, yield strength, ultimate strength, yield displacement,

ultimate displacement, yield energy, ultimate energy, and the

ductility factors. This paper presents the first analytical study on

the behaviour of a DSCT column under lateral loading.

Analytical model

Material model

For the development of a nonlinear DSCT column model, the

definition of failure mode and nonlinear concrete model proposed

by Han et al. (2010) were adopted. The failure modes of a DSCT

column are categorised into three cases (Han et al., 2010). The

failure mode governs the confined states of concrete, which are

the triaxially confined state, the biaxially confined state, and the

unconfined state. The first failure mode happens when the inner

tube fails by buckling or yielding before the outer tube yields. In

the second failure mode, the outer tube fails before the inner tube
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fails. The third failure mode is the case when the inner and outer

tubes fail simultaneously. In the first failure mode, the concrete of

a DSCT column is in the state of triaxial confinement before the

inner tube fails. After the failure of the inner tube, the inner tube

will no longer exert any confining pressure. In the second failure

mode, the concrete is triaxially confined before yielding or

buckling failure of the outer tube. In the third failure mode, the

concrete is again triaxially confined before the DSCT column

fails. In the third failure mode, a DSCT column would fail

brittlely. Therefore, the concrete in a DSCT column has various

stress–strain curves by its failure mode. When an axial load is

applied only on the concrete of a DSCT column, the inner and

outer tubes provide passive confining stress according to the

Poisson effect. Therefore, the concrete wall element between the

inner and outer two tubes is under triaxial confinement unless

one of the two tubes fails. If the inner tube yields or is buckled,

the passive confining stress will not exist. Therefore, the concrete

wall element is under biaxial confinement. If the outer tube yields

due to the passive confining stress, there will be no confining

stress and the DSCT column is supposed to fail.

The equilibria of failure modes II and III are expressed as

Equations 1 and 2, respectively (Han et al., 2010). They were

derived from the free body diagram shown in Figure 1 when an

axial load was applied only on the concrete until the outer tube

yielded by lateral pressure induced by the Poisson’s effect. When

the concrete in a DSCT column is triaxially confined, f lc and f lr

are equal. Therefore, they can be substituted by f l as shown in

Equations 1 and 2. By substituting Equation 2 into Equation 1,

Equation 3 is derived. The stress acting on the inner tube (f it) is

given as Equation 4 by substitution of Equation 3 into Equation 2.

f lc(D� Di)þ 2f itti ¼ f l(D� Di)þ 2f itti

¼ f lD� f lDi þ 2f itti

¼ 2f otto1:

f lrDi ¼ f lDi ¼ 2f itti2:

f l ¼
2f otto

D
f lD ¼ 2f otto3:

f it ¼
f lDi

2ti

¼ toDi

tiD
f ot4:

f it has the maximum value when f ot is equal to f oty: To avoid the

yielding failure of the inner tube before the outer tube yields, f it

must be less than f ity: This yielding condition of the inner tube

can be defined as in Equation 5. Therefore, the required minimal

thickness of the inner tube to avoid its premature yielding failure

(tyt) is expressed as Equation 6 (Han et al., 2010).

f it ¼
toDi

tiD
f oty , f ity5:

tyt ¼
f otyDi

f ityD
to

6:

Han et al. (2010) proposed the buckling strength of the inner tube

( f bk) as in Equation 7. Because the inner tube is unilaterally

restrained by concrete, it has a different buckled shape and

buckling strength from those of an arch or a ring which has

bilateral boundary conditions. Han et al. (2010) assumed that the

buckled shape was similar to that of a shallow arch, which

showed snap-through buckled shape. For this reason, they adopted

the snap-through buckling load coefficient that was proposed by

Kerr and Soifer (1969). Using the safety condition that f bk

(Equation 7) should be larger than f l (Equation 3), the required

fot

flc

fit

fit

Outer tube

Concrete

fot

D

flc

Di

Inner tube fit

f lr

fit

Figure 1. Confining stress on concrete in a DSCT column
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minimal thickness of the inner tube to avoid buckling failure (tbk)

is given as Equation 8 (Han et al., 2010). To avoid the buckling

failure of the inner tube, the thickness of the inner tube (ti) must

larger than tbk:

f bk ¼
2:27

3

t2
i E

D2
i7:

tbk ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6

2:27

D2
i f otyto

DE

� �s
8:

Before a DSCT column fails, the concrete in the column has two

confinement states as its failure mode. Han et al. (2010) adopted

the unified concrete model suggested by Mander et al. (1988) and

modified it. They defined the maximum strengths of confined

concrete for the triaxially and biaxially confined states as in

Equations 9 and 10, respectively. The adopted concrete model is

represented in Figure 2(a) and by Equations 11–14 (Mander et

al., 1988).

f cc ¼ f co 2:254

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 7:94f l

f co

� �s
� 2f l

f co

� 1:254

2
4

3
5

9:

f cc ¼ �2:75
f 2

l

f co

þ 1:835f l þ f co10:

f c ¼
f ccxr

r � 1þ xr11:

x ¼ �

�cc12:

r ¼ Ec

(Ec � Esec)13:

�cc ¼ �co 1þ 5
f cc

f co

� 1

� �� �
14:

The stress–strain relation of steel was assumed to have depen-

dence up to the yielding point. To represent perfect plasticity and

nonlinearity of steel, the relation was described as a flat line from

�y to 1.5�y and a parabola from 1.5�y to �u, as shown in Figure

2(b). The parabola is defined as in Equation 15. In mild steel, the

perfectly plastic range is greater than 1.5�y:

f s(�s) ¼ f y þ (f u � f y)

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�s � 1:5�y

�u � 1:5�y

� �s
15:

Column model

The column model uses a section analysis, accounting for

equilibrium, strain compatibility, material stress–strain curves

and adopts the layer-by-layer technique for numerical integration

of stresses (Kilpatrick and Ranagan, 1997). The analysis is

fu

fy

εy εs εu

εcc2εcoεco

fco

fcc

Unconfined concrete

Confined concrete

Ec

Esec

Strain
(a)

St
re

ss

Strain
(b)

St
re

ss

1·5εy

fs s( )ε

Figure 2. Applied material model
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conducted for two conditions including (a) unconfined concrete

stress–strain curve and (b) confined concrete stress–strain curve.

Figure 3 shows the idealised section of a DSCT column. The

stresses in the layers of concrete and steel tubes are calculated as

the change of strain. By summing them, axial loads and moments

for concrete and steel tubes are found. This analysis is performed

for every step by the change of strain distribution induced by

increasing lateral load as shown in Figure 4. Initially, the strain

distribution starts from the zero-moment condition with the strain

of �cc: Then the strain at the left side (�L,i) gradually decreases

until the column fails. As the strain distribution changes, the

distance from the neutral axis for each strain distribution (Cb,i) is

given as in Equation 16. For each stage of strain distribution,

stresses acting on the concrete, the inner tube and the outer tube

are calculated as in Equations 17–22. By summing them, the

axial load and the moment at each stage of the strain distribution

are calculated as in Equations 23 and 24, respectively. When

constant axial load is additionally applied, the amount of strain

corresponding to the constant axial load is added to the initial

strain (�cc). In this study, only the additional strain is considered

by constant axial load. The P–˜ effect from large-displacement

theory is not considered because the axial load was always

applied parallel to the axis of the tested column by hydraulic

pumps with hinges so as not to generate any moment in the

experiment (Han et al., 2011).

Cb,i ¼ D
�R,i

�R,i � �L,i16:

PCC
i ¼

Xn

j¼1

PCC
i, j ¼

Xn

j¼1

ACC
i, j f CC

i, j

17:

Mn

Strain
distribution

εCb
fc

fs

Stress acting
on concrete

Stress acting on
inner or outer tube

NA

Pn

Concrete Steel tube

Figure 3. Section analysis using strain compatibility and

layer-by-layer approach

ε εL, R,i i� ε εR, cci �

εL,i

ε εR, cci �

εL,i

ε εR, cci �

(a)

Compression

Compression

Tension

(c)

Compression

(b)

Figure 4. Stages of strain distribution: (a) initial stage; (b) middle

stage; and (c) final stage
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PIT
i ¼

Xn

j¼1

PIT
i, j ¼

Xn

j¼1

AIT
i, j f IT

i, j

18:

POT
i ¼

Xn

j¼1

POT
i, j ¼

Xn

j¼1

AOT
i, j f OT

i, j

19:

MCC
i ¼

Xn

j¼1

MCC
i,j ¼

Xn

j¼1

PCC
i, j xCC

i, j

20:

M IT
i ¼

Xn

j¼1

M IT
i, j ¼

Xn

j¼1

PIT
i, jx

IT
i, j

21:

MOT
i ¼

Xn

j¼1

MOT
i, j ¼

Xn

j¼1

POT
i, j xOT

i, j

22:

Pi ¼ PCC
i þ PIT

i þ POT
i23:

Mi ¼ MCC
i þM IT

i þMOT
i24:

Lateral forces and lateral displacements can be calculated from

the determined moments and curvatures at the corresponding

stages of the strain distribution. Lateral forces FL,i are simply

determined by Equation 25. However, more complex calculations

are required to determine the lateral displacement, ˜i, from the

curvature which is calculated using Equation 26. From the

moment–curvature analysis using the section analysis, the yield-

ing moment of the column can be determined. For the lateral load

on the top of the column, the moment distribution along the

column is described as shown in Figure 5. The length of the

plastic hinge is given by Equation 27 for each stage (Gear and

Timoshenko, 1997). The curvature is calculated by a function of

z along the column height. This proposed curvature function was

assumed to have a constant value in the plastic hinge zone and a

parabolic relation in the elastic zone. Therefore, the curvature at

any point, a distance z from the base, can be defined as in

Equation 28.

M

φ φ( ) (0)Lp �

φφ φ(0) � i

Δi

θ θ
θ

i i

i

,1 ,2

,3

�
� �
�

···
θi n, 1�

θi n,
θ θi i,1 ,2�

θi,1
θi,2

θi,1

si,1

si,2

si n,

si,3

θi,3

Δi,3

Δi,1

Δi,2

Δi n,

Relation of displacement and curvature

Lp

h

z zz

Column Moment distribution Curvature distribution

M M(0) � i

M h( ) 0� φ( ) 0h �

φ( )zM z( )

M L( p) � My

Figure 5. Curvature and displacement functions
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FL,i ¼
Mi

h25:

�i ¼
�cc

Cb,i26:

Lp,i ¼ h 1�My

M i

� �
(My , M i)

27:

�(z) ¼ �i (0 < z < Lp,i)28a:

�(z) ¼ �i

(h� Lp,i)
2

(z� h)2 (z . Lp,i)
28b:

If the column is divided into numerous small elements along the

column height, the curvature corresponding to each element can

be calculated from the curvature function. In this study, the

column was divided into 1000 elements along its height. Figure 5

shows the column composed of a certain number of elements

which have the length of Si, j: The jth element of the column has

its own particular rotation angle (Łi, j) at the ith strain distribution.

By small-displacement theory, the rotation angle is given as in

Equation 29 from the curvature function and the length of the

element (Gear and Timoshenko, 1997). The eventual lateral

displacement (˜i, j) of the jth element is affected by its rotation

angle and those of previous elements. Therefore, the lateral

displacement of the top point of the column can be calculated by

summing the lateral displacements of all elements in the stage of

the strain distribution as in Equation 30. In this study, the effect

of secondary moment due to the initial axial load was not

considered. Using the derived equations, a column-analysis

program was coded in the Fortran language. The program judges

the column to fail when one of followings happens: (a) the outer

tube is buckled; (b) the strain of the outer tube reaches its

ultimate value; (c) the axial strain of the concrete reaches its

ultimate value. The buckling of the outer tube depends on

Equation 31 (Korea Concrete Institute, 2007), which is proposed

to determine the minimum thickness of the outer steel tube of a

concrete-filled steel tube column to avoid the local buckling of

the outer steel tube.

Łi, j ¼ �(z)Si, j29:

˜i ¼
Xn

j¼1

˜i, j ¼
Xn

j¼1

Si, j

Xj

k¼1

Łi,k

 !
30:

to . (Do þ to)

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f oty

8Eoty

 !vuut
31:

Verification of analytical model
The developed program was verified by comparison with experi-

mental results. For verification of the axial strength of a DSCT

column, the experimental data from Wei et al.’s research (Wei et

al., 1995a, 1995b) were used. For verification of the moment-

resisting capacity of the DSCT-FT and DSCT-CT columns, the

experimental results of Han et al. (2011) were used. The DSCT-

FT column is a DSCT column having a flat inner steel tube, and

the DSCT-CT column is a DSCT column having a corrugated

inner steel tube; their outer tubes are steel.

Verification of axial strength

Wei et al. (1995a) tested the axial strength of a DSCT column

and suggested an empirical model (Wei et al., 1995b). They

reported that the axial strength of a DSCT column is 10–30%

larger than the sum of the strengths of the components: outer

tube, inner tube and concrete. The verification was performed by

comparing the axial strengths, analytical strength given by the

developed model (Np), measured strength from tests (Nt; Wei et

al., 1995a), strength from the empirical model (Ne; Wei et al.,

1995b), and strength summation of each component (Ns; Wei et

al., 1995a). For comparison, ten specimens were selected from an

experimental study (Wei et al., 1995b) and they are shown in

Table 1. As shown in Table 1, the summation of each strength is

8–23% (average 13.38%) less than the measured axial strength.

However, the developed model has only 0.4–9% (average 5.14%)

error terms when compared with the measured results. This

accuracy is remarkable and can be compared to an empirical

model (Wei et al., 1995b) which has 3.34% average error term.

This means that the confining effect should be considered when a

DSCT column is designed or analysed.

Verification of moment-resisting capacity

Figure 6 shows the lateral load–lateral displacement relations of

the DSCT-FT and DSCT-CT column specimens by analytical

results and experimental results (Han et al., 2011). In the

analyses, the applied lateral load was gradually increased and

constant axial loads were applied. The applied axial loads to

DSCT-FT and DSCT-CT columns were 1567 kN and 684 kN,

which were 10% of the calculated axial strengths, respectively.

The material and geometric properties of the column specimens

are summarised in Table 2 and Table 3, respectively.

Figure 7 shows the strength contribution of each component in
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Parameter Specimen

SP-01 SP-02 SP-03 SP-04 SP-05 SP-06 SP-07 SP-08 SP-09 SP-10

D: mm 80.1 80.13 80.39 80.36 99.11 99.19 99.2 87.25 99.84 112.66

Di: mm 63 62.94 63.84 63.33 80.85 81.17 74.62 64.66 64.55 77.24

ti: mm 1 0.94 1.14 1.13 0.55 0.67 0.62 1.16 1.15 1.14

to: mm 0.9 0.87 1.11 1.14 0.59 0.71 0.7 1.55 1.56 1.64

f ity: MPa 470 470 470 470 474 474 512 216 216 235

foty: MPa 524 524 524 524 409 409 409 286 255 262

Eity: GPa 212 212 212 212 214 214 219 197 197 169

Eoty: GPa 210 210 210 210 193 193 193 209 211 195

Nt: kNa 330 335 386 395 283 357 380 357 477 551

Ns: kNa 302.75 293.86 347.75 349.56 237.82 274.62 301.59 318.75 425.89 491.96

Ne: kNb 339 351 384 387 302 333 371 358 452 540

Np: kN 331.29 324.88 364.36 373.79 297.55 321.82 391.86 339.41 501.6 502.6

Ns/Nt: % 91.74 87.72 90.09 88.5 84.03 76.92 79.37 89.29 89.29 89.29

(Ns � Nt)/Nt: % �8.26 �12.28 �9.91 �11.5 �15.97 �23.08 �20.63 �10.71 �10.71 �10.71

Ne/Nt: % 102.73 104.78 99.48 97.97 106.71 93.28 97.63 100.28 94.76 98

(Ne � Nt)/Nt: % 2.73 4.78 �0.52 �2.03 6.71 �6.72 �2.37 0.28 �5.24 �2

Np/Nt: % 100.39 96.98 94.39 94.63 105.14 90.14 103.12 95.07 105.16 91.22

(Np � Nt)/Nt: % 0.39 �3.02 �5.61 �5.37 5.14 �9.86 3.12 �4.93 5.16 �8.78

See Notation for the meaning of the symbols.
a Data from the research of Wei et al. (1995a).
b Data from the research of Wei et al. (1995b).

Table 1. Comparison of axial strength
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Figure 6. Experimental and analytical results: (a) DSCT-FT and

(b) DSCT-CT
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the column specimens by analysis. In Figure 6(a), the analysis

results and the experiment results (Han et al., 2011) of the DSCT-

FT column are compared. This shows that the developed column

model predicted the behaviour of the DSCT-FT column with

acceptable accuracy. In the inelastic zone of the positive-displace-

ment region (after approximately 50 mm displacement), the

analytical result showed smaller moment capacity than the

experimental result from Han et al. (2011). But the analytical

result showed larger values than the experimental result in the

other zone. The analytical model overestimated the ultimate

displacement of the DSCT-FT column by 14.5%. As shown in

Figure 7(a), the outer steel tube primarily contributed almost 50%

of the strength to the DSCT-FT column specimen. The inner steel

tube and the confined concrete each contributed about 25% of the

strength. Initially, the contribution of the confined concrete was

much smaller than that of the inner steel tube. However, it

became almost equal to that of the inner steel tube with the

increase of confining stress.

Figure 6(b) shows the comparison of the experimental and

analytical results of the DSCT-CT column. In the elastic region

(approximately, 0 to �25 mm), the analytical model traced the

actual behaviour of the column specimen with good accuracy.

However, in the plastic zone, it underestimated the strength of the

column specimen. As it predicted that the inner corrugated steel

tube would yield before the failure of the outer steel tube, the

developed program predicted that the strength of the DSCT-CT

column would drop after the yield failure of the inner tube.

Material/parameter Value

Compressive strength of unconfined concrete: MPa 21.70

Flat inner steel tube

Yield strength: MPa 378.20

Ultimate strength: MPa 588.60

Modulus of elasticity: MPa 206 010.00

Ultimate strain 0.16

Corrugated inner steel tube

Yield strength: MPa 206.00

Ultimate strength: MPa 274.10

Modulus of elasticity: MPa 206 010.00

Ultimate strain 0.16

Outer steel tube

Yield strength: MPa 250.00

Ultimate strength: MPa 400.00

Modulus of elasticity: MPa 206 010.00

Ultimate strain 0.16

Table 2. Material properties of column specimens (Han et al.,

2010)

Parameter Value

Column height: mm 2250

Outer diameter of confined concrete: mm 558.8

Hollow section diameter: mm 406.4

Thickness of outer steel tube: mm 10.0

Thickness of flat inner steel tube: mm 9.0

Thickness of corrugated inner steel tube: mm 2.0

Length of one-half a wave (corrugated inner steel tube) 68.0

Height of corrugation wave (corrugated inner steel tube) 13.0

Table 3. Geometric properties of column specimens (Han et al.,

2010)

129

Magazine of Concrete Research
Volume 65 Issue 2

Performance of a DSCT column under
lateral loading: analysis
Han, Won, Kim and Kang



However, this strength drop was not investigated in the test (Han

et al., 2011). This result can be explained by two suppositions.

The first is that the inner steel tube did not yield in the test

because the yielding criterion for the inner steel tube in the

analytical model was conservative. And the second is that the

failure of the inner steel tube had little effect upon the behaviour

of the DSCT column. In effect, the experimental result says that

the actual strength of the inner steel tube was higher than had

been calculated by the analytical model. For this reason, the

analytical model underestimated the strength of the DSCT-CT

column specimen. Figure 7(b) shows the contributing portion of

the each component in the DSCT-CT column specimen from the

analysis result. As shown in Figure 7(b), the outer steel tube had

the most part of the strength contribution to the DSCT-CT

column specimen. Its contributing portion was almost 80% of the

column strength. The corrugated inner steel tube contributed

about 6% to the column strength before its yielding failure.

However, it made no further contribution after its yielding failure.

The confined concrete contributed about 22% of the column

strength before the yield of the inner steel tube. However, its

contributing portion was reduced to 18% by losing internal

confinement after the yield failure of the inner steel tube.

In Figure 8 the lateral load–lateral displacement envelope curves

of DSCT-FT and DSCT-CT column specimens are plotted from

the hysteresis loops of the experimental results. Analysis results

are also plotted together for comparison. The maximum loads

and moments, yield and ultimate displacements, yield and ulti-

mate energies, and energy ductility factors from the analyses and

experiments are summarised in Table 4. As shown in Table 4, the

analysis model predicted the strengths with an accuracy of less

than 10%. The yield displacements and ultimate displacements

from the experimental results (Han et al., 2011) were calculated

by the method suggested by Park (1988). Park defined the yield

displacement and the ultimate displacement as the displacements

corresponding respectively to 75% and 80% of the maximum

load (0:75V max and 0:8V max). When the final load was larger than

0:8V max, the final displacement was taken as the ultimate

displacement.

The analysis model predicted yield displacements smaller than

those from the experimental results. It also predicted ultimate

displacements larger than those from the experimental results.

These results gave analytical energy ductility factors larger than

those from experimental results. However, the analytical results

are acceptable for predicting the behaviour of a DSCT column.

Parametric study
A brief parametric study was carried out with the developed

program for DSCT-FT columns. As the main parameters affecting

the behaviour of a DSCT column, the compressive strength of

concrete, the hollow ratio, and the thickness of the inner steel

tube were selected. The selected parameters, their values, other

dimensions and material properties are summarised in Table 5.

The height of the column was set as 2500 mm. In this analysis,

the initial axial loading was not considered.

Figure 9 shows the variations of P–M interaction and F–˜
curves by the variation in concrete strength (f co). In these figures,

ti and the hollow ratio (Di=D) were fixed as 5 mm and 0.7,

respectively. For the parametric models, the minimum required

thicknesses not to yield and not to buckle are 4.8 mm and

2.72 mm, respectively. Therefore, all the models have failure

mode II as summarised in Table 6. As shown in Figure 9(a), the

22020018016014012010080604020

SUM
Concrete
Outer tube
Inner tube

14012010080604020
0

50

100

150

200

250

300

350

400

450

500

0

Lo
ad

: k
N

Displacement: mm
(b)

0

100

200

300

400

500

600

700

800

900

0

Lo
ad

: k
N

Displacement: mm
(a)

SUM
Concrete
Outer tube
Inner tube

Figure 7. Strength contribution of component: (a) DSCT-FT and

(b) DSCT-CT

130

Magazine of Concrete Research
Volume 65 Issue 2

Performance of a DSCT column under
lateral loading: analysis
Han, Won, Kim and Kang



analysis results that considered the confining effect (marked

‘confined’ in the figure; C-types) show higher values than those

that did not (marked ‘unconfined’ in the figure; U-types). As the

concrete strength increased, the axial strength and the moment

capacity increased. However, the balanced eccentricity (eb) de-

creased although Pb and Mb increased with the increase of

concrete strength as shown in Table 7. This results from the

concrete strength contributing more to the axial strength than to

the moment capacity. In Figure 9(b), C-types show higher

strengths and larger ultimate displacements than U-types. The

increase in the concrete strength makes the column strength high,

but it produces a small ultimate displacement as shown in Table

8. The increase in the concrete strength made the yield energy

large by increasing the column strength, but it made the ultimate

strength lower because of the decrease of the ultimate displace-

ment. Therefore, the higher concrete strength produced lower

ductility of the column.

Figure 10 shows the variations of P–M interaction and F–˜

curves with the variation of the hollow ratio. ti and f co were fixed

as 5 mm and 25 MPa, respectively. The minimum required

thicknesses are summarised in Table 6. When the hollow ratio is

larger than 0.7, the test model has failure mode I. Thus, the test

models with hollow ratios of 0.8 and 0.9 showed much lower

axial strengths, moment capacities, and smaller displacements

than the others as shown in Figure 10. The test models with

failure mode II (hollow ratio ¼ 0.5, 0.6, 0.7) showed almost equal

moment capacities and ultimate displacements although they had

different hollow ratios. However, they had different P0 and Pb

because they had different cross-sectional areas. As the hollow

ratio increases, the cross-sectional area of the concrete decreases,

but the moment of inertia of the inner tube is increased due to its

enlarged diameter. This can explain why the models showed

equivalent performances although they had different hollow

ratios. However, the axial strength was reduced by the decrease

of the cross-sectional area of the concrete.

Figure 11 shows the variation of P–M interaction curves and
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F–˜ curves with the variation of ti: The hollow ratio and f co

were fixed as 0.7 and 25 MPa, respectively. As summarised in

Table 6, the minimum required thicknesses are 4.8 mm and

2.72 mm for the yielding and buckling conditions, respectively.

Therefore, test models with the thicknesses of 1 mm and 3 mm

have failure mode I, and the others have failure mode II.

Enlarging ti increases the cross-sectional area and the moment of

inertia of the inner tube, and these increase the axial strength and

moment capacity of the column as shown in Figure 11(a) and

Table 7. This could provide a solution to enhancing the perform-

ance of a DSCT column without increasing its outer diameter. It

also increased the ultimate displacement and ductility of the

DSCT column as shown in Figure 11(b) and Table 8.

Conclusions
In this study, an analytical model of a DSCT column was

proposed, and an analysis program was developed. The devel-

oped analysis program was verified with the experimental

results. The analysis program shows a P–M interaction curve,

an F–˜ curve, yield displacement, ultimate displacement, yield

energy, and ultimate energy. Using the developed analysis

program, a parametric study was performed. Based on the

results of this parametric study, the following conclusions are

drawn.

(a) The analytical model was verified with experimental results

and it predicted the behaviour of a DSCT column with

acceptable accuracy. It overestimated the strength of the

DSCT-FT column by 4.7%, and underestimated the strength

of the DSCT-CT column by 9.6%. It overestimated the

ultimate displacements of the DSCT-FT and DSCT-CT

columns by 14.5% and 4.6%, respectively.

(b) The high strength of concrete produces high axial strength

and large moment capacity of a DSCT column. However, its

balanced eccentricity decreased because the concrete strength

contributes more to the axial strength than to the moment

capacity. The increase of the concrete strength gives the

column low ductility because it provides the large yield

energy and small ultimate displacement.

(c) DSCT columns have almost equal moment capacities and

ultimate displacements although they have different hollow

ratios if they have failure mode II. This is because the

increase of the hollow ratio reduces the cross-sectional area

of the concrete, but it enlarges the diameter of the inner tube.

However, the axial strength of a DSCT column is reduced by

the reduction of the cross-sectional area of the concrete.

(d ) The outer tube contributes most to the moment capacity of a

DSCT column. Therefore, the simplest method to enhance

the performance of a DSCT column is to give it a thick outer

tube. However, unnecessarily making to large is not economic

Specimen DSCT-FT DSCT-CT

Maximum load: kN Analysis 839.01 473.41

Experiment 801.10 523.63

Ratio (%) 104.7 90.4

Maximum moment: kN Analysis 1887.77 1065.18

Experiment 1802.48 1178.17

Ratio (%) 104.7 90.4

Yield displacement: mm Analysis 41.14 19.02

Experiment 51.00 32.00

Ratio (%) 80.7 59.43

Ultimate displacement: mm Analysis 206.50 124.49

Experiment 180.38 119.00

Ratio (%) 114.5 104.6

Ultimate energy: kN m Analysis 149.04 53.42

Experiment 123.25 51.39

Ratio (%) 120.9 103.95

Yield energy: kN m Analysis 19.31 4.71

Experiment 22.58 8.46

Ratio (%) 85.5 55.7

Energy ductility factor Analysis 7.72 11.34

Experiment 5.46 6.07

Ratio (%) 141.4 186.8

The DSCT-FT column is a DSCT column having a flat inner steel tube;
the DSCT-CT column is a DSCT column having a corrugated inner
steel tube.

Table 4. Comparison of analysis and test results

Outer steel tube Inner steel tube Concrete Hollow ratio

Outer diameter: mm 500 250, 300, 350, 400, 450 — 0.5, 0.6, 0.7, 0.8, 0.9

Thickness: mm 8 1, 3, 5, 7, 9 —

Yield strength: MPa 300 350 —

Ultimate or maximum strength: MPa 450 500 20, 23, 25, 27, 30

Modulus of elasticity: MPa 210 000 210 000 —

Ultimate strain 0.16 0.16 0.003

Table 5. Geometric and material properties
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because ti should be enlarged to induce failure mode II of the

DSCT column.

(e) Enlarging ti gives high axial strength and large moment

capacity of a DSCT column. This could be a solution to

enhancing the performance of a DSCT column without

increasing its outer diameter. It also increases the ductility of

the DSCT column.
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Figure 9. Column behaviour by concrete strength (ti ¼ 5mm,

hollow ratio ¼ 0.7): (a) P–M interaction curve and (b) F–˜ curve

Model tyt: mm tbk: mm Failure mode

tl:mm Di/D fco: MPa

5 0.7 20 4.800 2.720 II

5 0.7 23 4.800 2.720 II

5 0.7 25 4.800 2.720 II

5 0.7 27 4.800 2.720 II

5 0.7 30 4.800 2.720 II

5 0.5 25 3.428 1.943 II

5 0.6 25 4.114 2.332 II

5 0.8 25 5.486 3.109 I

5 0.9 25 6.171 3.498 I

1 0.7 25 4.800 2.720 I

3 0.7 25 4.800 2.720 I

7 0.7 25 4.800 2.720 II

9 0.7 25 4.800 2.720 II

See Notation for the meaning of the symbols.

Table 6. Required minimum thickness of the inner tube

Model P0:

kN

M0:

kN m

Pb:

kN

Mb:

kN m

eb:

mm

ti:

mm

Di/D fco:

MPa

5 0.7 20 12 091 1210 2428 1293 533

5 0.7 23 12 558 1220 2606 1320 507

5 0.7 25 12 857 1226 2778 1337 482

5 0.7 27 13 146 1231 2915 1354 465

5 0.7 30 13 568 1239 3146 1379 438

5 0.5 25 15 196 1137 4239 1354 320

5 0.6 25 14 150 1184 3582 1352 378

5 0.8 25 9913 1104 1259 1137 903

5 0.9 25 8356 1096 406 1100 2705

1 0.7 25 7624 764 723 784 1085

3 0.7 25 9526 927 1396 974 697

7 0.7 25 13 697 1324 2736 1424 520

9 0.7 25 14 528 1418 2735 1508 552

See Notation for the meaning of the symbols.

Table 7. Balanced load and moment
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Model Energy ductility factor Displacement ductility factor

ti:

mm

Di/D fco:

MPa

Yield energy:

kN m

Ultimate energy:

kN m

Ductility

factor

Yield displacement:

mm

Ultimate displacement:

mm

Ductility

factor

5 0.7 20 17.4 139.1 7.975 60.3 311.6 5.170

5 0.7 23 18.3 130.6 7.145 62.0 288.6 4.655

5 0.7 25 18.4 125.2 6.811 61.8 274.8 4.448

5 0.7 27 18.5 120.8 6.517 61.6 263.1 4.267

5 0.7 30 18.6 113.6 6.098 61.2 245.3 4.009

5 0.5 25 22.3 120.8 5.416 72.4 266.7 3.686

5 0.6 25 20.3 123.1 6.059 67.0 270.0 4.031

5 0.8 25 Brittle failure Brittle failure

5 0.9 25 Brittle failure Brittle failure

1 0.7 25 Brittle failure Brittle failure

3 0.7 25 Brittle failure Brittle failure

7 0.7 25 19.7 134.2 6.825 62.1 276.4 4.448

9 0.7 25 20.0 142.3 7.117 60.0 276.4 4.607

See Notation for the meaning of the symbols.

Table 8. Energy and displacement ductility
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Figure 10. Column behaviour by hollow ratio (ti ¼ 5 mm,

f co ¼ 25 MPa): (a) P–M interaction curve and (b) F–˜ curve
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Figure 11. Column behaviour by thickness of the inner tube

(f co ¼ 25 MPa, hollow ratio ¼ 0.7)
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