
Journal of Constructional Steel Research 128 (2017) 732–744

Contents lists available at ScienceDirect

Journal of Constructional Steel Research
Flexural behavior of high strength concrete filled high strength square
steel tube
Guochang Li a, Di Liu a, Zhijian Yang a,⁎, Chunyu Zhang b

a School of Civil Engineering, Shenyang Jianzhu University, Shenyang 110168, China
b Department of Civil and Environmental Engineering and Construction, University of Nevada Las Vegas, 89119, USA
⁎ Corresponding author.
E-mail address: faemail@163.com (Z. Yang).

http://dx.doi.org/10.1016/j.jcsr.2016.10.007
0143-974X/© 2016 Elsevier Ltd. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 27 May 2016
Received in revised form 5 October 2016
Accepted 12 October 2016
Available online xxxx
To study the mechanical behavior of high-strength concrete filled high-strength square steel tube (HCFHST)
under pure bending load, six specimens with different steel ratio were tested. The corresponding nonlinear fi-
nite-element models were established to analyze the mechanical properties. The load-displacement curves ob-
tained from the numerical analyses are consistent with the experimental results. In addition, the influences of
different materials are analyzed in this paper. The moment-curvature relationship can be divided into three
stages: elastic stage, yield stage and hardening stage. And the ultimate bearing capacity increased with the
steel ratio, steel yield strength and concrete compressive strength. Moreover, the ultimate bearing capacity of
the experiment and finite-element analysis (FEA) model is compared with the requirements of codes: AISC-
LRFD (1999), AIJ (1997), EC4 (1994) and GB50936-2014 (2014). The test and FEA result were themost compat-
ible to the calculated result of EC4 (1994). And find the results in this paper is the most compatible to the code
EC4 (1994).
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1. Introduction

Compared with traditional reinforced concrete structure, concrete
filled steel tube (CFST) has a higher bearing capacity, ductility and fire
resistant capacity. Besides, it's also an economic structure type and can
be constructed easily. Because of these characteristics, it has beenwide-
ly used in practical engineering such as high-rise buildings and long-
span bridges. The modern building has a higher demand for the con-
struction height and span length. Therefore, the structure design be-
comes more ponderous. High-strength concrete filled high-strength
square steel tube (HCFHST), which takes the advantage of both high-
strength concrete and high-strength square steel tube can raise the ulti-
mate bearing capacity and decrease the weight of the structure.

Varma et al. [1,2] presented an experiment of monotonic and cyclic
load on CFST column. The results showed that ACI code can predict
bearing capacity of high strength CFST beam-column accurately. Liu et
al. [3] conducted an experiment on 22 high strength rectangular CFST
columns, which showed that ultimate bearing capacity decreased with
the rise of depth-width ratio. Liu et al. [4] reported the test results of
12 high strength rectangular CFST beams, the result illustrated that
the formula of EC4, ACI and AIJ codes to calculate bearing capacity for
high strength CFST need to bemodified. Liu et al. [5] designed an exper-
iment on 26 CFST specimens under axial compression load, the results
showed that the code EC4 overestimated the ultimate bearing capacity
of the specimens. Young et al. [6] presented an experimental investiga-
tion of concrete filled cold-formed high-strength stainless steel tube
columns, and proposed design recommendations for design. Mursi et
al. [7,8] reported the test and analysis results of high strength steel col-
umns subjected to bi-axial bending. Choi et al. [9] proposed a simplified
strength formula to establish the P–M interaction curve of CFST with
concrete strength up to 100 MPa. The results indicated that the simpli-
fied formula could greatly improve the accuracy of the results and re-
duce the effort of calculation. Chung et al. [10] compared some
existingmaterial models of the steel and concrete, and proposed a non-
linear fiber element method. Jung et al. [11] did a test study on 4 high
strength CFST columns. The results showed that ultimate strength of
steel and concrete can influence the axial bearing capacity and ductility
of specimens. Chung et al. [13] investigated 6 HCFHST beam specimens.
The calculated results of numerical method were consistent with the
test results. Guler et al. [14] studied the influence of steel tube thickness
and bond strength on bearing capacity and ductility of square and circu-
lar high strength CFST columns. Li et al. [15] studied the mechanical be-
havior of HCFHST column under axial load by finite-element analysis
(FEA), the results shows that the FEA result of bearing capacity are con-
sistent with different codes. Patel et al. [16] presented a new efficient
numericalmodel to predict the cyclic performance of high strength rect-
angular CFST slender beam-columns. Kim et al. [17] presented an exper-
iment on 2 CFST columns and 4 concrete encased steel columns with
high strength steel and high strength concrete.
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Fig. 1. Test setup.

Table 1
Details of the specimens.

No. Specimens B × t × L0 (mm ×
mm × mm)

α ξ fy
(MPa)

fu
(MPa)

fcu
(MPa)

1 SCW1-1 150 × 4 × 1200 0.116 0.699 434.56 546.2 98
2 SCW1-2 150 × 4 × 1200 0.116 0.692 430.00 547 98
3 SCW2-1 150 × 5 × 1200 0.148 0.863 420.00 516 98
4 SCW2-2 150 × 5 × 1200 0.148 0.855 416.30 513.7 98
5 SCW3-1 150 × 6 × 1200 0.181 1.084 430.00 545 98
6 SCW3-2 150 × 6 × 1200 0.181 1.101 436.90 550.4 98

Note:B is thewidth of the steel tube. t is the tubewall thickness. L0 is the calculated length.
α is the steel ratio (α=As /Ac, whereAs,Ac are the cross-section area of steel tube and con-
crete), ξ is the confinement factor (ξ= Asfy / Acfck), fy is steel yield strength, fu is the steel
ultimate strength and fcu is the 28-day concrete cube strength.
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CFST member has no advantages to bear bending load alone, there-
fore it is not suited to be flexural member. In practice project, CFST col-
umns generally subjected to axial and bending load. Pure bending is the
(a) Over all failure mode

Fig. 2. Failure mode
special case of beam-column without axial load, but the flexural behav-
ior of CFST is not independent of the behavior under axial load and axial
load–moment interaction. As a result, it is necessary to study the flexur-
al behavior of HCFHST, which is beneficial to know the behavior of
HCFHST under eccentric load. Most of the former researches focus on
analyzing the HCFHST under the axial loading. However, there are few
studies about the HCFHST member under the bending moment. This
paper presents a test result of 6 HCFHST beams under pure bending. Be-
sides, the corresponding FEA models were established to predict and
compare with the analysis results.
2. Experimental investigation

2.1. Test design

The test specimenswere full-scalemodels of prototypeHCFHST beams
under two symmetric load, as shown in Fig. 1(b). Six specimens are in
(b) Local buckling

of specimens.



(b) Failure mode in top surface(a) Over all failure mode

Fig. 3. Failure mode of concrete.
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three groups, SCW1-3, with different thickness of the square steel tube,
4 mm, 5 mm, 6 mm, as shown in Table 1. To ensure the reliability, two
specimens were tested in each group. The total specimen length and the
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(c) SCW2-1
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(e) SCW3-1

Fig. 4. Distribution of th
clear length are identical for all specimens, as 1400 mm and 1200 mm.
For all the specimens, two steel plate with size 200 × 200 × 10 mm
were welded at both ends.
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(b) SCW1-2
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(d) SCW2-2
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(f) SCW3-2

e deflection curves.
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Fig. 5. Bending moment-top (bottom) strain.
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As shown in Fig. 1(a) and (b), specimen was simply supported by
two metal block on a load frame. The vertical load was applied by a
1000 kN hydraulic jack with load cell, and collected by an automatic
system IMP. To measure the longitudinal strain at the mid-span of
the specimen, sixteen strain gauges were pasted on the out-surface
of the steel tube, as shown in Fig. 1(c). Three displacement transduc-
ers were placed to measure the vertical displacement, as shown in
Fig. 1(b).

The pure bending condition at the mid-span of the specimen was
satisfied by applying two vertical concentrated load, as shown in
Fig. 1. The vertical load was applied with a staged increase, which was
about 10% of theoretical bending moment capacity of the specimen. At
each load level, the vertical load lasted for 2 min. After the specimen
yielded, the vertical load was decreased until 1/15 of the theoretical
bending moment capacity. The maximum deflection at the mid-span
of the specimen was 40 mm.
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Fig. 7. Curves of bending moment-curvature.
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2.2. Test results and discussions

2.2.1. Failure mode
Tests stopped when the deflection at mid-span got close to the maxi-

mum range of the displacement transducer 50 mm. After the deflection
at mid-span reached 40 mm (1/30 L0), the bending capacity of the speci-
men kept increasing. It indicates that the specimen had a high ductility.
Failure modes of specimens are shown in Fig. 2. Local buckling appeared
at the top surface of the steel tube atmid-span, as shown in Fig. 2 (b). Spec-
imen SCW1-1 breaks because of the continuous loading after large
deflection.

To analyze the failure mode of concrete, the mid-span steel tubes
were removed after the specimens failed, as shown in Fig. 3. According
to the observation, concrete cracks appeared at the bottom of the beam
and extended to about 3/4 of the beam height. The width of the crake
were about 1–5 mm.

The concrete in compressive zone did not reach the ultimate com-
pressive strain. The crushing of the concrete were prevented by the
steel tube, the specimens exhibited a good ductility performance.
2.2.2. Distribution of the deflection curves
The deflection curves of the specimens are shown in Fig. 4. The hor-

izontal and vertical axes indicate the distance to the left support and the
vertical deflection. All the deflection curves in Fig. 4 are consistent with
the sinusoid curve denoted by the dashed curve.



f

E

E

Fig. 8. Stress–strain relation of steel.

737G. Li et al. / Journal of Constructional Steel Research 128 (2017) 732–744
2.2.3. Bending moment-strain
The bendingmoment-top (bottom) strain curves are shown in Fig. 5.

The results demonstrate that the stiffness of the specimen remains pos-
itive after it yields. The ultimate bending moment (Mue) is defined as
the strength when the tension strain of steel tube at mid-span reaches
10000 με [18]. Besides, the moment-strain curves of specimens with
the same thickness of the steel tube had the similar trend. The ultimate
bending moment increases by the thickness of the steel tube. Further-
more, the tensile strain increased faster than the compressive strain
after the steel tube yield.

2.2.4. Longitudinal strain distribution
To analyze the load distribution in different loading stage, the longi-

tudinal strain of steel tube along the different height at mid-span are
measured by the strain gauges and summarized in Fig. 6. It can be
seen from Fig. 6 that the cross-section remains almost plane during dif-
ferent loading stage, so it meets the plane cross-section assumption. On
the initial loading stage, material remained elastic, and the neutral axis
located at the center of the section until the concrete cracked; the neu-
tral axis raised 0.05–0.13 h toward the compressive side, and kept in-
creasing to 0.14–0.2 h when tensile steel started to yield; when load
reached event D, neutral axis had raised 0.25–0.28 h toward to the com-
pressive side. The rising speed decreased after concrete quit working in
the tensile zone.

2.2.5. Bending moment-curvature curves
Fig. 7 indicates the bending moment-curvature curves of different

specimens. The curves can be separated into 5 stages by 5 characteristic
points (A–E). At point A (MA = 0.2Mue), a short platform appears
Displacement

Plate

Fix Y and Z
direction

Fig. 9. Simulation bou
between two parallel segments, which indicates that concrete cracked
at the tensile side of the specimen. At point B (MB = 0.6Mue), specimen
stiffness starts to decrease. At point C (MC = 0.8Mue), steel tube started
to yield at the compressive side according to the observation recorder.
After point D (MD = Mue), the bearing capacity is still rising, then
unloading until bending moment reached the event E.

According to the description of the loading stage of Fig. 7 and the
discussion about Fig. 6, the bending moment-curvature relationship
at the mid-span of the specimen can be separated into 3 stages: elas-
tic stage, yield stage and hardening stage

(1) Elastic stage (OB)

In elastic stage, the stiffness of the specimen remains constant,
even if the bottom concrete cracks at point A. In this stage, the defor-
mation of compressive concrete and steel tube keep elastic. There-
fore, the whole section remains plane as shown in Fig. 7. And the
neutral axis of the specimen increases by the deformation of the bot-
tom steel plate. The elastic stage stops when the bending moment at
the mid-span reaches about 0.2Mue, and after that the tensile steel
plate starts to yield.

(2) Yield stage (BD)

With the increase of the load, the maximum stress of the steel tube
in compressive zone exceeded proportional limit as bending moment
at MB = 0.6Mue; The longitudinal stress of concrete increased, and the
constraining stress produced. Steel tube in tensile zone exceeded pro-
portional limit substantially until bottom surface of steel tube yielded.
In this stage, neutral axis ascended, and the growth of curvaturewas ob-
vious, but moment increased slower than the curvature.

(3) Hardening stage (DE)

In hardening stage, the stiffness of the specimen decreases dramati-
cally after point D, but remains positive till the test stopped. In this
stage, the axial deformation along the height of the mid-span section
can remain almost linear, like specimens SCW 1-2, 2-1 and 3-2, which
means that steel tube and concreteworkwell together. Themoment in-
creases slowly, while the curvature raises fast.

3. Finite element analysis

3.1. Material constitutive model

3.1.1. Steel
To analyze the stress distribution and the interaction between con-

crete and steel tube, the corresponding FEA models were established
Displacement

Plate

Fix Y direction,
Z direction free

ndary conditions.



Fig. 10. Comparison of load-deflection between simulation and test results.

Table 2
Comparison of the ultimate bearing capacity and deflection.

Specimen Simulation value TEST value Ps/Pu Δs/Δu

Ps (kN) Δs (mm) Pu (kN) Δu (mm)

SCW1-1 350.98 12.27 350.5 14.25 1 0.86
SCW1-2 347.90 12.15 329.5 13.48 1.06 0.90
SCW2-1 415.88 12.40 451.5 14.45 0.92 0.86
SCW2-2 413.08 11.55 412.0 15.18 1 0.76
SCW3-1 488.20 13.50 498.5 13.76 0.98 0.98
SCW3-2 491.88 13.50 533.0 14.46 0.92 0.93

Note: Ps, Pu are the bearing capacity of simulation and test data.Δs,Δu are the deflection of
simulation and test data.

738 G. Li et al. / Journal of Constructional Steel Research 128 (2017) 732–744
by ABAQUS/Standard software. The bilinear constitutive model of steel
proposed by Han [19] was proved to be suitable for simulating the
high-strength steel, as shown in Fig. 8.

This constitutive model was used to simulate the steel tube, as fol-
lows:

σ ¼
Esε σ ≤ f y

� �
σy þ ε−εy

� �
0:01Es σN f y

� �
8<
: ð1Þ

where σ is stress, ε is strain, fy is yield strength, εy is yield strain, Es is
elastic modulus, respectively. The elastic modulus Es and Poisson's
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ration vs were assumed as 2.06 × 105 (MPa) and 0.3, the hardening
modulus was taken as 0.01Es.

3.1.2. Concrete
The concrete constitutive model used is the concrete-damaged plas-

ticity model in ABAQUS. The uniaxial compressive stress–strain relation
Table 3
The stress distribution of different stage.

Concrete Steel tube

A (MPa) B (MPa) D (MPa) A(MPa) B (MPa) D (MPa)

a1 −23.08 a2 −46.23 a3 −88.96 a4 140.62 a5 308.88 a6 422.09
b1 −24.79 b2 −49.73 b3 −109.08 b4 144.20 b5 315.36 b6 421.25
c1 5.95 c2 5.36 c3 4.70 c4 174.10 c5 416.59 c6 434.41
d2 6.03 d2 5.64 d3 7.25 d4 178.27 d5 416.59 d6 432.07

a4b4

c4d4

b5

d5

(a) Feature point A (b) Featur

Fig. 13. Steel tube str
proposed by Han et al. [20] was used to simulate concrete. The equa-
tions for this relation are as follows:

y ¼
2x−x2 x≤1ð Þ

x
β0 x−1ð Þη þ x

xN1ð Þ

8<
: ð2Þ

where x=ε/ε0, y=σ/σ0, η=1.6+1.5/x, σ0= fc′ (MPa); ξ= fyAs/

fckAc,ε0=εc+800ξ0.2×10−6, εcc=1300+12.5fc′×10−6, β0 ¼ ð f 0cÞ
0:1

=ð1
:2

ffiffiffiffiffiffiffiffiffiffiffi
1þ ξ

p
Þ,η=1.6+1.5/x.

In the above equations, fy andfc′ are the yield strength of steel and
the cylinder strength of concrete, respectively; Ac and As are the
cross-sectional area of concrete and steel, respectively; fck is the
characteristic concrete strength.
a5

c5

a6b6

d6 c6

e point B (c) Feature point D

ess distribution.



Fig. 14. The load-deflection curve of each components.

Table 4
The percentage of bearing capacity of each part (%).

Specimen A B C C

Steel
tube

Concrete Steel
tube

Concrete Steel
tube

Concrete Steel
tube

Concrete

SCW1-1 34.1 65.9 58.8 41.2 62.9 37.1 71.9 28.1
SCW1-2 34.2 65.8 57.6 42.4 62.5 37.5 70.6 29.4
SCW2-1 40.2 59.8 52.7 47.3 55.1 44.9 59.1 40.9
SCW2-2 40.2 59.8 52.6 47.4 54.7 45.3 59.0 41.0
SCW3-1 45.9 54.1 52.6 47.4 54.5 45.5 58.3 41.7
SCW3-2 49.1 50.9 56.5 43.5 55.1 44.9 56.5 43.5
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The fracture energy of tensile concrete was used to describe the fail-
ure of concrete under tension, which is defined as follows [21]:

Gf ¼ a � f 0c
10

� �0:7

� 10−3 � MPað Þ ð3Þ

where Gf is fracture energy; coefficient a=1.25dmax+10,dmax is the
maximum particle diameter of coarse aggregate.

The elastic modulus of the concrete could be calculated by Ec=
3320(fc′)1/2+6900 (MPa), and the Poisson's ratio was 0.2.

3.2. Model building

The three-dimensional eight-node solid element (C3D8R) was used
to simulate concrete, steel tube and end plate. The mechanical



Neutral axis Neutral axis Neutral axis

(a) SCW1-1 (b) SCW2-1 (c) SCW3-1

Fig. 15. The location of neutral axis.
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parameter of the end plates can hardly affect the behavior of the mid-
span section. Therefore, the Young's modulus and Poisson's ratio were
defined as 1012 MPa and 0.001 separately.

Between the core concrete and steel tube, the surface-to-surface
contact was used to simulate the interaction between the two parts,
considering the friction in tangent direction. The friction coefficient
was defined as 0.6 [20]. Because the stiffness of steel is greater than con-
crete, the inner surface of the steel tubewas defined as themain surface.
Between the end plates and the steel tube, the hard contact was used in
normal direction only for passing pressure. The same hard contact was
used between the end plates and concrete.

The loadingwas controlled by the vertical displacement, as shown in
Fig. 9. To be consistent with the test, one supports was fixed in both Y
and Z direction, and the other one was fixed only in Y direction.
3.3. Comparison between FEA and test results

The simulation results are compared with the test results as shown
in Fig. 10. The simulation results have the same tendency comparing
with the test results. To be consistentwith the test, the ultimate bearing
capacity of the simulation results was also selected when the tensile
strain at mid-span reaches 1000 με. And the differences between the
test bearing capacity and the simulated one are limited within 8%, as
listed in Table 2.

To demonstrate the stress distribution on the specimen, a corre-
sponding FEA model of test SCW2-2 is given in Fig. 11. Vertical loads
were applied until the mid-span deflection was identical to the test
mid-span deflection.

It can be seen from Fig. 12 that steel tube and concrete above the
neutral axis resisted compression. After the plastic deformation oc-
curred, steel tube began to confine the concrete (shown in Fig. 12(b)
and (c)), but effect of the confinement distribution was different along
the depth of compression. The concrete cracked at tension side of the
beam, steel tube resisted the entire tension, the concrete was not con-
fined. The mechanical performance of HCFHST is similar to the CFST.
Table 5
Specimens parameters and ultimate bending moment.

Type Specimen t (mm) fy (MPa) fcu (MPa) Mue (kN·m)

Test SCW1-1 4 434.56 98 70.1
SCW1-2 4 430 98 65.9
SCW2-1 5 420 98 90.3
SCW2-2 5 416.3 98 82.4
SCW3-1 6 430 98 99.7
SCW3-2 6 436.9 98 106.6

FEA ACW-1 4 460 60 71.62
ACW-2 4 460 80 73.40
ACW-3 4 460 100 74.88
ACW-4 4 460 120 76.28
ACW-5 4 550 100 87.29
ACW-6 4 690 100 105.17
3.4. Analysis on the distribution of the stress

Fig. 12 and Table 3 show the S33 stress of the concrete at mid-span
section of feature events A, B and D (Fig. 6). At point A, the distribution
of the stress is uniform, neutral axis is slightly higher than the section
centric axis, and the stress of point d1 reached the ultimate tensile stress
of concrete. At point B, neutral axis raised a little, stress at point a2 and b2
increased. In tensile zone, stress decreased due to the concrete quit
working. At point D, neutral axis raised obviously, stress in compressive
point a3 was −88.96 MPa, however, stress in point b3 was −
109.08 MPa. In tensile zone, stress of point c3 and d3 were 4.70 MPa
and 7.25 MPa. During the whole process, concrete cracked and quitted
work early in tensile zone.

Fig. 13 and Table 3 demonstrate the Mises stress of the steel tube at
mid-span section. At point A, maximum Mises stress at both top and
bottom are less than the steel yield stress. So the whole steel tube re-
mains elastic, when the bottom concrete crack at point A. At point B,
the maximum Mises stress reaches the steel yield stress, and bottom
steel tube starts to yield. However, at point B the top compressive
steel remains elastic. At point D, the top steel tube starts to yield, and
the yielding extends to about half of the beam height.

3.5. The proportion of bear the bearing capacity of each components

Fig. 14 and Table 4 demonstrate the contribution of both concrete
and steel tube to the bearing capacity during thewhole loading process.
Before point A, concrete carrymost of the bendingmoment, about 80%–
90%, because the concrete area is much larger than the steel tube, be-
sides, the section remains elastic, so the stress difference between con-
crete and steel is not much. The concrete cracked at point A, and the
proportion of the concrete declined to 50.9%–65.9%. With the raising
of neutral axis, the area of compressive region decreased, and the pro-
portion of the steel tube increased to 52.6%–58.8% at point B. When
reached event D, the proportion of the steel tube raised to 56.5%–
71.9%. Fig. 14 and Table 4 show that the proportion of the steel tube de-
creases with the increase of steel ratio, because the area of compressive
region increases with the steel ratio, as shown in Fig. 15.

4. Parameters analysis

To further analyze the effects of different design parameters, steel
ratio, steel yield strength and concrete compressive strength are taken
as the variables. The design parameters and the corresponding results
are shown in Table 5 and Fig. 16.

(1) The effect of steel ratio

Fig. 16(a) demonstrates the load-deflection curves of the specimens
with thedifferent steel ratio. To specimensSCW1-2, 2-2 and3-1, the thick-
ness of the steel tube are 4, 5 and 6mm, respectively. According to Table 3,
the ultimate bearing capacity of specimens SCW2-2 and 3-1 are 125% and



Fig. 16. Comparison of load-deflection curve.
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151.3% of the strength of specimen SCW 1-2. This is because that the con-
finement factor increases ξwith steel ratio, and the concrete ultimate com-
pressive strength also increases with the confinement factor.

(2) The effect of steel yield strength

Fig. 16(b) demonstrates the load-deflection curves of the specimens
with different steel yield strength. To specimens ACW-3, 5 and 6, the
steel yield strength are 460 MPa, 550 MPa and 690 MPa, respectively.
Table 6
Flexural capacity compared with different codes.

Type Specimen Mue (kN·m) AISC-LRFD (1994) AIJ (

Mc (kN·m) Mc/Mue Mc (

Test SCW1-1 70.1 63.85 0.91 63.8
SCW1-2 65.9 62.30 0.95 62.3
SCW2-1 90.3 70.83 0.78 70.8
SCW2-2 82.4 72.67 0.88 72.6
SCW3-1 99.7 88.95 0.89 88.9
SCW3-2 106.6 84.23 0.80 84.2

Simulation ACW-1 71.6 61.53 0.86 61.5
ACW-2 73.4 62.16 0.85 62.1
ACW-3 74.9 62.85 0.84 62.8
ACW-4 76.3 63.35 0.83 63.3
ACW-5 87.3 74.32 0.85 74.3
ACW-6 105.2 92.60 0.88 92.6

Mean value (μ) 0.86
Standard deviation (σ) 0.04
According to Table 3, the ultimate bearing capacity of model ACW-5
and 6 are 116.6% and 140.5% of the strength of ACW-3. Besides, the stiff-
ness of the specimens before point B, tensile steel yield, are identical.

(3) The effect of concrete compressive strength

Fig. 16(c) demonstrates the load-deflection curves of the specimens
with different concrete compressive strength. To specimens model
ACW-1, 2, 3 and 4, the concrete compressive strength are 60, 80, 100
1997) EC4 (1994) GB59036 (2014)

kN·m) Mc/Mue Mc (kN·m) Mc/Mue Mc (kN·m) Mc/Mue

5 0.91 63.81 0.91 76.17 1.09
0 0.95 63.18 0.96 75.61 1.15
3 0.78 74.90 0.83 85.50 0.95
7 0.88 74.25 0.91 84.99 1.03
5 0.89 89.29 0.90 96.56 0.97
3 0.80 90.63 0.85 97.55 0.92
3 0.86 64.82 0.91 68.14 0.95
6 0.85 66.14 0.90 73.63 1.00
5 0.84 67.28 0.90 79.23 1.06
5 0.83 68.21 0.90 84.58 1.11
2 0.85 79.47 0.91 90.03 1.03
0 0.88 98.21 0.93 106.78 1.02

0.86 0.90 1.02
0.04 0.03 0.02
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Fig. 17. Diagram for calculation of flexural moment capacity of CFST beam.
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and 120 MPa, respectively. According to Table 3, the ultimate bearing
capacity of model ACW-2, 3 and 4 are 102.5%, 104.6% and 106.5% of
the strength of ACW-1. Besides, the initial stiffness and yield strength
are really close to all four models.
Fig. 18. Comparison of the fl
5. Comparison between different codes

To compare and analyze the current code designmethods, the bear-
ing capacity of all the test specimens and simulatedmodels according to
the four different codes (AISC-LRFD (1999), AIJ (1997), EC4 (1994) and
GB50936-2014(2014)) are listed in Table 6. The methods to calculate
the bearing capacity can be separated into 3 types as follows:

(1) AISC-LRFD (1999) [22] and AIJ (1997) [23] only considered the
contribution of the steel tube to the bearing capacity and ignored
the effect of concrete. The formulation to calculate bearing capac-
ity is showed as follow:

Mu ¼ Z f y ð4Þ

where, Mu is the ultimate bending moment, fy is the yield strength of
steel, Z is the plastic section modulus of steel tube, Z=B3t/2−2Bt2+
2t3, B and t are the width and thickness of the square steel tube,
respectively.

(2) EC4 (1994) [24] uses the formulation below to calculate bearing
capacity:
exural bearing capacity.
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Mu ¼ f y½ðAs B−2t−dcð Þ=2þ Bt t þ dcð Þ� ð5Þ

where, dc=(As−2Bt)/((b−2t)ρ+4t)), ρ=0.6fck/fy; B and t are the
width and thickness of the square steel tube, respectively; As is the area
of steel tube, fck is the characteristic concrete strength. Fig. 17 shows the
diagram for calculation the moment capacity of circular CFST beam in
EC4.

(3) GB50936-2014(2014) [25] uses the formulation below to calcu-
late bearing capacity:

Mu ¼ γmWsc f sc ð6Þ

where, γm is flexural strength index, γm ¼ −0:438ξþ 1:926
ffiffiffi
ξ

p
, ξ=-

fyAs/fckAc; Wsc is the section modulus of the composite section, which
can be calculated by B3/6; fsc is the nominal yield strength of the com-
posite section, fsc=(1.212+Bξ+Cξ2), B=0.131fy/215+0.723,
C=−0.070fck/14.4+0.026.

Table 6 shows the results of test values (Mue) and calculation values
(Mc) of the different codes.

As shown in Table 6 and Fig. 18, calculation value of LFRD (1999), AIJ
(1997), EC4 (1994) and GB50936 (2014) all matched the test and sim-
ulation results, while GB59036-2014 (2014) (μ = 1.02, σ = 0.02) was
the best, but the results was not safety. The calculation results of
GB50936 (2014) (μ=1.02,σ=0.02)were little higher than the results
calculated by the other three codes, because the LRFD (1999) (μ=0.86,
σ=0.04) and AIJ (1997) (μ=0.86, σ=0.04) only considered the con-
tribution of the steel tube for the bearing capacity and EC4 (1994) (μ=
0.90, σ = 0.03) did not consider the combination effect between steel
tube and concrete. Therefore, it can be concluded that EC4 (1994) was
the most compatible code to calculate bearing capacity of HCFHST.

6. Conclusions

Based on the analysis and discussion on the test and FEA results, the
following conclusions can be drawn:

(1) TheHCFHST specimenunder pure bending loadhas a high ductil-
ity. The deflection curve performs close to sinusoid shape, and it
fails because of the local bulking of the top surface of the steel
tube at mid-span.

(2) The moment-curvature relationship of the HCFHST specimen
under pure bending load can be separated into four stages ac-
cording to the mechanical behavior of the components: elastic
stage, yield stage and hardening stage.

(3) Before concrete crack, core concrete mainly resists the bending
moment. After that the proportion of steel tube increases, and
after tensile steel yields, steel tube mainly resists the bending
moment.

(4) The ultimate bearing capacity of theHCFHST under pure bending
moment significant increases with steel ratio and steel yield
strength. The increase due to the core concrete compressive
strength is much less than the other two design variables.

(5) The test and FEA results are more consistent with the design re-
sults according to code EC4 (1994) than the results of other three
codes. LRFD (1999), AIJ (1997) and EC4 (1994).
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