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Abstract. In the paper, an efficient three-dimensional concentrated plasticity nonlinear
beam-column element is used for the simulation of the response of square CFT columns. The
element adopts the concept of the generalized plasticity material model for the section result-
ant — element deformation relation and has plastic hinges located at the ends of the element
and described with yield and limit surfaces. Determination of the adequate element parame-
ters which are essential for a successful description of the CFT member behavior is discussed.
Among these parameters, most important are the stiffness and yield surface parameters.
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1 INTRODUCTION

The use of composite concrete-filled steel tubes (CFT), see Figure 1, for the columns of
frame structures is in increasing use due to advantages they offer over steel or reinforced con-
crete members: high stiffness and strength, increased ductility, delayed or prevented buckling,
etc. Because of their highly nonlinear behavior, the adequate numerical model needs to ad-
dress number of phenomena such as: nonlinear steel and concrete material behavior, buckling
of steel tube and sleep at the steel-concrete interface.
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Figure 1: Square concrete filled tube (CFT).

To date, although a number of experimental studies have been performed on behavior of
CFT columns [1], not many analytical models have been developed. Few researchers studied
the ultimate strength of a composite cross-section under biaxial bending in presence of axial
force [2, 3]. Besides continuum finite element models [4] which may be appropriate for de-
tailed analysis of a part of a structure (e.g. joints), frame beam/column elements are still pri-
marily used for the CFT member and composite frame analysis. Hajjar and Gourley [5, 6]
developed a concentrated plasticity 3D finite element for the simulation of a CFT beam-
column behavior. The plastic hinges at the element ends are described by a two-surface,
bounding surface model in the stress-resultant P-M,-M, space. lu, Bradford and Chen [3] de-
veloped a concentrated plasticity element with axial and rotational springs at element ends
suitable for modeling composite beam-column members. It describes non-linear elastic-plastic
with strain-hardening material behavior with gradual transition between elastic and plastic
domain, under the interaction of axial force and two bending moments. More accurate, but
also computationally more involving are distributed plasticity elements. Fiber-based distribut-
ed plasticity elements have proven to be successful in simulation of the hysteretic response of
steel, concrete and composite structures [7-9]. For modeling of CFT columns, few proposals
have been made [1, 8, 10]. They also account for geometrical nonlinearities and an interlayer
sleep at the steel-concrete interface.

The purpose of this study is to show that the previously developed non-linear beam-
column element [11] used for static and dynamic analysis of steel frames, with the proper
choice of element parameters, can also be successfully used for modeling CFT column behav-
ior. The element is of concentrated plasticity type and based on the principles of generalized
plasticity material model [12]. It accounts for the interaction of the axial force and bending
moments about the principal axes of the cross-section, gradual yielding of the cross section
and the hardening behavior. With the implemented return mapping algorithm, it is computa-
tionally very efficient.

2 BASICS OF ELEMENT FORMULATION

More details about the element used in this study, named GP element, can be found in [11].
Here will be given only the basics of the element formulation. The element is of concentrated
plasticity type and has two zero-length plastic hinges at element ends (Figure 2). It adopts
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concept of the generalized plasticity material model [12] for the section resultant (forces) —
element deformation relations. The plastic hinges are described by the yield function f, which
encloses the elastic region, and the limit function F, which separates admissible from inad-
missible stress-resultant states (see Figure 2). The basic forces of a three-dimensional frame
element are g, and the corresponding deformations are denoted with v as shown in Figure 3
for the 3D case. Torsion is considered as elastic and uncoupled from the axial and flexural
degrees of freedom and, thus, not shown in Figure 3.
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Figure 2: Element end plastic hinges with yield and limit surfaces.
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Figure 3: Basic element forces g and corresponding deformations v.

The basic element equations are:
1. The element deformations v are decomposed into the linear elastic, and the plastic
contribution, i.e. v and v’

v=v®+VvP Q)

2. The relation between the basic element forces q and the elastic element defor-
mations v® is assumed to be linear:

a=k.v =k, (v-v*) @)

where K is the elastic stiffness matrix.
3. The yield function f at each element end is assumed in the following form:

f(g.a,a)=0(q-a)-Ha ©)

A vector a describes the position of the center of the yield surface and its evolution de-
termines the kinematic hardening mechanism. A variable « is a hardening variable
which represents the isotropic hardening. More details about the adopted form of evolu-
tion laws for a and « can be found in [11]. His is the non-dimensional isotropic harden-
ing parameter.

3525



Svetlana M. Kostic, Filip C. Filippou and Biljana Deretic-Stojanovic

4. The adopted limit function F has the following form (as proposed in the general-
ized plasticity models [12]):

d
F =h(f)a(®)—i (4)
f
" = 1)+ (i, + B R

Hiin is the non-dimensional kinematic hardening parameter, and ¢ and S are two positive
non-dimensional constants. & measures the rate of approaching the asymptotic behavior,
and £ is a measure of the distance between the yield function f and the asymptote, as
shown in Figure 4. Parameter A is the nonnegative consistency parameter.
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Figure 4: Meaning of parameters & and p.

5. The flow rule is assumed as associative with the evolution relation:
vP = lﬂ (6)
oq

As explained in [11], the proposed model, by applying the backward Euler algorithm, can
be successfully transferred into a discrete problem that can be efficiently numerically solved
by the two step elastic predictor — plastic corrector return mapping algorithm [13].

3 CHOICE OF ELEMENT PARAMETERS

The GP element was successfully applied for the analysis of steel beam/column and frame
behavior. The aim of this study is to show that the element can also be successfully used for
modeling the CFT column behavior, but with the proper choice of element parameters.

Considering behavior of CFT columns, the following assumptions are adopted. CFT sec-
tions are completely filled with concrete and without shear connectors at the steel concrete
interface. The perfect bond between steel and concrete is assumed, without any sleep, which
is an often assumption in analytical studies [2]. Viscous deformations of concrete, creep and
shrinkage, have been neglected since it has been shown to have little influence on the CFT
column behavior. Also, the flexural-torsional and the lateral-torsional buckling are neglected.
Residual stresses present in the steel tube and the local buckling of the steel tube are taken
into account indirectly, by the yield surface parameters [5].
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The essential for a successful description of a CFT member behavior is the determination
of the GP element parameters. The expressions and values adopted in this study for each of
them are discussed in the following.

3.1 Stiffness of a CFT section

Since a CFT cross-section is made of two different materials, steel and concrete, stiffness
of a composite section is determined as follows:

e The axial stiffness is taken as a summation of the axial stiffness of each part of a CFT

section, i.e. (EA). =E,-A +E, - A, where E and E. are moduli of elasticity of steel

and concrete. As and A. are areas of steel and concrete part of a composite section.

e The bending stiffness is taken as a summation of the bending stiffness of the steel part of
a CFT section and the reduced stiffness of the concrete part of a composite section (due
to the concrete cracking effects), i.e. (El o = E, -1, + -E, - 1_, where I and I. are the

moments of inertia of steel and concrete part of a composite section. To date, a number
of proposals for the reduction coefficient g have been made [14]. However, the compari-
son made during this study has shown that a constant value of f=0.6 proposed by Euro-
code 4 [15] ensures, for practical application, enough accurate results.

e The torsional stiffness is determined as the torsional stiffness of the steel part of a CFT
section, i.e. (Gl, ), =G, - I,,, where Gs is the shear modulus of steel, and I is a torsion

S t,s?
constant of the steel part of a CFT section. This approximation is acceptable in cases with
small torsional effects.

3.2 Yield surface parameters for a CFT section

The yield surface equation in the N-M,-My stress resultant space is adopted in the form
proposed by Hajjar and Gourley [2] for analysis of a rectangular CFT section:

f(p,m,,m, )=
cl-(mj +m22)+c2 . p? +c3-(mj pP+m’. p2)+c4 -m§ m’ —c

(7)
Coefficients c;, ¢z, czand c4 are obtained by calibration with a fiber section and depend on
the ratio between height and depth of steel section (D/t), and the ratio between the concrete
compressive strength and the yield stress of steel (f. /fy). The exact expressions for these coef-
ficients can be found in [2]. The arguments p, m, and my in the expression (7) are defined as:

P-¢p-P M M
= —¢ 0 y mZ = z y my = Y (8)
F% IVIZO hﬂ

yo0

where My and My, are the bending moment ultimate strengths for the CFT section about the z
and y axes, determined from the fully plastified section in the absence of axial force (N=0),
with the area of concrete in compression taken into account with full amount and the reduced
area of concrete in tension, taken with the reduction factor 0.5. Concrete tension strength is

taken as f, = 0.623\/fT (in MPa) [2]. The value ¢ defines the eccentric position of the yield
surface as Figure 5 shows and, here, it is taken as equal to

¢:0'5'(Ac';c_Ac'ft)

)
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and Py is the axial compressive capacity of a CFT section. The parameter c in the expression
(7) determines the size of the yield surface. Here, for monotonic loading, it is taken equal to
the square of the radius of the initial loading surface proposed by Hajjar and Gourley [2]:

2 M yld IDcO 2
C= RLS,initiaI = M, _O-B'FO (10)
In this expression, Myyq is the plastic moment capacity of a steel section; P is the axial com-
pressive capacity of the concrete part of a composite section, i.e. P, = A, - f_.

Under cyclic loading, the elastic zone decreases (the yield surface shrinks). Therefore, a better
response of the GP model may be obtained if a lower value for the parameter c is adopted.
The authors’ recommendation is to use the following value under the cyclic loading condi-

tions:
R imivat  Rus finat |
c= ( LS, initial 2 LS, final ] (11)

which has shown to be an adequate approximation. In the last expression, Risinai=0.1 is the
final radius of the elastic zone proposed by Hajjar and Gourley [6]. The effect of this parame-
ter ¢ on a column response is demonstrated in one of the following examples.

The parameter f of the GP model is determined as the difference 5 = (1.0—c).

N
(compression)

-
-

-

F=0 F=0

Figure 5: Eccentric position of yield surface (2D case).

3.3 Hardening parameters

The following two features are also important for the adequate simulation of a CFT column
behavior.

e The Bauschinger effect is, principally, the result of the steel tube behavior [5]. It
can be expressed by the kinematic hardening. In the GP element, it is specified
through the Hyi, parameter.

e Under the cyclic loading conditions, the strength of CFT columns decreases due to
the concrete cracking and the local buckling of a steel tube [5]. As a consequence,
the limit surface decreases. In the GP element, this effect is approximated with the
isotropic hardening (softening) mechanism and a small negative value for the His,
parameter.
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4 NUMERICAL EXAMPLES

With the previously adopted element parameters, the capabilities of the GP element to
simulate the behavior of composite CFT columns are verified through the following three ex-
amples. The response of the GP element is compared with the experimental results available
in the literature. FEDEASLab, a Matlab toolbox for nonlinear static and dynamic analysis
[16], is used for the simulation.

4.1 Simple beam tests

The first group of tests refers to the tests by Tomii and Sakino [17] on the simple beam ex-
posed to constant axial compressive force and monotonically increasing end moments (Figure
6). Tests number 11-2, 11-3, 1I-5, 11-6, V-3 and IV-5 are performed. Details about the beam
cross-section, loading and material parameters are given in Table 1. In these tests, steel hard-
ening was about 1%, and in the GP model, it was counted with the kinematic hardening pa-
rameter Hyi,=0.006. Results of the GP model are shown in Figure 7 with the full blue line.
Experimental results, taken from [6], are presented with black dots.

M
(AM L=300mm “ P
e Ay

vz
Figure 6: Simple beam and loading [17].

Dimensions ,
Test (mm) fc’ (MPa) f, (MPa) P/Pg
I1-2  100x100x2.27 25.9 339.0 0.18
[1I-3 100x100x2.20 25.9 339.0 0.26

[1-5 100x100x2.22  25.9 289.0 0.48

[1-6  100x100x2.22  25.9 289.0 0.57
V-3 100x100x4.25 22.4 288.0 0.29
IV-5 100x100x4.25 23.8 285.0 0.48

Table 1: Details of CFT simple beam tests [17].

As can be seen from these results, there is a good correlation between the numerically ob-
tained results with the GP model and experimental results considering the initial stiffness and
also the limit value of bending moments for all levels of axial force.
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Figure 7: Comparison of experimental and numerical results of moment — rotation relation for Tomii and Sakino
[17] tests number 11-2, 11-3, 11-5, 11-6, IV-3, IV-5 .

4.2  Beam-column joint

The next example is the 3D analysis of an interior beam-column joint experimentally stud-
ied by Kawaguchi and Morino [18]. The joint consists of a square CFT column and three
wide flange steel beams, as shown in Figure 8. In this study, the test number 1-15C20 is nu-
merically simulated with the use of the GP element.

The joint is firstly loaded with the constant compressive force P=0.15P, acting on the top
of the column, and with the constant axial force W=21kN acting on the free ends of the beam
in the y-z plane, to simulate gravity loading. The earthquake loading is simulated with the
asymmetrical loading Q acting on the free ends of the beams in the x-z plane. The forces Q
increase until reaching the following values for rotations R: 0.005, 0.01, 0.02 and 0.03. For
each value R, two full cycles are performed. The rotation R is determined from the displace-
ments of points A and B, i.e. the vertical displacements D; and D, in Figure 9(a). The rotation
R is then calculated from the expression:
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D, +D,
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J— CFT column
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section: 125x125x5.74 mm
Jfe'= 20 MPa

steel b
gL vean f= 395 MPa
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flanges: 125x9 mm
web: 231x6 mm
fi= 400 MPa

X 4

Figure 8: 3D model of interior frame joint and members data.

Figures 9(a) and 9(b) show the numerical model with boundary conditions and the used fi-
nite element mesh. It should be noted that, in the example, dimensions of the column and the
beams are determined in a way that the joint capacity is governed by the capacity of the CFT
column, while beams stay inside the elastic domain during the experiment. Therefore, model-
ing of beams is irrelevant and instead of the GP, simple linear-elastic elements could be used.
In the test, steel tube hardening is 1%, and, in the GP model, it is counted with the kinematic
hardening parameter Hi,=0.06. The slight shrinkage of the limit surface is approximated with
the isotropic hardening parameter His,=-0.05.

a) b)
P
X
1 GP
2!GP .  clement
0 0 elements
} } 26p
elements

1GP i
element ¢ o

‘LW
| 16P

element

L-i 2264 mm 44

A

Figure 9: (a) Numerical model and dimensions; (b) Finite element mesh.

The comparison for the Q-R relation between the experimental results in Figure 10(a), tak-
en from [18], and the numerical results in Figure 10(b) with the GP element and the parameter
c=(Rys,initiar)’ SUitable for monotonic loading, shows that the GP model represents well the
whole hysteresis curve. The CFT column is exposed to the cyclic biaxial bending with the ax-
ial compressive force. As in the previous example, the initial stiffness and the ultimate
strength are determined with a high precision. However, as mentioned before, since the elastic
zone decreases under the cyclic loading conditions, as a consequence, the limit value for Q is
approaching at a slower rate. Therefore, a better response of the GP model may be obtained
with the proposed value for ¢ (expression (11)) which is suitable for cyclic loading. Figure 11
shows results with this value c.
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Figure 10: Q-R relation for Kawaguchi and Morino [18] beam-column joint: (a) experimental results; (b) numer-
ical results with GP element and ¢ determined from expression (10).

® 40 T Q(kN) & 40 : ; ! ! !
0T ]

20
e rad) 2 0
hnfilh -
-0.06 -0.04 -0AAGHY 0.02 0.04 0.06
-20

40

4 i i e i i
-00.06 004 -002 0 002 004
R(rad.)

Figure 11: Q-R relation for Kawaguchi and Morino [18] beam-column joint: (a) experimental results; (b) numer-
ical results with GP element and ¢ determined from expression (11).

4.3 Portal frame

The last example is the portal frame in Figure 12, experimentally studied by Kawaguchi et
al. [19]. The frame consists of two square CFT columns and a steel H-shaped beam. Gravity
load is applied first and kept constant, while the frame is subjected to the cyclic lateral loading
through the imposed lateral displacements. The loading history in Figure 13 shows the history
of the column chord rotation angle R (R=d/h). The test number 21SCC30 is numerically
simulated with the model with GP elements. In this test, the beam is designed to behave elas-
tically until the end of the test, while the CFT columns yield. The nonlinear geometry under
large displacements is accounted for with the corotational formulation [20]. The steel tube
hardening is 1%, and the hardening parameters of the GP element are the same as in the pre-
vious example.

Figure 14 shows the results of the experiment, taken from [19], and the numerical simula-
tion for the relation between the horizontal force H and the column chord rotation R. As can
be seen, generally, the GP model represents well the experimental behavior. The ultimate
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strength and the initial stiffness are determined quite accurately. The obtained hysteresis loop
is less accurate because of faster (shallower) gradual stiffness reduction of the CFT column
than in the GP model. This is also, somewhat, present in the previous example, in Figure 11.
It is expected that better representation of this effect will be obtained if the damage mechanics
parameters are included into the GP element formulation. However, despite of this fact, the

results of the GP model are of acceptable accuracy in general.

P P
H, d
steel beam W

- =l = CFT column steel beam
g § g D=B=125.23mm d=149.20 mm
S 2l & 580mm bF=125.52 mm
e 2l S fy=40332MPa  ;=24.57 mm
b w|l L fc=17.82MPa tw=15.00 mm
~ © P/Po=0.3 fy=403.32 MPa
7 MJL

= 151500 mm ——=}

Figure 12: Portal frame [19].

30 a i i i i
P06 004 002 0 002 004
R(rad.)

Figure 14: H-R relation for Kawaguchi et al. portal frame [19]: (a) experimental results; (b) numerical results
with the GP element.
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5 CONCLUSIONS

In the paper, the three-dimensional nonlinear beam-column element, named GP element, is
used for the simulation of the response of square CFT columns under monotonic and cyclic
loading conditions. The CFT column behaves highly nonlinearly due to number of different
effects, i.e. nonlinear steel and concrete material behavior, buckling of steel tube, sleep at the
steel-concrete interface, etc. The GP element is of concentrated plasticity type with plastic
hinges at element ends and adopts the concept of the generalized plasticity material model for
the section resultant — element deformation. It accounts for the interaction of the axial force
and bending moments about the principal axes of the cross-section, gradual yielding of the
cross section and the hardening behavior. In order to capture some of the most characteristic
features of the CFT column behavior, determination of adequate element parameters is dis-
cussed in the paper: the loading and the limit surface, the element stiffness and the hardening
parameters.

The capability of the GP element in simulation of the CFT column behavior is verified
with the three examples where its response is compared with the experimental data. The re-
sults showed the high level of accuracy of the element response under monotonic loading
conditions, and good accuracy under cyclic loading conditions. With the implemented return
mapping algorithm and its high computational efficiency, it may be a good choice for practi-
cal applications.
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