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This paper aims to investigate the flexural behavior of concrete filled tubes (CFSTs)made of seamless steel which
can handle more pressure than welded steel. Experimental, Theoretical and Finite Element Analyses are utilized
for this purpose. The experimental program consists of four-point bending tests of six CFSTs and three hollow
steel tubes (STs) for three different Diameter-to-thickness (D/t) ratios of 7.82, 13.5 and 17.5. The test results in-
cluded are themoment versus displacement and strains, failure modes and ultimate capacities. The contribution
of the concrete infill to the flexural capacity was more significant in specimens with higher D/t ratios. All CFST
beams exhibited ductile mode of failurewith no local buckling. The experimental moments are compared to the-
oretical nominal moments calculated by well-known international design codes such as the Architectural Insti-
tute of Japan (AIJ), the British Standard (BS), the AISC-LRFD, and the Euro code4. Only the AIJ equations
predicted non-conservative capacities particularly at the highest D/t ratio. The other codes and standards were
more conservative since they did not consider the effect of concrete confinement in their design equations. Finite
Element (FE) simulation of the flexural response of CFST is also conducted by developing a nonlinear 3D model
considering both material and geometric nonlinearities. The FE model is verified using the present experimental
results and a good agreement was achieved in terms of themoment capacity, the failuremode and themoment-
mid span deflection curves. In addition, the verified finite element model was used to carry out a parametric
study considering wider ranges of D/t ratios and yield strengths.

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

Concrete-filled steel tubes (CFSTs) are composite structural mem-
bers constituting of a steel tube and a concrete infill. Bothmaterials mu-
tually contribute to carrying the load and providing the necessary
member stiffness where the steel tube improves the carrying capacity
of the concrete and the concrete core delays the global and local buck-
ling of the steel tube [1–3]. In current construction practice, CFSTs are
commonly used as columns and braces in tall buildings, bridges
and military facilities due to their large axial load capacity, compres-
sion stiffness and high deformation capacity [1, 4–7]. The flexural be-
havior of CFSTs is currently the prompt of much research and
investigation. To date, the application of CFST in beams is limited.
CFST members are currently employed in lofty structures as well as
structures in earthquake-prone areas. Other applications include
bridges and piers [1].

CFST members have the potential to combat various limitations of
conventional reinforced concrete members. They enhance compression
behavior since the concrete infill is well confined inside the steel tube,
26@aus.edu (Y.I. Abdelmageed),
which allows steel yielding before concrete crushing. The confinement
on concrete inside the steel tube also establishes a triaxial state of com-
pression, which results in increased strength and strain of concrete [1].
Moreover, CFST is characterized by high strength and high ductility,
which are contributed by the steel, as well as high load-carrying capac-
ity, which is contributed by concrete [8]. Furthermore, the steel tubes
readily provide formwork for concrete and hence, no additional form-
work is required. This in return accelerates the construction process
[9–11].

Considering the aforementioned multiple advantages, CFST is a
promising structural element and hence, vast research efforts have
been expended to investigate its mechanical properties, as well as its
behavior in different applications. More specifically, recent research
sheds light on the flexural behavior of CFST, to expand and develop
the application of CFST in structures. Han tested 16 CFST beams with
square and rectangular cross-sections to study their flexural behavior
[3]. The concrete cube strength for these CFST beams ranged from
27 MPa to 40 MPa, and steel yield strength from 294 MPa to 330 MPa.
Han also compared experimental ultimate moments of CFST beams
with theoretical results calculated by codes equations including the Ar-
chitectural Institute of Japan (AIJ) [16], the AISC-LRFD [12], the British
Standard (BS) [13], and the Euro code [14]. It was found that flexural ca-
pacities obtained using these codes were conservative; with N20%
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Fig. 1. Experimental program.
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prediction difference using AIJ and AISC, 12% difference using BS5400
(1979) and around 10% overestimation using EuroCode4. In addition,
Han [3] developed two different analytical relationships, one for rectan-
gular and the other for circular cross-sections, based on composite me-
chanics equations and regression analysis to predict the flexural
capacities of CFST beams. It wasmentioned that cooling of theweld pro-
duces residual stresses which can be up to 20% of yielding stress in the
compression zone and full yielding stress in the tension one. All of the
theoretical calculations do not account for these residual stresses
which will lead to inaccurate flexural capacities. However, seamless
tubes considered in this study do not have residual stresses since the
steel tube were extracted from steel forms, without any welding.

Probst et al. [4] tested four 6-meter length CFST specimenswith rect-
angular and circular cross-sections, and also with and without shear
connections. The D/t ratio for their circular CFST specimens was 36
and the concrete strength was 22 MPa. The experimental ultimate mo-
ments for circular CFST beams without shear connection were com-
pared to the AISC and EuroCode4, and both codes were found to be
un-conservative. They suspect that the large diameter of concrete is
the reason for this deviation from the codes since the effect of concrete
shrinkagewould be significant. Further research, with variousD/t ratios,
was recommended to investigate the applicability of AISC and
EuroCode4 for calculating the flexural capacity of circular CFST beams.

Elchalakani et al. [15] investigated the flexural behavior of circular
CFST beams with a range of D/t ratios between 12 and 110. It was
found that local buckling does not occur for CFST specimens that have
D/t ratio less than or equal to 40. According to their results, design of
CFST using the AISC, AIJ, and EC4 codeswas found to be un-conservative
for the case of the low D/t ratios 12.8. This could be due to
overestimating the CFST flexural capacity when more steel thickness
is used.

Finite Element (FE) Analysis was also used by some researchers to
investigate the flexural behavior of CFST members. For example, Moon
et al. [1] studied the effect of the steel yield stress to the concrete com-
pressive strength (fy/fc′), and the diameter to depth ratios (D/t) on the
flexural behavior of circular CFST beams by developing a nonlinear FE
model. They concluded that the fy/fc′ ratio improved the flexural capac-
ity, while the D/t ratio has no significant effect. Wang et al. [16] also de-
veloped a nonlinear FE model to understand the flexural behavior of
rectangular CFST beams. They compared the FE results with the data
from previous experimental programs of 70 beam specimens. The mo-
ment capacities, the failure modes and the load vs displacement curves
predicted by the FE model compared well with their experimental
counterparts [16].

A thorough understanding of the flexural behavior of CFST beams is
crucial to expand their application. The aim of this paper is to study the
flexural behavior of circular CFST beams using seamless steel tubes and
also considering a range of low D/t ratios between 7.82 and 17.5. This
paper will also investigate the applicability of theoretical results pre-
dicted by international design codes such as AIJ, AISC, BS, and EC4, and
determine if the conclusions made by the previous studies is applicable
for seamless steel tubes. Finally, a three-dimensional finite element
model capable of simulating the flexural response and predicting the ul-
timate capacity of CFST and ST beams will be developed using the com-
mercial software ABAQUS by considering both material and geometric
nonlinearities.
Table 1
Concrete mix proportions.

Concrete type Mix proportions (divided by the weight of cement)

Cement Fly
ash

Coarse
aggregates

Fine
aggregates

Water

Normal strength concrete 1 0.27 4.4 3.1 0.55
2. Experimental program

The experimental program of this study consisted of four-point
bending tests of six CFSTs and three hollow steel tubes (STs). All steel
tubes had the same diameter of 114 mm and length of 1100 mm; how-
ever, their thickness varied from 6.5 mm to 14.5 mm, resulted in three
different D/t ratios. The specimens were placed in three groups based
on their resultingD/t ratios. At each D/t ratio, two steel tubes were filled
with normal concrete and one was left hollow. Fig. 1 illustrates the ex-
perimental program matrix used in this study.

Table 1 summarizes the concrete mix propositions used in this
study. Three cubes and three cylinders were casted and tested after
28 days curing. The average compressive strength of the concrete infill
was 43 MPa for cubes and 39.4 MPa for cylinders.

The steel tubeswere readily produced by themanufacturer as seam-
less tubes. Thus, their diameters and thicknesses were fixed. Coupon
specimens were manufactured and tested to extract the tensile stress-
strain curve for each tube thickness as shown in Fig. 2. Accordingly,
the average yield stress was 245 MPa with a corresponding yield strain
of 0.001225 and themodulus of elasticity was around 200 GPa. In addi-
tion, the ultimate stress was about 530 MPa, which is more than twice
the yield stress. The effect of such high strain hardening on the CFSTs
flexural behavior was evident as will be discussed later.

CFST beam specimens were casted and compacted manually to en-
sure that concrete is distributed throughout the whole beam and is
well confined inside the steel tube. The specimens were tested over a
1000 mm clear span in a four-point bending setup with a constant mo-
ment region of 400mm, as shown in Fig. 3. The loadwas induced using a
Universal Testing Machines (UTM), which has a load capacity of
1200 KN, and transferred to two loading points on the specimen
through a spreader beam. The load was applied at a constant rate of 2
mm/min.

Themid-span deflection of each specimenwas captured throughout
the test using a linear variable displacement transducer (LVDT) located
at the beam soffit. Strain gauges were also mounted at the center of the
beams to measure the strain in both lateral and longitudinal directions.
The load, mid-span deflection, and strains were recorded every 0.1 s
using a high-speed data acquisition system. Moreover, special supports
were used to hold the beams in place. The supports provided good grip
of the circular test beams and prevented rotation. Fig. 3-b provides a de-
piction of the supports employed in this experiment.
3. Results and discussions

The experimental programwas capable of capturing the behavior of
the seamless CFSTs in term of theirmoment capacities at yield and at ul-
timate, their deformation behavior beyond the yield point and their fail-
ure modes.
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Fig. 2. Tensile test results.
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3.1. ST results

The moment vs. the mid-span deflection of the tested ST specimens
is illustrated in Fig. 4 for all hollow steel specimenswith differentD/t ra-
tios. It can be observed that with the decrease of the D/t ratio the flex-
ural capacity increases significantly. It is also observed that despite all
the steel tubes failed in a ductile manner, the strain hardening effect
wasmore noticeable for the lowest D/t ratio due to its largest thickness.
Besides, the stiffness of the empty tubes increased with the decrease in
D/t ratio as shown in Fig. 4. The failure mode, on the other hand, was al-
most the same for all ST specimens with an inward local buckling at or
near the loaded points as illustrated in Fig. 5.
Fig. 5. Failure mode of a hollow steel tube specimen.
3.2. CFST results

For each D/t ratio, two identical CFST specimenswere prepared with
the same material and geometric properties, and nearly similar results
were obtained for the three different D/t ratios. Fig. 6 compares the
load vs mid-span deflection between CFST specimens and the steel
tube specimen with the same D/t ratio. The CFST beams were capable
of sustaining higher loads as the D/t ratio decreased. For example, spec-
imens with a D/t ratio of 7.82 yielded at around 277 kN as compared to
198 kN and 145 kN for D/t ratios of 13.5 and 17.5 respectively.

The ductile behavior of all CFST beam specimens is quite noticeable
in the load-displacement plots of all CFST specimens and no tensile frac-
tures have occurred on the tension flange. In other words, none of the
specimens suffered from local buckling or brittle failure. This failure
mode which can be seen in Fig. 7 could be attributed to the relatively
low D/t ratios for all specimens. In addition, the concrete infill of each
specimen was exposed to investigate their failure behavior as seen in
Fig. 3. Experimental setup: (a) Te
Fig. 8. In general, the failure behavior of the concrete infill for all CFST
specimens was crushing of the concrete at the compression zone be-
tween the two loaded points, while narrow cracks appeared at the soffit
of the beam.

The flexural stiffness for specimens with the two higher D/t ratios of
13.5 and 17.5 was almost identical but noticeably lower than the stiff-
ness of the lower D/t ratio of 7.82 as clearly shown in Fig. 9. It can also
be concluded from the comparisons of themoment vs displacement re-
sults between the three D/t ratios that the flexural capacity of CFST
beams increases as the ratio decreases. To exemplify, the moment ca-
pacities were 41.53 kN·m, 29.78 kN·m and 21.80 kN·m for D/t ratios
of 7.82, 13.5 and 17.5 respectively. The same trend was observed for
st setup, (b) Beam support.
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the hollow steel tubes (Fig. 4) where the moment capacities were
36.06 kN·m, 22.01 kN·m and 14.32 kN·m, respectively.

The flexural moments versus both the transverse and longitudinal
strains encountered at the mid-span for all beams are presented in Fig.
10(a–c). In this paper the moment capacity of CFST specimens is taken
as the moment at steel yielding, which is considered at a steel strain of
0.001225. The authors realized from the moment vs strain graphs that
the behavior of the tested CFST beams changes from elastic to plastic
nearly after the steel reaches the yield strain and the moment beyond
this point does not tend to stabilize as strain hardening occurs. Thus, it
was difficult to define a certain yield point and it was practical to consider
the yield stain of the steel as the point where the CFST beams reach their
moment capacity. In addition, local buckling will most likely occur after
the yielding of the steel, however, local buckling was not observed for
the tested CFST specimens due to the low D/t ratios used in this study.
When comparing the results of the CFST and ST beams in
Fig. 10(a–c), it is observed that the CFST beams have a higher stiffness.
Both ST and CFST beams sustained mid-span displacements in the
range of 60 to 65 mm. However, CFST beams yielded at higher loads.
This may be attributed to the additional support provided by the con-
crete infill which prevents buckling, as well as the additional concrete
strength. The difference in the moment capacity between the ST and
the CFST specimens decreases as the D/t ratio decreases. This can be ex-
plained by that as the D/t ratio decreases, the steel controls the flexural
behavior of the CFST beam and the contribution of the concrete infill to
the flexural strength is reduced. However, this can be true only for the



Fig. 10. Moment vs. transverse and longitudinal strains for D/t ratios of (a) 7.82, (b) 13.5
and (c) 17.5.
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very small D/t ratios used in this study and further investigation need to
be made for larger D/t ratios.

Table 2 summarizes the comparative analysis of CFST and ST beams.
The percentage improvement of the flexural strength for CFST beams
increases with D/t ratio. This increase ranged between 15% and 52% for
the three D/t ratios considered. On the other hand, themid-span deflec-
tions at yield for all CFST beams were less than those observed in ST
beams (Table 2).

4. Theoretical results

The nominal moment Mnof each CFST specimen was calculated
based on equations provided by the AISC, AIJ, BS, and EC4 standards as
well as analytical equation suggested by Han [3]. Although these stan-
dards have studied CFST based on common mechanism, each one has
some different assumptions and approaches than others. These com-
mon and differences are explained in the following sections. For exam-
ple, the AISC and AIJ codes use plastic stress distribution method to
calculate the flexural capacity of CFST. The AISC also permits the use of
strain compatibility method to calculate the flexural capacity. The AIJ
code considers the concrete confining effect in calculating CFST flexural
capacity. Han proposed an equation to calculate CFST flexural capacity
based on regression analysis [3].

4.1. AIJ [17]

The AIJ code discussed composite sections in general and specify a
whole chapter to design and analysis of CFST as beam-columnmember.
Theflexural capacity of CFSTMncan be calculated by adding the concrete
flexural capacityMn

c to the steel flexural capacityMn
s as given in Eq. (1).

To use this equation, the AIJ code states that the span length of CFST
specimen should be b12 times the diameter of steel tube. All of the spec-
imens of this study qualify for this condition (1000 mm b 12 × 114 =
1368 mm).

Mn ¼ Mc
n þMs

n ð1Þ

The parameters that affect the concreteflexural capacity, include the an-
gular location of the neutral axis, θn, concrete diameter, Dc, and the con-
fined strength of concrete, σcB

c as follows:

Mc
n ¼ sin3θn

D3
c σ

c
cB

12
ð2Þ

The confined strength of concrete is calculated using Eq. (3) which
depends on the concrete compressive strength,fc′, steel tube thickness,
ts, steel yield strength σy

s and diameter of the CFST. A reduction factor
of ruc = 0.85 is also used by the AIJ code.

σ c
cB ¼ rcu � f 0c �

1:56 ts σ s
y

D−2ts
ð3Þ

The flexural capacity of steel tube,Mu
s , is calculated using Eq. (4). AIJ code

distinguishes between steel tube part in compression and in tension
zones. For compression, AIJ reduces the steel yield strength by the re-
duction factor β1 = 0.89, and increases the steel yield strength in ten-
sion by the modification factor β2 = 1.08.

Ms
u ¼ β1þβ2

� �
sinθn

1− ts
D

� �2
2

D2tsσ s
y ð4Þ

Themoment equation used by the AIJ code could be considered as the
most accurate among the other codes as it accounts for the concrete con-
fining effect which helps predicting accurate CFST flexural capacities.

4.2. AISC [11]

The AISC code allows using stress distribution or strain compatibility
approaches to calculate the flexural capacity of composite section. It
considers load-moment interaction diagrams for CFST and provides
equation for each unique point in the interaction diagram. The point



Table 2
Experimental program results.

D/t
ratio

CFST moment capacity at yield
(kN·m)

ST moment capacity at yield
(kN·m)

% Increase in moment
capacity

CFST deformation at yield
(mm)

ST deformation at yield
(mm)

% Decrease in
deformation

17.5 21.80 14.32 52.23 7.55 11.21 32.64
13.5 29.78 22.01 35.30 6.62 10.05 34.13
7.82 41.53 36.06 15.17 5.96 8.07 26.14

58 F.H. Abed et al. / Journal of Constructional Steel Research 149 (2018) 53–63
of pure bending (i.e., zero axial load) is the one that is used to calculate
the flexural capacity of CFST, as follows:

Mn ¼ Fy Zs þ 1
2
0:95 f

0
c Zc ð5Þ

where Zs and Zc are the plastic modulus of steel and concrete, respec-
tively. AISC does not account for confided concrete since it assumes
that CFST behaves as other composite sections. In fact, it reduces fc′ by
5%.

4.3. BS [12]

The BS approach considers the steel plastic sectionmodulus, S, in cal-
culating the CFST flexural capacity,Mn as follows:

Mn ¼ 0:91 S f y 1þ 0:01 mð Þ ð6Þ

where the factor (m) is determined using a chart in BS dependingon the
ratio of concrete cubic strength to steel yield strength for a given D/t
ratio. It is clear that BS does not account for confined concrete effect.

4.4. EuroCode4 [13]

Similar to the other codes, EuroCode4 treat CFST as a composite sec-
tion to determine its flexural capacity. The flexural capacity of CFST,Mn,
is calculated by subtracting the neutral moment of CFST,Mn. Rd, from the
maximum moment of CFST, Mmax. Rd, as per the following set of equa-
tions:

Mn ¼ Mmax−Mneut ð7Þ

Mmax ¼ wpa f y þ 0:5wpc f c ð8Þ

Mneut ¼ wpan f y þ 0:5wpcn f c ð9Þ

wpc ¼ D−2tð Þ3
6

; wpa ¼ D3− D−2tð Þ3
6

; wpan

¼ Dhn
2−wpcn; wpcn ¼ D−2tð Þhn2 ð10Þ

wherewpa andwpc are plastic moduli of steel tube and concrete, respec-
tively,wpan andwpcn are the plastic moduli of steel tube and concrete at
2hn, fy is the yield strength of steel tube, and fc is the compressive
strength of concrete.

The location of the neutral axis (hn) is calculated as follows:

hn ¼ Ac f c
2Df c þ 4t 2 f y− f c

� � ð11Þ
Table 3
Theoretical (Codes) moment capacities for CFST beams.

Beams MAIJ (kN·m) MAISC (kN·m) MBS (k

CFST- D/t = 17.5 22.9 20.5 18.1
CFST- D/t = 13.5 27.5 25.1 22.0
CFST- D/t = 7.82 38.6 37.1 33.2
4.5. Han [3]

Han proposed two equations for CFST beams; one for square and
rectangular cross-sections and the other for circular cross-section.
Han's equations were derived based onmechanics of composite and re-
gression analysis as follows:

Mn ¼ γmWscm f scy ð12Þ

whereWscm = πD3/32 is the section modulus for circular CFST and fscyis
the yield strength of the composite section. Han used regression analy-
sis to determine the flexural strength index (γm) and fscy as given by Eq.
(13) and Eq. (14), respectively.

f scy ¼ 1:14þ 1:02ξð Þ f ck ð13Þ

γm ¼ 1:1þ 0:48 ln ξþ 0:1ð Þ ð14Þ

where the confinement factor ξ is defined in terms of the steel cross-
sectional area, As, and its yield strength fsy and the concrete cross-sec-
tional area, Ac, and its compressive strength, fck, as follows:

ξ ¼ As f sy
Ac f ck

ð15Þ

4.6. Theoretical results comparisons

The theoretical moment capacity of each specimen was calculated
based on equations provided by the AISC, AIJ, BS5400, and EC4 stan-
dards and a recent research by Han [3]. Table 3 summarizes the average
values of these nominal capacities for each D/t ratio of the CFST beams.
Upon comparing the theoretical flexural capacities to their experimen-
tal counterparts, all codes provided safe prediction of the moment ca-
pacity for all CFST beams considered as illustrated by the flowchart in
Fig. 11.

The results predicted by the AIJ code were very close to the experi-
mental values for all D/t ratios considered with not N3% deviation. The
moment capacities predicted by the AISC and EC4 codes
underestimated the experimental results by a maximum of 9% for the
higher D/t ratio of 17.5. The BS, on the other hand, was themost conser-
vative code among the other three standards in which the predicted
moment capacitieswere less than their experimental results by an aver-
age of 19%. The reason for that could be attributed to the fact that BS
does not account for the concrete confining effect.

The moment capacities predicted by the equation proposed by Han
[3] were also compared with CFST experimental results for all cases.
For the case of CFST beams with D/t ratios of 13.5 and 17.5, the compar-
isons show good correlation indicating safe predictions with a
N·m) MEC4 (kN·m) MHan (kN·m) MExp (kN·m)

20.6 20.4 21.80
25.2 26.4 29.78
37.2 47.3 41.53



Fig. 11. Comparison of moment capacities of CFSTs beams with the Codes results.
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maximum difference of 7%. However, Han's equation predicted un-con-
servative moment results for CFST beams with lowest D/t ratio of 7.82.
This may be attributed to the inaccurate constants used in his proposed
equation. These constants were determined based on regression analy-
sis that was conducted using experimental data for CFST beams with a
limited range of D/t ratios. Thus, the experiments presented in this re-
searchmay add valuable results to the literature and help develop accu-
rate design eqs.
Fig. 12.Assembled CFST beammodeled in ABAQUS using a solid infill and shell tube parts.
5. FE modeling

A nonlinear finite element model capable of simulating the flexural
behavior of CFST specimens was developed using the commercial soft-
ware ABAQUS. Material and geometric nonlinearities were considered
in the developed FE model, taking into consideration the actual
elastoplastic stress-strain relationship that was acquired through the
experimental program. The experimental results conducted in this
study were utilized to verify the FE model which enables studying the
flexural behavior of several other CFSTs that have different dimensions,
geometries and material properties. In this paper, a description of the
steps that was used to develop the nonlinear FE model is discussed
and a detailed FE parametric study is presented.

Linear four-node three dimensional (3D) solid elements with re-
duced integration (C3D8R ABAQUS type) were used to model the con-
crete infill and the steel tube to simulate the flexural capacity of CFST
specimens. The 3D solid element, which has three degrees of freedom
per node, provides reliable solution tomost applications. Thin tomoder-
ately thick-walled structureswith large rotation and large strain nonlin-
earities such as the steel tubes used in this study are typically modeled
using 3D shell elements. However, insignificant results deviations were
recorded from the shell elements when compared to the solid elements
for the CFST beams modeled in this study.

The boundary conditions applied in the FE model reflected approxi-
mately the experimental testing setup presented earlier. The end of
each CFST specimen was fixed against all translational degrees of free-
dom except for the displacement at one end in the axial direction of
the specimen. The ends are free to rotate in any directions. The BCs
were imposed on the CFST beam model either by restraining a set of
nodes at the supports locations or by using the coupling approach avail-
able in ABAQUS in which the same set of nodes are coupled with a ref-
erence point at which the BCs were specified. Though the results were
close, the latter approach seems to be more realistic as it accurately de-
scribes the ends conditions and the corresponding failure modes. The
subjected loads on the CFST specimen were modeled as BCs where a
certain displacement was applied at each load location. Fig. 12 gives a
geometric description of the FE model for the CFST beams with refer-
ence points indicating the locations of supports and loadings.
In the FE modeling, the interaction between the steel tubes and the
concrete infill was modeled using surface-to-surface contact, consider-
ing both tangential and normal contact definitions with a friction coef-
ficient of 0.3 and tangential angle for concrete of 36o. The option of
hard contact was selected to define the normal contact whereas; the
penalty method was utilized for the formulation of the tangential fric-
tion behavior with finite sliding.

5.1. Materials properties

The material properties for the steel tube are determined using the
actual uniaxial stress strain results presented in Fig. 2. Since the analysis
involves large strains, the engineering stress–engineering strain results
were converted into true stresses-true strains and implemented in the
nonlinear FE analysis [18]. In the present 3D FE applications, the flow
stress (yield surface) for the steel tube was defined using Isotropic
Hardening approach, which is generally considered to be a suitable
model for problems in which the plastic straining goes well beyond
the incipient yield state (see for more details, Abed and Voyiadjis [17]
and Abed [19]).

The nonlinear behavior of the concrete infill was modeled using the
Concrete Damaged Plasticity (CDP) Model which uses the concept of
isotropic damaged elasticity in combination with isotropic tensile and
compressive plasticity to represent the inelastic behavior of concrete.
It should be noted that the compressive behavior of concrete would be
influenced by the confinement effects provided by the steel tubes.
Such an effect was accounted for in the FEmodel through the definition
of the concrete infill material. The properties of the concrete used in the
FE model are the same as the tested concrete with an unconfined com-
pressive strength of 39.4 MPa. The stress-strain relationship for the



Fig. 13. Equivalent concrete Stress-Strain relationship for (a) Compressive (b) Tensile behaviors.
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confined concrete has been established using the equations provided by
Ellobody and Young [20] and Montoya [21]. The tensile behavior of the
concrete is assumed to be linearly decreasingwith the inelastic strain as
illustrated in Fig. 13(b). An example of the stress-strain relationship of
the compressive behavior of confined and unconfined concrete is pre-
sented in Fig. 13(a).
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Fig. 15. FE model verifications with experimental results for selected CFST and ST beams.
5.2. Mesh sensitivity and model verification

To validate the accuracy of the proposed FE simulations, the flexural
capacity and deformation response of a selected CFST beam (CFST t8.5)
and steel tube (ST t8.5) were simulated. The load versus displacement
results as well as the failure modes were compared with the corre-
sponding experimental results presented in Section 3. To select the
proper element size as a first step in FEmodeling, mesh sensitivity anal-
ysis was conducted by considering three different mesh configurations
as shown in Fig. 14. The results of the convergence study indicated
that both Mesh3 and Mesh2 converge to similar numerical results as
compared with the course Mesh1. In this study, therefore, Mesh2 was
selected in the FE modeling of the flexural behavior of CFST and ST
beams as it provides accurate results with minimum computational
time.
Fig. 14. Mesh configurations used in the co
Load versus displacement results predicted by the proposed FEmodel
showed good comparisonswith their experimental counterpart results as
demonstrated in Fig. 15. The ultimate capacity predicted by the FEmodel
is relatively close to the experimental results for both CFST and ST beams.
However, the FE results produced slightly stiffer results particular at the
nvergence study, Mesh2 was selected.



Fig. 16. Failure modes of CFST beam; (a) FE simulation (b) tested specimen.

Fig. 17. Cracks pattern of concrete infill at the soffit of CFSTs; (a) FE simulation (b) Tested specimen.

Fig. 18. Effect of the D/t ratio on the flexural behavior of CFSTs for two different yield values.

Fig. 19. Effect of steel yield strength on the flexural behavior of CFSTs for two different D/t ratios.

61F.H. Abed et al. / Journal of Constructional Steel Research 149 (2018) 53–63



Fig. 20. Comparison between finite element results and codes equations at different D/t ratios and yield strengths.
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regions prior to steel yielding. This, in turn, created a slight deviation be-
tween the FE results and their experimental counterpart particularly at
the transition from the elastic to plastic portions (Fig. 15).

The failuremode for the finite elementmodelwas very similar to the
experimental observation as none of the specimens suffered from local
buckling or brittle failure. The behavior of the CFST specimen in failure
was found to be very ductile with high stress concentrations at the loca-
tions of the loads as shown in Fig. 16. The deformation capacity of the
beams was very large with no tensile fractures occurred at the tension
zone of the steel tubes. Fig. 17 also shows comparisons of the cracks pat-
ters in the concrete infill at the beam soffit between the FE simulations
and the experiments.
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Based on the above comparisons, the developed finite element
model can further be used to conduct a comprehensive parametric
study to examine the effects of the different parameters on the flexural
behavior of CFST beams. The parameters that can be included in the
parametric study are the material properties (steel and concrete) and
the steel tubes shapes and geometry as the flexural behavior of square
or rectangular CFSTs can be also investigated.

5.3. Parametric study

In this research, a parametric study was carried out using the above
verified FE model to analyze the flexural behavior of seamless CFSTs
with a wide range of theD/t ratios (from 13.5 to 57) using one diameter
of 114mm (same diameter as the experimental specimens) and chang-
ing the outer tube thickness and yield strengths of the steel tube. The
outer tube thicknesses used in this parametric study are 2, 3.5, 4.5, 6.5,
and 8.5 mm, the yield strengths are 245, 350, and 420 MPa, and the
length of all specimens was 1.1 m. The loading setup was similar to
that of the experimental program. From the moment vs mid span de-
flection curves obtained from the FE model, it can be observed that
both the flexural strength and flexural stiffness increase with an in-
crease in the outer tube thickness as shown in Fig. 18, which confirm
the present experimental results. In general, it was noticed that the D/
t ratio has almost no effect on the plastic behavior of CFST beams
where strain hardening occurs. However, the strain hardening is more
obvious for beams with low D/t ratio.

Through the analysis of themoment vsmid span deflection relation-
ship of CFST beams with steel yield stresses of 245, 350 and 420MPa, it
was found the that moment capacity of CFSTs beams considerably in-
creases with the increase in the yield stress. Moreover, it was observed
that the yield stress does not affect the flexural stiffness of the CFST
beams. The moment vs mid span deflection relationship with different
fy (for selected D/t ratios) can be seen in Fig. 19.

Fig. 20 provides a comparison between moment capacities obtained
from the FE model and the theoretically calculated using the codes
equations provided in Section 4 with different values of D/t ratios and
yield strengths (fy) for the steel tube. The comparison confirmed the
previous conclusion (Fig. 11) where the AIJ equations tends to overesti-
mate the moment capacity of CFSTs at higher D/t ratios. It was also
foundout that the AISC and EuroCode4 equations provide acceptable re-
sults for themoment capacity for differentD/t ratios and fy values. Han's
equation provided good results for the CFSTs with low D/t ratios, but for
the high D/t ratios the results are somewhat conservative. Finally, the
results obtained from the BS equation significantly underestimated
the moment capacities for all D/t ratios and fy values.

6. Conclusions

In this paper, the flexural behavior of circular concrete filled seamless
steel tubes was investigated experimentally. In general, all CFST beam
specimens failed in a ductile mode and no local buckling was observed
in anyof the specimens. Themoment capacity of theCFSTbeamspecimens
increased as compared to empty beams (STs). However, this increase was
more significant for higher D/t ratios. CFST section with low D/t ratio be-
haves more like a bare steel section and the contribution of the concrete
infill to the flexural capacity would be very small or negligible.

The moment results obtained from the experimental programwere
also compared with well-known international design codes such as the
AIJ, AISC, BS540 and the Eurocode4 aswell aswith the theoretical values
predicted by Han's equation. For the CFST specimens considered, the BS
significantly underestimated the experimental flexural capacities while
the AISC and EuroCode4 predicted reasonably conservative moments
and the AIJ code provided very close results. Han's equation provides a
goodmethod to estimate theflexural strengthof CFSTs. However, it can-
not be recommended to predict the flexural capacity of CFSTs with low
D/t ratios.
Theflexural behavior of circular CFST beamswas also investigated nu-
merically by developing a nonlinear 3D finite element model using the
commercial software ABAQUS. The FE mode included material and geo-
metric nonlinearities and was validated using the experimental results.
A very good agreement was achieved between the finite element simula-
tion and the experimental results in terms of the moment capacity, the
plastic behavior, the failure mode and the moment-deflection curves for
all tested specimens. The developed finite element model was used to
conduct a parametric study to further investigate the flexural behavior
of seamless CFSTs considering higher D/t ratios and different steel yield
strengths. Both the experimental and the FE results showed that the flex-
ural capacity of circular CFST beams significantly increases with the de-
crease in the D/t ratio, while all beams have a very similar ductile
behavior regardless of the D/t ratio. In addition, the FE results showed
that the flexural strength and stiffness are significantly affected by the
D/t ratio, while the steel yield strength only affects the flexural strength.

It should bementioned that the above conclusions are limited to the
parameters used in this study. The experimental part of this study in-
cluded CFST beams of a diameter of 114mmwith three different D/t ra-
tios (7.82, 13.5 and 17.5) and a steel yield strength of 245 MPa. In
addition, the FE parametric study was carried out using CFST beams
with the same diameter (114 mm) but with a wider range of D/t ratio
(13.5 to 57) and yield strengths (245 to 420 MPa) to expand the re-
search scope. Additional experimental tests on seamless CFST beams
considering different tube diameters, larger D/t ratios, higher steel
yield strengths and different concrete grades are recommended.
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