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Abstract. In numerical simulation of Concrete Filled Steel Tubular (CFT) columns the treatments
to simulation the contact between steel tube and concrete differed greatly between the researchers,
and there is also no any unified standard for the friction between the concrete and steel materials.
To examine proper contact condition in simulating Reinforced Concrete Filled Steel Tubular (RCFT)
columns with ADINA, numerical simulations are performed employing frictionless, frictional and
bonding contact conditions between steel tube and concrete core, the analytical results are compared
against experimental results, and the applicability of each contact on RCFT is observed, and a
proper contact condition is proposed.

Introduction

The treatments in simulating the contact between steel tube and concrete in numerical analysis of
Concrete Filled Steel Tubular structure (CFT) vary between the researchers. There have been
examples of bond, frictional and frictionless contact models. Choi et al. [1] adopted frictionless
contact condition in CFT columns under axial compression with ADINA. Hu et al. [2] modeled the
contact in CFT columns subjected to axial compression 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 coefficient used in their
analyses was 0.25. Li et al. [3] simulated the contact in concrete filled double skin tubular columns
under axial compression using a Coulomb friction model in the tangential direction between
surfaces of steel tube and concrete core with a friction coefficient of 0.6. Han et al. [4] employed
Coulomb friction theory with a friction coefficient of 0.6 in contact modeling of CFT subject to
torsion. Zeng et al. [5] employed Coulomb friction theory with a friction coefficient of 0.6 in
simulating the contact between stiches and concrete. Hou et al. [6] employed Coulomb friction
theory with a friction coefficient of 0.6 in contact modeling of CFT subject to impact force. Mao et
al. [7] assumed complete bond between steel tube and concrete in modeling the steel-concrete
composite beam joints. Kwak et al. [8] simulated cyclic behavior of CFT columns with bonded
contact condition. All of those indicate the treatments of contact between steel tube and concrete
differed greatly between the researchers. There is also no any unified standard for the friction
between the concrete and steel materials as well.

To examine the contact condition in simulating the Reinforced Concrete Filled Steel Tubular
structure (RCFT) with ADINA, in this study, simulations are performed with above frictionless,
frictional and bonding contact conditions, the analytical results are compared against experimental
results, and the applicability of each contact on RCFT is discussed.

Experimental Results

The experimental results on RCFT by Suzuki [9] were used as a comparison standard for the
simulation. Three RCFT columns were selected with three different steel tube thicknesses. The
columns are labeled with a prefix “T” which implies the first capital letter of “Thickness of steel
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tube” and the two digits of number which implies the thickness of steel tube after removing decimal
point “.”. The experimental parameters for these selected columns are listed in Tablel.

Tab. 1 Parameters of RCFT Columns

Labels {(mm) J»(MPa) f(MPa) feo(MPa) Model of RCFT columns
T45 4.5 296.0 235.0 19.2 . c
Axial
T32 3.2 314.0 352.0 27.1 reinforcement\
23 23 3273 295.0 4.3 Lateral g
reinforcement &
(1) Material of steel tube is SS400, ¢ is the thickness, f;, is the yield Steel tube \ <+
strength; =
(2) Material of axial reinforcement is SD295, diameter is 6mm, @ g
[ 18 the yield strength; <
(3) Material of lateral reinforcement is SS400, diameter is 3mm, 100mm
yléld strength '1s 304MPa; ' 150mm 150mm
(4) fo 1s the uniaxial compressive strength of concrete.
Tab. 2 Modeling Parameters for Contact
RCFT Columns and Labels . o
Coefficient of friction () Contact conditions
T45 T32 T23
T45-F00 T32-F00 T23-F00 0 Frictionless
T45-F02 T32-F02 T23-F02 0.2 Frictional
T45-F05 T32-F05 T23-F05 0.6 Frictional
T45-F08 T32-F08 T23-F08 0.8 Frictional
T45-FB T32-FB T23-FB - Bonded
T45-T T32-T T23-T - Test

Numerical Simulation
Contact Model

A constraint-function model built in ADINA is employed to simulate the contact condition
between the steel tube and in-filled RC in RCFT.

When two surfaces come into contact with each other, normal contact force A acts on the contact
surfaces (see Fig.1). The normal contact conditions can ideally be expressed as:

>0 >0 >
g_O, /1_0, gi_O (1)

Where g is a gap. The inequality constraints are replaced by:

2
A A
w(g,A) = g42- - (g; j +tey =0
)

Where ey is a small user-defined parameter. The function is shown in Fig.1. Forces on contact
surface Fig.2. It involves no inequalities, and is smooth and differentiable. The parameter ey is set
to 1.0x107'* which is suitable for most applications and should rarely be modified.

When two surfaces come into contact with each other, frictional force Fr occurs in the direction
tangential to the contact surfaces (see Fig.1). If we define a non-dimensional friction variable 7 as:
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Fr
HA 3)

T =

The standard Coulomb friction condition then can be expressed as:
|Z'| </ (4)

And |7|<7 impliesi=0

||=1 implies sign(ii)=sign(t)

Where 4 is the sliding velocity.

A multilinear frictional constraint function formed v (1, T) = 0 is used to regularize the friction, as
shown in Fig.3, where ¢y is a small parameter, and used only if friction is specified, the default
value is 1.0x107.

Thus, the possible states of the internal surface of steel tube and filled RC are: (i) the gap
between the contactor nodes and/or segments of steel tube and the target segment of RC is closed; a
compression force determined by Eq. (1) (g=0, A>0) is acting onto the contactor nodes of steel tube
and the nodes of steel tube kinematically slides along the target segments of RC with or without

friction; (ii) the contactor nodes and/or segments of steel tube permanently attached or constrained
to the target segment of RC, steel tube and RC then tied or bonded and deform together.

LT

Fig. 1 Forces on Contact Surface Fig. 2 Constraint Function

Fig. 3 Constraint Function for Frictional Contact

Parameters for Simulation

Corresponding to the selected three experimental RCFT columns, one frictionless, three frictional
and one bonded conditions for each column total 15 different RCFT column models are determined
based upon the conditions of former studies. The decided modeling parameters are listed in Table 2.
In the labels, the letter before “- are labels of experimental RCFT columns, the “F” after “-” refers
to “Friction”, number after “F” refers to decimal-point-removed coefficient of friction, “B” implies
“Bond”, “T” after “-” implies the results of test.
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Using the proposed material models for confined concrete, steel tube and reinforcement by
Xiamuxi et al. [10], the determined RCFT models are simulated.

Results of Simulation and Discussions

The load-displacement curves of simulation are drawn in comparison with that of experiment for
T45, T32 and T23 columns in Fig. 4.

To examine the agreement of the analytical curves against experimental curves, the correlation
coefficients R? of analytical curves are calculated against experimental curves and listed in Table 1,
Table 2and Table 3, respectively for T45, T32 and T23, including the comparable factors in
numerical simulation such as memory usage, solution time and convergence.

(1)According to Table 4, the curves of boned condition are more close to the curves of
experiment. Again, R” of bonded conditions are greater than that of other conditions, which means
that the simulation results of bonded condition are better agreement with experimental results than
other conditions.

(2)No any clear difference can be observed between the curves of frictionless and all frictional
conditions.

(3)As far as the memory usage is concerned, the frictionless conditions showed minimum usage
(say 47.3MB, 49.6 MB and 48.3 MB) while the bonded conditions showed maximum usage (say
55.4MB, 58.5MB and 59.2 MB), and there is no difference of memory usage between frictional
conditions, which means that the frictionless contact consumes less computer resource compared
with both frictional and bonded contact.

(4)As far as the solution time is concerned, corresponding to the memory usage, the frictionless
conditions showed fastest solution (say 0.77 Sec., 0.91 Sec. and 0.80 Sec.) while the bonded
conditions showed slowest solution (say 1.46 Sec., 1.54 Sec. and 1.75 Sec.), and solution time
increases along with the increase of friction coefficient. The frictionless conditions are faster than
bonded conditions almost one times, which means that the frictionless contacts are faster and most
time-saving compared with both frictional and bonded contact.

(5)As far as the convergence is concerned, the boned conditions showed a little better
convergence than other conditions.

(6)The minimum value of R* among all columns is R* =0.8611 (with T23-F08), which means that
all of the analytical results match experimental results well. Again, according to further observation
on Fig.4, it can be noticed that the curves are in a good agreement until maximum load, and changes
begin to happen between bonded and bond-less conditions only when larger plastic deformations
started to happen, which mean that all of simulation results are under applicable range.

Tab. 3 Comparisons of Simulation Results with T45

Labels Memory Usage(MB)  One step solution time(Sec.) Converged load steps R’
T45-F00 473 0.77 100 0.9413
T45-F02 48.1 0.77 100 0.9368
T45-F05 48.1 0.82 100 0.9389
T45-F08 48.1 0.86 87 0.9495
T45-FB 55.4 1.46 100 0.9565

60.0 1.5 1.1
m50.0 /] <1.0 - (&1‘0 -

Z40.0 205 0.9

30.0 0.0 0.8
Contact condition Contact condition Contact condition
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Tab. 4 Comparisons of Simulation Results with T32

Labels = Memory Usage (MB)  One step solution time (Sec.) Converged load steps R’
T32-F00 49.6 0.91 100 0.9395
T32-F02 50.2 0.98 100 0.9361
T32-F05 50.2 0.97 100 0.9483
T32-F08 50.2 1.02 84 0.9131
T32-FB 58.5 1.54 100 0.9714

2.0
70.0 L5 1.1
060.0 ER « 1.0
250.0 3 1.0 M0.9
0.5
40.0 — Contact condition 0.8 =
Contact condition Contact condition

Tab. 5 Comparisons of Simulation Results with T23

Correlation coefficient

Labels = Memory Usage (MB)  One step solution time (Sec.) Converged load steps against test (R)

T23-F00 48.3 0.80 57 0.9070
T23-F02 49.5 0.90 64 0.8917
T23-F05 49.5 0.86 57 0.8737
T23-F08 49.5 0.87 66 0.8611
T23-FB 59.2 1.75 88 0.9684

70.0 2.0 1.1

n60.0 <l.5 ~ 1.0

=50.0 S1.0 “0.9

40.0 r%0.5 0.8

Contact condition Contact condition Contact condition

Fig. 4 Comparisons of Load-displacement Curves

Summary

Summarizing the discussions above, it can be concluded that when model the contact between steel
tube and concrete in RCFT columns subjected axial compression, both bonded contact and
frictional and frictionless contacts are applicable. Bonded contact may be recommended to obtain
more accurate results if time and computer resource is not concerned. On the contrary, the
frictionless contact is recommended to obtain faster solutions.
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