Eng. & Tech.Journal, Vol.34,Part (A), No.11,2016

Proposed Formulation Using ANSYS for Estimation Axially Strength
of Steel Tubes Columns Filled with Concrete

Marwah S. Abdul Gbabar
Building and Construction Engineering Department, University of Technology/Baghdad.
Email” marwasafa85@yahoo.com

Received on:7/3/2016 & Accepted on:22/6/2016

ABSTRACT

In this paper, concrete filled steel tubes columns (CFT) are investigated by using finite
element program ANSYS 15.0. Analysis are done for four different shapes of columns (circular,
square, hexagonal and octagonal). Results of analytical solution (for circular and square) were
compared with existing experimental data provided by [Alwash et al., 2013]. Comparative
results of failure load give 4% difference between experimental and ANSYS 15.0. Also,
parametric studies have been carried out to investigate the effect of concrete filled steel tubes
columns shapes (for hexagonal and octagonal) on load carrying capacity. Finally, a new
formulae for predicting the ultimate strength of CFT is proposed based on experimental data of
148 CFT columns of different cross sections with side length ranging between 200 and 4000
mm. To check the validity of the proposed equation, the loads calculated from the design
methods (American Concrete Institute (ACI 318M-14), Eurocode (EC4), New Zealand Standard
of concrete structures (NZS) and American Institute of Steel Construction (AISC)) are used to
compare with it. The comparison shows least convergence percentage of the proposed equation.
Keywords: Short columns, ANSYS, Filled Steel Tubes, Confinement of concrete, Drucker-
Prager model.

INTRODUCTION

( joncrete-ﬁlled steel tube (CFT), in which the advantages of steel and concrete, has been
developed significant improvement in axial capacity without increases in cross-sectional
area and provide long spans. Since the steel tube can serve as a form for casting of

concrete core, CFT structures possess economical merits in construction. It provides not only an

increase in the load carrying capacity due to the confining effect provided by the steel tube but

also economy and rapid construction, and thus additional cost saving. Furthermore, occurrence

of the local buckling of steel tube is delayed by the restraint of concrete '),

CFT of different shapes such as circular, rectangular, square, hexagonal, elliptical and any
shape can be designed, based on its application. According to the form of concrete core CFT
members can be divided into two types: solid and hollow concrete core. Moreover, to improve
the behavior of CFT columns, the internal surface of a steel tube can be stiffed by using steel
strips, using CFRP on its surface, etc. Also, the structural steel can be encased by reinforced
concrete or connected to a reinforced concrete slab including or excluding shear connectors to
form beams .

The purpose of this research was to study the behavior of composite columns of different
shapes of columns circular and square cross-sections by using finite element analysis ANSYS
15.0, and compared these results of load carrying capacity with those reported by [ Alwash et al.,
2013]. Furthermore, a parametric study of hexagonal and octagonal cross section columns were
modeled and compared by ANSYS. At the end of this paper, an empirical equation to calculate
the failure load of CFT columns will be proposed.

Concrete confinement
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When concrete is subjected to laterally confining pressure, the uniaxial compressive strength
( fl. ) and the corresponding strain (&), as shown in Figure (1), are much higher than those of
unconfined concrete (f!). The relations between f/., f! and between €., €. are approximated
by the following equations (Hua et al., 2005 “}):
(1)

(1 —) (2
Where:

k; and k, were coefficients that are functions of the concrete mix and lateral pressure. The
constants ki set as 4.1 and k, =5 k; based on the studies of (Richartet al., 1928 [5]).

f; represents the confining pressure around the concrete core calculated from the following
empirical equations [

- For  (21.7<D/t<47) . 3)

- —  For  (47<D/<150) (@)

Where:
D is the outer diameter of the circular column.
t is the wall thickness of steel tube.

confined concrete

o gl i s e e e e s

—— unconlined concrete

¢ Egg 1le

Figure (1): Equivalent uniaxial stress—strain curves for confined and unconfined concrete

The value of the proportional limit stress is taken as 0.5(f/.) while the initial Young’s modulus
of confined concrete (E..) is reasonably well calculated using the empirical Eq. (5) given by
ACI 318M-14 7

..(5)

Concrete-filled steel tube Specimen Details modeled by ANSYS

In order to investigate the behavior of different shapes of concrete filled steel tubes, finite
element analysis was conducted by using three dimensional program ANSYS (Version 15)
software package. The cross sections of the CFT columns in the numerical analysis are four
shapes circular, square, hexagonal and octagonal with 300 mm in length as shown in Figure (2).
The columns will be modeled by using ANSYS and results will be compared with the
experimentally attained values (for circular and square shapes only) by [Alwash et al., 2013].
The mechanical properties for all the specimens are listed in Table (1) and Table (2) for steel
and concrete respectively.

- = - - —»
100 mm 60.22 mm 32 86 mm
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Thickness Yield Strength Elastic Modulus Poisson Ratio
(mm) (MPa) (GPa)
2 355 200 0.3

Figure (2): Cross sections of concrete filled tubes modeled by ANSYS

Mechanical Compressive strength | Elastic Modulus Poisson

properties (MPa) (GPa) Ratio
Square models 24.2 22.1 0.2
Circular models 235 21.6 0.2

Table 1: Mechanical properties of steel tube !

Table 2: Mechanical properties of concrete !

The dimensions of cross section areas of the two other hollow shapes (Hexagonal and
Octagonal) steel tubes were equivalent to the area of steel of circular column with same
mechanical properties. The details of steel tubes dimensions modeled by ANSYS are tabulated
in Table (3).

Table (3): Steel tube Specimen details

Cross Section | Outer dimensions (mm) Area of hollow Steel tubes (mm?)
Square " 100 784
Circular"’ 100 615.44
Hexagonal 60.22 615.44
Octagonal 32.86 615.44

Concrete material modeling

To simulate the triaxial behavior of confined concrete with steel tubes with ANSYS, the
Drucker-Prager yield criterion has been used. The Drucker—Prager yield criterion (DP) is a
pressure-dependent model for determining whether a material has failed or undergone plastic
yielding. The yielding surface of the DP criterion may be considered depending on the internal
friction angle of the material and its cohesion, and they can be calculated from Equations (6)
and (7) respectively *):

R | 3
b = sin [1+2fc’/\/§] ©
' 3—si
c=(f —58) 220 7
Where

f. in MPa and the cohesion produce from the equation above in MPa, ¢ in degrees.
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Steel material modeling
The stress-strain relation for the steel tube was considered as bilinear-isotropic hardening

with slope after yielding.

Finite element meshing

In the modeling of CFT columns, a properly graded mesh is used for full length of the
models. The quadratic element type is used for steel tube and tetrahedral element type for
concrete core is adopted. The volume sweep command was used to mesh the steel plate.

Concrete element type

An eight-node solid element, Solid65, was used to model the concrete. The solid element
has eight nodes with three degrees of freedom at each node — translations in the nodal x, y, and z
directions. The element is capable of plastic deformation, cracking in three orthogonal
directions, and crushing. The geometry and node locations for this element type are shown in
Figure (3).

Figure (3): Solid65 geometry (ANSYS)
Steel element type
An 8-node solid element, Solid185, was used to model the steel. The element is defined by
eight nodes having three degrees of freedom at each node: translations in the nodal x, y, and z
directions. The element supports plasticity, stress stiffening, large deflection, and large strain
capabilities. The geometry and node locations for this element type are shown in Figure (4).

Figure (4): Solid185 geometry (ANSYS)

Loads procedure and the boundary conditions:

The concrete filled steel tube column was axially loaded by using pressure load option to
ensure uniform loading for both concrete and steel. The load applied with time-steps increment
equal to 20 kN to ensure correct nonlinear response .The displacements of the bottom end in the

2060



X I IR LIRER LI XV R IWIIL] Proposed Formulation Using ANSYS for Estimation Axially
Strength of Steel Tubes Columns Filled with Concrete

X, Y and Z directions were restrained. Also, the rotations of the bottom end of the columns in
the X, Y, and Z directions were set to be zero. On the other hand, the displacement of the top
end was considered to be zero for X and Y directions only.

Nonlinear Analysis

ANSYS uses an iterative process called the Newton-Raphson Method. Newton-Raphson
equilibrium iterations provide convergence at the end of each load increment within tolerance
limits. If convergence criteria are not satisfied, the out-of-balance load vector is re-evaluated,
the stiffness matrix is updated, and a new solution is attained. This iterative procedure continues
until the problem converges .

Finite Element Results

Finite element models was analyzed by ANSYS V.15 software in order to validate the results
with an existing experimental results made by "', Also, a parametric study was carried out with
two other shapes (Hexagonal and Octagonal) of CFT to cover a wider range of member cross-
sections to examine the structural behavior and failure load.

Circular CFT

The typical mesh with 1820 elements and the deformed shape of the circular column are
shown in Figure (5). The variation of stresses of circular CFT at the ultimate load level
illustrate in Figure (6). Also, the load-deflection behavior is shown in Figure (7). Above 100kN,
it can be noticed that the Finite element model more stiff than the experimental curve. The finite
element solution is in acceptable agreement with the experimental results throughout the entire
range of loading. The ratio between experimental and FE failure load is 0.96.

(A) (B)
Figure (5): (A) Meshed model (B) Deformed shape
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Figure (6): Stresses variation of circular CFT shape
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Figure (7): Experimental and numerical load-deflection behavior of circular CFT

Square CFT

In Figure (8), the finite element mesh used with 6136 elements and the deformed shape of
square CFT are shown. The variation of stresses were indicated in Figure (9). At the beginnings
of loading, the results of analytical curve do not correlate well with experimental as shown in
Figure (10); the finite element load deflection curve in the linear range are somewhat stiffer than
the experimental plot. After about 450 kN to failure load, the plots show good agreement with
slight increase in ANSYS curve deflection than the experimental ones. The ratio between
experimental and FE failure load is 0.96.

ANSTS

pa oLl b L L L DL L

B)
Figure (8): (A) Meshed model (B) Deformed shape
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Figure (9): stresses variation of square CFT shape
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Figure (10): Experimental and numerical load-deflection behavior of square CFT
Parametric study
A parametric study has been performed for extra shapes of CFT by using finite element
program ANSYS V.15. Finite element models are performed to determine the failure load for
hexagonal and octagonal steel tubes shapes, and comparing the results with the previous
ANSYS results for circular and square cross sections.

Hexagonal CFT

The materials properties for concrete and steel tube, meshing, loading, and boundary
conditions are the same pattern used for circular CFT. A typical mesh for the hexagonal
specimen with 5743 elements and the deformed shape are shown in Figure (11). The variation
of stresses presented in Figure (12).
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AHIS"I"S

(A) (B)

Figure (12): Stresses variation of Hexagonal CFT shape

Octagonal CFT

Volumes of steel tube and concrete core are created and meshed. The pattern of loading and
boundary conditions are the same used for circular CFT. The overall mesh of the concrete and
steel volumes with 1595 elements and deformed shape are shown in Figure (13). The variation
of stresses presented in Figure (14).

(A) (B)
Figure (13): (A) Octagonal CFT mesh made by ANSYS (B) Deformed shape
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Figure (14): Stresses variation of octagonal CFT shape

In order to illustrate the finite element data for parametric results, the overall load-deflection
curves obtained by using ANSYS for CFT columns are shown in Figure (15). By analyzing the
load—deflection curves, it is possible to observe that the circular CFT has the highest failure load
due to symmetrical confinement applied by circular steel tube which make the concrete core
subjected to uniform three-dimensional compression, and that enhance the unit axial strength of
concrete ' Although, the square CFT curve approximately has similar pattern to the circular
cross section at linear part, but it has the lowest failure axial strength due to less confining
action of square steel tube. The concrete core of square steel tube is divide to effective and non-
effective confining zone. The effective confining zone, whose separated by quadratic parabola,
increased by increasing the number of polygon sides approaching the circular shape as can be
observed from the increasing in failure load of hexagonal and octagonal cross sections. In
addition to less confinement of square steel tube, the local buckling appears due to the stress
concentration at the corners. The ratio between finite element failure loads with respect to
circular cross section is presented in Table (4).

600
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~400
z
&
= 300 .
S == Circular Col.
=)
200 =o—Square Col.
100 Hexagonal Col.
0 === (ctagonal Col.
0 1 2 3

Axial Deformation (mm)

Figure (15): Overall numerical load-deflection behavior of CFT made by ANSYS
Table (4): Comparison between tested and ANSYS results

CFT columns ANSYS load | Percentage ratio %
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(kN)
Circular 515 -
Octagonal 500 0.97
Hexagonal 486 0.94
Square 475 0.92
Analytical Study
1- American Concrete Institute: Building code requirements for Structural Concrete

(ACI 318- 14 Code) '":

ACI 318-14 code provision specifies the ultimate load for all composite columns (circular,
square, rectangular, and polygon columns) by:

Pac= @ P,= 0.8 (0.85 A, f.+ A, f,) .. (8)

Where:

A. and A, are the areas of concrete core and steel tube respectively.

f, and f, are the compressive strength of concrete and tensile strength of steel.

2- Eurocode 2004 ""';

The compression strength of composite columns is evaluated according to EC4 code as follows:

1. The ultimate axial force of a square column is:
PEC4: AC fc+ As fy ce (9)
2. The ultimate axial force of a circular column (confinement effect takes into account if

the relative slenderness A is less than 0.5) where:
_ [Asfy +085Acfc)

A N ... (10)
Eg Is+ E¢ I¢) m?
No= Seitield T ..
71 =4.9 —18.5 A+17 1*+1 .. (12)
17, =0.25 (3+2 1) .. (13)
tf

PEC4:Asfy772+Acfc(1+771d—fyc) - (14)

Where:

N, is the elastic crippling load, E. and E are the modulus of elasticity for concrete and steel, I,
and I are the moment of inertia for concrete and steel, 7, and 7, are coefficients, L is the length
of column.

3- AISC code ";

The load carrying capacity according to AISC Specifications is:

1- When P, >0.44P,, Pn= P,[0.658(P0/P€)] ... (15)
2- When P.<0.44P,, Pn=0.877P, ... (16)
Where:

Po= C,A: Fc+AsF y.the value C, is 0.85 for rectangular sections and 0.95 for circular sections.

m2El A
P~ (L)';ff s Elop=Esls+C\E I ; C1=0.6+2 (ﬁ)sw
4- New Zealand standard code '

The axial strength of steel encased concrete sections according to NZ code is:

Q. Pny= Cy A f+ AT, ..(17)
Where

C,=0.85 for rectangular and 0.95 for circular composite sections; @, =0.75.

5- Proposed method:
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To obtain an accurate prediction of uniaxial compression strength of CFT, a proposed equation
is formulated by using regression analysis in the following form:

0.8 0.95 DorBora
P Proposed =A, fy+ 0.7 AC f;.c (—)0-5

t
Where

B is the width of square CFT columns.

a is the side length of polygon CFT columns.

... (18)

The proposed formulation is based on the following assumptions:

1. The confined strength of concrete (f cc) is used instead of compressive strength (fc')

. . . . D or Bor a
with correction confinement coefficient representing by (f)o's.

2. Enhancements are added to the strength of concrete core contribution part.

This formula is validate by using 148 CFT experimental studies of solid circular * 21 square
(3. 4. 1415, 4719, 23231 - pectangular [°'7) hexagonal and octagonal ****! columns. In Table (5), a
comparison of convergent percentage (COV %) of CFT existing test columns based on (P test/ P
cal.) ratio. The results indicate that the proposed equation (18) has the lowest COV percentage
at 24.386% comparing with other methods.

Table (5): comparison of predicted (P test/ P cal.) for 148 tested columns

No Methods Mean Standard deviation COV %
1 ACI -318 Code 1.416 0.382 26.977
2 EC4 Code 0.975 0.246 25.230
3 AISC code 1.497 0.433 28.924
4 NZ Code 1.483 0.403 27.174
5 Eq. (18) 1.181 0.288 24.386

Figures (16) to (20) illustrate the relationship of (P test/ P cal.) for the design methods by ACI -
318M Code "', EC4 Code ", AISC code "', NZ Code ™!, and proposed equation (18). Among
them, the axial strength based on the proposed formulae are the simply and closest to the
experimental data. The results based on AISC design code are the most conservative.

| Code [kM)

Figure (16): ACI 318M-14 Code "
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Figure (17): Eurocode 2004 "
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Figure (18): AISC Code 2010 "
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Figure (19): NZ Code 2006 '
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Figure (20): proposed equation (18)

Also, to check the validity of Equation (18), a comparison of (P ansys/ P calculated) Of CFT
columns that previous analyzed by ANSYS as shown in Table (6).

Table (6): comparison of Pnsys/ Pca.

CFT

ANSYS P Ansys/ P Calculated
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columns Load (kN) ACI | EC4 | AISC NZ By Eq. (18)
% % % % %
Circular 515 1.77 | 0.93 1.81 1.80 1.38
Square 475 1.26 | 0.94 1.36 1.35 1.01
Hexagonal 486 1.54 1.14 1.09 1.64 1.08
Octagonal 500 2.01 1.53 1.39 2.14 1.42

CONCLUSIONS

CFT columns consist of a steel tube with a concrete core casted inside. The composite
column may be of any shape; octagonal, square, circular, hexagonal, elliptical, etc. A finite
element program ANSYS version 15 is used for modeling various cross-sections of composite
columns. The comparison between ANSYS and experimental test results (for circular and
square columns) were made to calibrate the correct representation of columns to simulate the
other polygon cross section (hexagonal and octagonal). In general, the circular columns have
highest failure load due to uniform confining effect compared with other shapes. Finally, a
method to calculate the ultimate axial strength of CFT columns is proposed sections with side
length ranging between 200 and 4000 mm. The prediction of the proposed method agreed well
with large experimental data with simple form.
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