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Abstract. The mechanical characteristic of reinforced concrete filled steel tubular (RCFT) structures are
differed from that of concrete filled tubular steel (CFT) structures because the reinforcement in RCFT
largely affects the performance of core concrete such as ductility, strength and toughness, and hence the
performance of RCFT should be evaluated differently from CFT. To examine the effect axial reinforcement
on bending performance, an investigation on RCFT beams with varying levels of axial reinforcement is
performed by the means of numerical parametric study. According to the numerical simulation results with
13 different ratios of axial reinforcement, it is concluded that the reinforcement has obvious effect on
bending capacity, and the neutral axis of RCFT is different from CFT, and an evaluation equation in which
the effect of axial reinforcement is considered for ultimate bending strength of RCFT is proposed.
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1. Introduction

Concrete filled tubular steel (CFT) structures have gained popularity in supporting heavy loads
in high rise buildings, bridges and offshore structures due to their excellent seismic event resistant
structural properties such as high strength, high ductility and large energy absorption capacity.
Along with the realization of merits of CFT in engineering works, CFT members with bending and
tension also started to become very popular.

As a variation of CFT structures, reinforced concrete filled steel tubular (RCFT) structures
appeared soon after the Hanshin-Awaji earthquake of Japan in 1995, as a reinforcement method
for heavily damaged reinforced concrete (RC) and steel tube piers. Since then, RCFT structures
are grown up in the process of practical application and research works. Fig. 1 illustrates the
models of CFT and RCFT.

RCFT structures are developed mainly on the purpose of combining the merits of RC and CFT
structures. Known research results and application examples until now (Endo et al. 2000, Sato
2008, Tanigaki et al. 2002, Suzuki 2008, Wang et al. 2002, Wei et al. 2005, Xiamuxi and
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Fig. 1 Models of CFT and RCFT
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Fig. 2 Constitutive law for concrete

Hasegawa 2011) proved that bearing capacity, toughness, ductility and seismic performance of
RCEFT structures are increased compared with those of CFT. In other words, because of the
existence of reinforcement, the performance of RCFT differed from that of CFT, and hence the
evaluation methods for the performance of CFT cannot be completely applied to RCFT.

In order to examine the effect of axial reinforcement on bending performance, in this study, an
investigation on RCFT beams with varying levels of axial reinforcement is performed by the
means of numerical parametric study. According to the numerical simulation results with 13
different ratios of axial reinforcement, the behaviors of RCFT under pure bending were studied

and discussed.
2. Numerical model and validation

2.1 Numerical model

2.2.1 Material model for concrete
A multiaxial stress-strain law, used in this study, for concrete core is shown in Fig. 2.
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It is well known that when the concrete is subjected to laterally confining pressure, the
compressive strength and the corresponding strains are much higher than those of unconfined
concrete. In RCFT, the lateral pressure is provided by both steel tube and reinforcements, thus, we
assumed that the strength ¢, and corresponding strain ¢, of concrete core in RCFT may be the
multiple of the strength ¢, and corresponding strain ¢, of unconfined concrete, respectively,
which can be expressed as

o.=k.-o (1a)

co

gC = kSC : gC[) (lb)
where k. and k.. is increase parameter for strength and corresponding strain of concrete core due to
the confinement effect of both steel tube and reinforcement, respectively. According to Xiamuxi
and Hasegawa (2012), &, and k.. can be defined using following empirical equations

k, =571y} —2.96y, +1.62 (1¢)
k.. =0.94exp(3.97,) (1d)

in which y; is the load-sharing ratio of RCFT and should be defined using the equation proposed by
Xiamuxi and Hasegawa (2012) or see Eq. (13).
Based on the o, and ¢., we defined the ultimate strength o, and corresponding strain ¢, of
concrete core, respectively, as
o,=k, o, (2a)

e, =k, -&. (2b)

where the k, is a degradation parameter for strength of concrete core, and k., is a parameter to
define ultimate strain. According to Xiamuxi and Hasegawa (2012), k. and k.. can be defined using
following empirical equations

k,=3.4y,-0.05 7,<0.3

2c
k,=1.0 7,>0.3 (2¢)

k, =5.6 (2d)

Thus, the constants o, g,, &, & can be employed in order to completely define, using the
equations for stress-strain relationship proposed in ADINA (2008), the multiaxial stress-strain law
(see Fig. 2).

Post-crack tension hardening is considered by an unloading branch after ¢,,, and assume that the
tensile stress of the concrete is linearly released to zero at ¢,,, where &,,-C¢,,, and there is no
standard value for £ In this study, referring to Soranakom and Mobasher (2007) and Chen et al.
(2008) a value & = 8.0 is used.

To simulate multiaxial compressive and tensile failure of the concrete core in RCFT,
considering the simplicity of the model, in this study, a linearized Kupfer model (Kupfer et al.
1969) illustrated as Fig. 3 is used after the validation against complex triaxial failure envelopes
(ADINA 2008).
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In Fig. 3, the failure surfaces are defined using following equations

o, =130 gy Tigg (3a)
(I+a) _/
G‘OU'
o, = (1 - 0.75"—}0, (3b)
O-C

where 0., and 6, are the effective stresses on compression and tensile failure surfaces, respectively;
o;and o;are principal stresses in corresponding directions 1,2 and 3; a is principal stress ratio, and
set to 0.75 in this study.

Throughout the section, some constant parameters for uniaxial stress-strain relationship can be
determined as follows:

o can be taken by material test and corresponding value of ¢, is usually around the range of
0.002 to 0.003, a representative value suggested by ACI Committee 318 (1999) used in the
analysis is €., = 0.003.

04, 0t a,1s determined by g, = 0.23(o.) 23 according to JSCE (2007).

E, is highly correlated to its compressive strength and can be calculated with reasonable
accuracy from the empirical equation by ACI Committee 318 (1999)

E,=4700,/c, )

The Poisson’s ratio v. of concrete under uniaxial compressive stress ranges from 0.15 to 0.22,
with a representative value of 0.19 or 0.20 by ASCE (1982). In this study, v. is set to be v, = 0.20.

2.1.2 Material model for steel

The response of the steel tube is modeled by an elastic-perfectly-plastic theory with associated
flow and isotropic hardening rule. When the stress points fall inside the yield surface, the behavior
of the steel tube is linearly elastic. If the stresses of the steel tube reach the yield surface, the
behavior of the steel tube becomes perfectly plastic. Consequently, the steel tube is assumed to fail
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and cannot resist any further loading if the stresses of the steel tube are beyond the elastic limit,
and a von Mises yield criterion is employed to define the elastic limit, which is written as

o, =37, 2\/(01_0-2)2+(O-2 _20'3)2+(O'1_‘73)2 (5)

where J, is second stress invariant of the stress deviator tensor and o, , 0, , and o3 are principal
stresses.

A constitutive law with von Mises yield criterion for this model is shown as Fig. 4, values for
yield stress f;,, yield strain ¢, and maximum allowable plastic strain ¢, are obtained from uniaxial
material tests. Poisson’s ratio v; and Young’s modulus E; are set to v; = 0.3 and E; = 200 GPa,
respectively.

2.1.3 Reinforcement modeling

Axial and lateral reinforcements are modeled with truss elements. The lines are defined
as truss elements and connected to solid elements (concrete) through the constraint
equations (ADINA 2008), as shown in Fig. 5. The constraint equations take form as

U=, U, (6)

where Uj is a dependent (slave) degree of freedom which is controlled by multiple independent
(master) U; degrees of freedom via factors a;. And the reinforcement is set as master, the concrete
is set as slave.

2.1.4 Contact modeling
The treatments in simulating the contact between steel tube and concrete in numerical analysis of
CFT vary between the researchers. There have been examples of bond, frictional and frictionless
contact models. Choi and Yan (2010) adopted frictionless contact condition in CFT columns under
axial compression with ADINA. Hu et al. (2003) modeled the contact in CFT with infinitesimal
sliding and friction between the concrete and the steel tube. The contact surfaces between the
concrete and the steel tube are allowed to separate but not to penetrate each other. The friction

Constraint equation

3-D solid element

Truss element (Concrete)

(Reinforcement)
8.~_r i &

Fig. 4 Constitutive law for steel Fig. 5 Reinforcement modeling
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coefficient used in their analyses was 0.25. Han et al. (2007) employed Coulomb friction theory
with a friction coefficient of 0.6 in contact modeling of CFT subject to torsion. Zeng et al. (2011)
employed Coulomb friction theory with a friction coefficient of 0.6 in simulating the contact
between stiches and concrete. Hou et al. (2011) employed Coulomb friction theory with a friction
coefficient of 0.6 in contact modeling of CFT subject to impact force. Mao and Wang (2011)
assumed complete bond between steel tube and concrete in modeling the steel-concrete composite
beam joints. Kwak et al. (2011) simulated cyclic behavior of CFT columns with bonded contact
condition. All of those indicate that the treatments of contact between steel tube and concrete
differed greatly between the researchers, and it is difficult to find any standard for the friction
between the concrete and steel materials.

In this study, then, we performed the simulations of RCFT beams with frictionless, frictional
and bonding contact conditions between, and observed that only the bonding condition showed
better agreement against the experiment. Hence, a constraint-function model built in ADINA
(2008) with bonding contact condition is employed to simulate contact between steel tube and
concrete.

2.1.5 Modeling of RCFT beams

The steel tube is defined using geometric pipe body, concrete core is defined using geometric
cylinder body, and both axial and lateral reinforcements are defined using geometric lines. The
geometric bodies are meshed with 10-node 3-D solid elements employing Delaunay meshing
algorithm provide in ADINA (2008). Through a plenty of trial and error procedures, we found that
better speed and accuracy can be achieved with element size 15 mm, and correspondingly element
edge length for bodies and lines is set to 15 mm for mesh densities.

2.2 Validation

Bending test results of RCFT and CFT beams by Sato (2008) are used to validate the numerical
model for bending. The formation of the beams is illustrated in Fig. 6. Materials are used as
follows: Steel tube is SS400 (JIS) with yield strength f;, =314 MPa and thickness is t = 3.2 mm;
Axial reinforcement is SD295 with yield strength £, = 352 MPa and diameter d, = 6.0 mm; Lateral

Lateral
reinforcements

Steel tube
Axial
reinforcements

100
150mm

30mm X 30=900mm

Fig. 6 Formation of RCFT beams
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reinforcement is SS400 with yield strength f; = 304 MPa and diameter d; = 3.0 mm; Uniaxial
strength of concrete is ¢, = 27.1 MPa. Fig. 7 shows the photograph of support condition and
illustration of test, and Fig. 8 illustrates the numerical model.

The results of the simulations are plotted in Fig. 9. The correlation coefficient R* between the
load-deflection curves of experiment and numerical simulation of RCFT and CFT beams are R* =
0.997 and R* = 0.993, respectively, which means the numerical results match with experimental
results very well.
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3. Effect of axial reinforcement
3.1 Parameters

To examine the effect of axial reinforcement on bending performance of RCFT, using the
numerical simulation model in previous section, numerical analyses are carried out on RCFT
beams with varying ratios of axial reinforcement.

The size of RCFT beams, material, arrangement and number of both axial and lateral
reinforcements are kept same as in previous section. The varying ratio of axial reinforcement p for
RCFT beams is determined based on the specifications of JSCE (2007) on the range of p for RC
columns, namely 0.8% < p < 6.0%, and other two smaller values than 0.8% are also used
considering extra small p for RCFT. Only one type of steel tube is used, and its thickness ¢ is set to
t=1.2 mm. The concrete is used as o, =40.80 MPa. The determined 13 values for p and the
corresponding labels for numerical analyses are listed in Table 1.

3.2 Results and discussions

3.2.1 Discussions on ratio of axial reinforcement

The values of bending strength o), (stress values on the compression flange of steel tube which
were obtained from the one element of steel tube at mid-span section where the maximum stresses
will happen in theory) are listed in Table 1 and plotted against p in Fig. 10. The bending strength is
increasing along with the increase of p, but the increase is stopped at p = 3.0% with ), = 310 MPa,
which is maybe assumed that when the reinforcement is in a proper level, a better balance of
strength between steel tube and reinforcement supposed to be achieved, thus, the flange of steel
tube yields at the same time as reinforcement yields. But, this balance may be broken with an extra
amount of reinforcement (say p > 3.0%) that the compression flange of steel tube started to local
buckling and yield while the reinforcement just started to raise its best performance. Again,
although o) increases with the increase of p until p = 3.0%, but the increment is very small (say 1.1
MPa in average), which means that RCFT members with circular sections are more pressure proof
other than bending.

The bending ductility z, can be the ratio of plastic curvature %, against yield curvature %,
namely, uy= ./ %. ¥, and ¥, herein, is determined based on the mid-span deflections
corresponding to the yield and plastic strain of compression flange of steel tube, respectively, and
the plastic strain then is selected as 4 times of yield strain based on the material test of steel tube
(Xiamuxi and Hasegawa 2011). The calculated values of u, are listed in Table 1 and plotted
against p in Fig. 11. Again, the bending toughness y., is calculated based on the curves of stress
versus strain at compression edge of concrete core (the values of stress-strain herein were obtained
from the one element of concrete at mid-span section where the maximum stresses will happen in
theory), and the values of y., are listed in Table 1 and plotted against p in Fig. 12. Both uy and y.,
are starting increase after p = 1.5% and decrease after p = 3.0%, namely, RCFT with bending is
showing better performance between 1.5% < p <3.0%.

Summarizing discussions above, it can be concluded that the ratio of axial reinforcement has
the effect on bending performance of RCFT members, and there would be an optimal range for the
ratio of axial reinforcement which would help the steel tube and concrete to improve their
performance and also put RCFT into better mechanical and economic condition, and this optimal
range, in this study, can be proposed as 1.5% < p < 3.0%.



A study on bending strength of reinforced concrete filled steel tubular beam

Table 1 Simulation results with bending

647

9, (m’")

Labels P (%) oy (MPa) o, (m™") Uy Kew (< 100 T/m?)
CFT 0.0 296.6 0.033 0.123 3.69 0.53
PB-R02 0.2 298.1 0.042 0.162 3.82 0.61
PB-R04 0.4 299.9 0.033 0.129 3.85 0.65
PB-R08 0.8 302.9 0.042 0.164 3.86 0.66
PB-R11 1.1 304.6 0.042 0.165 3.89 0.65
PB-R15 1.5 306.1 0.033 0.130 3.91 0.69
PB-R20 2.0 307.5 0.042 0.165 3.92 0.72
PB-R25 2.5 308.5 0.042 0.166 3.94 0.73
PB-R30 3.0 309.5 0.042 0.165 3.95 0.72
PB-R35 3.5 310.0 0.042 0.164 3.94 0.68
PB-R40 4.0 310.1 0.042 0.164 3.93 0.67
PB-R44 4.4 310.1 0.042 0.163 3.94 0.68
PB-R50 5.0 310.2 0.041 0.163 3.94 0.67
PB-R60 6.0 310.3 0.041 0.162 3.94 0.65
3.14 " T
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Fig. 11 Bending ductility versus reinforcement ratio
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Fig. 12 Bending toughness versus reinforcement ratio
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3.2.2 Discussions on neutral axis

The results of strain distribution at cross-section when the beams achieved maximum bending
strength are plotted in Fig. 13 and the calculated position of neutral axis according to Fig. 13 is
listed in Table 2. For the convenience of discussion, the positioning of neutral axis is illustrated in
Fig. 14, ¢ and @ is the positioning angle for neutral axis of RCFT and CFT respectively, x, and x,,
is the height of neutral axis of RCFT and CFT, respectively. x,, and ¢ are all greater than x, and 6
respectively, which means RCFT always has more compressive area than CFT. The increased
amount of neutral axis then can be evaluated by

xO

s, =§ or ¢, = (6)

00

The values of {, and (; are listed in Table 2 and plotted against p in Fig. 15. {, and ( is
increasing linearly along with the increase of p, which means the compressive area of the beams
increase as the amount of axial reinforcements increase.

Based on the regression analysis results of {, and {;, empirical equations can be proposed as

¢,=0.02p+1.03

(7)
¢, =0.05p+1.03
According to discussion results in section 3.2.1, p in Eq. (7) shall be 1.5% < p < 3.0%, and
correspondingly, {, < 1.06 or {, < 1.12.
The meaning of Eq. (7) simply is that the total height of compressive area or neutral axis of
RCFT increased against CFT by ¢, or {; based on the amount of axial reinforcement.

Table 2 Discussions on neutral axis

Labels p (%) X, (MmMm) @ (rad) &y X, (mm) &
CFT 0.0 38.22 1.04 1.00 36.78 1.00
PB-R02 0.2 38.08 1.04 1.00 36.92 1.00
PB-R04 0.4 36.80 1.06 1.02 38.20 1.04
PB-RO8 0.8 34.99 1.09 1.05 40.01 1.09
PB-R11 1.1 34.57 1.09 1.05 40.43 1.10
PB-R15 1.5 34.53 1.09 1.05 40.47 1.10
PB-R20 2.0 31.86 1.13 1.09 43.14 1.17
PB-R25 2.5 31.47 1.14 1.10 43.53 1.18
PB-R30 3.0 30.20 1.16 1.12 44.80 1.22
PB-R35 3.5 29.78 1.16 1.12 45.22 1.23
PB-R40 4.0 29.13 1.17 1.13 45.87 1.25
PB-R44 4.4 28.20 1.19 1.14 46.80 1.27
PB-R50 5.0 28.00 1.19 1.15 47.00 1.28

PB-R60 6.0 27.15 1.20 1.16 47.85 1.30
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Fig. 15 Effect of axial reinforcement on neutral axis

4. Ultimate bending strength of RCFT
4.1 Assumptions

Based on the results of experimental studies on CFT and RCFT, following assumptions are
supposed:

(1) Any deformation due to the shear force across the cross-section of the member is not
accounted for, namely, the cross-section of CFT and RCFT follows the “plane section
assumption”.

(2) There is no gap between the steel tube and in-filled concrete until the beam reach the
maximum bending.

(3) In-filled concrete stays in a multiaxial stress condition since it is subjected to the
confinement pressure imposed by both steel tube and reinforcement, and the compressive
strength of in-filled concrete increases compared with its uniaxial stress condition.
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Fig. 16 Stress distribution on cross-section of CFT

(4) Steel tube stays in a multiaxial elastic-perfectly-plastic stress condition, and the effect of
shrinkage and creep of in-filled concrete and local buckling of steel tube can be neglected
and follows the von Mises yield condition.

(5) Tensile strength of in-filled concrete can be ignored.

(6) The effect of clamping force which is produced by the contact between the steel tube and
in-filled concrete on bending strength can be neglected.

4.2 Neutral axis of CFT

When CFT achieves the maximum bending, position of neutral axis and stress distribution on
cross-section can be illustrated as Fig. 16.
According to Fig. 16, the equilibrium condition of axial force direction will be

O Anc + ﬂljrsy : Ansl = ﬂZfsy : AosZ (8)

where o, is confined strength of concrete core of CFT, shall be evaluated according to AlJ (2008)
as Eq. (9); A,.=r2 (0—sinfcosh) is compression area of concrete core; A,y =2r.10 is compression
area of steel tube; 4,,, =2 (z—0O)r.t is tension area of steel tube; f; and f, is the strength reduction
and increase factor for steel tube under compression and tension, respectively, according to AlJ
(2008), 81 = 0.89 and S, = 1.08 for CFT.

2t
o,=0,+0.78- . 9
cb co D—2t f;y ( )
Substituting given constants into Eq. (8) leads to
o (0 —sinOcos0)+ 2r.t(B, + B, )f,,0 = 2m 1B, ., (10)

6 is obtainable from the Eq. (10). Hence, the height or position of neutral axis x,, of CFT will
be
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00

X :g—lfc-cosﬁ (11)

4.3 Neutral axis of RCFT

4.3.1 Discussions on confinement effect, 31 and 3,

According to former studies (Endo et al. 2000, Sato 2008, Tanigaki et al. 2002, Suzuki 2008,
Wang et al. 2002, Wei et al. 2005, Xiamuxi and Hasegawa 2011), the mechanical properties of
RCFT change significantly compared with CFT, which means the confined strength o, £ and f,
should be evaluate differently from CFT.

According to study results of Xiamuxi and Hasegawa (2012), the confine strength o. of
concrete core of RCFT can be evaluated by

O-C = kC .O-C()

i (12)
k,=571-y;-2.96-y, +1.62
in which y, is the load-sharing ratio of RCFT, considering the effect of axial reinforcement, and
can be evaluated by
N

= So 13
7/5 NS 0 + N}‘O + NCO ( )

where N, =f;, 4, is uniaxial compressive strength of steel tube; N,,=f;, 4, is uniaxial compressive
strength of axial reinforcement; N.,= 0., 4.. is uniaxial compressive strength of concrete core; Aj;,
A-and A4, are cross-section area of steel tube, axial reinforcement and concrete core, respectively.

According to study results of Xiamuxi and Hasegawa (2012) again, the strength reduction
factor S, for steel tube under compression can be 5, =1.0 for RCFT. Furthermore, strength increase
factor S, for steel tube under compression can be conservatively set to f, = 1.0. Thus, when RCFT
achieves the maximum bending, position of neutral axis and stress distribution on cross-section
can be illustrated as Fig. 17.

4.3.2 Evaluation of neutral axis of RCFT
According to Fig. 17, the equilibrium condition of axial force direction will be

O, Ac +fsy : Assl +fsr ' Asrl :fsy 'Ass2 +fsr ' ZAYVZ (14)

where A, = r? (p—sing cosp) is compression area of concrete core; A, =2r.tp is compression area
of steel tube; 4,»=2 (m—6O)r.t is tension area of steel tube; XA, and XA, is the total cross-section
area of axial reinforcement in compression and tension, respectively, and 4,1 = Ay, is cross-section
area of single reinforcement.

In the Eq. (14), it is difficult to solve exact ¢ because X4, and X4, cannot be determined
exactly as the position of neutral axis is unknown. Therefore, according discussions in Section
3.2.2, the neutral axial of RCFT can be simplified as

0=¢,-0=(0.02p+1.03)-6 (15)
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Fig. 17 Stress distribution on cross-section of RCFT

and the height of neutral axis of RCFT will be

o

X =§—rc~cos¢) (16)

4.4 Proposal for bending strength of RCFT
According to Figs. 17 and 18, the distance from the figure center of A, to the central axis of
cross-section will be

0
2r3J. sina cos® ada -3
cJy 2r,sin” @

(17

X, = =
¢ A, 3(p —singpcos ),

The distance from the figure center of Ay, and A, to the central axis of cross-section
respectively will be

¢
2r’t| cosada :

Xes1 = J.OA = 209 (18)
ss1 4

7=

2rlt cosada :

Xes2 = -[0 = 209 (19)

Ass2 T—=¢

Furthermore, the distance x,,; and x;, from the figure center of X4, and X4, to the central
axis of cross-section respectively should be determined according to x, (see Eq. (16)) and actual
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Fig. 18 Determination of figure centers

arrangement of axial reinforcements
According to the equilibrium condition of bending on cross-section in Fig. 17, the ultimate
bending strength M, of RCFT can be

M, =M, +M +M, (20)

in which M. is bending strength of concrete portion

2 .
M.=0,-4.-x, =§-0'C -2 -sin’ @
M, is bending strength of steel tube portion
Mss zfsy 'Assl " Xs1 +fsy .ASSZ “Xs2 =4'fsy ’,;3 tsm("

M, is bending strength of reinforcement portion

M, =f, ‘(xsrl 'ZAm + X0 ‘ZAsrz)

5. Conclusions

(1) The ratio of axial reinforcement has the effect on bending performance of RCFT members,
and there would be an optimal range for the axial reinforcement ratio of RCFT beams
which would help the steel tube and concrete to improve their performance and put RCFT
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into better mechanical and economic condition, and this optimal range is proposed as 1.5%
<p<3.0%.

(2) The axial reinforcement has significant effect on the neutral axis of RCFT. RCFT has
more compressive area or higher neutral axis than CFT, correspondingly an empirical
equation to evaluate the position of neutral axis of RCFT is proposed.

(3) The effect of axial reinforcement should not be neglected in the evaluation of bending
strength of RCFT. Employing the proposed empirical equation for neutral axis of RCFT,
an equation in which the effect of axial reinforcement is considered for ultimate bending
strength of RCFT is proposed.

(4) In proposed equation, the bending strength of reinforcement portion needs further studies
to simplify the calculation of figure centers of reinforcements, because it may be difficult
to determined exact figure centers of reinforcements in case of complicated arrangement
of axial reinforcements.
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