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Abstract. Concrete-filled steel tubes are among the most efficient compressive structural members because the strength of the
concrete is enhanced given that the surrounding steel tube confines the concrete laterally and the steel tube is restrained with
regard to inward deformation due to the concrete existing inside. Accurate estimations of the ultimate compressive strength of
CFT are important for efficient designs of CFT members. In this study, an analytical procedure that directly formulates the
interaction between the concrete and steel tube by considering the nonlinear Poisson effect and stress-strain curve of the concrete
including the confinement effect is proposed. The failure stress of concrete and von-Mises failure yield criterion of steel were
used to consider multi-dimensional stresses. To verify the prediction capabilities of the proposed analytical procedure, 99
circular CFT experimental data instances from other studies were used for a comparison with AISC, Eurocode 4, and other
researchers’ predictions. From the comparison, it was revealed that the proposed procedure more accurately predicted the
ultimate compressive strength of a circular CFT regardless of the range of the design variables, in this case the concrete
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compressive strength, yield strength of the steel tube and diameter relative to the thickness ratio of the tube.
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1. Introduction

Concrete-filled steel tubes (CFT) are a special structural
element in that each material compensates for the
weaknesses of other elements. Microcracks in concrete that
occur under compression are laterally restrained by the steel
tube, and this leads to higher stiffness and strength. The
steel tube is restrained with regard to inward deformation
due to the concrete, which delays local buckling in the tube.
However, considering that the Poisson’s ratio of concrete is
smaller than that of steel in the linear elastic stress range,
interaction between concrete and the tube cannot be
expected under a service load condition. That is, there is no
confinement of the concrete in low-stress level (Schneider
1998). Once microcracks occur at some compressive stress
level, the stress-strain curve starts to show nonlinear
behavior. Therefore, when concrete subjected to
compressive loading is laterally confined or compressed,
the occurrence of microcracks and growth will be delayed,
thus extending the linear range of the stress-strain curve and
enhancing the ultimate strength. This phenomenon is known
as the confinement effect of concrete. In a CFT, when the
Poisson’s ratio of concrete exceeds that of the steel,
interaction between the concrete and steel tube can be
observed, and hoop stress in the reaction to the lateral
expansion of concrete will confine the concrete.
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Numerous studies have been conducted on the ultimate
strength of concrete considering the confinement effect. In
addition, CFT assessments considering the confinement
effect based on experimental and numerical analyses have
been done and formulas to predict the strength have been
proposed (Knowles and Park 1969, Tang et al. 1997, Chen
et al. 2018, Wang et al. 2019, Hasan et al. 2019, Wei et al.
2020, Fan et al. 2021, Luat et al. 2021).

Knowles and Park (1969) studied the ultimate strength
of a slender CFT column subjected to axial and eccentric
loads for a wide range of slenderness ratios. In their study,
the confinement effect on the concrete was not found in the
slender columns because buckling occurred before the
concrete reached the level of inelastic high strain that would
cause its volume to increase. That is, in their slender
columns, the effect of the concrete compressive strength is
negligible and, consequently, the confinement effect is not
influential. Tang et al. (1997) included a Poisson’s ratios
correlation between the concrete and steel tube in their
quantification of the confining pressure acting on the
concrete. Based on experiments with the variables of the
concrete compressive strength, steel tube yield strength, and
D/t of the steel tube, the stress-strain relationship of
concrete considering confinement was proposed.

Recently, Chen et al. (2018) conducted an axial load test
of CFT reinforced with silica fume and steel fiber. They
found that silica fume and steel fiber did not influence the
mode of failure but did increase the ultimate compressive
strength due to the additional confinement by the steel fiber
and the pozzolanic action of the silica fume. Wang et al.
(2019) conducted axial load tests of 20 CFT specimens in
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which the effects of the load conditions, the diameter-
thickness ratio and the compressive strength of reactive
powder concrete (RPC) were considered. In their results,
they found that lateral confinement was provided only when
the strain exceeded the yield limit. Hasan er al. (2019)
performed axial load tests on 22 CFT specimens to observe
the failure modes of CFT considering the influence of D/t
ratio and number of steel rebars. The results show that the
strengh of CFT increases with increasing number of steel
reinforcing bars and the local buckling of columns
decreases when the thickness of steel tube increases. Wei et
al. (2020) used 107 experimental data instances for an
analysis of the behavior of high-strength CFTs, among
which 87 tests were from other studies and 20 tests were
from an additional test in their to fill the gaps in the existing
dataset. Using the data, they evaluated the design formulas
of the ultimate compressive strength of CFTs. Fan et al.
(2021) quantitatively investigated the compatibility of
design variables such as the material strength (fe, f;),
diameter, and thickness of the tube in predictions of the
ultimate axial strength. The concluded that small D/t and
low fy,-high f, values should be avoided due to the low
strength enhancement and provided the optimal
combination of design variables. Luat er al. (2021)
proposed a hybrid intelligence model, termed G-MARS,
that incorporated a genetic algorithm and multivariate
adaptive regression splines for predictions of the ultimate
axial strength of CFTs. In their study, 504 experimental data
instances were used for training and verification.

Despite the many previous studies as outlined above,
most of them focused on the determination of the ultimate
compressive strength based the results without considering
detailed interactions between the materials involved. In
addition, the previously proposed strength estimation
equations of CFT can not quantitatively consider the
confinement effect of steel tube because they do not
consider the difference in the confinement force of steel
tube according to the stress level due to the nonlinear
Poisson ratio effect of concrete. However, in order to extend
the use of efficient CFTs to various structural applications,
understanding these detailed interactions is required, and an
analytical procedure must be established to trace the
interactive behavior of CFTs while they are gradually
subjected to ultimate axial loading levels. In this study, an
analytical procedure that directly formulates the interaction
between the concrete and the steel tube by considering the
nonlinear Poisson effect and the nonlinear stress-strain
curve of the concrete, including the confinement effect, is
proposed. Here, only short and compact cross-sections were
considered to ignore the effects of local buckling and
quantitatively estimate the effect of improving the strength
of concrete due to the confinement force of steel tube. The
failure stress from a biaxial interaction diagram of concrete
and the von-Mises failure yield criterion were used to
consider the multi-dimensional stresses acting on the
concrete and steel tube, respectively. In order to verify the
prediction capabilities of the proposed analytical procedure,
99 circular CFT experimental data instances from other
studies were used for a comparison with AISC (2016),
Eurocode 4 (2004), and prediction methods devised by

Table 1 Design criteria for the width-to-thickness ratio
for the steel tube of a CFT

Circular steel tube
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Fig. 1 Compressive strength according to the section type
other researchers.

2. Prediction formulas for the ultimate compressive
strength of CFTs

2.1AISC

AISC (2016) applies a different criteria for the width-to-
thickness ratio according to the section shape of the CFT.
AISC (2016) has three width-to-thickness ratio categories:
(1) compact, (2) non-compact, and (3) slender, as shown in
Table 1 and Fig. 1. The different D/t criteria of each design
formula exist because each design formula uses a different
method to consider the strength reduction for local buckling
in the steel tube. AISC (2016) defines two strength formulas
for compact and slender sections and applies interpolation
for non-compact sections, as shown in Fig. 1. The
compressive axial strength (B,) of the CFT by AISC (2016)
is determined by Eq. (1). In the formula, the confinement
effect is considered to be constant regardless of D/t or f,
because the coefficient of f,, is a constant, 0.95 for a
compact section. Therefore, this formula may underestimate
the ultimate axial strength of CFTs for sections that are
highly influenced by the confinement effect.

E
By = fyds + Cofuc (Ac + 452 (1)

c

Here, f, is the yield strength of the steel tube, Ag is
the cross-sectional area of the steel tube, f,, is the
compressive strength of the concrete, A, is the net area of
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Table 2 Prediction formulas for the ultimate compressive strength of CFT by various researchers

Reference

Formulas

Sun (2008)

Liu et al. (2016)

D/t-1) f,
N, = chAC, where fcc = fck(l +82 L_y)

(D/t=2)% fcr
Ny, = 0,45 + 0cpA.

2to, _ 1.08tfy

where o, = 0.61f,; foc = fox + 410y, 0p = = ; op = 0.54f,

D-2t D

N, = fyAg + 0pAc, where D/t < 200

for fu <50 MPa, f.c = fu (—1.228 +2.172 /%‘*6”'— z]{—l)
ck ck

O’Shea and Bridge (2000)

for 80 MPa < f;, <100 MPa,

k
e~ (B41)

k=125 [1 +0.062 ;—l] (fa) ™% f; = 0558,/
ck

the concrete, A, is the area of the rebar, E; is the
modulus of elasticity of the steel, E, is the modulus of
elasticity of the concrete, and C, is the confinement
coefficient (0.95) for a round section.

2.2 Eurocode 4

The compressive axial strength (Np;rq) of a CFT by
EC4 (2004) is determined by Eq. (2). In the formula, the
concrete strength magnification coefficient is given as a
function of the influential factors of D, ¢, f,, and f,, and
the coefficient is larger than 1.0. That is, once the criteria of
the width-to-thickness ratio are met, the concrete is
regarded as fully confined to develop at least the full
compressive strength f,,. In contrast to AISC (2016), EC4
(2004) can effectively consider both the confinement effect
on the concrete and the strength reduction by local
buckling.

t fy

Npl,Rd = naAsfy + Acfer (1 + 1 Ef_y) +Agfor (D)
ck

Nq = 0.25(3 + 21) 3)

Ne=49—1851+1712 4)

A= /Npl,Rk/Ncr (5)

Npl,Rk = Asfy + Acfor + Asfyr (6)

In these equations, N.. is the elastic critical normal
force for the relevant buckling mode.

2.3 Formulas by previous researchers

Richart et al. (1928) were the first to suggest a strength
enhancement formula of concrete, presented here as Eq. (7),
based on a triaxial compression test. The confined strength
of concrete is increased by k;f; from the uniaxial
compressive strength, where f; is the lateral confining

pressure and k, is the coefficient for lateral confinement.
Later, Balmer ef al. (1949) calibrated the coefficient k; as
5.6 on average based on an extensive experimental study.
Saatcioglu et al. (1992) modified k; to 6.7(f;)7%1” and
Razvi et al. (1999) modified k,f; to 6.7(f;)%®3 based on
their research.

fee = fere + kify (7N

Sun (2008), Liu et al. (2016), and O’Shea and Bridge
(2000) developed design formulas for the ultimate
compressive strength of CFTs considering the confinement
effect, as shown in Table 2. As indicated in the table, Sun
(2008) defined the strength using a simple multiplication of
the concrete area by the confined strength of the concrete
(fze) but did not include the steel tube strength in the
formula. Instead, the strength enhancement was defined as a
function of D/t, f,, and f,. The formula by Liu et al
(2016) separately considered the contributions of the
concrete and the steel tube. However, the yield strength of
the steel tube was reduced to 0.61f,, and their concrete
strength enhancement formula uses a format identical to
that by Richart et al. (1928) except that the lateral confining
pressure was defined as a function of D/t and f,,. In the
formula, the maximum lateral stress was assumed to be
0.54f,. The reduction in the steel tube strength was
determined based on experimental, theoretical and FEA
results. It can be explained using the von-Mises yield
criterion of steel subjected to multi-dimensional stresses.
O’Shea and Bridge (2000) subdivided the concrete strength
ranges into fy <50 MPa and 80 MPa < f, <
100 MPa in their estimation of the concrete strength
enhancement.

3. Material models
3.1 Stress-strain model of confined concrete
According to Schneider et al. (1998), when the axial

load is gradually applied to CFT, the confining pressure into
concrete does not exist in the beginning of the loading
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Fig. 2 Mander’s confined concrete stress-strain curve

because the Poisson's ratio of concrete is smaller than that
of steel. Under linear elastic strain range, the Poisson’s
ratios of concrete and steel are approximately 0.2 and 0.3,
respectively. As the strain of concrete increases, number of
micro cracks increase and crack width is widened,
consequently, apparent volume increases. That is, the
apparent Poisson’s ratio of concrete can exceed the steel’s
ratio when the axial strain reaches near the peak point of
stress-strain curve. Therefore, the concrete in CFT under
uniaxial compression load will be subjected to triaxial
stresses at the high nonlinear strain.

This paper is to predict the ultimate strength of a
circular CFT, stress-strain model of concrete under
compression considering confinement effect is required. In
this paper, the stress-strain relationship of Eq. (8), as shown
in Fig. 2 proposed by Mander ez al. (1988a, 1988b), which
considers the confinement effect by lateral reinforcement
based on the Popovic’s (1973) formula, was chosen for an
analysis of the CFT section. In the formula, the concrete
strength enhancement (f,.) is expressed as a function of
fo and o,.; at the same time, the peak strain of confined
concrete was increased based on Eq. (10).

fecxr
Oc = r—1+x" (8)
7.940,. 20y,
foe = fo| —1.254 +2.254 |1+ ~Zre) ()
fe fe
_ fec
Ecc = 0.002({1+5 7—1 (10)
c

3.2 Failure criteria of concrete

In this paper, the failure criterion by Drucker and Prager
(1952) based on a pressure-dependent model was used to
judge the critical state of concrete under multi-axial
pressure. The criterion has the form of Eq. (11), where
I, and J, are correspondingly the first and second
invariants of the Cauchy stress tensor, respectively
expressed as Egs. (12)-(13) for the concrete of the CFT.
Here, 0y, a,and B are concrete material properties that
were determined experimentally (Chen 1982). In equation
(12), o114 is the longitudinal stress, o,, and o33 are
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Fig. 3 Strength of concrete under biaxial stress

identically acting confining stresses and are denoted here as
Ope-

fUy]R) = [al; + 3ﬁ]2]1/2 = 0y (11)

L = 011 + 035 + 033 = 011 + 205 (12)
1 2

2 = 5(0-11 — Orc) (13)

During a uniaxial test, the concrete reaches the failure
criterion when the maximum principal stress, d;;, matches
the uniaxial compressive strength of the concrete, f.,
becoming o, . Therefore, the simplified relationship
between a and [ can be expressed as Eq. (15). Under a
biaxial test where oy, is equal to the confining pressure,
Orc, the maximum failure stress is approximately 1.16f., as
shown in Fig. 3, according to Kupfer ef al. (1969). Thus, the
additional relationship between a and S can be expressed
as Eq. (17). By solving Egs. (15)-(17) simultaneously, a
and B can be determined as —0.355f. and 1.355,
respectively. Finally, equation (11) can be substituted by Eq.

(18).
fll o) = lafe + BETV? = f, (14)

a=fo— Bfe (15)

fyJ2) = (o1 + 0pc) + fois]Y? =0y = £, (16)

oo = [2.32af. + 1.16°B£2]V? = f, (17)

fUy,]2) = [a(oyy + 20,) + B(o11 — Urc)z]l/z =0y (18)
a = —0.355f,; [ =1.355

3.3 Material model of steel tube and failure criterion

As the Poisson’s ratio of concrete exceeds that of steel
under high compressive stress, the concrete in the steel tube
of a CFT begins to interact with the steel tube, pushing it
outward. This results in hoop stress (agy) in the steel tube.
That is, the steel tube is subjected to multiaxial stresses. In
contrast to the uniaxial yielding that occurs when the



Ultimate compressive strength predictions of CFT considering the nonlinear Poisson effect 465

e
v L3
[ il 1
: . O35
1 1
: 1
| i
i d dg 4]
| |
i . Oy
\"—_-;:; \&._,_,__.-/

Fig. 4 Stress state of the steel tube

uniaxial stress (gy5) reaches the yield stress of material,
the steel tube as a ductile material begins to yield or lose
elasticity when the equivalent von-Mises stress reaches the
yield stress of the material (Chakrabarty 2006). Therefore,
the steel tube can yield under stress lower than the yield
stress of the material. This was also explained in studies by
Furlong (1967) and Liu et al. (2016).

Considering that the stress in the thickness direction of the
steel tube subjected to internal pressure is much lower than
the hoop stress and considering that there is no shear in the
tube, the tube can be assumed to be under principal plane
stress, as indicated in Fig. 4 (He ef al. 2019). This study
also assumed principal plane stress of the steel tube and
used the yield criterion of Eq. (19). Steel typically shows
hardening behavior after yielding, but the behavior is highly
dependent on the type and strength of the steel. (Hasan et
al. 2019) Thus, a bilinear and perfect elasto-plastic model
for steel is assumed in this paper.

0-125 — 01509 + 692 < fyz (19)

3.4 Nonlinear poisson's ratio of concrete

Kupfer et al. (1969) proved that the Poisson's ratio of
concrete is proportional to the concrete strain to some
extent based on test results. Farooq et al. (2018) presented
test results that showed that the Poisson’s ratio of concrete
can exceed 0.5 near the peak strain of the stress-strain curve
and converge to approximately 0.4 as the axial strain
increases after the peak point. Madas et al. (1992)
suggested the relationship between the concrete axial strain
and the Poisson’s ratio of Eq. (20) and Fig. 5 based on a
least squares fit using data from Kupfer et al. (1969). Eq.
(20) gives a result that exceeds 0.5, but for a simple
application, the maximum value was assumed to be 0.5
regardless of the strain. If the initial Poisson's ratio (v,,) is
assumed to be 0.2, the strain for v, = 0.3 when the
Poisson's ratio of concrete equals that of steel is
approximately 0.001. Therefore, concrete may begin to be
confined from &, = 0.001. In another sense, the steel tube
may begin to confine the concrete before the tube reaches
the yielding point.
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Fig. 5 Poisson’s ratio and strain curve

4. Proposed procedure for calculating the maximum
compressive strength of a CFT

As shown in Egs. (1)-(2), the prediction formulas of
AISC (2016) and Eurocode 4 (2004) do not directly
consider the interaction between the concrete and steel tube.
In addition, the formulas can only be applied for specified
ranges of design variables such as the concrete compressive
strength and yield strength of steel. In this study, the stress-
strain relationships of the concrete and steel tube and the
Poisson’s ratio-strain relationship of the concrete are
directly used and constitutive equations are constructed
based on the force equilibrium and strain compatibility.
Therefore, an accurate estimation of the compressive
strength of a CFT can be achieved for wider ranges of the
concrete compressive strength and yield strength of steel.
Nevertheless, for simplicity, the following assumptions are
adopted.

1) The cross-section of the CFT is subjected to
uniform axial strain without eccentricity.

2) The concrete and the steel tube behave
monolithically without any gap between the two
materials.

3) The compressive strength of the CFT is reached
when the von-Mises stress of the steel tube and
the combined stress of the concrete reach the
yield stress of the steel and/or the failure stress of
the biaxial interaction diagram of the concrete,
respectively.

4.1. Construction of an equilibrium equation

When the Poisson’s ratios of the concrete and steel tube
become equal, the interaction begins. Assuming that the
coordinate axes of the radial and circumferential directions
are correspondingly r and 6, the compression on the
concrete, (D — 2t)a,, is equilibrated by the tension on the
steel tube, 2tagy, as shown in Fig. 6. Here, g, and oy
denote the confinement stress in the concrete and the hoop
stress in the tube, respectively.

Deformations and stresses in the concrete and steel
tubes of CFTs can be determined based on the superposition
method, as shown in Fig. 6. If monolithic behavior of the
concrete and the tube is assumed, the deformation of
concrete in the radial direction, u;. + u,., should be
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Fig. 6 Confined stress in a concrete-filled steel tube

identical to the deformation of the steel tube, u;g + u,q.
uq. and uqg are correspondingly the radial strains in the
concrete and the steel tube due to the Poisson’s ratios under
uniaxial compression and are expressed respectively as Egs.
(22)-(23). In addition, u,, and u,, are likewise the radial
strains in the concrete and steel tube due to confining
pressure and are expressed as Eqgs. (24)-(25) based on
elasticity theory (Sadd 2004, Yu et al. 2010).

Uie = Tocre = ~TocVUcéz (22)

Uys = Tos€rs = ~TosVsEy (23)

Here, ¢, is the compressive strain in the longitudinal
direction, and ¢,. and &, are the strains in the concrete
and steel tube in the radial direction, respectively. v, and
vs are the Poisson’s ratios of the concrete and steel,
respectively, and 1,. and 1, are likewise the initial radii
of the concrete and the tube.

Uy, = orc(vé-1) (1 _ L) (ﬂ) (24)

Ec 1-v¢ 2

(D =2t) o (1 +v5)
Y2s = T gE t(t - D)

[D? + (1 - 2v)(D — 26)%] (25)

Finally, the confining pressure on the concrete, o,., can
be expressed as a function of D, t,v,, v, €, E;, and Es, as
shown in Eq. (26), by combining equations (22) to (25).

_SZ(US B vc)

%[DZ +(1-2v)(D—2t)?] —

Op¢ =

1 +v)( - 2v,)(26)
E,

4.2. Proposed procedure

A new procedure (referred to as Kim’s procedure) that
directly uses the stress-strain relationships of the concrete
and steel tube and the Poisson’s ratio-strain relationship of
concrete in order to provide an accurate estimation of the
circular CFT compressive strength and for wide range of
design variables is presented as a flowchart in Fig. 7.

(1) Initialize variables N; =0 (i = 0)

(2) The axial strain (g,) of concrete when v, = v;
is initially computed and the strain is slightly
increased, €, = &, + A¢,.

(3) The Poisson’s ratio is determined at the axial
strain using Eq. (20).

(4) The -confining stress on concrete (0,c) 1is
calculated by Eq. (26).

(5) The hoop stress and the axial stress of the steel
tube are calculated at the given strain, and the
combined stress of the steel tube is calculated by
the von-Mises stress equation to assess whether
the steel reaches the yield criterion.

(6) If the combined stress of the steel tube is
yielded, o;; and oy are determined using the
a{s; and o0, values respectively when the
condition of f,(ays,09) = f, is satisfied.

(7) If the combined stress of steel tube is
determined, the confining stress of the concrete
is limited to oy, and the confining stress of the
concrete is determined to be equal to the smaller
value between o, and o;,.

(8) The maximum confined strength and strain of
the concrete are respectively calculated by Eq.
(9) and Eq. (10), and the stress-strain
relationship of the confined concrete is
determined using Eq. (8).

(9) The concrete axial stress, g, (or ay;) , 1is
computed at the given strain and the combined
stress of concrete is calculated to check if the
concrete reaches the failure criterion.

(10) When the combined stress of the concrete
reaches the failure criterion or the combined
stress of the steel reaches the yield criterion, the
compressive strength of the CFT is calculated
via N = 0,545 + 0 A..

(11) When the calculated compressive strength of
CFT(N;) is less than or equal to N;_,, the loop is
stopped and the larger value between N; and
N;_; is determined as the ultimate compressive
strength of CFT.

5. Comparison with experiment results
5.1. Comparison with experimental results

In order to verify the prediction capabilities of Kim’s
procedure, 99 test data instances were collected from
studies by Schneider et al. (1998), Kato (1955), Tomii et al.
(1977), Saisho et al. (1999), Han et al. (2001), Huang ef al.
(2002), Yamamoto et al. (2002), Giakoumelis et al. (2004),
Sakino and Hayashi (2004a, 2004b), and Li et al. (2005).
All of the specimens are short and round CFT and have
compact sections such that the confinement effect is active
in all cases. The variables of the specimens were the
compressive strength of the concrete, the yield strength of
the steel tube, and the diameter and thickness of the tube.
The data are listed in Table 3. The range of the compressive
strength of concrete is from 18.1 MPa to 107.3 MPa, and
the range of the yield strength of the steel tube is from 249
MPa to 843 MPa. D/t ranges from 17 to 75. Though the
range of D/t is relatively wide, all values fall in the compact
section category. The data distributions for each of the
variables are presented in Fig. 8.

In Table 3, the predictions by AISC (2016), Eurocode 4
(2004), Liu et al. (2016) are compared with those by Kim's
procedure. The average ratios of the test data to the
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[ Initialize variables N; = 0 (i = 0) ]
[ Determine the axial strain (&,) of concrete when v, = v ]
L( Increase the axial strain L
1 £, =&, + A, F

Calculate the poisson’s ratio of concrete Calculate the hoop stress in steel tube
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Calculate the combined stress of steel
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(" Calculate the maximum confined strength and strain of concrete
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Fig. 7 Kim’s procedure to predict the ultimate compressive strength of circular CFTs

50
40
30
20
10
3
2 0 a 508

Compressive strength (MPa) Yield strength (MPa) D/t

Fig. 8 Classification of specimens according to the design variables

249=f,<335335<f, <525525=f, =853 16.6=D/t<3030=D/t<5050=D/t=75



468

Table 3 Experimental data of the concrete-filled steel tube
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. AISC___EC4 Liuetal
Ref. D t oit fy oo Nep KM 9016)  (2004)  (2016)

(mm)  (mm) (MP2) — (MP)  (kN) v, /N eaiNexp/NeatNexp/NeatNexp/ Neat
Schneider et al. c1 141 3 47 285 28.2 881 103 110 08 080
(1998) c2 141 6.5 22 313 238 1344 0.99 1.05 0.78 0.69
CO4LB 300 45 67 389 283 3930 107 110 076 081
CO6LB 300 5.7 53 408 283 4630 105 112 075 080
CO8LB 300 7.7 39 392 283 5020 100 104 068 072
C12LB 300 11.9 25 355 283 6030 097 100 064 068
CO4MB 300 45 67 389 363 4640 107 113 081 086
CO6MB 300 5.7 53 408 33 5230 114 118 080 085
CO8MB 300 7.7 39 392 3.2 5940 107 111 075  0.79
Kato (1955)  C12MB 300 11.9 25 355 33 7370 109 112 073 078
CO6HB 300 5.7 53 408 841 8100 100 103 080 083
CO8HB 300 7.7 39 392 841 860 098 100 076 079
COAMF 200 48 42 447 1073 4310 097 095 076 076
COBMF 200 6 33 391 1073 4660 098 099 079  0.79
COOMF 200 8.4 24 371 1073 5670 110 109 085 084
COAMU 200 4.8 42 447 751 3360 096 093 072 072
CO6MU 200 6 33 391 751 3820 100 102 078 078
CO8MU 200 8.4 24 371 751 5050 118 119 089 087
4HN 150 4 38 280 287 1118 102 110 08 079
3MN 150 3.2 47 290 22 865 101 107 078 076
To”zilig;’;)a" 4MN 150 4 38 280 22 992 1.01 110 079 076
2LN 150 2 75 337 18.1 700 101 113 08 081
4LN 150 4 38 280 181 1100 121 131 093  0.89
H-30.L  101.6 2.9 34 377 59.9 921 111 121 101 092
H-302  101.6 2.9 34 377 59.9 921 111 121 101 092
H-30.3  101.6  2.96 34 377 59.9 901 106 119 100  0.90
H-50.1 1398  2.78 50 341 55 1323 106 115 093 001
H-502  139.8  2.78 50 341 55 1391 109 121 098 095
H-50.3 1398  2.78 50 341 55 1313 101 114 092  0.90
Saisho et al. H-60.1  139.8 237 59 463 509 1558 110 121 097 094
(1999) H-60.2 139.8 2.37 59 463 68 1577 1.03 1.13 0.92 0.89
H-60.3  139.8 237 59 463 68 1577 103 113 092  0.89
H-604 1398  2.37 59 463 68 1626 107 116 095 092
L-30.1 1016 296 34 377 244 676 116 129 105 091
L-30.2 1016 2.9 34 377 266 715 119 132 108 093
L-30.3 1016  2.99 34 377 28.2 715 116 130 106 092
L-50.1 1398  2.78 50 341 244 931 113 125 093 091

predictions show that Kim’s procedure predicts the ultimate
strength more accurately than the other methods. The
average ratio by Kim’s method is 1.09 with a standard
deviation of 0.08. AISC (2016) and EC4 (2004) show
average ratios of 1.16 and 0.88 with standard deviations of
0.10 and 0.11, respectively. That is, AISC (2016) may

underestimate the strength by approximately 16% on
average, but EC4 (2004) may overestimate the strength by
nearly 12% on average. Liu et al. (2016) show an average
ratio of 0.84 with a standard deviation of 0.09. This
indicates that the model by Liu ef al. (2016) can
overestimate the strength by more than 15% on average.



Ultimate compressive strength predictions of CFT considering the nonlinear Poisson effect 469
Table 3 Continued
., AISC EC4 Liuetal.
Ref D t bit fy foo  Newp  KImS' 5516 (2004)  (2016)
(mm)  (mm) (MP2)  (MP)  (kN) v /N iNep/NeatNewp/NeatNexp/ Neat
Sp1 159 5 32 390 36.6 2040 1.17 1.21 0.89 0.84
Sp2 319 7.9 40 358 475 7000 1.04 1.08 0.76 0.80
Sp3 165 2.8 59 363 483 1662 1.05 1.10 0.86 0.86
Han et al. (2001)
Sp4 204 6.1 33 389 22.9 2462 1.03 1.09 0.73 0.73
Sp5 204 6.3 32 405 29.9 2932 1.08 1.13 0.77 0.77
Sp6 121 3.7 33 295 21.1 695 0.99 1.07 0.81 0.72
H“a?gogé)a" CU-040 200 5 40 266 272 1694 094 102 072 074
C10A-2A-1 1014  3.02 34 371 22.3 660 1.17 1.30 1.05 0.91
C10A-2A-2 1019  3.07 33 371 22.3 649 1.13 1.26 1.02 0.87
C10A-2A-3 1018  3.05 33 371 22.3 682 1.15 1.33 1.08 0.92
Yama("z‘gg’z)“ Al ci0a3A1 1007 304 33 371 386 80 115 129 106  0.94
C10A-3A-2 1013  3.03 33 371 38.6 742 1.08 1.20 0.99 0.88
C10A-4A-1 1019  3.04 34 371 49.2 877 1.13 1.26 1.05 0.94
C10A-4A-2 1015  3.05 33 371 49.2 862 1.14 1.25 1.04 0.93
c3 1144 398 29 343 25.1 826 1.06 1.17 0.93 0.83
_ _ c4 1146  3.99 29 343 78.1 1308 1.02 1.14 0.95 0.89
G'a"O‘E;"Oe(;f) etal. 1149 491 23 365 279 1050 108 118 096 085
c8 115 4.92 23 365 87.7 1787 1.17 1.31 1.10 1.02
c9 115 5.02 23 365 47.4 1390 1.18 1.31 1.08 0.98
L-20-1 178 9 20 283 226 2120 0.97 1.11 0.81 0.82
L-20-2 178 9 20 283 226 2060 0.94 1.08 0.79 0.79
H-20-1 178 9 20 283 463 2720 1.02 1.16 0.87 0.89
H-20-2 178 9 20 283 463 2730 1.05 1.16 0.88 0.89
L-32-1 179 5.5 33 249 226 1410 0.98 1.12 0.80 0.82
Sakino and L-32-2 179 55 33 249 24.4 1560 1.06 1.20 0.86 0.88
Hayashi (2004a)  H-32-1 179 5.5 33 249 445 2080 1.07 1.21 0.93 0.94
H-32-2 179 55 33 249 445 2070 1.06 1.21 0.92 0.94
L-58-1 174 3 58 266 24.4 1220 1.14 1.28 0.95 0.97
L-58-2 174 3 58 266 24.4 1220 1.14 1.28 0.95 0.97
H-58-1 174 3 58 266 46.6 1640 1.04 1.16 0.93 0.94
H-58-2 174 3 58 266 46.6 1710 1.08 1.21 0.97 0.98
CC4A2 149 3 50 308 25.4 941 1.00 1.10 0.81 0.79
CC6A2 122 45 27 576 25.4 1509 1.22 1.17 0.94 0.75
Sakino and CC6A41 122 45 27 576 405 1657 1.18 1.14 0.91 0.75
Hayashi (2004b)  cceA42 122 45 27 576 40.5 1663 1.14 1.15 0.91 0.76
CC6A8 122 45 27 576 77 2100 1.12 1.13 0.93 0.80
CC6C2 239 45 53 507 25.4 3035 1.08 1.08 0.72 0.74

More detailed analyses of the better performance by Kim’s
method are presented in the next chapter.

5.2 Performance evaluation of the proposed
procedure

Fig. 9 presents a comparison of the ultimate strength
from various prediction models compared to the

experimental results. Figs. 9(a)-9(c) show the distribution of
Nexp/Neqr according to the compressive strength of
concrete. Kim’s procedure shows overall good agreement
with the experimental results in all ranges of the
compressive strength of concrete. The data distributions
from the yield strength of the steel tube and D/t are shown
in Figs. 9(d)-9(f) and in Figs. 9(g)-9(i), respectively. Kim’s
procedure shows ultimate strength outcomes similar to
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Table 3 Continued
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Kime  AISC EC4  Liuetal
Ref. D t oI Mf)F,) l\]/‘lcga Nkeﬁp (2016)  (2004) (1%016)
(mm) (mm) (MPa) ( ) (kN) Nexp /N, Nexp /N, Nexp /N.a1 / ;;Z l
CC6C4l 239 45 53 507 405 3583 104 104 073 075
CC6C8 239 45 53 507 77 5578 109 111 085  0.87
CC8A2 108 6.5 17 853 254 2275 115 108 102 064
CC8A42 108 6.5 17 853 405 2402 114 107 098 065
CC8A8 108 6.5 17 853 77 2713 109 105 095 068
_ ccsc2 222 6.5 34 843 254 4964 100 103 069 065
H aS;akslr?io (ggg sy CCBCAL 22 6.5 34 843 405 5638  1.00 105 071 0.9
ccsca2 222 6.5 34 843 405 5714 102 106 072 070
ccscs 222 6.5 34 843 77 7304 105 109 078 076
cc8D2 324 6.5 50 823 254 10045 125 134 082 087
ccsDal 324 6.5 50 823 411 11044 111 126 081  0.86
ccsD42 324 6.5 50 823 411 11044 117 126 081  0.86
cc8Ds 324 6.5 50 823 851 13849 105 114 080 084
sc-1 1564 3.8 41 342 305 1650 130 137 101 098
sc-2 1564 3.8 41 342 305 1710 134 142 105 101
sc-3 1564 3.8 41 342 305 1600 126 133 098 095
sc-4 1494 48 31 366 305 1600 115 119 087 081
sc-5 1494 48 31 366 305 1700 118 126 093  0.86
Li et al. (2005) sc-6 1494 48 31 366 305 1600 113 119 087 081
sc-7 1486 5.2 29 379 305 1800 121 125 092 085
sc-8 1486 5.2 29 379 305 1850 123 128 095  0.87
sc-9 1486 5.2 29 379 305 1700 113 118 087  0.80
sc-10 1464 6.3 23 360 305 2000 123 128 095  0.86
sc-11 1464 6.3 23 360 305 1950 120 125 093 084
sc-12 1464 6.3 23 360 305 2100 129 135 100  0.90
Average 1.09 1.16 0.88 0.84
Standard deviation 0.08 0.10 0.11 0.09

those in experiment results when 249MPa<f, <
525 MPa and 16.6 < D/t < 50.

However, Kim’s procedure tends to underestimate the
ultimate strength of the CFT compared to the experimental
results when the yield strength of the steel tube exceeds 525
MPa or when D/t is greater than 50 (in Figs. 9(f) and 9(i)).
This difference increases to nearly 20% in high-strength
specimens, which have ultimate strength levels what exceed
10000 kN. According to the experimental conditions above,
the yield strength of the steel tube is high, but the
confinement effect on the concrete is relatively weak
because the thickness of the steel tube is relatively thin.
When predicting the ultimate strength of a CFT, Kim’s
procedure superimposes the strength calculated from the
stresses of the two materials at the moment of concrete
failure or steel tube yield. Because the strength of concrete
is much lower than that of the steel tube in the above
conditions, the strength of concrete is the governing factor
when calculating the ultimate strength according to the
algorithm. In other words, in the case of a specimen with a

yield strength of 525 MPa or more, (a specimen with
considerably higher yield strength compared to the
compressive strength of concrete), the steel tube reaches the
yield strength long after the concrete has reached its failure.
In these cases, it can be considered that the steel tube can
actually take more of a load after concrete failure compared
to the strength as calculated by Kim’s procedure.
Nevertheless, even under these specific conditions, Kim’s
procedure provides a result closer to the ultimate strength in
the experimental results than the other prediction models.

In order to evaluate the accuracy of each prediction
model objectively, Ney,/Ncq;, RMSE, RMSLE, and R?
were calculated as a performance index. Table 4 shows a
performance index comparing the ultimate strength of a
CFT as obtained from Kim’s procedure, AISC (2016),
Eurocode 4 (2004), and the formula suggested by Liu et al.
(2016) with the experimental results. Table 5 shows the
average of each performance index for all test specimens.
All performance indexes show that Kim’s procedure has the
smallest differences from the experimental results compared
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Fig. 9 Distribution of the experimental data and calculated results

to the other models. According to the performance index of
Nexp/Near» Kim’s procedure and AISC (2016) tend to
underestimate the ultimate strength of CFT, and EC4 (2004)
and the method by Liu ez al. (2016) tend to overestimate
this measure. AISC (2016) greatly underestimates the
ultimate strength because it cannot sufficiently consider the
confinement effect on the concrete. Although Eurocode 4
(2004) considers the confinement effect on the concrete
using the strength factor, the ultimate strength of the
composite section is overestimated because this method
assumes that the steel tube behaves in an elastic region until
the maximum compressive strain of the concrete.

Regarding the RMSE and RMSLE results, which can
directly compare the absolute deviation of the prediction
results, Kim’s procedure shows the best results among the
prediction models. Kims' procedure is possible to accurately

calculate the ultimate strength of CFT because it considers
the confinement effect and the non-linear Poisson’s ratio of
the concrete appropriately. In addition, the high reliability
of proposed process compared to other prediction models
suggests that the above factors should be considered in
detail for each load level..

6. Conclusions

In this study, in order to predict the composite structural
behavior of a circular CFT under multiaxial stress
accurately, a procedure that estimates the ultimate
compressive strength of a CFT considering the confinement
effect and the nonlinear Poisson’s ratio of concrete is
proposed. The failure stress of a biaxial interaction diagram
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Table 4 Comparison of performance indexes from each prediction model

Compressive strength Yield strength Diameter thickness ratio
Performance ., AISC  EC4 ;aul Kime AISC (20 EC4 ;‘a“l Kims AISC (20 EC4 ;‘;}
index (2016)  (2004) e 16)  004) e 16)  004)  oie
fer <30MPa fy <335MPa D/t <30
Nexp/Near 1.07 1.16 0.86 0.81 1.04 117 0.88 0.95 1.12 1.16 0.91 0.81
RMSE 358 463 993 914 96 260 278 319 307 331 899 913
RMSLE 0.04 0.07 0.09 0.11 0.03 0.08 0.07 0.09 0.06 0.07 0.07 0.10
R? 0.979 0.974 0.979 0.965 0.978 0.973 0.952 0.931 0.984 0.989 0.966 0.974
30 MPa< f,,,< 50 Mpa 335 MPa< f,< 525 MPa 30 <D/t <50
Nexp/Near 1.13 1.20 0.90 0.84 1.10 1.17 0.90 0.86 1.09 117 0.88 0.86
RMSE 416 647 1081 1044 256 335 1057 876 173 290 1054 977
RMSLE 0.06 0.09 0.07 0.09 0.05 0.08 0.08 0.08 0.05 0.08 0.09 0.08
R? 0.993 0.986 0.991 0.988 0.992  0.990 0.985 0.988 0.996 0.992 0.991 0.984
50 MPa < fu 525 MPa < f, 50 < D/t
Nexp/Near 1.06 1.12 0.89 0.87 1.1 1.12 0.84 0.75 1.08 1.16 0.86 0.86
RMSE 283 451 1201 960 769 1075 1708 1752 587 903 1274 1116
RMSLE 0.03 0.06 0.07 0.07 0.05 0.06 0.10 0.13 0.04 0.07 0.08 0.08
R? 0995 0990 0995 0997 0987 0982 0990 0982 0992 0987  0.997  0.992
Table 5 Performance index average
A and N; is determined as the ultimate compressive strength
verage .
Performance i of the CFT. To evaluate the results of Kim’s procedure,
index Kims’ AISC EC4 et al various experimental results and the prediction models by
(2016)  (2004) (2016) AISC (2016) and Eurocode 4 (2004) are compared.
Performance indexes are used to evaluate the accuracy of
N, N 1.09 1.16 0.88 0.84 .. .
exp/Near the prediction models. The ultimate strength of the CFT by
RMSE 365 528 1061 987 Kim’s procedure is underestimated by about 9% on average
RMSLE 0.05 0.07 0.08 0.09 compared to the experimental results. The RMSE and
R2 0.989 0.983 0.989 0.984 RMSLE outcomes according to Kim’s procedure are 365

of concrete and the von-Mises failure yield criterion were
used to consider multi-dimensional stresses acting on the
concrete and the steel tube, respectively. The proposed
procedure, referred to as Kim’s procedure, and the
corresponding steps are as follows. The procedure initially
computed the axial strain (g,) of concrete when v, = v,
with the strain slightly increased. The Poisson’s ratio,
confining the stress on the concrete and the stresses of the
steel tube, is calculated at the given strain. Then, the
combined stress of the steel tube is calculated by the von-
Mises stress formula to check if the steel tube reaches the
yield criterion. Once the combined stress of the steel tube is
determined, the confining stress on the concrete is
determined and the maximum confined strength and strain
of the concrete is calculated by Mander’s formula. The
combined stress of the concrete is then calculated to check
if the concrete reaches the failure criterion. If the combined
stress of concrete reaches the failure criterion or the
combined stress of the steel tube reaches the yield criterion,
the compressive strength of the CFT is computed based on
the superposition of the axial strengths of the concrete and
steel tube. When the calculated compressive strength of the
CFT (N;) is less than or equal to N;_,, the loop is stopped

and 0.05, respectively. These evaluation values show that
Kim’s procedure has higher accuracy and greater reliability
than the other prediction models tested here. However,
when the strength of confined concrete is significantly
lower than that of the steel tube, the differences between
Kim’s procedure and the experimental results increase to
nearly approximately 20%. An improved model considering
the difference in the strength between the steel tube and
concrete should be addressed in an upcoming study.
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