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Abstract

To investigate the constitutive law of the steel tubes in concrete-filled steel tube (CFT) columns, experimental research
and full-range elastic-plastic analysis on the nonlinear mechanical behavior of CFT stub columns have been conducted,
and the experimental and analytical results are presented in this paper.

Eleven circular CFT stub columns were fabricated and tested under monotonic axial compression, covering the concrete
strength from 40MPa to 79MPa and the diameter-to-thickness (D/t) ratio of the steel tubes from 31 to 115. Based on the
measured strain histories of the steel tubes and the so-called total deformation theory of plasticity, the stress paths of 99
measured points on the surface of the steel tubes were obtained and analyzed.

Analysis of the stress path governed by Mises yield and isotropic hardening criteria has indicated that (1) with increasing
D/, the steel tube is more likely to yield axially before it gets into biaxial stress state, and as the D/t ratio exceeds 93, the
steel tube does yield longitudinally before entering biaxial stress state; (2) deformation of the steel tube exhibits a
decreasing trend from the top section to the bottom section along the column height; and (3) the average vertical yield
stress of steel tube in CFT is about 0.88 of the steel yield stress fsy and the corresponding hoop stress that will confine
the core concrete is about 0.21fsy.

In addition, an approach to obtaining the full-range axial stress-strain curve of steel tube considering the effects of the
biaxial stress state and local buckling was proposed. This method integrating the total deformation theory of plasticity
and experimental data involved in modifying the constitutive model of circular hollow steel (CHS) tubes proposed by the
authors from uniaxial compressive stress state to biaxial stress state. To verify the validity of the proposed method, the
full-range axial load-carrying capacities of the specimens were calculated by superposing the axial load capacities of
confined concrete and steel tube. The load-carrying capacities of the confined concrete and the steel tube were obtained
by employing the widely used Sakino-Sun’s concrete model and the proposed method for steel tubes of CFT, respectively.
It has been found that the calculated results are in satisfactory agreement with the experimental load-strain curves, which
implies the rationality of this method to adequately reflect the effect of local buckling and lateral dilation of the filled
concrete on the axial behavior of steel tubes. Besides, the calculated results also have revealed that the infilled concrete
has little, if any, effect on the ascending portion of the compressive stress-strain curves of the steel tubes.

Keywords: concrete-filled steel tube; composite action; full-range elastic-plastic analysis; stress path; stress-strain
curve
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1. Introduction

Concrete filled steel tube (CFT) has widespread applications in high-rising buildings, deep underground
tunnels and bridge piers as the main gravity-sustaining and earthquake-resisting components. Lateral
confinement provided by the steel tube on the core concrete contributes to the enhancement of the load-
carrying capability, stiffness and ductility of the CFT columns. To clarify the interaction between the steel tube
and the core concrete, extensive experimental and numerical researches have been conducted on CFT columns.
The effect of critical parameters, such as the concrete strength [1-6], the yield strength of steel tube [2-3], and
the diameter-to-thickness ratio D/t [2, 5-7], has been explored on the mechanical performance of the CFT.
However, the quantitative evaluation of the interactive effect on the CFT columns still remains to be a difficult
problem. As a widely used solution to this problem, the method of superposition aims at respectively
investigating the mechanical behavior of confined core concrete and biaxially stressed steel tube of CFT.

A survey on the confined concrete under a multiaxial stress state has been conducted by hydrostatic pressure
test on cylindrical concrete specimens since 1928 [8]. For decades, considerable experimental data on the
confined concrete covering a wide range of concrete strength and confining stress has been published in
literature [9-11]. Based on the experimental database, numerous analytical models of mathematical function
have been built up for the stress-strain relationship of the concrete confined by spirals, ties and steel tube [12].

However, the limited focus has been put on the survey to clarify the nonlinear mechanical performance of the
steel tube of CFT. At present, two strategies have been applied in existing literature to achieve this goal. One
approach is based on the incremental Prandtl-Reuss theory to obtain the elastic-plastic relation of the steel tube
of CFT. This method has been verified reliable [13-14], but its iterative calculation procedure is complex for
practical application. Another method is the experimental and analytical investigation on the mechanical
performance of the hollow steel tube (CHS) [15-18]. By this means, the local buckling effect on the load-
carrying capability has been clarified, but the effect produced by the core concrete on the behavior of the steel
tube has been ignored. When it comes to the design and analysis work of the structures involving in CFT
elements, the existing stress-strain models for the steel tube of CFT, such as the elastic-perfectly plastic relation
with reduced yield stress by Sakino et al. [19] and Lai et al. [20], bilinear model with hardening branch by
Hatzigeorgiou et al. [21] and model of steel material with strain-hardening by Zhong et al. [22], cannot fully
reflect the biaxial stress state and the local buckling effect. It is urgent to develop an efficient method to have
a deep understanding of the nonlinear behavior of the steel tube.

To fill this gap, experimental and elastic-plastic analysis work on the steel tube of CFT was presented in this
paper. Eleven circular CFT stub columns were fabricated and tested under uniaxial compression with concrete
strength ranging from 40MPa to 79MPa and the diameter-to-thickness (D/t) ratio of the steel tubes varying
from 31 to 115. Nine paired vertical and hoop strain distributed on the exterior surface of the steel tube of each
specimen were measured by strain gauges. The total deformation theory of plasticity was applied to interpret
the measured strain history into the stress path, which was governed by Mises yield and isotropic hardening
criteria. In view of the obtained stress path, the stress transmitting pattern and the relationship between the D/t
ratio and the occurrence of the biaxial stress state and local buckling were analyzed. Moreover, an approach
of elastic-plastic analysis to obtain the full-range axial stress-strain relation of steel tube was proposed. This
method incorporates the total deformation theory of plasticity and the measured strain history of the specimens
to find out the relationship of the axial stress between the CHS and the steel tube of CFT. Based on the obtained
relationship, the full-range stress-strain relation of the steel tube of CFT was obtained by modifying the stress-
strain model of CHS by Sun et al. [23], which was verified reliable.

2. Experimental Research

2.1 Column specimens

Eleven CFT stub column specimens were manufactured using the cold-formed circular steel tube with yield
stress f;, of 305MPa, 312MPa, 329MPa and 429MPa. The length-to-outer diameter L/D of the specimens was
specified as 3 to avoid the end-constraint effect of stub columns with minimum effect from slenderness. The
diameter-to-thickness ratio D/t was varying from 31 to 115. The generalized diameter-to-thickness ratio of the
steel tube, introduced in the form of o=Df;,/tE, [24], was covering from 0.06 to 0.17. The compressive 28-day
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strength f: »s of the standard concrete cube with a dimension of 150mmx150mmx150mm [25] was 33MPa,
40MPa and 54MPa. On the day of test, the compressive strength f: .. of the standard concrete cube was 40MPa,

53MPa and 79MPa.
Table 1 — Critical parameters of the specimens
Specimens D t Sy Jeos Seest Jeuk | Seukey a
(mm) | (mm) | (MPa) | (MPa) | (MPa) |(MPa)| (MPa)
CFT-31-C60 219 7.06 429 40 53 70 60 0.06
CFT-31-C80 219 7.06 429 54 79 93 81 0.06
CFT-55-C30 273 5.00 312 33 40 58 50 0.08
CFT-55-C60 273 5.00 312 40 53 70 60 0.08
CFT-55-C80 273 5.00 312 54 79 93 81 0.08
CFT-78-C30 273 3.50 305 33 40 58 50 0.12
CFT-78-C60 273 3.50 305 40 53 70 60 0.12
CFT-78-C80 273 3.50 305 54 79 93 81 0.12
CFT-93-C30 325 3.57 329 33 40 58 50 0.15
CFT-93-C60 325 3.57 329 40 53 70 60 0.15
CFT-125-C30 376 3.28 305 33 40 58 50 0.17

The template of the standard cube was taken off 24 hours after casting, while the steel tube of specimens
sustainably served as the template to the core concrete. The humid curing environment inside the steel tube
with a low coefficient of contraction and slow shrinkage would result in a higher strength of the core concrete
than the standard concrete cube. If the curing duration is short, the strength difference caused by the different
dismantling template time can be ignored. But the curing duration of this test lasted more than one year, the
strength difference between the core concrete and standard concrete cube was likely to be obvious according
to the maturity theory. Thus, the compressive strength fc .. should be further modified based on the concept of
maturity M; (°Cd) to reflect the strength £« of core concrete on the test day. The calculation method is
presented by Eq. (1)-(3) according to the research [26]. Maturity M; (°Cd) of the core concrete confined by
steel tube can be expressed by Eq. (1). The strength f..,;, the ratio of f.,xto f- »sin percentage, can be calculated

by Eq. (2).
My =Y ki (T; + 10)t; (1)
fewr = 274MP1% (2)
fCu fE
fouye = FowtJeze 3)

100
Where #; (d) is the curing duration, which is 492 days in this experiment. 7; (°C) is the curing temperature, of

which average value is 20°C during the curing duration. ; is the coefficient of temperature and adopted as 1.
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To transform the compressive strength f.,« of the standard concrete cube to corresponding concrete cylinder
strength fou iy With diameter 100mmxheight 200mm, the following Eq. (4) is adopted [27]. The details of all
the critical parameters are summarized in Table 1.

0.8513f k—1.5998
fcu,kcy = (C;l% 4)

2.2 Test arrangements and measurements

The specimens were tested under uniaxial compression by a servo-controlled hydraulic machine. The test
layout and instrumentation location are shown in Fig. 1. Four electronic displacement transducers (LVDTs)
were placed to monitor the axial deformation of the specimens. Paired vertical and horizontal strain gauges
placed at nine points of the steel tube surface respectively measured the axial deformation and perimeter
expansion of the steel tube.
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Fig. 1 — Test layout and instrumentation location

3. Theoretical analysis

At the initial loading stage, expansion of the steel tube develops faster than the core concrete. With increasing
deformation, the interaction between the core concrete and steel tube occurs due to the Poisson’s ratio of
concrete exceeds that of the steel tube. Since then, the steel tube is biaxially stressed. To interpret the
information of the interaction from test results, the total deformation theory of plasticity is applied, which
essentially follows the content of the literature [28].

As shown in Fig. 2, the principal stress o1, 02 and o3 with corresponding strain €1, &> and &3 of the cubic element
of steel tube follow the Hook’s law by Eq. (5)-(7) at the elastic stage. The Poisson’s ratio v is assumed to be
0.3 at this stage.
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Fig. 2 —Stress components of steel tube  Fig. 3 —Yield criteria and flow rules of steel tube
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& = %[0'1 —v(0,t03)] (5)
& = %[0'2 —v(o1t03)] (6)
&3 = %[0'3 —v(o1t0,)] (7)

At the plastic stage, the relationship between octahedral shear stress 7, and the equivalent stress ¢ can be
expressed by Eq. (8)-(9).

Toct = %\/(01 —0,)%+ (0, —03)%+ (07 — 03 )2 (8

V2 _
Toct = ?0 (9)

To reflect the relationship of the vertical and hoop stress, a1, a2 and a3 are defined as the ratios of principle
stress by Eq. (10). Thus, the 7..:can be simplified by Eq. (11).

a; = 01/03, a; =0,/03, a3 =03/03 (10)
V2
Toct = ?03\/a12 +a,’+1—aa, —a; —ay (11)

At axial stress state (a1=0, ax=0, a3=1), the octahedral shear stress 7. can be expressed by Eq. (12), while for
the octahedral shear stress 7o, 0f biaxial stress state (ax=0, as=1), it can be obtained by Eq. (13). The 03, and
o3 are respectively the axial stress of steel under axial and biaxial stress circumstances.

V2 V2
Tocta = ?0'3 = ?0-351 (12)

V2 V2
Tocth = 5 03 = 5 03pv/ ?+1l-ao (13)

The yield and flow rules are assumed to follow the Von Mises and Isotropic Hardening criterions as illustrated
in Fig. 3. Octahedral shear stress 7oc:1s independent of stress state and only related to the principal stress. That
is, equivalent stress determines the yield of steel no matter in what stress state as expressed in Eq. (14).

Tocta = Toctb (14)
Substituting Eq. (12) and (13) into Eq. (14), the relationship of axial stress of steel in axial and biaxial condition
is obtained by Eq. (15). The reduction factor for the axial stress of steel tube from axial to biaxial stress state
is defined as y in Eq. (16).

O3p = O3q/y 12 +1— 0y (15)
Y=1/Ja;?+1—-a, (16)

Based on the assumption that the components of deviatoric stress and strain are proportional, Eq. (17) can be
obtained. u'is a function of the strain state.

01702 _ 02703 _ 03701 _ 2“1 (17)
£1-&2 €2—€3 €3—&
If the assumptions that (1) the equivalent stress o is a function of the equivalent strain € as Eq. (18), and (2)
the volume of steel is incompressible (Poisson’s ratio v=0.5) are valid, the x' can be calculated by Eq. (19). E’

is a function of the equivalent strain and stress.
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G=E% (18)

y_ _E _E
w= 2(14+v) 3 (19)
Incorporating Eq. (17) and Eq. (19), the relation of the principal stress and strain at plastic stage can be

expressed as Eq. (20)-(22). For simplicity, f1, f2 and 3 are the ratio of principal strain defined by Eq. (23).

& =01 — 3 (02+03)] (20)
&, = |02 — 5 (a1+03)] @1)
& = |05 — 3 (a1+0y)] (22)
Br = e1/e3: B2 = €2/€3, P3 = €3/¢3 (23)

For the steel tube of CFT, $.=0 in biaxial stress state and | can be calculated by the measured strain history.
Substituting Eq. (10) and Eq. (23) into Eq. (5)-(7) and Eq. (20)-(22), the o at the elastic and plastic stage can
be calculated respectively by Eq. (24) and Eq. (25). Thus, the relationship of axial stress of steel in axial and
biaxial stress state as Eq. (15) can be calculated.

_ B1+03

1 = Tro3p, (24)
__ PB1t+05
1= Tro0sp4, (25)

The stress path of the steel assumed to follow the Mises yield and isotropic hardening criterion can be obtained
by Eq. (26)-(27). Where the f;, and f;,¢ represent the yield stress of initial yield surface and isotropic hardening
surface respectively.

03

= (26)
fsy /a —a,+1 fsye /a —a,+1

2= (27)

fsy /a —a +1 fsye /a —a +1

4. Experimental results

4.1Ratios f; of hoop strain to vertical strain of the measured point

Ratios f; of hoop strain to axial strain of the monitored points by strain gauges are presented in Fig. 4. The fr-
aves Prr-ave and Bp-ave are respectively the average f;0f three measured points distributed across the section from
top to bottom of the specimens if the assumption of plane-remain-plane is valid.
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' ' ' I 3 3 4
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Fig. 4— Ratios B1 of hoop strain to vertical strain

It indicates that the Poisson’s ratio of the steel tube is about 0.3 at the elastic stage. With increasing longitudinal
deformation, nearly all the ratios fr... and S develops faster than Sz.ave. It reveals that the dilation of core
concrete has little impact on the bottom part of the steel tube and the performance of the upper-region steel
tube is of representative to reflect the local buckling effect and biaxial stress state. Therefore, ratio f; in the
following calculation will be taken as the average value of fr.ae and Sasave.

4.2 Stress paths of the measured points

Substituting the obtained average value of fr.ave and Sirave into the Eq. (24)-(25), the stress development of the
steel tube within the middle and upper region of the specimens is calculated according to the Eq. (26)-(27).

As shown in Fig. 5, the stress paths of the steel tube reveal that the steel tube is axially stressed at the initial
loading stage. With increasing deformation, the steel tube starts to be biaxially stressed and since then, the core
concrete is confined by the steel tube. When the stress path reaches the yield surface, the steel tube yields with
reduction yield stress compared with the uniaxial stressed steel. After that, the stress flows to the isotropic
hardening surface, which can be clearly reflected by the specimens of CFT-55-C80, CFT-78-C60, CFT-78-
C80, CFT-93-C30 and CFT-93-C60.
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Fig. 5-Stress paths of the steel tube
4.3 Vertical yield stress of steel tube of CFT

Comparing with the axially stressed steel, the vertical yield stress of the biaxially stressed steel is reduced. To
quantify the reduction of vertical yield stress caused by biaxial stress state, coordinates (a, b) of the yield point
B in Fig. 3 are collected in Fig. 6. The bruve, butave and bpave respectively are the average b of three measured
points distributed across the cross-section within the top, middle and bottom region of the specimens. The
brvave 18 the average value of the brave and buve. It exhibits that (1) with increasing D/t, the steel tube is more
likely to yield axially before it gets into biaxial stress state, and as the D/t ratio exceeds 93, the steel tube does
yield longitudinally before entering biaxial stress state, and (2) the average vertical yield stress of steel tube in
CFT is about 0.88 of the steel yield stress fsy and the corresponding hoop stress providing to core concrete is
of 0.21 fq.

4.4 Reduction factors y

Reduction factors y can be calculated by Eq. (16) based on the obtained ratios f;. Typical calculation results
of the real-time reduction factor y are presented in Fig. 7. The specimens of CFT-31-C80 and CFT-55-C30
are randomly selected. Symbols of thombus and triangle respectively stand for the average reduction factors
Wr-ave a0d Warave Within the top and middle region of the columns, and the dotted line wrirave averaging them is
applied to calculate the stress-strain curves of the steel tube of the specimens in the following chapter. It can
be seen from Fig. 7 the reduction factors y maintains as 1 at the initial stage, which indicates that the axial
stress of steel tube in CFT will not be reduced before the interaction occurs.

CFT-31-C80 CFT-55-C30
12 12 < 1.2
1.0 1.0
L L]
1.0 08 0.8
>06 | - b >06
0.8 A
o . <bTave 0.4 0.4
06 & AbMave 02 0.2
bBave 00 & 00 4
bTMave 0 1 2 3 4 0 1 2 3 4
04 ¢ yT-ave 4 yM-ave ®yTM-ave ¢ yT-ave 4 yM-ave ®yTM-ave
20 40 16)0/t 80 100 Axial strain (%) Axial strain (%)
Fig. 6 — Relationship of b and D/t Fig. 7 — Reduction factor y

5. Stress-strain curves of the steel tube of the specimens

Sun et al. have proposed a reliable model to predict the stress-strain curve of CHS stub columns, which consists
of ascending and descending branches (see Appendix) [23]. The descending branch is to depict the effect of
local buckling. However, due to the appearance of infilled concrete, the CHS model cannot be used to
investigate the performance of the steel tube of CFT. To obtain the stress-strain curves of the steel tube of the
specimens, a method integrating the existing CHS model and experimental database of factor y is proposed in
this paper as shown in Fig. 8(a).
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The model of CHS without considering the local buckling is adopted and multiplied by real-time reduction
factor  to reflect the experimental information of local buckling and biaxial stress state. The obtained typical
stress-strain relation of the steel tube of the specimens CFT-31-C80 and CFT-55-C30 are given in Fig. 8(b).
The consistent ascending portion of the CHS and the steel tube of CFT at the initial stage indicates that the
filled concrete has little, if any, effect on the ascending portion of the constitutive curve of steel tubes.

= CHS Model without local buckling

N Stress-strain relation of steel tube of CFST

>

s

(a) Calculation procedure of the proposed method

CFT-31-C80

——— CHS model without local buckling

- - = Calculated stress-strain relation

CFT-55-C30

——— CHS model without local buckling
- = = Calculated stress-strain relation

1 2 3
Axial strain (%)

0 1 2 3
Axial strain (%)

(b) Calculation results of the stress-strain curve

Fig. 8 —Stress-strain curve of the steel tube of the specimens

6. Verification of the proposed method

To verify the reliability of this proposed method, the non-dimensional calculated N.a/No-¢ and experimental
Nexp/ No-¢ load-strain curves of the specimens are compared in Fig. 9. The Ncq1s the superposition results
of the load-carrying capability of steel tube and confined concrete, which can be expressed by Eq.
(28). N. of confined concrete is predicted by Sakino-Sun’s model (see Appendix). Ny is the nominal
squash load given by Eq. (29). fc and f; are axial stress of the confined concrete model and CHS model
corresponding to any axial strain & and &, respectively. 4. and A, are the cross-section area of the
core concrete and steel tube respectively.
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<
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Fig. 9 —Comparisons between the calculated and experimental results
Ng = N¢ + Ng = Acfe + Aspfs (28)
Ny = Acfcu,kcy + Asfsy (29)

As shown in Fig. 9, satisfactory agreement of the calculated and experimental results verifies the validity of
the proposed elastic-plastic analysis method to investigate the mechanical behavior of the steel tube in CFT up
to large strain. And the load sharing pattern of the specimens reveals that the steel tube with increasing D/t will
be burden with decreasing compressive loadings.

7. Conclusions

Test results of eleven CFT stub columns under concentric compressive loadings have been presented in this
paper. The measured strain histories of the steel tubes convey important information regarding to the biaxial
stress state and local buckling of them. To interpret this information for a deep understanding of the
performance of the bi-axially stressed steel tubes, an elastic-plastic analysis method has been proposed. The
concept of this method is to incorporate the total deformation theory of plasticity with the measured strain
history of the steel tube to evaluate the strength reduction of the CHS caused by the multi-axis stress state as
well as the local buckling at large strain. Through the elastic-plastic analysis on the test results and the
assessment of the proposed method, the following conclusions can be drawn:

(1) Circular steel tube is more likely to yield axially before it gets into biaxial stress state with increasing D/t
ratio. When the D/t ratio exceeds 93, the steel tube tends to yield longitudinally before entering a bi-axial stress
state.

(2) The average axial yield stress of steel tube in CFT is about 0.88 of the yield strength f;, of the steel, and the
corresponding hoop stress providing confinement to the core concrete is about 0.21 f,.

(3) Deformation of the steel tube exhibits a decreasing trend from the top section to the bottom section along
the column height;

(4) The filled concrete has little, if any, effect on the ascending portion of the stress-strain curve of steel tubes.
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(5) The proposed method is proved to be reliable to obtain the full-range stress-strain relation of the steel tube
of circular CFT stub columns and can take account of the effects of the local buckling and biaxial stress state
on the stress-strain curves.
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8. Appendix
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