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Abstract

It is well known that the effect of confinement in concrete filled steel tube (CFST) can enhance
the axial compressive strength of the concrete core. The confining pressure is a key issue to
determine the compressive strength of concrete while the development of confining pressure is
related to the lateral responses of steel tube and concrete core. This paper firstly presents a
review on the lateral behaviour of circular CFST and existing lateral-axial strain models for
concrete. These models are assessed by the authors’ previous experimental observations.
Assessment results reveal deficiencies of current lateral-axial strain models, especially on the
CFST with high strength concrete. A modified lateral-axial strain model for both normal and
high strength concrete core in CFST was then proposed to accurately capture the interaction
behaviour of the steel tube and the concrete. An analytical model of CFST with uniformly
confined concrete core (i.e. with circular section) was then proposed to capture the
development of confining pressure in CFST. A reduction factor was considered when the high
strength concrete was used. The proposed analytical model can well predict the load bearing
capacity, load-shortening curve, axial strain-lateral strain relationship of CFST with normal
and high strength concrete.
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1. Introduction

Concrete filled steel tube (CFST) is superior to traditional reinforced concrete columns due to
better structural performances from the interaction between concrete and steel. One of the
important benefits from the composite action is that the steel tube in CFST can confine the
concrete core under compression to enhance the strength and ductility of the concrete.
Extensive literature reviews have been conducted on CFST [1-7] and conclude that the effect
of confinement is beneficial to the load capacity of CFSTs with circular cross-section shape.
The effect of confinement is normally contributed from the lateral confining pressures by the
external reinforcements. The popular confining components in existing literature are steel
stirrup [8, 9], steel tube [1-3, 6, 10, 11] and fibre-reinforced polymer (FRP) sheet [12, 13].
Researchers [6, 13] investigated the stress-strain relationship of the confined concrete with
different external confining components. According to the stress-strain response, the
confinement stress-strain model can be categorized into active-confinement model and passive-
confinement model. The active-confinement model indicates that the concrete is actively
confined with a constant confining pressure and the confining pressure is independent with the
lateral stress-strain relationship. The confinement provided by components such as steel
stirrups could be classified as passive confinement before yielding and active confinement after
yielding because the hoop stress in steel stirrup is constant after yielding. The passive-
confinement model indicates that the confining pressure is related to the expansion of concrete
core, for instance, in FRP confined concrete the confining pressure is related to the hoop stress
in FRP which increases with the increasing of the hoop strain in concrete. In concrete filled
steel tube, the confinement is indicated as passive confinement [10, 14], different from steel
stirrup, steel tube in CFST is under a biaxial stress state which follows the von Mises yield
criterion. After the yielding of the steel tube, the hoop stress is kept increasing with the hoop
strain of the concrete core and the axial stress in the steel tube decreases [5, 14]. A well-known
concrete stress-strain model was proposed by Mander et al. [8] for the steel stirrup confined
(active confined) concrete based on the model proposed by Popovics [15]. This model is
applicable to both active confined concrete and unconfined concrete and was served as a base
model in the subsequent research to both normal and high strength concrete.

To fully understand the effect of confinement on the enhanced ultimate strength of concrete, a
review on the existing literature about ultimate strength of confined concrete has been
conducted [8, 9, 13, 16-31]. It should be noted that the base model from Mander et al. [8] is
only for the active confined concrete. As for the passive-confinement stress-strain model, a
series of stress-strain curves under various confining pressure were firstly developed using the
active-confinement model [13, 32], and the corresponding axial stress could then be obtained
from these stress-strain curves based on the value of the hoop strain which is related to the
confining pressure in passive confinement. To achieve this approach, the hoop strain to axial
strain relationship is crucial to the development of passive-confinement model. Teng et al. [13]
developed a relationship of the hoop strain and the axial strain of the confined concrete,
validated against experimental results with concrete cylinder strength ranging from 32.8-103.3
MPa. This model could be easily adopted in FRP confined concrete as the elastic relationship
between the confining pressure and the hoop strain is straightforward due to the unidirectional
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property of FRP components. However, in CFST, due to the biaxial stress condition in the steel
tube, the confining pressure is not only related to the hoop strain but also related to the axial
strain of the column. Recently Kwan et al. [14] proposed a theoretical model through a “trial
and error” process to capture the confining pressure in CFST columns. The basic concept of
this model is deformation compatibility between the concrete core and the steel tube when the
steel tube is confining the concrete core. The equilibrium could be established based on the
constitutive models of the concrete core and the steel tube. Based on this model, Kwan et al.
[14] indicated that the behaviour of the passively confined concrete core in CFST could be
captured.

In recent years, high strength concrete has been increasingly adopted in modern construction.
When compared with normal strength concrete, high strength concrete could reduce the column
size and free up more lettable floor area especially in high-rise buildings. However, it is
indicated that the effect of confinement on the load bearing capacity of CFST is limited by the
low steel contribution ratio when high strength concrete is used [33]. Besides the stress-strain
behaviour of high strength concrete is also different from that in normal strength concrete.
Clark [34] indicated that the divergence of the stress-strain relationship as well as the lateral
dilation behaviour from its initial linearity happens at 70% of peak stress for normal strength
concrete while the percentage increases to 90 % in high strength concrete. Numerous studies
observed that the stress-strain model of confined normal strength concrete is not applicable for
the high strength concrete [14, 18, 22, 23, 28, 30].

In summary, based on the current investigations, an incremental numerical procedure to reflect
the stress-strain behaviour of confined concrete with both normal and high strength in CFST
columns has been developed and is validated by the experimental results.

2. Interaction of concrete core and steel tube in CFST

The interaction of the steel tube and the concrete core in CFST columns is essential to the
understanding of the compressive behaviour of the composite column. In current investigations,
it is assumed that the axial compression would apply to steel tube and concrete core
simultaneously which leads to a same axial shortening of each component during the loading
process. Based on this assumption two stages could be recognized in CFST columns under
axial compression: unconfined stage and confining stage. At the initial stage of loading, the
concentric axial compression is applied to both the steel tube and the in-filled concrete core.
As the steel tube expands more than the concrete core in hoop and radial directions due to a
higher Poisson’s ratio, there is no confining pressure from steel tube to concrete core. Therefore,
it can be regarded as unconfined stage. With the increase of axial compression, the axial stress
of concrete approaches its ultimate strength and the expansion of the concrete core becomes
larger than the steel tube. Eventually, the steel tube starts to confine the concrete core and the
lateral stresses are generated in the steel tube. Therefore, the stress condition when the
confinement starts is crucial to differentiate the unconfined and confining stages which could
be investigated based on accurate lateral-to-axial strain models of steel and concrete.
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3. Unconfined stage

It has been observed that the confinement initiates when the lateral strain of concrete reaches
the lateral strain of steel tube. To capture the initiation of confinement, the axial strain-to-lateral
strain relationship should be developed for each of the components.

3.1 Axial and lateral behaviour of steel

In unconfined stage, the steel tube is under uniaxial compression, where the elastic-perfect
plastic model could be adopted for the stress-strain model. The lateral strain of steel tube could
be calculated from the Poisson’s ratio with the corresponding axial strain because of the
uniaxial stress state. For external steel tube, the Poisson’s ratio is assumed to be 0.3 in the
elastic stage, while the Poisson’s ratio at the plastic stage is 0.5 [35]. Thus, the lateral strain at
a given axial strain could be obtained from Egs. 1 and 2:

£ =03¢,, (Elastic stage) (1)

&5 =03¢,, +0.5¢,, (Plastic stage) )

where e1s and a5 are the lateral strain and axial strain of steel tube, €ase and easp are the yield
strain and plastic axial strain, respectively. It should be noted that the elastic modulus of steel
tube is assumed as 200 GPa and the yield strain (ease) is calculated from yield stress divided by
elastic modulus which is based on an elastic-perfect plastic stress-strain model. Test results
reported in [33] were used to validate the accuracy of this axial-lateral strain relationship, which
will be further discussed later.

3.2 Axial and Lateral behaviour of concrete
For the concrete core in unconfined stage, which is under a uniaxial compression case, the

stress-strain relationship with cylinder strengths from 12 to 90 MPa from Eurocode 2 [36] is
adopted, as expressed in Egs. 3-5:

kip—n°
_f | 2T
k =1.05E, (&, / f.,) (4)
n=gle, (5)

where oc and &c are the uniaxial compressive stress and strain of concrete, fco is the compressive
cylinder strength of concrete, Ec is the elastic modulus of concrete and e is the axial strain at
peak stress.

The lateral strain could be obtained through a well validated axial-to-lateral strain model of
concrete. There have been numerous axial strain-lateral strains models for concrete in existing
literature. Teng et al. [13] firstly proposed a model which could capture the lateral strain-axial

strain response of actively confined, passively confined and unconfined concrete. It is indicated
M-4/18
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that this model is applicable for both normal strength concrete and high strength concrete. Lim
and Ozbakkaloglu [37] also proposed a lateral-axial strain model for the actively and passively
confined concrete, and this model was based on the experimental database of FRP confined
concrete (passively confined) which covers the concrete cylinder strength from 6.2 to 169.7
MPa and the confining stress ratio (i.e. confining pressure to concrete cylinder strength ratio)
ranges from 0 to 1. Recently, Kwan et al. [14] proposed a lateral-axial strain model of confined
concrete which separates the relationship into two portions, before and after the formation of
splitting cracks. A formula was proposed to predict the axial strain at transition points based on
an experimental database of confined concrete in which the cylinder strength ranges from 25
to 112 MPa and the confining stress ratio varies from 0 to 0.99. Lai et al. [38] also proposed an
axial-lateral strain relationship which considers not only the effect of confining pressure but
the influence of concrete strength. The unconfined and ring-confined, spiral-confined and tie-
confined CFST test results were used as the database which covers the concrete cylinder
strength ranging from 27 to 125.3 MPa, and the confinement ratio, defined as the ratio of
sectional capacity of steel over sectional capacity of concrete core, ranges from 0.16 to 4.22.
The abovementioned four models are all proposed for the confined concrete, and these models
are also applicable to the unconfined concrete where the confining pressure is zero. These four
models were then assessed by existing experimental responses of the lateral behaviour of
concrete (cylinders tests conducted in [33]) in unconfined stage. Figure 1 compares the
predicted axial strain-lateral strain curves with the experimental results. It could be found that
for concrete with cylinder strength of 38 MPa, the models from Teng et al.[13], Kwan et al.
[14] and Lai et al. [38] reasonably capture the lateral behaviour from test results, whilst the
model from Lim and Ozbakkaloglu [37] underestimates the lateral strain of the concrete
cylinder under axial compression. However, when the concrete cylinder strength increases to
80.5 MPa, the models from Teng et al. [13], Kwan et al. [14] and Lai et al. [38] slightly
overestimate the lateral strain, and when the concrete cylinder strength increases to 112.1 MPa,
it is obviously that the lateral strain of concrete is overestimated by all the models. Thus, an
accurate axial-lateral strain model should be developed for the high strength concrete. As the
concrete is under uniaxial compression in unconfined stage, secant value of Poisson’s ratio
could be used to express the relationship between axial strain and lateral strain, as formulated
in Eq. 6,

gc,l = chc,a (6)

where vc is the secant value of Poisson’s ratio of concrete, ¢, and ec,a are the lateral strain and
axial strain of concrete, respectively. For concrete, the initial Poisson’s ratio ranges from 0.15
to 0.2 [18], however, when the compressive stress is approaching to the ultimate strength, the
Poisson’s ratio increases rapidly. Ottosen [39] proposed Eqs. 7 and 8 for the Poisson’s ratio in
concrete until failure:

V, =V, when < fo (7)
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when > fo (8)

where vc,iis the Poisson’s ratios at initial stage, and vcr is the secant value of Poisson’s ratio at
peak stress. S is defined as the ratio between the current axial stress to the ultimate stress of
concrete. fo is the stress point when the Poisson’s ratio start to deviate from the initial value,
ve,i. Ottosen [39] and Candappa et al. [18] suggested a fo value of 0.8 for concrete cylinder
strength ranging from 40 to 100 MPa which is adopted in current investigation. The initial
Poisson’s ratio vc,i is adopted from Candappa et al. [2] with a formula based on the experimental
results with concrete cylinder strength ranging from 40-100 MPa which is shown as follows:

v,; =8x10°(f, )" +0.0002f, +0.138 9)

where fco is the compressive cylinder strength of concrete. For the secant value of Poisson’s
ratio at peak stress, Ottosen [39] suggested a vcr value of 0.36, however, Candappa et al. [18]
indicated that the value of 0.36 is quite low, and suggested using 0.5 instead. The Poisson’s
ratio at ultimate stage is significant in determining the axial strain point where the confinement
starts. The concrete cylinder tests reported in [33] and some additional cylinder tests with
compressive cylinder strength ranging from 37.3 MPa to 125.5 MPa were used to assess the
secant value of Poisson’s ratio at peak stress. In these cylinder tests, both axial and lateral
strains were recorded by 60 mm strain gauges with a measuring limit of 2%. The Poisson’s
ratio at peak stress for each specimen is reported in Table 1 where fco is the measured
compressive cylinder strength of concrete, eco and &co,l are the axial strain and lateral strain at
peak stress, and CoV represents the coefficient of variance. It was found that the vcr value
suggested by Candappa et al. [18], i.e. 0.5, is suitable for those concrete cylinders with strength
lower than 60 MPa. However, when the concrete cylinder strength varies from 60 to 90 MPa,
the average value decreases to 0.39. For concrete with cylinder strength higher than 90 MPa
the average value of ver is only about 0.28. Based on this observation and the results of
compressive test on concrete standard cylinders, the following equation was proposed for the
secant value of Poisson’s ratio for concrete.

{ 0.45 f <60 MPa
of =

co —

0.45-0.00252( f, — 60) f_>60 MPa (10)

As the lateral strains of the steel tube and the concrete core are captured, the interaction point
of steel and concrete can be then found. In the experimental investigations on CFSTs [33], both
the CFST columns and the individual components (hollow steel tube and plain concrete
columns) were tested under axial compression, and the axial and lateral strains were recorded.
Thus, the axial-lateral strain relationship from each individual component was collected to
investigate the interaction in CFST. Figure 2 shows the axial strain-lateral strain curves of
concrete cores and steel tubes obtained from tests and predictions based on Egs. 6-10, in which
feoc 1s the measured compressive strength of plain concrete columns and fco is the compressive
cylinder strength. In Figure 2, the intersection of two curves means that the lateral strain of
concrete reaches the lateral strain of steel tube, where the confinement starts. It should be noted
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that the end of curve of concrete means the peak load is reached. It could be found that the
proposed axial strain-lateral strain models could well predict the experimental results. Figure
2 also indicates that for the circular CFST specimen with concrete cylinder strength of 38 MPa
(feoe = 37.1 MPa), the confining stage initiates before the peak load of the concrete (the
intersection is before the peak load of concrete) however when the concrete cylinder strength
increases to 80.5 MPa (fcoc = 71.4 MPa), the confining stage almost starts at the same time as
the concrete reaches its peak load (the intersection is near the end of the concrete curve). For
those concrete with cylinder strength of 112.1 MPa (fco,c = 100.5 MPa), the peak load is attained
before the steel tube starts to confine the concrete (no intersection). In the experimental
observation of the compressive test of high strength concrete, brittle failure always happened
at peak stress of concrete due to a large energy release. Such brittle failure may cause a serious
damage on concrete core even if the external steel tube could provide confinement immediately
after peak stress of concrete. The failure mode of the CFST specimens also indicated the
damage of concrete core is more serious in those CFSTs where the confinement happened after
the concrete core reached its unconfined compressive strength [33].

4. Confined stage

Under confined stage, the stress-strain relationship of CFST could be divided into (1) a
passively confined concrete stress-strain model and (2) a descending axial stress-strain model
of steel under biaxial stresses due to the increasing lateral strain. The basic assumption in this
stage is that the axial strain and lateral strain of concrete core and steel tube increases
simultaneously. The following subsections describe the behaviours of the steel tube and the
concrete core in CFST under the confined stage.

4.1 Axial and lateral behaviour of steel

In confined stage, the steel tube is under biaxial stress state, and the stresses in axial and lateral
direction could be determined by the increment of strains in these two directions. In the
incremental analysis, J> flow theory of plasticity [40] was used for the steel constitutive model.
The stresses of steel tubes are calculated by the generalized Hooke law and incremental
Prandtl-Reuss equations respectively, as expressed in following equations [40].

do; E. [1 v, ||dg _
do' [TTov v, 1 1ds (Elastic stage) (11)
2 S S 2
2
_ 1- 5, A AN :
doy | __E, > % |}da (Plastic stage) (12)
L= : astic stage
do,| 1-v, y _S.S, :L_S_b2 de, g
) SC SC
S, =S +V.S, (13)
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S, =5, 4V (14)

S, =57 +8,° +2V.S;s, (15)
1 _ _

s, = g(201'-1 ~o3*) (16)
1 . .

s, = §(2a;1 ~o,") (17)

where g1 and o2 are the axial and the lateral stresses, respectively, €1 and &2 are the axial and the
lateral strains, respectively, Es is the Young’s modulus of steel, vs is the Poisson’s ratio of steel,
and i presents the increment number. Eq. 11 is for the elastic stage of steel and Eq. 12 is for the
plastic stage. The von Mises yield surface was used to identify whether the material yields or
not.

(01) +(02) (o 0t)- 1, =0 .

In this incremental analysis, the compressive stress and strain in axial direction are defined as
positive and the tensile stress and strain in lateral direction are defined as negative. The lateral
strain to lateral stress relationship in the steel tube now could be developed and used in the
passive-confinement model in CFST.

4.2 Axial and lateral behaviour of concrete

As mentioned before, in confined stage, concrete is passively confined under triaxial stress
state. Teng et al. [13] indicated that in passive-confinement model of concrete, under the same
confining pressure, the axial stress and strain are identical to that in active-confinement model
with constant confining pressure. In other words, the loading path is independent on the stress-
strain relationship of passively confined concrete. Teng et al. [13] suggested that a step-by-step
incremental process could be developed for the stress—strain curve of passively confined
concrete by using a series of stress—strain curves from actively confined concrete with different
confining pressures. Thus, a passive-confinement model could be derived from the following
relationships: (i) a well-developed active-confinement stress-strain model, (ii) a relationship
between lateral strain of confined concrete to its confining pressure and (iii) a lateral strain to
axial strain model of confined concrete under confining pressure.

The stress-strain equation of active-confinement model used in this investigation is firstly
proposed by Popovics [15] and then adopted in Mander et al. [8] in steel confined concrete

model:
o _ (e.1e.)r (19)
fe r-1+(g, /gCC)r
E
r=————— (20)
Ec - fcc/‘gcc

where fcc s the compressive strength of confined concrete and ecc is the axial strain of confined
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concrete at peak stress. The ultimate stress of confined concrete and the corresponding strain
have been investigated by many researchers [8, 16, 18, 30, 32]. In current investigation, the
following equations from Jiang and Teng [32] were adopted for those concrete with cylinder
strength lower than 60 MPa.

f f

f—“:1+3.5f—' 1)
f 12

S 214175 - (22)

ECO fCO

where fi is the confining pressure. For the high strength concrete, Xiao et al. [30] updated the
peak stress and corresponding strain of confined high strength concrete and the following
equations were adopted for the CFST with high strength concrete with cylinder strength higher
than 60 MPa:

0.8
To _qi300[ Nt (23)
fCO fCO
f 1.06
i:1+17.5[—'j (24)
gCO fCO

To implement the incremental process of the analytical model, the relationship of confining
pressure to the lateral strain of confined concrete should be well understood. It is clear that the
passive confining pressure is related to the lateral stress in the external confining jacket. With
circular section, the confining pressure and lateral stress has the following relationship:
R 25)

where a1 1s the lateral stress in external confining jacket such as FRP or steel tube, ¢ is the
thickness of the jacket, and D is the external diameter of column. In FRP confined concrete,
the relationship of lateral stress and lateral strain is linear. However, in CFST, the steel tube is
under biaxial stress state, so the lateral stress in steel tube, o5, is related to the both axial strain
and lateral strain. The following relationship in the incremental process exists and Eqgs. 11 and

12 were adopted for this function:
do,, = f (ds,,, d&,) (26)

The final required relationship, the lateral strain to axial strain relationship of confined concrete,
was adopted from Teng et al. [13]. The equation is shown as follows:

/(m;;J:o.gsﬂl+o.75(:3 || o] (2 ﬂ} @

where fi is the confining pressure; e is the lateral strain of the concrete core. Teng et al. [13]

indicated that this equation is applicable for both normal strength concrete and high strength
concrete under confinement. Using Eqs. 19-27, the stress-strain relationship of confined
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concrete core in CFST could be established.

5. Analytical model of CFST

Based on the abovementioned stages of CFST under uniaxial compression and the stress-strain
relationship of each component (concrete core and steel tube). An analytical model for CFST
is proposed in this investigation through an iteration process to capture a confining pressure
related stress-strain model of CFST stub columns.

5.1 Implementation of analytical model

A sub-routine was written to implement the incremental process of the analytical model of
CFST. The whole analysis process is illustrated in a flow chat as shown in Figure 3 and each
step of the analytical model is detailed as follows:

Step 1, Unconfined stage:

Firstly, an increment in axial strain (dea) of both steel and concrete is given. Egs. 1-5 and were
used to update the axial stresses of concrete (oc.a) and steel (os.a), respectively. Then the yield
condition of steel is checked based on the von Mises yield function and the lateral strain of
steel tube (&s)1) is calculated by Eq. 1 (before yielding) or Eq. 2 (after yielding). Meanwhile,
Eqgs. 6-10 were used to calculate the Poisson’s ratio of concrete and the lateral strain of concrete
(&c.). Finally, the lateral strain of concrete is checked if it is larger than the lateral strain of steel
tube. The incremental process continues until the lateral strain of concrete is equal or larger
than that of steel tube.

Step 2, Confinement initiates:

Then the dea in current step is adjusted to converge &s; and &c,1 with error less than 0.1%. In the
subsequent incremental process ¢s1 and &1 increase simultaneously.

Step 3, Confining stage:

In confining stage, the axial strains and lateral strains of concrete core and steel tube are
increasing simultaneously. Firstly, an increment in lateral strain (dei) is given and a value of
confining pressure (fi ) is assumed. Then Eq. 27 is used to calculate the current axial strain of
concrete core. And the increment of axial strain (dea) and lateral strain (der) are used to
determine the axial stress (os.a) and lateral stress (os1) of steel tube using Eqgs. 11-18. Then the
lateral stress of steel is used to determine the confining pressure (fi) via Eq. 25. If the calculated
confining pressure fiis not equal to the assumed confining pressure fi , then update the assumed
fi and calculate a new confining pressure until fiis equal to fi . And then the calculated fi and
axial strain ea are used to calculate the axial stress of confined concrete using Eqs. 19-24.
Finally, the determined axial stress of confined concrete oc.a and the axial stress of steel tube
from the J2 flow theory as.a together with the cross-sectional areas are used to calculate the axial
bearing load of CFST.

5.2 Effective confining pressure for high strength concrete

It was observed that high strength concrete has a brittle failure at peak stress which may result
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in a premature damage of concrete before the confinement starts. The recorded lateral strains
from strain gauges at different locations of mid-height of the specimens 30C-1, 50C-1 and 80C-
1 in Zhu and Chan [33] are presented in Figure 4. It can be found that for specimens 50C-1 and
80C-1, the readings of strain gauges from each location differ after the unconfined concrete
reaches its peak load where the confining stage starts (illustrated in Figure 2b and 2c¢), however,
this phenomenon is minor in specimen 30C-1 whose concrete core could be confined before
its peak stress. This observation indicated that the damage of local failure in high strength
concrete core results in a non-uniformly confinement in the circular CFST and may affect its
behaviour after confinement. Experimental data of high strength CFST with concrete cylinder
strength larger than 60 MPa in Zhu and Chan [33] and results from Han et al. [41] where both
load capacity and corresponding axial deformation are available were collected to assess this
effect on load capacity and the axial deformation at peak load of CFST. Table 2 lists the
collected experimental data, in which D is the external diameter of the steel tube, ¢ is the wall
thickness of the steel tube, and e is the strain at ultimate load. Figure 5 shows the comparison
of the analytical model and experimental results. It could be found that the load capacity of the
CFST specimens could be captured but the model overestimates the axial deformation
significantly. This is caused by the above-mentioned premature local damage in high strength
concrete core and non-uniform confinement. Therefore, a reduction factor k&1 was proposed to
the equation of confining pressure to account for the reduction of confining pressure in high
strength concrete.

f =k sz';t (28)
where
1
f_ <50 MPa
k= ?_O f_>50 MPa 29)

co

Figure 5 presents the comparison of the analytical model with the effective confining pressure
with the test results and accurate prediction could be obtained in both load capacity and the
corresponding deformation.

6. Assessment of model

In the assessment of the analytical model, the axial load capacity, the load-axial deformation
response and lateral-axial strain relationship of CFST with circular section were examined. In
the assessment of load capacity, a test database consisting of 597 specimens collected from
existing literature was used [2, 6, 11, 42-85]. The database covers the concrete cylinder strength
from 13.3-184.4 MPa and steel yield stress from 186-853 MPa. The validation of load bearing
capacity is shown in Figure 6 and Table 2. The mean value of the Numodel/Nutest of the 597
circular CFST specimens is 0.99 and the corresponding coefficient of variance (CoV) is 0.13,
in which Mymodel is the predicted axial load capacity using the proposed analytical model and
Nuest 1s the experimental load capacity. In the assessment of load-axial deformation response,
as there are limited information available from literature, in this research, 2 test results from
Han and Yao [84], 2 test results from Sakino et al. [11] and test results from Zhu and Chan [33]
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investigation were used for the validation. Figure 7 depicts the assessment of load-axial
shortening relationship of CFST. It could be found that the analytical model from Kwan et al.
[14] overestimates the test results of CFST with high strength concrete, the current model can
replicate the load-strain history of CFST precisely for both hardening behaviour and softening
behaviour. This analytical model also could capture the lateral-axial strain response on steel
tube in CFST. Due to limited test results of lateral strain available from existing literature, the
recorded lateral-axial strain relationship in Zhu and Chan [33], Lai et al. [86] and Lin et al. [87]
were used to assess the accuracy of the analytical model. Figure 8 shows the prediction of axial-
lateral strain response on steel tube. The proposed model and the model from Kwan et al. [14]
yields accurate predictions on lateral behaviour of CFST with normal strength concrete (Figure
8a, 8d, 8e, 8g and 8h), however the model from Kwan et al. [14] slightly underestimates the
lateral strain in CFST with high strength concrete (Figure 8b). The proposed model can well
capture the lateral behaviour in the specimens with concrete cylinder strength of 38 MPa and
89.9 MPa, but only satisfactory for specimens with concrete cylinder strength of 112.1 MPa in
which brittle failure and non-uniform confinement lead to an inconsistent lateral behaviour as
evidenced in Figure 8c, the curves from repeated specimens 80C-1, 80C-2 and 80C-3 deviate
from each other.

7. Assumptions and Limitations

The proposed analytical model for CFST is established based on material constitutive models

and interaction behaviour between concrete and steel tube, which considers the distinct lateral

behaviour of high strength concrete and an effective confining pressure because of non-uniform
confinement due to the premature failure of concrete core. However, there are some
assumptions and limitations that should be stated which are summarised as follows:

1. At the initial stage of loading, the model assumes there is no interaction between concrete
and steel tube, which neglects the initial bonding stress between concrete and steel tube.
However, the bonding stress may affect the lateral behaviour of steel tube and concrete core.
The dilation of steel tube is larger than concrete, therefore the bonding stress may restrain
the expansion of the steel tube. A previous study [88] shows that the initial bonding stress
has minor influence on the confining stress-axial strain relationship of CFST with high
strength concrete at initial stage of loading. Thus, the interfacial bonding stress at initial
stage is not considered in this model.

2. The analytical model assumes the stress-strain behaviour of passive confined concrete is
stress-path independent. However, investigations [30, 89, 90] have mentioned that the path
independence assumption may deviate from the actual behaviour of passively confined
concrete with high strength concrete. The axial stress in passively confined concrete is
lower than that in actively confined concrete due to the concrete stiffness and development
of concrete microcracks. Further investigations are needed to evaluate the effect of stress-
path dependence on the stress-strain behaviour of confined concrete in CFST.

3. The analytical model has not considered the buckling behaviour of the steel tube. The local
buckling behaviour of steel tube in CFST is restrained by the existence of inner concrete
core, thus the buckling theory for hollow steel tube is not applicable. In this study, a
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conservative limit based on the Eurocode 3 [91] of D/t<90(235/fy) for steel tube is
suggested to avoid any local buckling of steel tube. Further investigations on the local
buckling behaviour of thin steel tubes in CFSTs are needed.

8. Conclusions

This paper presents an analytical model of CFST with a strain incremental process. The key

contributions of this analytical model are summarized as follows:

1. The model captures the initiation of confinement in CFSTs and the distinct lateral behaviour
of high strength concrete is considered

2. A strain incremental process with an iteration process based on the constitutive model of
the passively confined concrete and the biaxially-stressed steel tube was proposed to predict
both the axial and lateral behaviour of CFST stub columns.

3. An effective confining pressure with a reduction factor is applied to the CFST to consider
the non-uniform confinement for the high strength concrete.

4. The proposed model was validated by 597 existing experimental data and the results show
that the analytical model could capture the load capacity of circular CFST and also well
predict the axial load-strain relationship as well as the lateral-axial strain relationship.

5. The analytical model could be used to establish a confining pressure-related constitutive
model for the confined concrete in CFST and contributes to future numerical investigations
such as finite element modelling of CFST.
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Figure 1. Validation of lateral behaviour of unconfined concrete.
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Table 1 Experimental data of Poisson’s ratio at peak stress.

feo Eco Eco)l Ve f
37.3 0.0023 0.0011 0.47
38.1 0.0022 0.0011 0.51
38.2 0.0027 0.0010 0.36
39.0 0.0022 0.0010 0.46
39.1 0.0022 0.0013 0.59
38.8 0.0022 0.0012 0.55
53.4 0.0023 0.0012 0.52
55.3 0.0023 0.0011 0.48
55.8 0.0024 0.0012 0.50

Mean 0.49

CoV 0.06
63.7 0.0028 0.0012 0.42
65.4 0.0030 0.0011 0.37
60.4 0.0025 0.0009 0.37
80.0 0.0027 0.0010 0.36
80.9 0.0026 0.0010 0.38
80.6 0.0026 0.0012 0.45
85.2 0.0030 0.0012 0.41
86.3 0.0031 0.0012 0.40
84.7 0.0029 0.0011 0.38

Mean 0.39

CoV 0.07
92.0 0.0025 0.00070 0.27
98.0 0.0027 0.00085 0.32
1135 0.0030 0.00074 0.25
111.0 0.0030 0.00079 0.26
113.9 0.0031 0.00091 0.30
120.2 0.0032 0.00094 0.29
120.2 0.0031 0.00084 0.27
125.5 0.0034 0.00109 0.32

Mean 0.28

CoV 0.09




Table 2. Collected experimental data for the assessment of high strength circular concrete filled

steel tubes

Specimens feo fy D t Nutest  Numodel Confinement
(MPa) (MPa) (mm) (mm) (kN) (KN) éu ratio
Han et al. [41]
CAl-1 70 282 60 1.87 312 318  0.0090 0.55
CA1-2 70 282 60 1.87 320 318  0.0081 0.55
CA2-1 70 282 100 1.87 822 774  0.0060 0.32
CA2-2 70 282 100 1.87 845 774 0.0054 0.32
CA3-1 70 282 150 1.87 1701 1592  0.0053 0.21
CA3-2 70 282 150 1.87 1670 1592  0.0055 0.21
CA4-1 70 282 200 187 2783 2678 0.0048 0.16
CA4-2 70 282 200 1.87 2824 2678 0.0041 0.16
CA5-1 70 282 250 1.87 3950 4029 0.0038 0.12
CA5-2 70 282 250 1.87 4102 4029 0.0052 0.12
CB1-1 70 404 60 2 427 378  0.0086 0.85
CB1-2 70 404 60 2 415 378  0.0107 0.85
CB2-1 70 404 100 2 930 885  0.0050 0.49
CB2-2 70 404 100 2 920 885  0.0075 0.49
CB3-1 70 404 150 2 1870 1772  0.0050 0.32
CB3-2 70 404 150 2 1743 1772  0.0065 0.32
CB4-1 70 404 200 2 3020 2930 0.0046 0.24
CB4-2 70 404 200 2 3011 2930 0.0038 0.24
CB5-1 70 404 250 2 4442 4354  0.0041 0.19
CB5-2 70 404 250 2 4550 4354  0.0040 0.19
CC1-1 75 404 60 2 432 386  0.0085 0.80
CC1-2 75 404 60 2 437 386  0.0086 0.80
CC2-1 75 404 150 2 1980 1830  0.0047 0.30
CC2-2 75 404 150 2 1910 1830  0.0046 0.30
CC3-1 75 404 250 2 4720 4521  0.0036 0.18
CC3-2 75 404 250 2 4800 4521  0.0038 0.18
Zhu and Chan [33]

50C-1 72.4 453 200 6 4463 4446  0.0085 0.73
50C-2 72.4 453 200 6 4423 4446  0.0073 0.73
80C-1 100.1 453 200 6 5071 5124  0.0064 0.53
80C-2 100.1 453 200 6 5040 5124  0.0059 0.53
80C-3 100.1 453 200 6 5099 5124  0.0058 0.53
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