1. Introduction

Intensive development of a Finite Element FE programs brings them close to the application and everyday engineering praxis. After (Mackerle, 2002) in the year 2002 there have been 1538 FE programs registered. The major commercially available FE programs for forming process simulation are enumerated in (Haepp & Roll 1999). Their availability enabled the production engineers to use them for obtaining the quick answers to a non typical problems emerging in everyday engineering praxis (Soltani et al., 1997) or (Altan et al. 1995). 

Commercial FE programs can be used in parallel with the experiment while researching a bulk metal forming technology. The result is improvement of both, FE and experiment. Likewise obtained FE model can be used for giving mentoned quick answers for similar processes. In estimation of those similarities only the experienced engineers can take a serious part by having an insight in both; principles of FE analysis and real metalforming process. Therefore to enable a simultaneous engagement in applied FEM and praxis there was a need to give a brief review of the used Finite Element Method and it was done in this paper. 

All the steps from the principle of the virtual work to the iterative solvers used in Marc are explained in order to clarify the main problems in structural, non linear analysis. Since MSC Marc is a universal solver used as a module in many different CAM software, this paper should provide an insight in Marc FEM solution techniques. In the end, a bulk metal forming process – radial gear extrusion of a gear is performed to demonstrate a capability of the used software. 

2. Review of the used FE method

2.1 From the principle of the virtual work to the stiffness equation

The main goal of building an FE analysis is to obtain the unknown fields u that are expressed in terms of the nodal point unknowns v by the use of shape functions N. Those fields can be defined using material or spatial coordinates. Mathematically speaking both approaches give the same result, but Lagrangian frame of reference using material coordinates is chosen. It is done since in the radial gear extrusion a contol surface of a billet becoming a gear is a non stationary surface and therefore more easily described using the material coordinates attached to the initial billet geometry. Moving together with the material, material coordinates are also more adequate for modeling a strain hardening. Written for a single element e, using the current stete as a reference state, a principle of the virtual work can be transformed into the following equation;
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where Bimn is the symmetric gradient operator evaluated in current configuration, Lmnpq is the material moduli tensor in current configuration, eand e are the single element volume and surface respectively, Ni is the shape function, N is the shape function matrix, vje are the unknown element nodal displacements, f e  is the element body force vector, t e is the element traction force vector and F is the sum of concentrated nodal forces acting upon single element.

Equation (1) represents a stiffness equation of a single element e. It can be rewritten in short form as the element stiffness equation Ke v e =  – f e. In order to equilibrate the whole geometry divided into the finite element mesh, single element stiffness equations have to be assembled over the whole model geometry. Thus we obtain a global stiffness equation:
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Where K is the stiffness matrix K = Ke,  f  is the nodal load vector f  = f e and v is the nodal displacement vector v = T -1 v e. T is the orthogonal transformation matrix. In order to solve the global stiffness equation (2) it is necessary to define the boundary conditions. The result of setting up the boundary conditions is a partitioning of the nodal displacement vector, that implies a partitioning of the stiffness equation as shown in (3).
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Where vu are the unknown nodal displacements and vs are the specified nodal values, fa are the applied nodal loads and fr are the nodal point reactions. 

System of equations (3) is a nonlinear system because in the bulk metal forming simulation, there are three sources of nonlinearity. First is the material nonlinearity coming from the strain hardening that numerically influences the material moduli tensor in equation (1). Second is the problem of the geometrical nonlinearities influencing the second term on the left hand side of the equation (1). Both, material and geometrical nonlinearity influences the stiffness matrix in (2). Finally, third source of nonlinearity is a friction model that, dependent on actual state, influences the global load vector. 

In order to simplify the numerical models in this paper, the friction as a third source of nonlinearity was left out. Having two sources of nonlinearity included in our FE model, nonlinear system of equations (4) has to be solved using an iterative approach, briefly described by the scheme shown in Fig. 1. Every increment is subdivided into the subincrements known as cycles. Each cycle contains three major numerical steps; assembly, solve and recover, each consuming the same amount of the CPU time, while in linear analysis steps of assembly and recover are significantly shorter. Used algorithms for each one of the mentioned steps, greatly differ from one solver to the other and for this reason it is correct to consider the FE method as a technology. 
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	Fig. 1. Iterative solution flow diagram performed by MSC Marc solver.


Assembly of the global stiffness matrix is performed at each beginning of the cycle. After the assembly, nonlinear system of equations is solved using Newton – Raphson method. Cycles including assembly of the stiffness matrix, solving and recovery are repeated until the convergence criterion has not been satisfied. After the nodal displacement field has been obtained program calculates the nodal load vector and consequently pursues a relative residual force check as a criterion of proceeding to the next increment. Number of recycles over the increments for performed simulation of bulk metal forming is given in Fig. 6.a Brief overview of relative residual force check is given in equation (4). 
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Freaction in enumerator represents a difference between the external and internal forces at each node for the degree of freedom with a largest magnitude. fr in denominator represents a maximal reaction force at a different degree of freedom with a largest magnitude. Most commonly it is required for the Freaction to be ten times smaller than the fr (Tol = 0.1). Besides the residual force check there is another parallel check, traditionally performed by the Marc solver. It consists in calculating the stiffness matrix singularity ratio R = C -1 where C is the mathematically well defined conditioning number of a matrix. If the problem is numerically well defined, after (MARC Primer introductory textbook, 1993) and (MSC Marc theory and user information, 2003), the values of R should remain between 100 and 10-4. 

Figure 6.b shows that in both simulations performed, singularity ratio criterion has been satisfied during all the increments, and the simulations can be considered as a well defined structural analysis problem. Precise definition of the stiffness matrix singularity ratio R can be found in (MSC Marc theory and user information, 2003).

After the determination of the nodal displacement vector v MSC Marc solver recovers the unknown displacement, stress and strain fields by substituting the element nodal displacements v e=T v into the following equations; 

	uev e
	(5)

	ev e
	(6)

	eL e
	(7)


Where ueare the displacements inside the particular element, e are the strains and e are the stresses inside a particular element,  and L are the shape function, gradient operator and material moduli tensor respectively. It is interesting to point out that in the Updated Lagrangian approach a compatibility of the displacement fields along the mutual border of two adjacent elements, does not imply a compatibility of the stress field along that border. This problem is diminished when using a finer FE mesh. 

3. FE SIMULATION  
3.1 Preprocessing - creation of the geometry for the structural analysis

Before the numerical crunching performed by the solver takes place, all the data relevant for the FE analysis has to be prepared by the use of the program called preprocessor. In this paper MSC.Mentat preprocessor has been used since it was developed in parallel with the MSC Marc solver and therefore gives the opportunity of 100% use of the MSC Marc capabilities. There is also an option of using MSC.Patran as the preprocessor with a slight smaller use of the mentioned capabilities.
One of the first steps in creating a geometry and a mesh for the structural analysis is a creation of the geometry. In the considered simulation first step is turning the tool and workpiece geometry into numerical objects. Regarding surfaces, this operation was done using NURBS, a Non Uniformal Rationl B Splines that smoothly model simple surfaces shown on the Fig. 2. In the case of the surfaces with a lot of complex details one should use a picewise linear representation instead of analytical NURBS approach. This simplifies the complex procedure of determining a contact status that is very important to the stability of FEM model, as it will be shown in post processing of the results. If using other CAD program for creation of the geometry there is a need to check whether used preprocessor is or is not capable of reading the particular format. The orientation of the surfaces in preprocessor is of great importance and badly defined surfaces can sometimes preclude the simulation to be performed.
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	Fig. 2. a) Numerical modelling of the rigid contact bodies included in linear elements analysis. b) Meshed deformable body enclosed by the rigid bodies
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	Fig. 3. a) Numerical modeling of the rigid contact bodies included in parabolic element analysis. b) Meshed deformable body with boundary conditions set upon the nodes.


Second step is the creation of FE mesh when the desired bodies are subdivided into the finite elements. This meshing operation can be performed on all geometries included in structural analysis, but in most cases only the body of interest is converted to the FE mesh and other bodies are considered as rigid ones Fig. 2 and Fig. 3. It is done so to reduce the overall number of FE included in simulation. In performed simulation only the Al billet, that will become a gear of the specified geometry, is subdivided into the FE mesh Fig. 2.b and Fig. 3.b, while the punch, lower plate and the outer planes are considered as rigid bodies Fig. 2.a and Fig. 3.a. (Hatangady, 1999) has introduced an interesting algorithm for meshing of the rigid bodies with a minimum number of FE elements necessary for correct representation of adjacent stress fields. 

After all the object and element geometries have been created a particular element type has to be assigned to the FE mesh. For the structural 3D analysis MSC Marc offers 2 groups of element types; with a linear shape function N and with the parabolic shape function N. This is also known as division onto the low order – linear elements and high order – parabolic elements. For the purpose of this analysis two elements were used; a linear element type 134 with four nodes and a parabolic element type 127 with ten nodes, both shown in Fig. 4 and precisely described in (MSC Marc Element library, 2003). 

Since the gear geometry is axisymmetric, simulation was performed over one sixth for the element type 127 and over one twelfth for the element 157. The reason of making this difference is the requirement and restriction of Marc solver concerning the use of a different element types and remeshing.

For the equation (3) to become a partitioned system of equations (4) in the process of assembly, there is a need to set up a boundary conditions upon the created model. If this operation of restraining of global degrees of freedom is performed correctly, a global stiffness matrix becomes a positive definite, having good properties for the numerical analysis. Other warranty of having a good conditioned problem is a fact that the stiffness matrix singularity ratio R for both simulations remains between 1 and 10-4 for every increment during the simulation as shown in Fig. 6.b.
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	Fig. 4. Simple, visual representation of the a) linear, four noded element b) parabolic, ten noded element


In the linear elements model, boundary conditions were set up using the wedge axisymmetric planes as shown in Fig. 2.a. Those planes restrain the degrees of freedom of all the nodes lying along those planes that cut off one twelfth of a billet. In the parabolic element model, the boundary conditions were set up using the nodal boundary conditions set upon the nodes as shown in Fig. 3.b. The formulation of boundary conditions using wedge planes is more general and allows the necessary remeshing of linear element mesh. In comparison to the parabolic, linear elements are about three times more sensitive to the distortion of the FE mesh. 

Material properties have been assigned to the FE model and material was modeled as a rigid plastic Al material with strain hardening curve taken from the flowchart (VDI 5-3200, 1954).

3.2 Numerical crunching

Numerical crunching performed by the MSC Marc solver took about 90 hours for the parbolic 10000 elements model and 3 hours for linear 14000 elements model on 1.8 GHz Windows 2000 OS. The difference in solution time comes from the use of different element types, pointing out at the linear elements as a faster solution for simulating the finite strain. Nevertheless, parabolic elements keep their quality in better withstanding of the large deformations, enabling the whole simulation to be performed without remeshing! This quality makes parabolic element simulation more similar to the real metalforming process. Therefore it would be advisable to widen the software for large deformations with the improved algorithms for parabolic element models. 

3.3 Postprocessing 

Once the used solver MSC Marc has finished a numerical crunching of the input data, and all the required element tensors, element scalars and nodal quantities have been calculated, postprocessing takes place. It can be done using any software capable of reading the MSC Marc binary results *.t16 file. In performed simulation MSC.Mentat was used also as postprocessor for its greatest compatibility with MSC Marc solver.
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	Fig. 5. Force stroke diagram obtained in each one of the two performed simulations


The main FE analysis result is the force – stroke diagram shown in Fig. 5. The final steep load rise belonging to the final stage of corner filling has a 0.52 mm delay on parabolic element simulation since it is performed without remeshing and a distortion of the FE mesh is severe with a 1.25% overall element volume loss, implying a larger stroke needed to fill the gear cavity.  

Linear elements model 

	
[image: image13.wmf]0

10

20

30

40

50

60

70

80

90

100

0

10

20

30

40

50

60

70

80

90

100

inc. 

number of recycles

Parabolic elements model

linear elements model



[image: image14.wmf]0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

0

10

20

30

40

50

60

70

80

90

100

inc.

singularity ratio



	Fig. 6. a) Number of cycles performed inside every increment, helping to indicate numerically problematic situations during the FE simulations.  b) Evolution of the stiffness matrix singularity ratio over the increments 


Looking at the force – stroke diagram in Fig. 5, there is one stair at the very beginning of the simulation coming from a fact that there is no initial nodal load and displacement vector to base the iteration upon. Secondly there is a remeshing included in simulation using general formulation of the boundary conditions via axisymmetric planes that are numerically much more difficult to handle. Mentioned two facts resulted in a large number of recycles in the beginning of the simulation, necessary to obtain the equilibrium, Fig. 6.a. Second force jump on the force – stroke diagram and recycle – increment diagram appears in increments 46 and 47 as a clear sign that a deformed FE billet came in contact with the outer planes surface inside a gear cavity as shown in Fig. 7.a.

Large force jump at increment 57 belongs to the action of remeshing when entirely new mesh with a new interpolated nodal positions have brought the largest numerical deviation to the nonlinear system of equations (3). Therefore it is recommended to find a criterion that results in minimal number of remeshes. Second remeshing at the increment 79 brings also a force jump but to the much smaller extent. Two mentioned remeshes were necessary and sufficient to simulate a good gear cavity fulfillment as it can be seen in Fig. 8 and Fig. 7.b. All the other small force jumps visible in the force – stroke diagram are coming from the change of contact status influencing a nodal displacement vector v and nodal load vector f  in the stiffness equation (2). 

Parabolic elements model 

In the beginning of the force – stroke diagram there is also a force jump coming from a sudden loading in the FE model. Since the boundary conditions were set upon the nodes, equilibrium is reached in less cycles than in the linear elements model. During the increment 18, FE billet reaches the outer planes and the change of the contact status requires a larger number cycles for reaching the equilibrium by satisfying residual force convergence criterion. This change of the contact status, alters the nodal displacement vector v in equation (2) by increasing the number of unknowns and consequently a number of necessary cycles over the following increments. 
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	Fig. 7. a) An arrow showing the beginning of a contact inside the gear cavity, realized between the FE deformable body and outer planes as rigid bodies. b) A final stage, linear elements model.


Greater number of 15000 nodes over 10000 elements and a parabolic shape function resulted in 90 hour simulation while linear elements simulation with 12 000 nodes over 55000 elements MSC Marc performs in 3 hours. Such a difference in calculation time can be attributed to the fact that parabolic elements have four integration points, for representation of the unknown fields, while the linear element type used has only one integration point.

4. Conclusion 

	
[image: image17.png]Inc
Tine

4

2

0

8

3

4

2

0

8
8.9002+000

radni_hod

Total Equivalent Plastic Strain

SEA




	
[image: image18.png]Inc
Tine

4

2

0

8

3

4

2

0

8
8.9002+000

radni_hod

Total Equivalent Plastic Strain

WS





	Fig. 8 Equivalent plastic strain visualised by the use of the contour bands. a) side view shows a good gear cavity corner fulfillment b) different view of the same strain distribution.


Although both FE models represent a numerically well explainable simulation of the bulk metal forming of a gear, the difference in obtained force – stroke diagrams, regarding the work done is 20%. This large difference between the numerically obtained results implies a need of analytical and experimental approach as authors performed in (Choi & Choi, 1997). 

When used, numerics should be considered as a technology due to the large number of modelling possibilities regarding FE method and Preprocessing. More precise and necessary criterion for estimating the value of the performed simulations would be in their comparison with the experiment (Skunca et al. 2003). Those comparison can be done via experimentally recorded force stroke diagram as performed in (Plancak et al., 2003) or via the experimentally measured microhardness that can be compared with the simulated equivalent strain as authors performed in (César et al., 1997) . The best approach is to compare the FE simulation and experiment using both mentioned criteria.

Since iterations are present in all the finite strain numerical simulations, it is advisable, in presence of experiment or not, to perform the numerical checks, similar to the ones used in this paper. Accordance of the numerical checks with the characteristical events in simulated technology, i.e. realization of the contact inside a gear cavity, is the additional warranty of having a good FE simulation. Besides, numerical checks are the only way of avoiding the use of the commercially available FE programs like a black boxes, while the opportunity of discussion between the dedicated FE analyst and FE user in the workshop remains possible. 
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		7		1				0.3325		59.6796						7		11				0.3325		115.961				0.48534766						5		0.0109						5		0.0365

		8		1				0.38		59.921						8		13				0.38		117.685				0.4908357055						6		0.0098						6		0.0358

		9		1				0.4275		60.1723						9		12				0.4275		119.411				0.4960908124						7		0.0098						7		0.0361

		10		1				0.475		60.4312						10		10				0.475		121.351				0.5020131684						8		0.0098						8		0.0379

		11		1				0.5225		60.6963						11		10				0.5225		123.091				0.5068989609						9		0.0098						9		0.0401

		12		1				0.57		60.9664						12		9				0.57		124.883				0.5118118559						10		0.0099						10		0.0411

		13		1				0.6175		61.2407						13		16				0.6175		127.014				0.517842915						11		0.0099						11		0.0406

		14		2				0.665		56.66						14		16				0.665		129.194				0.5614347416						12		0.0099						12		0.0405

		15		5				0.7125		65.2292						15		12				0.7125		130.228				0.4991153976						13		0.0099						13		0.0402

		16		6				0.76		70.3043						16		16				0.76		131.755				0.4664012751						14		0.0103						14		0.0401

		17		2				0.8075		97.7621						17		16				0.8075		133.322				0.2667219214						15		0.0102						15		0.0406

		18		17				0.855		100.041						18		10				0.855		135.498				0.2616791392						16		0.0103						16		0.0401

		19		13				0.9025		101.385						19		13				0.9025		137.481				0.2625526436						17		0.0107						17		0.0379

		20		13				0.95		102.692						20		11				0.95		139.615				0.2644629875						18		0.0112						18		0.0372

		21		13				0.9975		104.387						21		11				0.9975		141.719				0.2634226886						19		0.0105						19		0.036

		22		13				1.045		105.89						22		10				1.045		143.536				0.262275666						20		0.0105						20		0.0349

		23		14				1.0925		107.336						23		10				1.0925		145.513				0.2623614385						21		0.0106						21		0.034

		24		14				1.14		108.801						24		23				1.14		147.261				0.2611689449						22		0.0105						22		0.0329

		25		14				1.1875		110.295						25		24				1.1875		149.472				0.2621026012						23		0.0105						23		0.0317

		26		14				1.235		111.798						26		23				1.235		151.678				0.2629254078						24		0.0103						24		0.0298

		27		14				1.2825		113.399						27		30				1.2825		153.611				0.2617781279						25		0.01						25		0.0295

		28		14				1.33		113.534						28		15				1.33		155.239				0.2686502747						26		0.0097						26		0.0293

		29		19				1.3775		113.629						29		14				1.3775		156.66				0.2746776459						27		0.0094						27		0.0287

		30		16				1.425		113.851						30		29				1.425		158.504				0.2817152879						28		0.0096						28		0.0278

		31		14				1.4725		115.613						31		15				1.4725		160.764				0.2808526785						29		0.0097						29		0.027

		32		14				1.52		115.848						32		15				1.52		162.965				0.2891234314						30		0.0091						30		0.0268

		33		14				1.5675		116.976						33		16				1.5675		164.835				0.2903448903						31		0.0093						31		0.0272

		34		14				1.615		118.091						34		14				1.615		166.245				0.2896568318						32		0.0095						32		0.0276

		35		14				1.6625		119.21						35		18				1.6625		168.244				0.2914457574						33		0.0094						33		0.0277

		36		14				1.71		120.593						36		14				1.71		169.743				0.2895553867						34		0.0093						34		0.0269

		37		11				1.7575		122.061						37		10				1.7575		171.512				0.2883238491						35		0.0094						35		0.0263

		38		9				1.805		123.388						38		13				1.805		172.879				0.2862753718						36		0.0095						36		0.0258

		39		8				1.8525		123.404						39		20				1.8525		174.622				0.2933078306						37		0.0095						37		0.0254

		40		23				1.9		122.773						40		15				1.9		185.428				0.3378939534						38		0.0099						38		0.0249

		41		19				1.9475		123.438						41		14				1.9475		187.012				0.3399460997						39		0.0095						39		0.0246

		42		16				1.995		124.97						42		14				1.995		187.81				0.3345934721						40		0.0087						40		0.024

		43		14				2.0425		126.587						43		21				2.0425		179.487				0.2947288662						41		0.0091						41		0.024

		44		11				2.09		128.242						44		17				2.09		181.856				0.2948156783						42		0.0095						42		0.0239

		45		8				2.1375		129.946						45		18				2.1375		183.403				0.2914728767						43		0.0097						43		0.0246

		46		7				2.185		131.69						46		49				2.185		184.88				0.2877001298						44		0.0099						44		0.0244

		47		7				2.2325		133.468						47		52				2.2325		191.036				0.3013463431						45		0.0101						45		0.0253

		48		7				2.28		135.283						48		13				2.28		197.727				0.3158091712						46		0.0103						46		0.0264

		49		6				2.3275		137.112						49		18				2.3275		210.215				0.3477534905						47		0.0106						47		0.028

		50		6				2.375		138.035						50		23				2.375		213.145				0.3523892186						48		0.0109						48		0.0236

		51		5				2.4225		139.454						51		16				2.4225		219.99				0.3660893677						49		0.0112						49		0.0236

		52		7				2.47		140.656						52		20				2.47		221.902				0.3661346						50		0.012						50		0.0241

		53		6				2.5175		142.347						53		19				2.5175		236.534				0.3981964538						51		0.0121						51		0.0236

		54		4				2.565		143.981						54		36				2.565		238.411				0.3960807178						52		0.0122						52		0.0222

		55		4				2.6125		145.685						55		36				2.6125		241.877				0.3976897349						53		0.0121						53		0.0234

		56		4				2.66		147.474						56		21				2.66		251.409				0.4134100211						54		0.0121						54		0.0228

		57		4				2.7075		149.333						57		105				2.7075		268.096				0.4429868405						55		0.0121						55		0.0197

		58		4				2.755		151.206						58		25				2.755		216.321				0.3010109975						56		0.0121						56		0.0212

		59		9				2.8025		151.35						59		33				2.8025		226.763				0.3325630725						57		0.0122						57		0.0201

		60		4				2.85		159.179						60		32				2.85		232.767				0.3161444707						58		0.0123						58		0.035

		61		2				2.8975		160.495						61		10				2.8975		239.776				0.330646103						59		0.0109						59		0.0323

		62		1				2.945		163.479						62		41				2.945		248.364				0.341776586						60		0.0109						60		0.034

		63		1				2.9925		165.105						63		9				2.9925		251.506				0.3435345479						61		0.011						61		0.0359

		64		1				3.04		166.847						64		24				3.04		259.099				0.3560492321						62		0.011						62		0.0365

		65		1				3.0875		168.315						65		15				3.0875		266.632				0.3687366858						63		0.0108						63		0.0385

		66		2				3.135		168.595						66		26				3.135		272.665				0.3816771496						64		0.0107						64		0.0361

		67		1				3.1825		171.467						67		18				3.1825		279.754				0.3870793626						65		0.0107						65		0.0354

		68		1				3.23		173.164						68		9				3.23		283.276				0.3887092447						66		0.0108						66		0.035

		69		1				3.2775		174.945						69		9				3.2775		294.133				0.4052180476						67		0.0108						67		0.036

		70		4				3.325		175.366						70		14				3.325		301.965				0.4192505754						68		0.0107						68		0.0381

		71		1				3.3725		176.429						71		12				3.3725		305.697				0.4228631619						69		0.0106						69		0.0366

		72		4				3.42		174.69						72		4				3.42		314.037				0.4437279684						70		0.0101						70		0.0387

		73		3				3.4675		180.712						73		8				3.4675		318.259				0.4321857355						71		0.01						71		0.0333

		74		6				3.515		194.134						74		6				3.515		325.161				0.4029603796						72		0.0098						72		0.0311

		75		2				3.5625		191.877						75		4				3.5625		330.447				0.4193410744						73		0.0095						73		0.0209

		76		6				3.61		195.896						76		6				3.61		337.79				0.4200657213						74		0.009						74		0.0172

		77		5				3.6575		196.354						77		6				3.6575		345.514				0.4317046487						75		0.0066						75		0.0181

		78		6				3.705		204.499						78		9				3.705		351.401				0.4180466191						76		0.0069						76		0.0208

		79		6				3.7525		208.301						79		19				3.7525		357.566				0.4174474083						77		0.0064						77		0.0165

		80		5				3.8		214.59						80		15				3.8		345.223				0.3784017867						78		0.0059						78		0.0163

		81		8				3.8475		216.566						81		48				3.8475		348.017				0.3777143071						79		0.0058						79		0.0131

		82		11				3.895		217.934						82		15				3.895		372.583				0.4150726147						80		0.0063						80		0.0394

		83		10				3.9425		223.774						83		17				3.9425		388.848				0.4245206353						81		0.0053						81		0.033

		84		1				3.99		229.984						84		37				3.99		410.495				0.4397398263						82		0.0055						82		0.0356

		85		4				4.0375		243.904						85		37				4.0375		472.076				0.4833374287						83		0.0052						83		0.0357

		86		12				4.085		244.063						86		75				4.085		478.986				0.4904590113						84		0.0044						84		0.0366

		87		3				4.1325		250.804						87		52				4.1325		619.404				0.5950881815						85		0.0048						85		0.036

		88		6				4.18		259.459						88		300				4.18		738.936				0.6488748687						86		0.0041						86		0.0346

		89		7				4.2275		264.987						89		6				4.2275		829.016				0.6803596071						87		0.0048						87		0.0363

		90		7				4.275		277.836																								88		0.0043						88		0.0361

		91		6				4.3225		298.94																								89		0.0038

		92		4				4.37		303.818																								90		0.0042

		93		8				4.4175		310.097																								91		0.0047

		94		8				4.465		319.203																								92		0.0044

		95		11				4.5125		336.57																								93		0.0043

		96		7				4.56		362.257																								94		0.0075

		97		9				4.6075		425.605																								95		0.0092

		98		4				4.655		469.587																								96		0.0062

		99		28				4.7025		553.616																								97		0.0082

		100		1				4.75		884.426																								98		0.0119

																																		99		0.0119

																																		100		0.0131





Sheet1

		



Parabolic elements model

linear elements model

inc.

number of recycles



Sheet2

		



Parabolic elements model

linear elements model

stroke [mm]

force [kN]



Sheet3

		



Parabolic elements simulation

Linear elements simulation

inc.

singularity ratio



		





		






_1148195312.vsd
Newton-Raph-son iteration cycle�

Passed�

Assembly of global stiffness equation of nonlin. system�

Relative residual checking�

�

number of 
Cycles > N�

recycling 
of the increment�

Not
passed�

Yes�

�

No�

�

Cutback�

Cycle�

Assembly�

Solve�

Expressing the unknovn fields using nodal disp. field  �

Recover�

Nodal displacement vector and 
load vector after 
21st inc.�

Increment�

Nodal displacement vector and 
load vector after 
20th inc.�

�


_1148194311.xls
Chart4

		1		1

		2		2

		3		3

		4		4

		5		5

		6		6

		7		7

		8		8

		9		9

		10		10

		11		11

		12		12

		13		13

		14		14

		15		15

		16		16

		17		17

		18		18

		19		19

		20		20

		21		21

		22		22

		23		23

		24		24

		25		25

		26		26

		27		27

		28		28

		29		29

		30		30

		31		31

		32		32

		33		33

		34		34

		35		35

		36		36

		37		37

		38		38

		39		39

		40		40

		41		41

		42		42

		43		43

		44		44

		45		45

		46		46

		47		47

		48		48

		49		49

		50		50

		51		51

		52		52

		53		53

		54		54

		55		55

		56		56

		57		57

		58		58

		59		59

		60		60

		61		61

		62		62

		63		63

		64		64

		65		65

		66		66

		67		67

		68		68

		69		69

		70		70

		71		71

		72		72

		73		73

		74		74

		75		75

		76		76

		77		77

		78		78

		79		79

		80		80

		81		81

		82		82

		83		83

		84		84

		85		85

		86		86

		87		87

		88		88

		89

		90

		91

		92

		93

		94

		95

		96

		97

		98

		99

		100



Parabolic elements simulation

Linear elements simulation

inc.

singularity ratio

0.0102

0.039862

0.01

0.0415

0.0099

0.0399

0.0112

0.0413

0.0109

0.0365

0.0098

0.0358

0.0098

0.0361

0.0098

0.0379

0.0098

0.0401

0.0099

0.0411

0.0099

0.0406

0.0099

0.0405

0.0099

0.0402

0.0103

0.0401

0.0102

0.0406

0.0103

0.0401

0.0107

0.0379

0.0112

0.0372

0.0105

0.036

0.0105

0.0349

0.0106

0.034

0.0105

0.0329

0.0105

0.0317

0.0103

0.0298

0.01

0.0295

0.0097

0.0293

0.0094

0.0287

0.0096

0.0278

0.0097

0.027

0.0091

0.0268

0.0093

0.0272

0.0095

0.0276

0.0094

0.0277

0.0093

0.0269

0.0094

0.0263

0.0095

0.0258

0.0095

0.0254

0.0099

0.0249

0.0095

0.0246

0.0087

0.024

0.0091

0.024

0.0095

0.0239

0.0097

0.0246

0.0099

0.0244

0.0101

0.0253

0.0103

0.0264

0.0106

0.028

0.0109

0.0236

0.0112

0.0236

0.012

0.0241

0.0121

0.0236

0.0122

0.0222

0.0121

0.0234

0.0121

0.0228

0.0121

0.0197

0.0121

0.0212

0.0122

0.0201

0.0123

0.035

0.0109

0.0323

0.0109

0.034

0.011

0.0359

0.011

0.0365

0.0108

0.0385

0.0107

0.0361

0.0107

0.0354

0.0108

0.035

0.0108

0.036

0.0107

0.0381

0.0106

0.0366

0.0101

0.0387

0.01

0.0333

0.0098

0.0311

0.0095

0.0209

0.009

0.0172

0.0066

0.0181

0.0069

0.0208

0.0064

0.0165

0.0059

0.0163

0.0058

0.0131

0.0063

0.0394

0.0053

0.033

0.0055

0.0356

0.0052

0.0357

0.0044

0.0366

0.0048

0.036

0.0041

0.0346

0.0048

0.0363

0.0043

0.0361

0.0038

0.0042

0.0047

0.0044

0.0043

0.0075

0.0092

0.0062

0.0082

0.0119

0.0119

0.0131



Sheet1

		jednostavan_q6sastavljen127nova														jednostavan_q04_55kE134-04_vol_ratio-02_status_file																																				Linear elements simulation

																																																				Parabolic elements simulation

		inc		separ				Pos Z zig [0]		Force Z baza [0]						inc		cycles				Pos Z PUNCH [0]		Force Z LOWER_PLATE [0]										q6sasta		vljen127n		ova_job1				04_55ke		134-04_vo		l_ratio		-02_job1

		0		0				0		0						0		34				0		0

		1		1				0.0475		59.6346						1		83				0.0475		69.6615				0.143937469		0.3762173363				inc		singularity						inc		singularity

		2		1				0.095		58.9906						2		10				0.095		101.001				0.4159404362

		3		1				0.1425		58.956						3		6				0.1425		108.717				0.4577113055						1		0.0102						1		0.039862

		4		1				0.19		59.0669						4		9				0.19		110.14				0.4637107318						2		0.01						2		0.0415

		5		1				0.2375		59.2428						5		13				0.2375		112.84				0.4749840482						3		0.0099						3		0.0399

		6		1				0.285		59.4515						6		10				0.285		114.449				0.4805415513						4		0.0112						4		0.0413

		7		1				0.3325		59.6796						7		11				0.3325		115.961				0.48534766						5		0.0109						5		0.0365

		8		1				0.38		59.921						8		13				0.38		117.685				0.4908357055						6		0.0098						6		0.0358

		9		1				0.4275		60.1723						9		12				0.4275		119.411				0.4960908124						7		0.0098						7		0.0361

		10		1				0.475		60.4312						10		10				0.475		121.351				0.5020131684						8		0.0098						8		0.0379

		11		1				0.5225		60.6963						11		10				0.5225		123.091				0.5068989609						9		0.0098						9		0.0401

		12		1				0.57		60.9664						12		9				0.57		124.883				0.5118118559						10		0.0099						10		0.0411

		13		1				0.6175		61.2407						13		16				0.6175		127.014				0.517842915						11		0.0099						11		0.0406

		14		2				0.665		56.66						14		16				0.665		129.194				0.5614347416						12		0.0099						12		0.0405

		15		5				0.7125		65.2292						15		12				0.7125		130.228				0.4991153976						13		0.0099						13		0.0402

		16		6				0.76		70.3043						16		16				0.76		131.755				0.4664012751						14		0.0103						14		0.0401

		17		2				0.8075		97.7621						17		16				0.8075		133.322				0.2667219214						15		0.0102						15		0.0406

		18		17				0.855		100.041						18		10				0.855		135.498				0.2616791392						16		0.0103						16		0.0401

		19		13				0.9025		101.385						19		13				0.9025		137.481				0.2625526436						17		0.0107						17		0.0379

		20		13				0.95		102.692						20		11				0.95		139.615				0.2644629875						18		0.0112						18		0.0372

		21		13				0.9975		104.387						21		11				0.9975		141.719				0.2634226886						19		0.0105						19		0.036

		22		13				1.045		105.89						22		10				1.045		143.536				0.262275666						20		0.0105						20		0.0349

		23		14				1.0925		107.336						23		10				1.0925		145.513				0.2623614385						21		0.0106						21		0.034

		24		14				1.14		108.801						24		23				1.14		147.261				0.2611689449						22		0.0105						22		0.0329

		25		14				1.1875		110.295						25		24				1.1875		149.472				0.2621026012						23		0.0105						23		0.0317

		26		14				1.235		111.798						26		23				1.235		151.678				0.2629254078						24		0.0103						24		0.0298

		27		14				1.2825		113.399						27		30				1.2825		153.611				0.2617781279						25		0.01						25		0.0295

		28		14				1.33		113.534						28		15				1.33		155.239				0.2686502747						26		0.0097						26		0.0293

		29		19				1.3775		113.629						29		14				1.3775		156.66				0.2746776459						27		0.0094						27		0.0287

		30		16				1.425		113.851						30		29				1.425		158.504				0.2817152879						28		0.0096						28		0.0278

		31		14				1.4725		115.613						31		15				1.4725		160.764				0.2808526785						29		0.0097						29		0.027

		32		14				1.52		115.848						32		15				1.52		162.965				0.2891234314						30		0.0091						30		0.0268

		33		14				1.5675		116.976						33		16				1.5675		164.835				0.2903448903						31		0.0093						31		0.0272

		34		14				1.615		118.091						34		14				1.615		166.245				0.2896568318						32		0.0095						32		0.0276

		35		14				1.6625		119.21						35		18				1.6625		168.244				0.2914457574						33		0.0094						33		0.0277

		36		14				1.71		120.593						36		14				1.71		169.743				0.2895553867						34		0.0093						34		0.0269

		37		11				1.7575		122.061						37		10				1.7575		171.512				0.2883238491						35		0.0094						35		0.0263

		38		9				1.805		123.388						38		13				1.805		172.879				0.2862753718						36		0.0095						36		0.0258

		39		8				1.8525		123.404						39		20				1.8525		174.622				0.2933078306						37		0.0095						37		0.0254

		40		23				1.9		122.773						40		15				1.9		185.428				0.3378939534						38		0.0099						38		0.0249

		41		19				1.9475		123.438						41		14				1.9475		187.012				0.3399460997						39		0.0095						39		0.0246

		42		16				1.995		124.97						42		14				1.995		187.81				0.3345934721						40		0.0087						40		0.024

		43		14				2.0425		126.587						43		21				2.0425		179.487				0.2947288662						41		0.0091						41		0.024

		44		11				2.09		128.242						44		17				2.09		181.856				0.2948156783						42		0.0095						42		0.0239

		45		8				2.1375		129.946						45		18				2.1375		183.403				0.2914728767						43		0.0097						43		0.0246

		46		7				2.185		131.69						46		49				2.185		184.88				0.2877001298						44		0.0099						44		0.0244

		47		7				2.2325		133.468						47		52				2.2325		191.036				0.3013463431						45		0.0101						45		0.0253

		48		7				2.28		135.283						48		13				2.28		197.727				0.3158091712						46		0.0103						46		0.0264

		49		6				2.3275		137.112						49		18				2.3275		210.215				0.3477534905						47		0.0106						47		0.028

		50		6				2.375		138.035						50		23				2.375		213.145				0.3523892186						48		0.0109						48		0.0236

		51		5				2.4225		139.454						51		16				2.4225		219.99				0.3660893677						49		0.0112						49		0.0236

		52		7				2.47		140.656						52		20				2.47		221.902				0.3661346						50		0.012						50		0.0241

		53		6				2.5175		142.347						53		19				2.5175		236.534				0.3981964538						51		0.0121						51		0.0236

		54		4				2.565		143.981						54		36				2.565		238.411				0.3960807178						52		0.0122						52		0.0222

		55		4				2.6125		145.685						55		36				2.6125		241.877				0.3976897349						53		0.0121						53		0.0234

		56		4				2.66		147.474						56		21				2.66		251.409				0.4134100211						54		0.0121						54		0.0228

		57		4				2.7075		149.333						57		105				2.7075		268.096				0.4429868405						55		0.0121						55		0.0197

		58		4				2.755		151.206						58		25				2.755		216.321				0.3010109975						56		0.0121						56		0.0212

		59		9				2.8025		151.35						59		33				2.8025		226.763				0.3325630725						57		0.0122						57		0.0201

		60		4				2.85		159.179						60		32				2.85		232.767				0.3161444707						58		0.0123						58		0.035

		61		2				2.8975		160.495						61		10				2.8975		239.776				0.330646103						59		0.0109						59		0.0323

		62		1				2.945		163.479						62		41				2.945		248.364				0.341776586						60		0.0109						60		0.034

		63		1				2.9925		165.105						63		9				2.9925		251.506				0.3435345479						61		0.011						61		0.0359

		64		1				3.04		166.847						64		24				3.04		259.099				0.3560492321						62		0.011						62		0.0365

		65		1				3.0875		168.315						65		15				3.0875		266.632				0.3687366858						63		0.0108						63		0.0385

		66		2				3.135		168.595						66		26				3.135		272.665				0.3816771496						64		0.0107						64		0.0361

		67		1				3.1825		171.467						67		18				3.1825		279.754				0.3870793626						65		0.0107						65		0.0354

		68		1				3.23		173.164						68		9				3.23		283.276				0.3887092447						66		0.0108						66		0.035

		69		1				3.2775		174.945						69		9				3.2775		294.133				0.4052180476						67		0.0108						67		0.036

		70		4				3.325		175.366						70		14				3.325		301.965				0.4192505754						68		0.0107						68		0.0381

		71		1				3.3725		176.429						71		12				3.3725		305.697				0.4228631619						69		0.0106						69		0.0366

		72		4				3.42		174.69						72		4				3.42		314.037				0.4437279684						70		0.0101						70		0.0387

		73		3				3.4675		180.712						73		8				3.4675		318.259				0.4321857355						71		0.01						71		0.0333

		74		6				3.515		194.134						74		6				3.515		325.161				0.4029603796						72		0.0098						72		0.0311

		75		2				3.5625		191.877						75		4				3.5625		330.447				0.4193410744						73		0.0095						73		0.0209

		76		6				3.61		195.896						76		6				3.61		337.79				0.4200657213						74		0.009						74		0.0172

		77		5				3.6575		196.354						77		6				3.6575		345.514				0.4317046487						75		0.0066						75		0.0181

		78		6				3.705		204.499						78		9				3.705		351.401				0.4180466191						76		0.0069						76		0.0208

		79		6				3.7525		208.301						79		19				3.7525		357.566				0.4174474083						77		0.0064						77		0.0165

		80		5				3.8		214.59						80		15				3.8		345.223				0.3784017867						78		0.0059						78		0.0163

		81		8				3.8475		216.566						81		48				3.8475		348.017				0.3777143071						79		0.0058						79		0.0131

		82		11				3.895		217.934						82		15				3.895		372.583				0.4150726147						80		0.0063						80		0.0394

		83		10				3.9425		223.774						83		17				3.9425		388.848				0.4245206353						81		0.0053						81		0.033

		84		1				3.99		229.984						84		37				3.99		410.495				0.4397398263						82		0.0055						82		0.0356

		85		4				4.0375		243.904						85		37				4.0375		472.076				0.4833374287						83		0.0052						83		0.0357

		86		12				4.085		244.063						86		75				4.085		478.986				0.4904590113						84		0.0044						84		0.0366

		87		3				4.1325		250.804						87		52				4.1325		619.404				0.5950881815						85		0.0048						85		0.036

		88		6				4.18		259.459						88		300				4.18		738.936				0.6488748687						86		0.0041						86		0.0346

		89		7				4.2275		264.987						89		6				4.2275		829.016				0.6803596071						87		0.0048						87		0.0363

		90		7				4.275		277.836																								88		0.0043						88		0.0361

		91		6				4.3225		298.94																								89		0.0038

		92		4				4.37		303.818																								90		0.0042

		93		8				4.4175		310.097																								91		0.0047

		94		8				4.465		319.203																								92		0.0044

		95		11				4.5125		336.57																								93		0.0043

		96		7				4.56		362.257																								94		0.0075

		97		9				4.6075		425.605																								95		0.0092

		98		4				4.655		469.587																								96		0.0062

		99		28				4.7025		553.616																								97		0.0082

		100		1				4.75		884.426																								98		0.0119

																																		99		0.0119

																																		100		0.0131
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Sheet1

		jednostavan_q6sastavljen127nova														jednostavan_q04_55kE134-04_vol_ratio-02_status_file																																				Linear elements simulation

																																																				Parabolic elements simulation

		inc		separ				Pos Z zig [0]		Force Z baza [0]						inc		cycles				Pos Z PUNCH [0]		Force Z LOWER_PLATE [0]										q6sasta		vljen127n		ova_job1				04_55ke		134-04_vo		l_ratio		-02_job1

		0		0				0		0						0		34				0		0

		1		1				0.0475		59.6346						1		83				0.0475		69.6615				0.143937469		0.3762173363				inc		singularity						inc		singularity

		2		1				0.095		58.9906						2		10				0.095		101.001				0.4159404362

		3		1				0.1425		58.956						3		6				0.1425		108.717				0.4577113055						1		0.0102						1		0.039862

		4		1				0.19		59.0669						4		9				0.19		110.14				0.4637107318						2		0.01						2		0.0415

		5		1				0.2375		59.2428						5		13				0.2375		112.84				0.4749840482						3		0.0099						3		0.0399

		6		1				0.285		59.4515						6		10				0.285		114.449				0.4805415513						4		0.0112						4		0.0413

		7		1				0.3325		59.6796						7		11				0.3325		115.961				0.48534766						5		0.0109						5		0.0365

		8		1				0.38		59.921						8		13				0.38		117.685				0.4908357055						6		0.0098						6		0.0358
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		56		4				2.66		147.474						56		21				2.66		251.409				0.4134100211						54		0.0121						54		0.0228
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