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The flexural strength of the concrete-filled steel tube (CFST) composite girder was investigated in this study.
Firstly, simple equations to evaluate the flexural strength of the CFST composite girder under both positive and
negative bending moment were derived based on the plastic stress distribution method (PSDM). A series of
tests was then conducted to verify the accuracy of the proposed equation, and to investigate the effect of internal
shear connectors between the steel tube and concrete infill. Further, non-linear finite element analysis for each
test specimen was performed to demonstrate the failure mechanism, and to set up the verified finite element
analysis model. From the results, it was found that the proposed equations provided a reasonably conservative
prediction of the flexural strength of the CFST composite girder under both positive and negative bending mo-
ment, and the effect of internal shear connectors between the steel tube and concrete infill on the flexural
strength was negligible. A series of parametric studies was performed to investigate the effect of the D/t ratio,
compressive strength of the concrete infill, and local buckling of the steel tube on the flexural strength of the
CFST composite girder. Finally, some design considerations are noted based on the results of the parametric
study.

© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction

The concrete-filled steel tube (CFST) is a composite member that
consists of steel tube and concrete infill. The major benefit of the CFST
is that the concrete infill is confined by the tube resulting in a tri-axial
state of compression that increases the strength and strain capacity of
the concrete [1,2]. In particular, when subjected to cyclic axial or
flexural loading conditions, the crushed concrete remains confined
within the steel tube, providing high ductility and energy dissipation
with delayed degradation of resistance [3,4]. Furthermore, the concrete
infill restrains buckling deformation of the tube, and leads to an increase
in buckling strength [5]. To take these benefits, CFSTs have been widely
used as building columns and bridge piers, where the major loading is
axial compression. Recently, the applications of the CFST have been ex-
tended to the superstructure of bridges.

Chen and Wang [6] reported that CFST arch bridges have been built
more than 200 since 1990 in China, and the CFST bridges become a good
alternative to reinforced concrete bridges or steel bridges due to the
structural advantages and artistic appearance of the CFST. Recently,
CFSTs have also been used as parts of a girder to adopt the ability to
.

provide strength, ductility, constructability and aesthetic [7–11], and
the CFST composite girder system was first proposed by Nakamura et
al. [7].

Fig. 1 shows a typical CFST composite girder. The CFST composite
girder consists of CFST and concrete slabs, and these are connected
with mechanical shear connectors. By replacing the conventional I-
girder with a CFST, the noise and vibration induced by cars or trains,
which are the major disadvantages of a conventional steel I-girder
bridge, can be reduced [9]. And it can also be expected that the local
and global instability resistance of the bridge increases by using CFSTs.
In the construction of the CFST composite bridge, steel tubes are pro-
duced at steel mill, thus little fabrication is required to make them
bridge girders, and the steel tube serves as a formwork so that the
labor associated with formwork can be reduced [6,9–11]. Therefore,
the CFST composite girder could be economical compared with conven-
tional welded plate girders.

Despite these benefits, the use of CFSTs in girder bridge systems has
been limited since design methods for CFST composite girders are not
yet well established. Design provisions for CFST components are avail-
able in some design codes such as AISC [12]. Further, many studies
[5,13–18] have been conducted to investigate the flexural behavior of
CFST components. However, there are clear differences between a
CFST component and a CFST composite girder. For example, a concrete
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Fig. 1. Typical CFST composite girder: (a) Schematic view of CFST composite girder, and (b) Construction example.
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slab is connected to a CFST with mechanical shear connectors, and it
should be considered to evaluate the flexural strength of such a girder.
The major loading of a CFST composite girder is bending moment, and
the D/t ratio is an important parameter that affects the flexural behavior
of the CFST composite girder, where D is the outer diameter of the steel
tube, and t is the thickness of the steel tube. A low D/t ratio may result in
brittle failure in the concrete slab of a CFST composite girder, since the re-
inforcement ratioof aCFST composite girder increaseswithdecreasingD/t
ratio. Thus, it is important to thoroughly understand the flexural behavior
of the CFST composite girder considering these key parameters.

In this study, the flexural strength of the CFST composite girder was
investigated. Simple equations to evaluate the flexural strength of the
CFST composite girder were proposed for both positive and negative
bending. The experimental study was then performed to examine the
validation of the proposed equations. Also, the effect of internal shear
connectors between the steel tube and concrete infill on the flexural
strength of such girder was investigated through a series of tests. Finite
element analysis was conducted for each test specimen to demonstrate
the strain distribution of test specimens in depth, and to develop the
verified finite element analysis model for parametric study. A series of
parametric studies was conducted to investigate the effects of the D/t
ratio, compressive strength of the concrete infill, and local buckling of
the steel tube on the flexural strength of the CFST composite girder.
Finally, some design considerations are discussed based on the results
of this parametric study.

2. Simplified equation to predict the flexural strength of a CFST
composite girder

The AISC design code [12] provides two different methods to
evaluate the strength of a composite section: (1) the plastic stress
distribution method (PSDM), and (2) the strain compatibility method
(SCM). The PSDM assumes that the steel part reaches full yield stress,
fy, in either tension or compression at the ultimate state, while the
concrete part in compression achieves a stress of 0.95 fc' for a circular
CFST, where fc' is the compressive strength of concrete, and the contri-
bution of the concrete in the tension part is neglected. In the case of
the SCM, a linear distribution of strains across the section is assumed
for the ultimate state with the maximum concrete compressive strain
of 0.003. Although a computational procedure of the ultimate strength
by the SCM is generally more complicated than the PSDM, it was re-
ported that the PSDMprovides a reliable and simplemethod to estimate
theflexural strength of the CFST [13]. Thus, the PSDMwas used to derive
the equations to predict the flexural strength of the CFST composite
girder in this study.

Fig. 2 shows the plastic stress distribution of a CFST composite girder
under positive bendingmoment for various locations of the plastic neu-
tral axis (PNA). The PNA is located in concrete slab, steel tube, and con-
crete infill for case 1, 2, and 3, respectively. It should be noted that the
reduction factor for the compressive strength of concrete is adopted as
0.95 and 0.85 for the concrete infill and concrete slab, respectively,
according to AISC [12]. In Fig. 2, be is the effective width of the slab, d
is the depth of the reinforcing bar, a is the depth of the compressive con-
crete stress block, tc is the thickness of the slab, hr is the gap between the
slab and CFST, ri is the inner radius of the tube, rm is the mean radius of
the tube, R is the outer radius of the tube, t is the thickness of the tube, y2
is the distance from the top of CFST to the compressive force of the slab,
Gd is the distance from the center of the CFST to the reinforcing bar, y is
the distance from the top of the CFST to the PNA, Gs is the distance from
the center of the CFST to the centroid of the compression zone of the
tube, Gi is the distance from the center of the CFST to the centroid of
the compression zone of the concrete infill, fcc’ is the compressive
strength of the concrete slab, fci’ is the compressive strength of the con-
crete infill, fy is the yield stress of the steel tube, Cc is the compressive
force of the slab, Cs is the compressive force of the tube, Ci is the com-
pressive force of the concrete infill, Fr is the compressive force in the re-
inforcing bar, T is the tensile force of the tube, and Py is the yield force of
the whole section of the tube.

By assuming the plastic stress distribution shown in Fig. 2, the flex-
ural strength of the CFST composite girder,Mu, under positive bending
moment can be simply obtained as follows:

Case1 : Mu ¼ Cc Rþ yc−0:5að Þ að Þ
Case2 : Mu ¼ Cc y2 þ R−Gsð Þ þ PyGs þ Fr Gd−Gsð Þ bð Þ
Case3 : Mu ¼ Cc y2 þ Rð Þ þ 2CsGs þ CiGi þ FrGd cð Þ

ð1Þ

The complete form of the proposed Eq. (1) is shown in appendix I. It
should be noted that the contribution of the reinforcing bar on the flex-
ural strength was neglected for case 1, since the distance between the
reinforcing bar and the PNA is negligibly small compared with the
other dimensions. It is also noted that the location of the PNA should
be evaluated first to apply Eq. (1). The location of the PNA can be calcu-
lated from the force equilibrium of the section (i.e. the axial force acting
on the section is equal to zero).

In the case of the CFST composite girder under negative bendingmo-
ment, the whole section of the slab is subjected to tension, and it is
neglected. Further, it is assumed that the PNA locates in the concrete
infill. Thus, Mu can be obtained by modifying Eq. (1-c), where Cc in Eq.
(1-c) is equal to zero. As a result, Mu in the negative moment region is
given by.

Mu ¼ 2CsGs þ CiGi þ FrGd: ð2Þ

The complete form of the proposed Eq. (2) is also shown in
appendix I.

3. Experimental study

3.1. Objectives of the experimental study

A series of experimental studies was conducted for two different ob-
jectives. The first one was to examine the validation of the proposed



Fig. 2. Plastic stress distribution for various locations of PNA: (a) case 1 (PNA in the slab), (b) case 2 (PNA in the steel tube), and (c) case 3 (PNA in the concrete infill).
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equations. The second objective was to investigate the effect of internal
shear connectors on the flexural strength of the CFST composite girder.
Internal shear connectors between the steel tube and concrete infill are
often used to enhance the composite action between the steel tube and
concrete infill. However, the concrete infill of the CFST composite girder
mostly undergoes tension, and it is expected that the concrete infill may
not affect the flexural strength of the CFST composite girder signifi-
cantly, even though it is helpful to retain the original cross section
shape under lateral loading. For these objectives, three large-scale
CFST composite girder specimens were constructed and tested.

3.2. Description of specimens and test setup

Fig. 3 shows the dimensions of the three test specimens (SC-P, FC-P,
and FC-N). All test specimens had the sameprofiles of CFST and concrete
slab. The dimensions were determined based on the profiles of existing
bridges with CFST composite girder constructed in Japan & South Korea
and the specimens tested by previous researcher [11], as shown in
Table 1. In Table1, be represents the effective width of the slab. The
outer diameter of the CFST was 355.6 mm, which is the same with the
test specimen of Yoshida et al. [11], and the thickness of the tube was
4.5 mm. This results in a D/t ratio of 79, which is equivalent to a rein-
forcement ratio ρ of 5%. From Table 1, it can be seen that the ratio be-
tween the width of the slab and the diameter of the steel tube varies
from 1.7 to 1.9. For thickness of the slab / diameter of the steel tube
ratio, it ranges from 0.19 to 0.28. Based on these values, width of the
slab / diameter of the steel tube ratio and thickness of the slab / diameter
of the steel tube ratio were determined as 2 and 0.25 for the test speci-
mens, respectively. Therefore the width and thickness of the concrete
slab were 700mm and 90mm, respectively.

Positive bending moment was applied to SC-P and FC-P specimens,
while FC-N was subjected to negative bending moment. Internal shear
connectors were installed between the steel tube and concrete infill
for the SC-P specimen, while they were not for the other
specimens (FC-P & FC-N). Generally, the condition of full shear connec-
tion for the composite girder can be satisfied if the nominal shear
strength of shear connectors, ∑Qn, is larger than the minimum of Pc
(= 0.85fcc'Ac) and Pt (= Asfy), where Pc is the axial strength of the



Fig. 3. Profiles of test specimens (unit: mm).

Table 1
Profiles of existing bridges with CFST composite girder and specimens tested by previous researchers.

Name of bridge or researchers Slab (mm) Steel tube (mm) D/t fc' (MPa) fy (MPa)

be thick. dia. thick. slab infill

Samil 1 bridge (S. Korea) 1900 240 1000 16–28 56.7–60.6 27 27 460
Hokurikudo over bridge (Japan) 2500 250 1320 22 60 35 5–27 500
Yoshida et al. (2001) [11] 600 100 355.6 6.4 56 40 40 345
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concrete slab and Pt is that of the steel element. It should be noted that
sufficient shear connectors between the concrete slab and CFST were
installed to ensure full composite action according to AASHTO [19] for
all specimens. The diameter and length of the shear connecter were
13 mm and 52 mm, respectively. The ultimate tensile strength of the
shear connector was 420 MPa. The measured yield stress of the steel
tube was 244.1 MPa, and the measured compressive strength of the
concrete infill and slab were 40.9 and 24.4 MPa, respectively.

The test setup used in this study is shown in Fig. 4. A concentrated
load was applied at the mid-span of the test specimens, where the
girder was simply supported with a span of 3850 mm. A linear variable
displacement transducer (LVDT) was placed at mid-span to measure
vertical deflection, and strain gages were attached on the surface of
the steel tube and reinforcing bars to measure strain data, as shown in
Fig. 5.

3.3. Test results (SC-P & FC-P specimens)

The relationships between the normalized moment and deflection
for the SC-P and FC-P specimens are shown in Fig. 6. In Fig. 6, normalized
deflection, defined as the mid-span deflection divided by half span of
the girder is plotted on the x axis while the y axis is plotted, the applied
moment normalized by the flexural strength from the PSDM, Mu,PSDM,
obtained from Eq. (1). Myb, Mym, and Myt in Fig. 6 are moments corre-
sponding to yielding of the bottom, mid-height and top of the steel
tube, respectively.
Fig. 4. Test setup: (a) for the SC-P and FC-P sp
From the results, it was seen that the stiffness was considerably re-
ducedwhen the bottom of the steel tube yielded (Myb), and the flexural
strengthMu,testwas very close toMyt, for both SC-P and FC-P specimens.
In addition, the relationships between the normalized moment and
deflection for the SC-P and FC-P specimens are almost identical, and
the effect of internal shear connectors between the steel tube and
concrete infill on the flexural strength was insignificant for the CFST
composite girder under positive bendingmoment. From the test results,
flexural strength obtained from the test,Mu,test, was observed at around
2.5% normalized deflection for both specimens. Mu,test were 372.772
kN∙m and 376.222 kN∙m for the SC-P and FC-P specimens, respectively.
The theoretical strength of the test specimens is 277.386 kN∙m for both
the SC-P and FC-P specimens, since the effect of the internal shear stud is
not considered in the proposed equations. The proposed equations
underestimated theflexural strength of SC-P and FC-P by approximately
25.6% and 26.3%, respectively. It should be noted that the theoretical
strength of the CFST alone without the concrete slab is calculated as
174.689 kN∙m for the test CFST section. Thus, there are 58.79% flexural
strength increase comparing to the theoretical strength of the CFST
composite girder, and the contribution of the concrete slab to the flex-
ural strength is significant.

Figs. 7 and 8 show the strain and stress distributions at 2.5% normal-
ized deflection for the SC-P and FC-P specimens, respectively. From
these strain distributions obtained from the test (Figs. 7 (a) and 8 (a)),
it can be seen that the strain at the bottom and the top of the steel
tube exceeded the yield strain, εy (εy =0.001357). On the other hand,
ecimens, and (b) for the FC-N specimen.
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Fig. 6. Normalized moment-deflection relationship for the SC-P and FC-P specimens.
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the strains of the reinforcing bar and concrete surfacewere smaller than
those of the steel tube. Further, a discontinuity in strain distributionwas
observed at the interface between the steel tube and concrete slab. This
is attributed to the slip at the interface, and it implies that the test spec-
imens (SC-P & FC-P) showed partial interaction behaviors. During the
test, there is no shear stud failure. However, the cracks and slip between
the CFST tube and concrete slab was observed. Fig. 9 shows the slip and
cracks at the end of the specimen after test.
Fig. 7. Strain & Stress distribution of the SC-P specimen at 2.5% normal
Even though the discontinuity in strain distribution was observed,
the PSDM is still available, since the whole concrete slab undergoes
compression, and there is only oneneutral axis in the composite section.
Generally, full shear connection can be ensured regardless of the degree
of interaction, when there is one neutral axis on the composite section
according to Oehlers & Bradford [20]. Clearly, the SCM may not be ap-
propriate to evaluate the flexural strength of the composite girder
with a partial interaction system due to the discontinuous strain distri-
bution. The effect of the degree of interaction on the flexural strength for
the test specimen will be discussed in Section 4.

Based on the strain distributions shown in Figs. 7 (a) and 8 (a), the
stress distributions were obtained, as shown in Figs. 7 (b) and 8 (b),
for the SC-P and FC-P specimens. The dashed lines in Figs. 7 (b) and 8
(b) represents the idealized plastic stress distributions from the PSDM.
It is noted that the uniaxial stress-strain relationship obtained from
thematerial testwasused to convert the strain distribution to stress dis-
tribution for simplicity. The stress near the neutral axis (NA) didn't
reach fy, while the stress of the steel tube in tension region was larger
than fy due to strain hardening, as shown in Figs. 7 (b) and 8 (b). How-
ever, the overall stress distribution obtained from the test was similar to
that from the PSDM. In addition, the effect of internal shear connectors
between the steel tube and concrete slab on the strain and stress distri-
bution was negligible. The flexural strengths were calculated, based on
the stress distributions obtained from the tests shown in Figs. 7 (b)
and 8 (b). The calculated flexural strengths were 309.33 kN∙m and
296.06 kN∙m for SC-P and FC-P specimens, respectively. These values
are approximately 10% higher than that from the PSDM. This resulted
from the strain hardening and increased moment arm. However, these
predicted values are still 20% smaller than the flexural strengths ob-
tained from the moment- deflection relationship (Mu from the tests
were 372.772 kN∙m and 376.222 kN∙m for SC-P and FC-P specimens, re-
spectively). This discrepancy may be caused by the multi-axial effects
on the stress and the confinement effects near the loading point were
neglected when the strain distribution was converted into stress
distribution.

The crack patterns of concrete infill for the SC-P and FC-P specimens
were documented after testing by removing the steel tube, as shown in
Fig. 10. The whole section of concrete infill was cracked for both test
specimens. This means that most of the concrete infill undergoes ten-
sion, and it has insignificant effects on the flexural behavior. In the
case of the SC-P specimen, major cracks were developed at the point
of the internal shear connectors, while uniformly distributed light hair-
line crackswere observed in the FC-P specimen. Taken as awhole, it can
be found that the internal shear connectors between the concrete slab
and concrete infill have insignificant effect on the flexural strength,
strain and stress distribution, while they affect the cracking pattern of
the concrete infill when most concrete infill experiences tension.
ized deflection: (a) strain distribution, and (b) stress distribution.



Fig. 8. Strain & Stress distribution of the FC-P specimen at 2.5% normalized deflection: (a) strain distribution, and (b) stress distribution.
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3.4. Test results (FC-N specimen)

Fig. 11 shows the relationship between the normalizedmoment and
deflection of the FC-N specimen. In Fig. 11, Myr is the moment corre-
sponding to yielding of the rebar, and Mlb represents the moment
when local buckling occurs. The Mu,test observed around at 6% normal-
ized deflection, and the Mu,test was 328.01 kN∙m. The theoretical
strength from the proposed equation was 251.12 kN∙m, and the pro-
posed equation underestimated the test results by approximately
23.4%. As mentioned before, the theoretical strength of the CFST alone
is 174.689 kN∙mfor the test CFST section. Thus, for the negative bending,
the contribution of the concrete slab to the theoretical flexural strength
is approximately 43.75% for the tested composite section. It is smaller
than the positive bending case, but still the effect of the concrete slab
on the flexural strength is significant.

Local buckling was observed near the loading region at around 3%
normalized deflection, as shown in Fig. 12. At 3% normalized deflection,
the whole section of steel tube yielded, as shown in Fig. 11. Thus, this
local buckling was caused by the yielding of the top surface of the
steel tube. Even though local bucking was observed at 3% normalized
deflection, the moment resistance was continuously increased up to
6% normalized deflection, and the specimen shows ductile behavior,
as show in Fig. 11.

Fig. 13 (a) shows the strain distributions at 0.8% and 6% normalized
deflection of the FC-N specimen. The strain distributions were almost
linear without any discontinuity at both 0.8% and 6% normalized deflec-
tions. Fig. 13 (b) represents the stress distribution of the FC-N specimen
at 6%normalized deflection,whichwas converted from the strain distri-
bution shown in Fig. 13 (a) by using the uniaxial stress-strain relation-
ship obtained from the material tests. The stress distribution obtained
from the test was very close to that from the PSDM except for the strain
hardening effect. This is because the strain distribution was almost
Fig. 9. Slip and cracks at the end of the test specimen (FC-P, After test).
linear without any discontinuity. Further, there is slip between the
CFST tube and the concrete slab and cracks were not observed at the
end of the test specimen during the test, as shown in Fig. 14. The mo-
ment resistance calculated from the stress distribution was 275.72
kN∙m, and it was 9.8% more conservative than that from the PSDM.

Similarly to the positive bending test specimens, crack patternswere
observed for the FC-N specimen, as shown in Fig. 15. Flexural cracks
were observed up to the neutral axis, and the concrete parts at the
local buckling regionwere crushed, since the confinement effect cannot
be expected in a buckled region.
4. Finite element analysis of the CFT composite girder for test
specimens

4.1. Description of the finite element model

Finite element analyses were conducted for each test specimen to
investigate the strain distribution in depth, and to set up the verified fi-
nite element model for parametric study. Several researchers have con-
ducted finite element analysis to investigate the behavior of the CFST
component, and most of them use the empirically established confined
constitutive law for the concrete infill [1,2,21]. In this study, the confine-
ment effect was directly modeled by using the stress-strain relationship
of un-confined concrete, and the GAP element provided by ABAQUS
[22]. This approach was previously used by Moon et al. [5], and the
model was verified under various loading conditions. The GAP element
in ABAUQS [22] has no tensile resistance so that separation of two nodes
can bemodeled, while it prevents penetration of the node into the adja-
cent one. Thus, the compression developed in theGAP element provides
the confinement stress to the concrete infill. Also, a friction coefficient
can be assigned to the GAP element, and it provides the shear stress
that is needed to develop the composite action between the steel tube
and concrete infill.

Fig. 16 shows the typical finite element analysis model for the CFST
composite girder used in this study. A quarter model was used to save
computing time. An 8-node continuum element with reduced integra-
tion was used to model the concrete infill and slab. A 2-node truss and
4-node shell element were adopted for the reinforcing bar and steel
tube, respectively. To simulate the internal and external shear connec-
tors, 3-dimensional non-linear spring elements were used. Also, a GAP
element was used to simulate the interface between the steel tube
and concrete infill, as mentioned before. Baltay & Gjelsvik [23] reported
that the friction coefficient between the steel and concrete varies from
0.3 to 0.6. A series of parametric studies was performed to determine
the proper friction coefficient. Friction coefficients of 0.47 and 0.6 gave
a best match with the positive and negative bending moment test re-
sults, respectively, and these values were used in this study.



Fig. 10. Crack pattern of the concrete infill: (a) SC-P specimen; and (b) FC-P specimen.

Fig. 11. Normalized moment-deflection relationship for the FC-N specimen.
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The un-confined uniaxial compressive stress-strain curve was as-
sumed to follow a parabolic curve, and it is given by.

f c ¼ f c
0

2
εc
εc

0 −
εc
εc

0

� �2
( )

: ð3Þ

where, fc’ is the compressive strength of concrete, and εc’ is the strain
corresponding to fc’. εc’ was taken as 0.003 in this study. For the tensile
behavior of the concrete, the tension softening model proposed by
Hsu & Mo [24] was adopted, and the model is given by.

f c ¼ Ecεc að Þ
f c ¼ f cr εcr=εcð Þ0:4 bð Þ ð4Þ

where, Ec is the young'smodulus of the concrete, fcr is the cracking stress
of the concrete, and εcr is the cracking strain of the concrete. To simulate
the inelastic behavior of the concrete, a damaged concrete plasticity
Fig. 12. Local buckling of the steel tube.
model [22] was used. For this model, the dilation angle is an important
parameter that governs the inelastic behavior of the concrete. 20 and 31
degree of dilation angles were used for the concrete infill and concrete
slab, respectively, based on the results of a previous researcher [5]. In
the case of steel tube, the measured stress-strain curve was used for
the analysis.

The behavior of embedded rebar is quite different from that of bare
rebar. The major difference is the lowering of yield stress due to stress
concentration in the rebar around the crack. To simulate this behavior,
the average stress-strain relationship of embedded rebar proposed by
Hsu & Mo [24] was used. The mathematical expression of this relation-
ship is as follows:

f s ¼ Esεs when εs ≤εy
0

að Þ
f s ¼ 0:91−2Bð Þ f y þ 0:2þ 0:25Bð ÞEsεs when εsNεy

0
bð Þ ð5Þ

in which,

εy
0 ¼ f y

0
=Es; f y

0 ¼ 0:93−2Bð Þ f y að Þ
B ¼ 1=ρ f cr= f y

� �1:5
when ρ≥0:15% bð Þ

ð6Þ

The stiffness and strength of the shear connector is one of the impor-
tant parameters that affect the behavior of composite structure. In this
study, a parametric study was conducted to determine the proper
model of the load-slip relationship for the CFST composite girder. The
load-slip relationship of the shear connector proposed by Oehler &
Coughlan [25] and Shima & Watanabe [26], shown in Fig. 17, were
examined. A series of the finite element analyses was conducted for
the test specimens with these two models. From the analysis results,
the finite element analysis model with the load-slip curve of Shima &
Watanabe [26] shows the better correlation with the test results, and
it was adopted in this study. The load-slip relationship model proposed
by Shima & Watanabe [26] is given by.

Ps ¼ Pu 1−e−αδ=ds
� �2:5

; α ¼ 11:5 1:1 γ−1ð Þ2 þ 1
n o

f c
0
=30 ð7Þ

where Ps is the shear force acting on the connector, Pu is the shear
strength of one shear connector, δ is the slip, ds is the diameter of the
shear connector, fc’ is the compressive strength of concrete (MPa), and
γ is obtained from.

γ ¼ Ass f su

31Ass

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f c

0
hs=ds

q
þ 10000

ð8Þ

In Eq. (8), Ass is the cross-sectional area of a shear connector (mm2),
fsu is the tensile strength of the shear connector (MPa), and hs is the
height of the shear connector.



Fig. 13. Strain & Stress distribution of the FC-N specimen: (a) strain distribution at 0.8% and 6% normalized deflection, and (b) stress distribution at 6% normalized deflection.

Fig. 14. Slip and cracks at the end of the test specimen (FC-N, Final stage).

Fig. 16. FE model for the CFST composite girder.
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The load and boundary conditions are shown in Fig. 18. The x-y plane
at the mid-span of the model was restrained in the z direction, and the
y-z plane at the center of the model was constrained in the x direction
considering symmetry. Displacement loads were applied at the mid-
span,where the loadwas applied at the top of the concrete slab and bot-
tom of the steel tube for the positive and negative bending test model,
respectively. The ends of the analysis models were constrained in the
y direction, as shown in Fig. 18, where the bottom of the steel tube
and the top of the concrete slab were constrained for the positive and
negative bending test models, respectively.
4.2. Verification of the FE model, and discussion of the analysis results

Fig. 19 provides a comparison of the analysis results with the test.
The x and y axes in Figs. 19 (a)–(c) represent the normalized deflection
Fig. 15. Crack pattern of the concrete infill of the FC-N specimen.
and normalized moment, respectively. The analysis results agree well
with the test for all specimens. From the analysis results, the finite ele-
ment models underestimated the flexural strength of the SC-P, FC-P,
and FC-N specimen by 7%, 8%, and 10%, respectively. It is noted that
the applied load dropped at about 1.5% normalized deflection for the
analysis results of CFST composite girder under positive bending mo-
ment (SC-P and FC-P specimen). This is because large cracks were de-
veloped between the steel tube and concrete slab during the analysis,
and tensile stress decreased dramatically in this region during the
analysis.

To investigate the effect of the degree of interaction between the
CFST and concrete slab on thebehavior of theCFST composite girder, ad-
ditional finite element analyseswere performed for FC-P specimen. Two
different interface models were used to simulate the degree of the
Fig. 17. Load-slip relationship curve proposed by previous researchers [25,26].



Fig. 18. Load and boundary conditions for the FE model: (a) Positive bending model; and (b) Negative bending model.
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interaction. First interface model between the CFST and concrete slab
was a 3 dimensional nonlinear spring model, where load-slip equation
proposed by Shima & Watanabe [26] was applied (i.e. the first model
is partial interaction model). The other one is a full interaction model
so that all slip between the CFST and concrete slab is not permitted.
The comparison results of analysis results with the test are shown in
Fig. 18. From Fig. 20, it can be seen that the stiffness of the analysis
modelwith the full interactionmodel is slightly higher than that of anal-
ysis model with the partial interaction model. However, the difference
of the flexural strength between these two models is only 0.6%, and all
analysis models agree well with the test results. As a result, the effect
of the degree of interaction between the CFST and concrete slab was
negligible for FC-P specimen, since the test specimen satisfies the condi-
tion of the full shear connection.
Fig. 19. Comparison of analysis results with test: (a) SC-P s
Figs. 21 (a) and (b) show the strain distributions in the mid-span
along the height for the FC-P specimen (at 1.55% normalized deflection)
and FC-N specimen (at 5.6% normalized deflection), respectively. The
circles in Fig. 21 represent the test results, while the solid and dashed
lines represent the strain in the steel tube and the concrete obtained
from the analysis, respectively. The strain distributions obtained from
the finite element analysis agrees well with those from the test, as
shown in Fig. 21. Further, the location of NA obtained from the finite el-
ement analysis was also almost identical with that of the test results.

The crack patterns obtained from the finite element analyses were
then compared with that from the test, as shown in Fig. 22. In the anal-
ysis, it is assumed that a crack is formed at the point that themaximum
plastic principle strain is larger than zero [22]. From the results, the
analysis results compared well with the test, as shown in Fig. 22. In
pecimen; (b) FC-P specimen; and (c) FC-N specimen.



Fig. 20. Comparison of analysis results depending on the degree of interaction (FC-P).

Fig. 22. Comparison of the crack pattern with test (FC-P specimen).
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summary, the developed finite element analysis model provided rea-
sonable prediction of global (ex. moment-deflection relationship) and
local (ex. strain distribution and crack pattern) responses of the CFST
composite girder.

5. Parametric study and design consideration of the CFST composite
girder

5.1. Description of models for parametric study

A series of parametric studieswas conducted to investigate the effect
of the D/t ratio, compressive strength of concrete infill, and local buck-
ling of the tube (for negative bendingmoment) on the flexural strength
of the CFST composite girder herein. These parameterswere selected for
the following reasons: (1) the steel tube in a CFST composite girder acts
like a reinforcing bar in a reinforced concrete girder. The D/t ratio is
Fig. 21. Comparison of strain distributionwith test: (a) the FC-P specimen; and (b) the FC-
N specimen.
directly associated with the reinforcement ratio, and it affects the flex-
ural behavior of the CFST composite girder. For example, a small D/t
ratio may lead to brittle failure of the girder that is not desirable, since
the concrete slab could be crushed before yielding of the steel tube
due to an excessive amount of steel. (2) It is expected that the compres-
sive strength of concrete infill may have an insignificant effect on the
flexural strength of a CFST composite girder under positive bending,
since the PNA may locate near the concrete slab due to the increased
compression area that is added by the slab. Thus, it could be economical
if the concrete infill could be replaced by low strength concrete, because
the cost of the concrete is generally proportional to the strength. (3) For
a CFST composite girder under negative bending, local buckling of the
steel tube may occur, and it could affect the flexural strength of the
CFST girder. Thus, it needs to be investigated.

The basic dimensions of the finite element models for parametric
study were adopted to reflect the existing CFST composite girders. An
outer diameter of 1000 mm and D/t ratio of 50–60 are commonly used
in practice in South Korea. The effective width of the slab is usually de-
signed as to be 1.5–2 times the external diameter of the CFST. AASHTO
[19] recommends that the thickness of the slab should not be less
than 175 mm, and the specified strength of the slab not be less than
28.0 MPa. These recommendations are adopted in this study. Based on
these basic profiles of CFST composite girder, a total of 5 models were
constructed (CFTG-R series in Table 2). In addition, 6 models (CFTG-
L&S series in Table 2) having the same outer diameter with test speci-
menswere also constructed to extend the test results for variousD/t ra-
tios and slab areas. The detail profiles of models used for the parametric
study are shown in Table 2. Positive and negative bending moment
Table 2
Profiles of finite element models for the parametric studies.

Model Slab (mm) Steel tube
(mm)

D/t fc' (MPa) fy (MPa)

width thick. dia. thick. slab infill

CFTG-L40 700 90 355.6 9 40 24 24 320
CFTG-L79 4.5 79
CFTG-L111 3.2 111
CFTG-S40 550 60 355.6 9 40 24 24 320
CFTG-S79 4.5 79
CFTG-S111 3.2 111
CFTG-R40 1600 180 1000 25 40 28 28 320
CFTG-R59 17 59
CFTG-R80 12.5 80
CFTG-R100 10 100
CFTG-R125 8 125
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were applied for the 11models shown in Table 2. Further, additional 16
models were analyzed varying the compressive strength of the concrete
infill (fci’/fcc’=0, 0.25, 0.5, and1.25) for CFTG-S40, CFTG-S79, CFTG-R40,
and CFTG-R80models. Thus, a total of 38models were analyzed. For the
parametric study, four-point loading was applied to simulate pure
bending. It is also noted that an elastic perfectly plastic material model
was used for the steel tube, and the interface between the steel tube
and concrete slab was perfectly bonded to each other.
5.2. Results of parametric study

From the analysis results, the PSDM underestimated the flexural
strength of the CFST composite girder under both positive and negative
bending moment by approximately 8–15% for the models shown in
Table 3. Fig. 23 shows the relationship between the concrete compres-
sive strain εcc in the extreme fiber of the concrete slab at the ultimate
state and D/t ratio, where εcc was measured at the mid-span. It can be
clearly seen that a smaller D/t ratio results in larger εcc at the ultimate
state due to shifting of the PNA toward the center of the CFST (i.e.
more compressive area is required with increasing the amount of
steel). It is assumed that the concrete slab failed by compression when
εcc is larger than 0.003, and could lead to brittle failure of the girder sys-
tem. From the analysis results, εcc was larger than 0.003 when the D/t
ratio less than 50 for the givenmodels. Thus, care should be taken to de-
termine theD/t ratio of the CFST composite girder to avoid brittle failure
of the girder.

The effect of the compressive strength of the concrete infill on the
flexural strength of the CFST composite girder is shown in Fig. 24. The
x axis denotes the compressive strength ratio, fci’/fcc’, where fci’ and fcc’
is the compressive strength of the infill and slab, respectively. The y
axis in Fig. 24 represents the flexural strength of the CFST composite
girder normalized by M1, where M1 denotes the flexural strength of
the model with fci’/ fcc’ equal to 1. From Fig. 24, it can be seen that the
Table 3
Results of the parametric studies for the CFST composite girder under negative bending
moment.

Model λp λr D/t Section,classification Mu,FEM/Mu,PSDM

CFTG-L40 51 174 40 Compact 1.09
CFTG-L79 79 Noncompact 1.10
CFTG-L111 111 Noncompact 1.08
CFTG-S40 51 174 40 Compact 1.12
CFTG-S79 79 Noncompact 1.11
CFTG-S111 111 Noncompact 1.11
CFTG-R40 59 203 40 Compact 1.11
CFTG-R59 59 Compact 1.10
CFTG-R80 80 Noncompact 1.08
CFTG-R100 100 Noncompact 1.07
CFTG-R125 125 Noncompact 1.07

Fig. 23. Variation of εcc in the D/t ratio (for positive bending moment).
compressive strength of the infill has insignificant effect on the flexural
strength of the CFST composite girder. However, the flexural strength of
the girder without concrete infill (i.e. fci’/ fcc’= 0) was very low, since
the steel tube at loading and boundary regions is severely distorted
due to low bearing capacity. Thus, the steel tube must be filled to retain
the cross section shape. However, the compressive strength of the con-
crete infill may not be important unless fci’/ fcc’ is very low. For the given
analysis models, the variation of flexural strength of the CFST composite
girder was less than 5.5%, when fci’/fcc’ was larger than 0.25.

Local buckling of the CFST composite girder under negative bending
moment could affect the flexural behavior, while the compression part
of the steel tube doesn't buckle under positive bending moment, since
the compression part of the steel tube is constrained on both sides by
concrete infill and the slab. Thus, only the CFST composite girder
under negative bending moment was considered to investigate the ef-
fect of local buckling on the flexural behavior. In AISC [12], filled com-
posite sections are classified as compact, non-compact or slender
depending on theD/t ratio, to take account of the effect of local bucking.
The filled composite section is compact, when the D/t ratio is smaller
than λp =0.09Es/fy. If theD/t ratio is larger than λp, but does not exceed
λr =0.31Es/fy, the filled composite section is classified as non-compact.
The section is slender, when theD/t ratio is larger than λr. In AISC [12], a
slender section is not permitted as a flexuralmember. The CFST sections
of the analyzedmodelswere categorized (compact or non-compact) ac-
cording to AISC D/t ratio limit [12] (Refer Table 3), and the validation of
AISC provisions was examined for the CFST composite girder.

The analysis results for the CFST composite girder under negative
bendingmoment are shown in Fig. 25, and Table 3. Comparative results
show that the PSDM underestimated the flexural strength of the girder
under negative bending moment by 6–12% for the given analysis
Fig. 24. Variation ofMu,FEM/M1 in fci’/fcc’ (for positive bending moment).

Fig. 25. Variation of the normalized flexural strength of the CFST composite girder under
negative bending moment against the D/t ratio.
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models, regardless of the classification of the section (compact or non-
compact), even though the normalized flexural strength was slightly
decreased with increasing D/t ratio (approximately 4% with increasing
the D/t ratio up to 125). Unless the D/t ratio is extremely slender, the
PSDM provides a reasonable estimation of the flexural strength of the
CFST composite girder under negative bending moment.

6. Conclusion

The flexural strength of the CFST composite girder was investigated
in this study. Based on the PSDM, simple equations to predict the flex-
ural strength of the CFST composite girder were derived for both posi-
tive and negative bending moment. A series of experimental studies
was then conducted. From the test results, the following observations
were made:

(1) The proposed equations provided reasonable prediction of the
flexural strength of the CFST composite girder, and the stress dis-
tribution obtained from the test is similar to that from the equa-
tion, even though partial interaction behavior was observed for
the positive bending test.

(2) The effect of internal shear connectors between the steel tube
and concrete infill on the flexural behavior of the CFST was
negligible for the CFST composite girder under positive bending
moment, since most of the concrete infill section experienced
tension. However, the crack pattern of the concrete infill was af-
fected by the existence of internal shear connectors.

A finite element analysis model was then developed, and a series of
parametric studieswas conducted. From the analysis results, the follow-
ing conclusions were made:

(1) The proposed equations gave a reasonably conservative predic-
tion (approximately 8% - 15%) of the flexural strength of the
CFST composite girder under both positive and negative bending
moment.

(2) With decreasing the D/t ratio, the compressive strain at the ex-
treme fiber of the concrete slab, εcc, increased, and this is not de-
sirable, since brittle compression failure could occur. For the
analysis models with a D/t ratio less than 50, εcc exceeded 0.003.

(3) The concrete infill is necessary to retain the original shape of the
steel tube at the support and loading region. However, the com-
pressive strength of infill has insignificant effect on the flexural
strength of the CFST composite girder when fci’/ fcc’ was larger
than 0.25 for the given analysis models.

(4) Unless the D/t ratio is extremely slender, the PSDM provides a
reasonable estimation of the flexural strength of the CFST com-
posite girder under negative bending moment.
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Appendix A. Appendix I

The flexural strength of CFST composite girder is as follows:
(1) Case 1

Mu ¼ 0:85 f cc
0
bea Rþ yc−0:5að Þ

The equilibrium equation to obtain a is given by

0:85f cc
0
bea ¼ 2π t rm f y
(2) Case 2

Mu ¼ 0:85 f cc
0
be tc y2 þ R−Gsð Þ þ 2π t rm f yGs þ Ab f yr Gd−Gsð Þ:

in which

Gs ¼ 2R
3

sin3θ
θ− sinθ cosθ

 !

The equilibrium equation to obtain θ is given by

0:85f cc
0
betc þ Ab f yr þ 2R2 θ− sinθ cosθð Þ f y ¼ 2π t rm f y

where, Ab is the area of reinforcing bar, and fyr is the yield stress of the
reinforcing bar.

(3) Case 3 and Negative moment region

Mu ¼ 0:85 f cc
0
be tc y2 þ Rð Þ þ 4t rmθ f yGs þ 0:95r2i θ− sinθ cosθð Þ f ci

0
Gi

þ Ab f yrGd

in which,

Gs ¼ rm sinθ
θ

Gi ¼ 2ri
3

sin3θ
θ− sinθ cosθ

 !

For the negative moment region, fcc’ should be zero. The equilibrium
equation to obtain θ is given by.

0:85f cc
0
betc þ Ab f yr þ 4t rmθ f y þ 0:95r2i θ− sinθ cosθð Þ f ci

0 ¼ 2π t rm f y
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