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Abstract

     In the present research, the nonlinear three dimensional finite element analysis of concrete filled steel tube (CFST) is investigated, and the ANSYS 12.1 software is used. Both circular and square cross sections are studied, and parametric studies are carried out to figure out the effect of the material strength and the steel tube thickness on the structural behavior of CFST. In the material modeling, the confining effect of the concrete was taken into account while the steel was modeled as a kinematic bilinear material with perfect bond between concrete and steel. Comparison with previous experimental studies shows about 90% agreements. It was concluded that concrete compressive strength is the main factor affecting the structural strength of CFST.
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الخلاصة
      يتناول هذا البحث دراسة التحليل اللاخطي الثلاثي الابعاد لاعمدة الانابيب الحديدية المملوءة بالخرسانة باستخدام طريقة العناصر المحددة، وقد تم استخدام البرنامج (ANSYS 12.1) لانجاز هذه المهمة. تمت دراسة كل من المقطع الدائري والمربع، كما تمت دراسة المتغيرات التي توثر على التصرف الانشائي لهذه الاعمدة وخاصة قابلية تحمل الخرسانة وسمك الانبوب الحديدي. تم أخذ تأثير التقييد عند عند تمثيل مادة الخرسانة في حين ان الحديد قد تم تمثيله باستخدام النموذج الكايناميتيكي الثنائي الخط، مع فرض ترابط مثالي بين الحديد والخرسانة. المقارنة مع النتائج التجريبية لبحوث سابقة اظهرت تطابقاً بنسبة 90% تقريبا. الاستنتاج الرئيسي في هذا البحث هو كون قابلية تحمل الخرسانة هي العامل الرئيسي الذي يؤثر على التحمل الانشائي لهذا النوع من الاعمدة.
1. Introduction 

     Concrete-filled steel tube, CFT, structural members efficiently combine the tensile strength and ductility of steel with the compressive strength of concrete. Lighter and more slender CFT columns can replace traditional steel or reinforced columns with equivalent resistance. The tube provides large buckling and bending capacity by placing the steel at the outer perimeter of the section where the moment of inertia and radius of gyration are greatest (Kingsley, 2005). 

     Traditionally, the CFT column is subjected to axial load both on the steel tube and on the concrete core and the steel tube performs as primary longitudinal main reinforcement to the concrete core. It has beneficial qualities of both materials and has the following advantages: (1) higher strength-to-weight ratio and higher rigidity than conventional reinforced concrete column, (2) high ductility and toughness for resisting reversal load, (3) higher load carrying capacity due to the composite action between steel and concrete and (4) saving in material and construction time (Seangatith and Thumrongvut, 2009).

     Concrete filled steel tubes are used in many structural applications including columns, supporting platforms of offshore structures, roofs of storage tanks, bridge piers, piles, and columns in seismic zones. Concrete filled steel box columns offer excellent structural performance, such as high strength, high ductility and large energy absorption capacity and have been widely used as primary axial load carrying members in high-rise buildings, bridges and offshore structures. Application of the CFST concept can lead to overall savings of steel in comparison with conventional structural steel systems. In CFST composite construction, steel tubes are also used as permanent formwork and to provide well distributed reinforcement. Test results have shown that the concrete core delays local buckling and forces the steel tube to buckle outwards rather than inwards, resulting in a higher flexural strength therefore, tubes with thinner walls could reach yield strength before local buckling occurs (Arivalagan and Kandasamy, 2010).
2. The Materials Model

     The finite element code ANSYS, version 12.1, has been used. Where the concrete, steel as following:  

2.1. Concrete Modeling
     The equivalent uniaxial presentations for the stress–strain curve of unconfined and confined concrete as shows in Figure (1), where ([image: image2.png]


) is the unconfined concrete cylinder compressive strength, The corresponding unconfined strain (Ɛc’) is taken as 0.003 (ACI 318, 2008).
 The confined concrete compressive strength ( [image: image4.png]


) and the corresponding confined stain ([image: image6.png]


) can be determined from the following equations (Huang et al., 2002):
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 represents the confining pressure around the concrete core calculated from the following empirical equations (Hsuan et al.,2003):
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      The k1 and k2 are constants and can be obtained from experimental data. Meanwhile, the constants k1 and k2 were set as 4.1 and 20.5 based on the studies of Richart et al. (1928).
The uniaxial stress–strain curve of confined concrete is including three parts as discussed by Ellobody at al. (2006), the first part is the initially assumed elastic range to the proportional limit stress.
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Figure (1) Equivalent uniaxial stress–strain curves for confined and unconfined concrete.

     The value of the proportional limit stress is taken as 0.5([image: image18.png]


) while the initial Young’s modulus of confined concrete (Ecc) is reasonably well calculated using the empirical Eq. (5) given by ACI 318M-08:
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     The second part of the curve is the nonlinear portion this curve can be determined from the following Equation:
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Where:
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 While the constants  [image: image28.png]


  and [image: image30.png]


  are taken equal to 4 (Ellobody et al. 2006), this part start from 0.5([image: image32.png]


) and going to the confined concrete strength ([image: image34.png]


).
The last part of the curve when Ɛc ˃[image: image36.png]


, the descending line is assumed to be terminated at the point where [image: image38.png]


k3[image: image40.png]


  and Ɛc=11[image: image42.png]


 . k3 can be calculated from the following empirical equations (Hsuan et al.,2003):
K3=1                                                               for (21.4≤D/t<40)                                         (9)
K3=0.0000339(D/t)-0.010085(D/t) +1.3491    for (40≤D/t≤150)                                          (10)           
     Because the concrete in the CFT columns is usually subjected to triaxial compressive stresses, the failure of concrete is dominated by the compressive failure surface expanding with increasing hydrostatic pressure. Hence, a Drucker-Prager yield criterion is used to model the yield surface of concrete which assumes an elastic perfectly plastic response. The material parameters the cohesion (c) and angle of internal friction (φ) for the DP model can be calculated from Eqs. (11) & (12) respectively (Mirmiran et al., 2000):
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 use by MPa and the cohesion produce from the equation above by MPa, φ in degrees.
2.2. Steel Modeling:
     The bilinear kinematic hardening model (BKIN) was used to simulate the stress–strain curve of steel as show in the Figure (2), where assumed to be an elastic-perfectly plastic material. The bilinear model requires the yield stress (fy) and the hardening modulus of the steel (Es), the Constitutive law for steel behavior is (Baetu and Ciongradi, 2011):
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     Where:  σs is the steel stress, Ɛs is the steel strain, Es is the elastic modulus of steel, E’s is the tangent modulus of steel after yielding, Es' = 0.01Es, fy and Ɛy is the yielding stress and strain of steel, respectively, in this paper the yield strength (fy) of steel tubes is 350MPa, and the modulus of elasticity (Es ) is 2.13 × 105MPa.
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Figure (2) Stress–strain curve for reinforcement in ANSYS model
3. Finite Element Analysis by ANSYS:
     Numerical simulations are carried out with finite element software ANSYS 12.1, where the concrete and steel are modeled as following:
3.1. Concrete Modeling:
     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):
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Figure (3) Solid65 geometry (ANSYS)
     The Solid 65 element requires linear isotropic, the properties that required for linear isotropic are the Poisson’s ratio and The modulus of elasticity of concrete Ec is highly correlated to its compressive strength and can be calculated with reasonable accuracy from the empirical equation (5) by using the unconfined compressive strength of concrete, In this study, the Poisson’s ratio of concrete is assumed to be 0.2 (Bangash, M. Y. H., 1989). 
Drucker-Prager model in ANSYS required three parameters cohesion, friction angle and Dilatancy angle, to obtain the cohesion and friction angle; the equations (11) and (12) may use. Figure (4) showed the Drucker-Prager model in ANSYS. 
     The Dilatancy angle (in degrees) the amount of dilatancy (the increase in material volume due to yielding) can be controlled with the dilatancy angle. If the dilatancy angle is equal to the friction angle, the flow rule is associative. If the dilatancy angle is zero (or less than the friction angle), there is no (or less of an) increase in material volume when yielding and the flow rule is nonassociated. Temperature-dependent curves are not allowed (ANSYS Help). 
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Figure (4) Drucker-Prager model in ANSYS©
3.2. Steel Modeling:
     The element type SOLID45 is used for the 3-D modeling of solid structures. This element is defined by eight nodes having three degrees of freedom at each node: translations in the nodal x, y, and z directions. The geometry, node locations, and the coordinate system for this element are shown in Figure (5). The element is defined by eight nodes and the orthotropic material properties. Orthotropic material directions correspond to the element coordinate directions (ANSYS Help). The SOLID45 element is capable of plasticity, creep, expansion, stress hardening, large deformation, and large strain.
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Figure (5) Solid45 geometry (ANSYS)
4. Loads Procedure:

     An axial pressure was implemented over the entire top surface of the column model in the ANSYS in order to apply the axial load on the top of the column specimen. The axial pressure can be simulated using the ANSYS load step option (ANSYS Help), the total load applied to a finite element model is divided into a series of load increments called load steps. At the completion of each incremental solution, the stiffness matrix of the model is adjusted to reflect nonlinear changes in structural stiffness before proceeding to the next load increment.
 The number of load steps depends on the user’s definition. In this case, load steps were defined according to the actual load steps applied during the test. A solution was obtained by solving several sub-steps in each load step to attain convergence. In each sub-step, an iteration procedure was carried out until providing a convergent solution before moving to the next sub-step. 

When the load has reached its peak value, the load control mode was switched into the displacement control mode. The displacement control mode was set into several displacement steps corresponding to the experimental data. Using the automatic time steps, the column specimen was displaced until failure. The objective of using this kind of mode is to obtain the descending branch of the stress-strain curve of the column specimens under axial loading. The incremental nonlinear equation can be written as follows:
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     Where Δu and ΔP describe the unknown incremental displacement and the given incremental applied load vectors, respectively.
5. The Boundary Conditions:

     The boundary condition that applied to the column specimen where at the bottom surface the column is fixed at the three direction which u=0 on the plane normal to the X- axis, v=0 on the plane normal to the Y-axis, and w=0 on the bottom surface normal to the Z-axis. The top surface of the column is fixed with u=v=0 but allows displacement to take place in the Z- direction.

6- Nonlinear Analysis:

     ANSYS uses the Newton-Raphson method to solve a nonlinear problem (ANSYS Help) involving an iterative procedure. This method starts with a trial assumption: u = ui, to define the incremental of the next steps, [image: image57.png]


, and the load vector exists beyond the equilibrium, ΔRi = ΔP – K(ui)Δui. There will always be a discrepancy between the applied load and the load evaluated based on the assumption. To satisfy the state of equilibrium, the load vector exists beyond the equilibrium should be zero. Since the solution requires an iterative procedure, a tolerance value should be determined such that a convergent solution can be obtained. In each iteration step, N-R method calculates the load vector exists beyond the equilibrium and always checks if the convergent solution under specified tolerance is obtained. If the value is still greater than the tolerance value, then the initial assumed value is updated with the incremental displacement, [image: image59.png]Uipy = U; AU,



. The next incremental solution vector is determined with △[image: image61.png]Uipg = K (uy) AP



, providing a new load vector exists beyond the equilibrium [image: image63.png]AR,
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. This procedure is repeated until the convergent solution is obtained (ANSYS Help).
7. Finite Element Model Verification:
     The ANSYS solution confirmed by experimental studies for both circular CFT and rectangular CFT as following:
7.1. Rectangular CFT:

     The current finite element model worked by ANSYS 12.1 is verified by comparing the theoretical and experimental results for rectangular CFT. The experimental work of (Bing and Siping, 2010) is discussed here. In their research, they presented an experimental study on the behavior of square concrete-filled steel tube columns under concentrated loading.
The Steel tubes with square hollow sections were used in the experimental study. The outer dimension of the square (b) is 120 mm and the height (h) is 400 mm, with a steel tube thickness (t) of 2.5 mm, as shown in Figure (6).
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Figure (6) Test layout, instrumentation and crashed model (Bing and Siping, 2010)

     The material properties are, [image: image65.png]


=34.4 MPa, fy = 336 Mpa, Es (modulus of elasticity of steel) = 200 GPa. Figure (7) shows the finite element discretization and the stresses contours. 
Figure (8) shows the experimental versus the ANSYS results of analysis, which shows good agreement with maximum error percentage of 76%.
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                    Figure (7) Finite element discretization and the longitudinal stresses contours for the proposed model
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             Figure (8) Experimental versus ANSYS curves for the axial load- longitudinal strain relationship for the model tested by Bing and Siping
7.2. Circular CFT:
      The axial stress-strain curves obtained from the ANSYS solutions are confirmed by the experimental results of  Yu Z.W.et al. (2007) where the experimental behavior of circular concrete-filled steel tube stub columns studied.
     A total of 17 test specimens were constructed and tested under concentric axial compression loads. All specimens were three times the diameter in length to reduce the end effects and to ensure that the specimens would be stub columns with minimum effect from slenderness. Each tube was welded to a square, steel base plate of 5 mm, all the specimens were cured for 30 days using water spaying, and then the top surface was leveled with cement. After about 90 days, the top surfaces of CFT stub columns are ready for testing. Another square steel cover plate of 5 mm in thickness was welded to the top surface of the steel tube (see Figure 9-a). This was done to ensure that the load was applied evenly across the cross-section and simultaneously to the steel and concrete core .Meanwhile; the corresponding specimens of nine 150 mm cubes were cast for concrete strength tests. The cube concrete strength was 46.3 MPa (Yu Z.W. et al, 2007).
The dimension of the specimen is D=165mm, t=2.75mm and L=510mm. the fig (9-b) showing the model meshed in ANSYS. 
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                                       (a)                                                                                     (b)
Figure (9) a- Specimen (Yu Z.W. et al, 2007) and b- the mashed model in ANSYS 
     From the comparisons shown in Figure (10), it shows that the predictions are in close agreement with the experimental curves this indicates that the actual behavior of column specimens under axial compressive loading can be accurately predicted by the FEM approach. The Figure (11) was showing the stresses in the specimen along the Z-direction.
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Figure (10) Comparisons of experimental results of (Yu Z.W.et al, 2007) 
with ANSYS.
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Figure (11) Longitudinal stresses in the specimen.
8. Parametric studies:

       The parametric studies were carried out for rectangular CFT and for Circular CFT in order to find out the effect of the concrete compressive strength and the effect of D/t ratio as following: 
8.1. Rectangular CFT:

      Two parametric studies are carried out on the same sample tested by Bing and Siping. The first one is concerning the concrete compressive strength of the CFST core, while the second is to investigate the effect of the b/t ratio on the lateral displacement at the mid-height central area of the model. The results of these two parametric studies are shown in Figures (12) and (13).
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Figure (12) Axial load- longitudinal strain relationships for the model tested by Bing and Siping for different compressive strengths.
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          Figure (13) Axial load- lateral displacement relationships for the model tested by Bing and Siping for different b/t ratios
8.2. Circular CFT:

       A specimen that  having dimensions of 510 mm length and  165 mm diameter was taken as the reference for the parametric studies (the same one that used by Yu Z.W. et al, 2007).

Parametric studies are conducted in order to investigate the factors that influence the stress–strain behavior of steel confined concrete the Concrete strength and the steel tube thickness.
Figure (14) Shown the effect of concrete compressive strength on the stress–strain. It can be observed that strength at similar longitudinal strains when the steel starts’ yielding was increased. Figure (15-a) and (15-b) showing the stresses along the specimen with compressive strength of concrete 50MPa and 60MPa respectively.
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Figure (14) the effect of concrete compressive strength
[image: image86.png]LUSE

Nov 27 2011
07:57:06

TIME=92 54 21
sz (ave)

RSYS=0

DM =.00zE1e

M =-.175E410

MK =.3178+08

“17sehi0 1292410 8302405 3712405 “e7azt08
—.1s2z420 -~ 10ez410 —_e01zs0 —_142z405 _a17E405




[image: image87.png]2252420

1515410

—1sezti0

1215410

—_ae7zs0s

s215405

—.174z105

LUSE

Nov 27 2011
08:51:55

1728405
_s1em+05





(a)                                                                                      (b)
Figure (15) The stress along the specimen have (a) [image: image72.png]


=50MPa and (b) [image: image74.png]


=60MPa
     The second investigated parameter is shown in Figure (16), where stress–strain relationship for different D/t ratio. It can be seen that the compressive strength are increased for the similar longitudinal strains.
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Figure (16) the effect of D/t ratio on the compressive strength
9. Conclusions
1- ANSYS© 12.1 is capable of envisaging the actual stress-strain concrete filled steel tube subjected to axial loading.
2- The lateral displacement in the rectangular CFST’s is more susceptible to the steel tube thickness than the longitudinal displacement.
3- Parametric studies showed that the concrete compressive strength is the important factor affecting the descending region of the stress–strain curves for concrete filled steel tube.

4- The Failure of CFST’s is initiated by local buckling in the middle third of height, in which the stresses are concentrated. 
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