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CHAPTER I 

INTRODUCTION 

An investigation of the influence of microstructure variation on the constitutive 

response of aluminum alloys has been undertaken. Finite element models have been 

developed in which the local porosity in an aluminum specimen has been \aried 

randomly. Two statistical models for porosity distribution (uniform and Gaussian) were 

applied during the course of the research. The initial objective of the research was to 

determine the optimum discretization of the material volume and the number of discrete 

porosity values needed for the model to yield accurate and efficient simulations of 

material response. Subsequent research concentrated on investigating the relationship 

between variation in local porosity and variation in the constitutive response. Finite 

element models were used to obtain an estimate of the variation, and its importance for 

engineering applications was discussed. 

This introduction provides a discussion of the background to this investigation. 

The basic concepts of metallic alloys, composite and heterogeneous materials are 

introduced in section 1.1. The deterministic and stochastic approaches to engineering 

design are discussed in section 1.2. Various analytical techniques for modeling material 

behavior are introduced in section 1.3. The broad applicability of the finite element 

method in materials science research is discussed in section 1.4. The application of 

numerical techniques in the modeling of materials problems involving heterogeneous 

materials is discussed in section 1.5. Finally, the main objectives of the current project 

are presented in section 1.6. 

1.1 Metallic Alloys 

Historically, metallic alloys have played a very important role in industrial 

development. Over time, the approach to developing new alloys has evolved fi-om a trial 

and error process to advanced techniques in which the nature and properties of the 

alloying components are deliberately selected to achieve specific properties. According 
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to the Aluminum and Aluminum Alloys Handbook (1993), most aluminum alloys contain 

more than 10 alloying elements, with silicon, iron, copper, manganese, magnesium, 

chromium, nickel, zinc, tin, and titanium being common additions. Component weight 

fractions may range from as little 0.03 percent (the fraction of manganese in Al 3552. for 

example) to more than 23 percent (silicon in Al 3930). varying according to the 

properties being sought. 

Metallic alloys represent an important example of the classes of materials that 

exhibit non-uniform microstructures. Metallic alloys belong to the class of "multiphase" 

materials, because they consist of phases that evolve naturally via the processes of 

synthesis, alloying, processing and heat treatment. Composite materials, on the other 

hand, while being in a sense multiphase materials, contain phases that must be artificially 

introduced (i.e., they cannot arise as a result of a heat treatment process). Aluminum 

alloys reinforced with silicon carbide particles represent an example of this type of 

material. 

The current research focuses on the behavior of "heterogeneous" materials. 

Metallic alloys, composite materials and even monolithic materials may belong to this 

class of materials; in fact, virtually all practical materials exhibit some form of 

heterogeneity. For the purpose of the current research, the main characteristic defining 

heterogeneous materials is a non-uniform local microstructure. This may include 

variations in physical properties, such as porosity, or varying concentrations of 

imperfections, impurities or secondary phases. It is virtually impossible to avoid such 

defects, and similarly difficult to make the distribution of all physical properties perfectly 

uniform. As result, virtually all industrially produced materials have a heterogeneous 

structure and, therefore, a non-uniform distribution of one or more physical properties. 

This heterogeneity provides the basis for stress concentration and strain localization in 

materials under load. 

This fact is a key to understanding fracture development and failure in 

heterogeneous materials. For any material, the key is to identify the critical parameter or 

mechanism governing the fracture process, and then to attempt to model its effect 



numerically. The current research is primarily concerned with the influence of a non

uniform porosity distribution on the variation of the constitutive response of an aluminum 

alloy. 

1.2 Stochastic versus Deterministic Approaches 

In engineering design with metallic alloys, a deterministic approach is 

predominantly adopted. Under this approach, components are designed to withstand a 

specified stress level (most commonly yield strength, or less commonly ultimate strength 

to failure), and this stress is usually taken to have a single critical value for a given 

material state. 

In practice, the failure properties of metallic alloys exhibit significant variation as 

a direct result of heterogeneity. Previous research has shown the critical role of 

discontinuities such as flaws (cracks and voids), grain boundaries, and second phases in 

the initiation and progress of the failure process (Ashby (1992)). This means that the 

ultimate strength of the material is unique for each material sample, and strongly depends 

on the microstructure of the specific sample. The size, distribution and character of 

discontinuities are highly variable. As a result, the process of failure must be regarded as 

stochastic and some probability of failure exists even for stresses below the nominal 

critical value for the material. 

To characterize the stochastic nature of the failure process in heterogeneous 

materials, a considerable amount of information about the failure processes must be 

collected and statistically analyzed. This information can be collected in one of two 

ways: empirically, by assembling observations and data for the fracture of a specific 

material; or mathematically, by means of modeling a material's fracture process. 

Ashby et al. (1979) used the first method to generate fracture-mechanism maps 

for nickel, silver, copper, aluminum, lead and a number of their alloys. While these maps 

provide information regarding preferred mechanisms of fracture, they tell us little about 

the variation of key parameters. Sargent et al. (1992) used the same technique to describe 

the procedure for obtaining information about time dependent flow (creep) of a material 



from the hot hardness test. Leggoe et al. (1996) used observations together with 

fractographic examinations to study crack tip damage development and crack growth 

resistance for reinforced aluminum alloys (Micral and Comral-85). The authors found 

that the mechanism of damage development depends heavily on microstructural 

characteristics, such as the nature of the constituents, and the heat treatment state of the 

material. 

While extremely useful, the empirical approach is not without limitations. The 

considerable amount of information that needs to be collected and analyzed for the 

production of a stochastic model requires a significant investment of time and money 

and, in some cases, is physically impossible. Furthermore, adoption of an empirical 

approach necessitates the production of a sample (prototype) of the material of interest. 

Once again, the creation of such prototypes consumes time and resources, and, for the 

investigator, may not be feasible due to a lack of resources or facilities. For these 

reasons, "virtual" investigations of material behavior are becoming increasingly popular. 

1.3 Analytical Models for Fracture and Failure 

At a fundamental level, the procedure for developing mathematical models can be 

represented as a systematic sequence of steps. Such a sequence was described by Ashby 

(1992). After identification of the problem and the desired inputs and outputs, it is 

necessary to identify the underlying physical mechanism governing the behavior of the 

system and parameters of interest. This can be accomplished by either direct 

observations or analysis of analogous problems. After establishing the precision required 

of the model, a mathematical model of the material system can be constructed. This can 

be accomplished by either application of previously developed models, or by the 

formulation of new models based on appropriate first principle science. The next step 

should involve dimensional analysis and grouping of variables. The purpose of this step 

is to reduce total number of variables in the problem by forming dimensionless groups. 

The dimensionless groups should represent the real variables of the problem, and become 

the principal parameters for analysis and discussion. After all of these steps have been 



completed, computer implementation of the mathematical model can proceed. 

Completion of the modeling process requires tuning of the model, checking results, and 

developing methodologies for application of the created model. 

Mathematical modeling of a failure or fracture process can be accomplished by 

either an analytical or a numerical approach. The former approach dominated in the early 

development of material models, when computers had limited abilities. Basically, this 

approach results in a single equation (or a system of equations) which describes a 

material system with a certain degree of accuracy. Solution of the equation or system of 

equations should provide a rapid estimate of the basic properties of a material system 

under specific conditions. The main advantages of the analytical approach are the 

completeness of the solution and the speed of model implementation. 

The literature reports many attempts to use analytical models to describe the 

micromechanisms of fracture in different materials. Vekinis et al. (1992) modeled the 

failure processes in aluminum and ceramic based fiber composites. In this publication, 

the authors estimated the value of final failure stress based on the level of initial damage 

(number of initial cracks per unit volume and dimensions of grains) present in aluminum 

reinforced by ceramic fibers and initiation stress. Special attention was paid to the angle 

of the ceramic fibers relative to the initial crack, and how this angle influences the 

fracture resistance of the composite material. These results were proved experimentally 

by Vekinis et al. (1993), when the authors conducted a series of experiments with AI2O3 

specimens reinforced with graphite flakes and SiC fibers. Information was obtained for 

the cases of compression of a specimen, rotation, and pullout of a single grain and crack 

extension. In both modeling and experiment, it was found that the fracture resistance of 

composites increases with an increase in the angle of ceramic fibers relative to the initial 

crack. 

Zok et al. (1998) studied the influence of hydrostatic pressure on damage 

evolution and fracture in metal-matrix composites. The authors described the preferred 

path of crack development in a fiber-reinforced aluminum alloy as a function of 

hydrostatic pressure increases. For aluminum alloys reinforced by Ni and SiC particles. 



they found that the mechanisms by which damage (mainly concentrated in the reinforcing 

phase) initiates and progresses to final failure change as the pressure increases. TTie 

authors found that at comparatively low pressure, fracture is controlled b\ a pressure-

sensitive mechanism, which involves microcracking of the reinforcing agents (fibers or 

particles) and subsequent void growth. At high pressure, the primar\ damage mechanism 

involves fracture of the aluminum matrix. 

Kokhanenko (1990) considered a variety of techniques for characterizing the 

stress concentration zones in a composite material with a crack. To characterize the 

development of such zones and the factors that define their nature (area, configuration 

and location), the author investigated the effect of discontinuities in the bonding 

dements. Kokhanenko used a five-layer piecewise-homogeneous material, with purely 

elastic properties for the filler component and elastic-plastic properties for the binder 

material. The author described two main approaches to modeling these types of problem. 

The first approach involves modeling the composite material as a piecewise-

homogeneous medium consisting of homogeneous bodies making contact with each other 

in a defined manner. Under the second approach, the alloy is modeled as a homogeneous 

anisotropic body with reduced mechanical characteristics (the continuum approach). The 

author adopted the first approach, which determines the location of the stress 

concentration zones in three dimensions, despite the increased complexity of the modd. 

Kokhanenko found that the stress concentration zones are located primarily in the second 

layer (filler), and are only weakly dependent on the structural characteristics of the 

composite material. 

Lin et al. (1995) described the application of numerical methods for modeling 

elastic-plastic deformation at the crack tip in metallic alloys under stress wave loading. 

The authors derived a system of hyperbolic partial differential equations to describe this 

problem, and used a finite difference method based on the bicharacteristic analysis to 

solve it. The developed technique was successfiilly demonstrated by application to the 

calculation of the plastic zone at a crack tip under plain strain. The model identified a 

stress accumulation around the crack tip. 



Even though the analytical modeling of material processes has played (and 

continues to play) a very important role in the development of material science and in the 

understanding of mechanisms of fracture and failure processes, only a relatively small 

proportion of practical materials problems can be accurately modeled via this approach. 

Formulation of an analytical model of a material process is in general only possible for 

geometrically and physically simple situations subjected to relatively simple boundary 

and loading conditions. The application of analytical methods is thus basically restricted 

to uniform, symmetric problems with simple geometry and conditions. Furthermore, 

since the analytical approach may require a unique model formulation and solution path 

for each modification of the problem, it limits the applicability of the approach to the 

study of the effect of microstructure variation. For all of these reasons, a numerical 

approach was adopted for the current work as well as in many other publications. 

1.4 Numerical Modeling of Failure and Fracture 

The stress field inside heterogeneous materials cannot always be evaluated using 

analytical models, and a numerical approach is often necessary. Even though these 

methods are usually more specialized and time consuming, with the application of 

modern computers, a wide variety of problems can be solved. For the purpose of this 

research, the finite element method was used. This method is a numerical technique that 

enables solution of the differential equations governing a geometrically or physically 

complicated system through a discretization process. Cheung et al. (1995) identified 

tliree characteristics of the finite element method that make this method applicable for a 

broad range of material problems: 

• The material properties of adjacent elements need not be the same. This feature 

enables the application of the finite element method to multiphase materials. 

• Irregular boundaries can be approximated using elements having straight edges or 

matched exactly using elements with curved boundaries. Therefore, the method can 

be used for samples with complex or irregular boimdary and/or phase geometry. 



• Various shapes, sizes and types of elements can be employed within the same region. 

This characteristic helps to increase the accuracy of the finite element representation 

of the problem, while optimizing the computational effort. 

Because of these advantages, the finite element method has become a popular tool 

for the investigation of the behavior of multiphase or heterogeneous materials. 

The literature reports the application of the finite element method across a broad 

range of material problems. Lien-Wen Chen et al. (1991) used the finite element method 

to derive stability criteria for the case of an elastic connecting rod, and demonstrated the 

advantages of using composite materials for this purpose. Sullivan et al. (1992) applied 

the finite dement technique to the prediction of thermochemical decomposition in 

polymeric heterogeneous materials used in the aerospace industry as thermal isolators. 

The finite element method was used to investigate stress-strain distribution around 

spherical holes in dastometric materials by Fukanovi et al. (1993). Wang Xucheng et al. 

(1993) performed finite element method analyses to describe the dasto-plastic properties 

of hardening materials. They applied the deformation theory of linear hardening 

materials to describe the material behavior. This problem was also investigated by 

Yukitaka Murakami et al. (1993). This group of authors used the Brinell hardness to 

characterize various linear hardening materials. 

Spearing et al. (1991) developed a fatigue model to describe damage 

accumulation in epoxy laminates reinforced with carbon fibers. Damage accumulation 

was modeled as a series of interacting matrix cracks of various forms: splitting, 

ddamination and transverse ply cracking. This model provided a basis for developing a 

finite element model representing the effect of fiber orientation with respect to the 

applied stress, and it was found that the model can successfully predict fatigue damage 

for different families of laminates and cyclic tensile loading regimes. To model damage 

accumulation inside the monolithic fibers, a deterministic approach which neglected 

property variation inside the reinforcing material was adopted. 

Singh et al. (1995) applied the finite element method to study creep fracture under 

biaxial loading. It was assumed that as a result of sustained loading at high temperature. 
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stress concentration and strain accumulation occur at the tips of flaws, eventually gi\ing 

rise to a preliminary macroscopic crack. The coalescence of such cracks during creep 

deformation results in fracture. It was concluded that large pre-existing cracks in the 

material dominate the process of stress accumulation and fracture initiation. Singh et al. 

developed a procedure for characterizing the stress-strain rate relationship for fracture of 

creeping materials using Norton's law. Two-dimensional eight node quadratic 

isoparametric elements were used to mesh the region near the crack, providing the stress-

strain field at the crack tip as a function of time. In addition, they defined a single 

criterion (Crack Tip Opening Displacement (CTOD)) to characterize the process of crack 

initiation. The authors successfully used CTOD to calculate the time to crack initiation 

and proved their results with experimental data. 

Akbarov et al. (1996) estimated stress distribution in a strip fabricated from a 

composite material comprised of two isotropic materials. The tested specimen was 

treated as being an anisotropic (because of initial stress caused by curvature) continuous 

heterogeneous material with normalized mechanical properties. From analysis of the 

governing differential equations, they concluded that analytical solution of the problem 

would be extremely complicated, and that only a numerical approach would provide an 

appropriate approach to solution. Finite element equations were formulated using 

elasticity theory and solved via application of the Ritz method. Modeling a two-

component composite material enabled investigation of the influence of the elastic 

properties of the components on the stress distribution inside the strip material. A 

structural parameter, consisting of a function of the ratios of the Young's moduli and 

Poisson's ratios of the components was defined. It was found that the value of true stress 

linearly and monotonically increases with an increase in the defined structural parameter. 

1.5 Numerical Modeling of Heterogeneous Materials 

In recent years, there has been increasing interest in the use of numerical models 

to investigate the behavior of heterogeneous materials. As stated previously, a 

"heterogeneous" material is one in which there is some form of non-uniform distribution 



of characteristics throughout a material. Naturally, the wide variety of possible 

heterogeneities has lead to a broad spectrum of research efforts in the area. 

Becker (1987) combined experimental measurements of the non-uniform initial 

porosity distribution inside metallic alloys with numerical models to estimate the effect of 

this material characteristic on the development of ductile failure. The porosity 

distribution was experimentally measured for partially consolidated and sintered iron 

powder by application of an optical image analysis system to the polished sample. In 

this investigation, void nucleation was ignored. All changes in void volume fraction 

during the straining process were considered to arise solely as a result of the growth of 

existing voids. An elastic viscoplastic constitutive relation for porous plastic solids based 

on Gurson's constitutive relation for porous materials (Gurson (1977)) was used to 

introduce the effect of void volume fraction. The finite element model took the form of 

two-dimensional plane strain and axisymmetric random unit cells. Each individual 

element was considered to be homogeneous. As a result, the model considered only the 

"mesoscale" interaction of regions with varying void volume fraction, and neglected 

microscale effects such as differences in void morphology and arrangement. 

The stress carrying capacity was evaluated for different values of porosity and 

void volume fraction. The author concluded that increasing the void volume fraction 

leads to a decrease in the material stress carrying capacity. Concerning the question of 

variation, Becker concluded that initial void distribution has little effect on the 

macroscopic response of the unit cells. The main disadvantage of this statement is the 

relatively small number of numerical experiments undertaken due to the empirical nature 

of author's research. He actually performed only two experiments with two different 

samples. 

Akbarov et al. (1991) described a method for estimating stress levels in a partially 

distorted laminar composite material. It was noted that distortions may appear both 

during the construction of the material or during its service life, and a distortion may 

affect either one layer of the material or all layers simultaneously. A composite 

consisting of several homogeneous and isotropic layers with a single periodically 
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distorted filler layer was modeled. The research was limited to considering a single 

distorted layer, and the location of the la> er was fixed. se\ erel\ limiting the range of 

\ ariation considered by the model. Using Hooke"s law. the authors applied the Cauch\ 

relations to model the behavior of each la\ er. The Papko\ ich-Neuber appro.ximations 

were used to find a solution for a system of equations. The influence of elastic properties 

such as Poisson's ratio and Young modulus on the stress distribution was studied. It was 

found that stress level monotonically and linearly increases as these parameters increase. 

Results were compared with the results of other researchers in this field and showed a 

high degree of accurac}'. 

Brockenbrough et al. (1991) in\ estigated the effects of fiber distribution and fiber 

cross-sectional geometr>- on the deformation of an Al 6061 matrix composite reinforced 

with continuous boron fibers. The authors investigated both periodic (square edge-

packing, square diagonal-packing and triangle-packing) and random arrangements of 

circular, hexagonal and square shaped fibers. ABAQUS finite element software was used 

to determine the constitutive response under the different configurations. I ̂ sing shear 

stress-shear strain responses for the cases of transverse tension and trans\'erse shear, it 

was found that random packing >'ields higher performance than triangle and square-

diagonal packing patterns. 

An investigation of the influence of reinforcement fiber distribution on the overall 

stress-strain response of composite materials was also presented b\ Nakamura et al. 

(1993). The authors investigated the combined effects of thermal residual stresses and 

fiber spatial distribution on the deformation of an Al 6061 allo\ containing a fixed 

concentration of unidirectional boron fibers. ABAQUS software was used to study the 

stress-strain response of a random unit cell of Al 6061 allo\ packed in regular (hexagonal 

and square) and random (60 and 30 fibers per cell) manners. The model consists of an 

elastic-plastic matrix, elastic fibers and perfecth bonded interfaces. The results indicated 

that both fiber packing and thermal residual stresses can ha\ e a significant effect on the 

stress-strain response of composite materials. In particular, pronounced matrix >ielding 
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due to thermal strain was found to affect the o\erall stiffness of the composite, and could 

also raise the flow stress of the material under transverse tension. 

Zhang et al. (1995) developed finite element models of heterogeneous inetal-

matrix composites comprised of a linear elastic matrix and randomh dispersed rigid, 

circular inclusions, fwo-dimensional n-sided polygonal elements, each containing one 

reinforcing inclusion, made up the mesh, fhe element formulations were deri\ ed from a 

modified hybrid functional based on Hellinger-Reissner principle. Results were obtained 

for a variety of cases (four large, or sixteen small inclusions, and the case of a cantilexer 

beam with randomly dispersed inclusions) and compared with ABAQUS results. It was 

found that the method provides comparable accuracy with considerabl) fewer elements 

than conventional analyses. 

The same approach was used by Ghosh et al. (1995) for elastic-plastic anahsis of 

arbitrary heterogeneous materials. The authors again used n-sided poh gonal elements, 

with one reinforcing particle located at the center of each of them. Validation of the 

technique was accomplished by comparing results with results obtained using the 

ANSYS package and experimental results. It was found that the technique provides high 

accuracy, and requires fewer elements than the ANSYS package for an eqiii\alent le\el 

of accuracy. 

Leggoe et al. (1998) used a two-scale finite element approach to stud\' 

deformation processes in particulate reinforced metal matrix composites with random 

local microstructure variation. To study strain localization, the authors de\eloped two-

and three-dimensional random unit cell models and sohed them using ABAQUS 

software. The process of strain field formation was described qualitati\ ely. After an 

initial concentration of strain in zones with weaker elements, the formation of bands of 

high plastic deformation and final strain localization within these bands follows. 

Importantly, it was found that a two-dimensional mesh cannot be used to model the three-

dimensional microstructure of particulate reinforced materials, because the two-

dimensional model provides a physically unrealistic representation. 



Zhai et al. (1999) developed a random microstructure finite element method 

(RMFEM) to introduce inclusions of different shapes and sizes into a material model. 

The RMFEM combines a random mathematical model with automatic geometry 

definition to create finite element models. In the first step of the process, the specified 

size and configuration of the sample, inclusion shape, volume fraction, crack shape or 

density is used to construct a microstructure via a random mathematical method 

combined with automatic geometry definition. The resulting location and orientation of 

inclusions or cracks are completely random. The inclusion shape may be spheroid, disc, 

needle or polygonal and inclusion size varies across the specified range of values. The 

shape and size of cracks can also be varied. The second step of the RMFEM generates 

the finite element mesh for the geometry. The model automatically increases element 

density in highly irregular regions. Finally, the problem is solved using finite element 

software. The model was tested for the case of a SiC/Al composite material. The 

resulting stress-strain and effective elastic moduli-crack density relationships were found 

to accurately approximate experimental results. 

Zeng et al. (1999) used ABAQUS to verify a hybrid finite element model for 

fluid-filled porous materials. The main feature of this model is the use of n-sided 

polygonal special elements incorporating a circular hole to simulate porous media. The 

hybrid model is again based on the hybrid functional which follows from the Hellinger-

Reissner principle. Using the resulting equations, Zeng et al. implemented their 

numerical model for a range of applications. The results produced by ABAQUS for a 

uniform plate with a single pore and for a plate with numerous randomly dispersed pores 

were compared with experimental results to evaluate the accuracy of the hybrid model. 

Using the dependencies for nodal displacement as a function of nodal coordinates in the 

sample, the authors demonstrated that the hybrid method provides adequate accuracy 

with fewer elements compared with conventional software packages such as ABAQUS. 
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1.6 Direction of the Research 

Most of the models reported in the literature use idealized assumptions about the 

properties of heterogeneous materials and the character of the heterogeneity distribution 

inside them. Another disadvantage of most of these models is the influence of 

deterministic approaches. Distributions of heterogeneities for each unique sample are 

assumed to have little effect on results. One example of such an approach was the work 

of Becker (1987). The author used only two samples. \el drow conclusions regarding the 

influence of the spatial porositN distribution on the macroscopic response of a locally 

heterogeneous material. 

The current research uses an adaptation of the approach de\ eloped b\ Leggoe et 

al. (1995) to study variations in the material response as a function of the initial \c^id 

distribution. Based on the findings of that research, this project will use three-

dimensional models to simulate the behavior of an aluminum allo\. .\ feature of the 

current research is the execution of a large number of runs, enabling in\estigation of the 

stochastic nature of the ductile failure process. 

The main focus of the current project was to study the influence of a non-uniform 

porosity distribution on the variation in the stress-strain response of an aluminum allo\. 

To accomplish this, a finite element representation of heterogeneous microstructure has 

been formulated and used to investigate the effect of non-uniform porosit) distributions 

on the variation in the stress-strain response of ductile materials exhibiting Gurson porous 

metal plasticit\( Gurson, 1977). 

The results of the research are intended to produce a numerical procedure that can 

estimate xariation of critical properties for materials with specified le\els of 

heterogeneities. Accordingly, a rigorous examination of the approach of Leggoe et al. in 

order to determine the optimal model configuration has been an important element of the 

current research. 

1o study the effect of property distributions on observed beha\ior. two statistical 

distribution models (uniform and Gaussian) were used to go\ern the random assignment 

of \alues of porosity to individual regions in the specimens. To accomplish this, two 
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special FORTRAN routines were created and applied to generate the required 

distributions. As a result, several "virtual" samples of the material were generated, and 

the resulting finite element models were executed for each set of properties in order to 

study the variation in the stress-strain response of the tested material under the influence 

of randomly distributed local properties. 

The following chapters of this thesis document the development of the ideas 

stated above. Chapter 11 describes the choice of materials for this project and the finite 

element techniques and mesh structures used to accomplish the numerical modeling. 

Chapter III discusses the importance of convergence of numerical results in the current 

research, and investigates the optimum structure of the mesh in term of number of 

elements and values of porosity. Chapter IV describes the application of a uniform 

porosity distribution for the purpose of property assignment, and discusses the estimated 

variation in the stress-strain response. Chapter V investigates the influence of a Gaussian 

distribution on response variation. Chapter VI completes this report with discussions, 

conclusions and recommendations for future work. 
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CHAPTER II 

MODELING SYSTEM AND MODELING PROCEDURE 

This chapter provides information about the material simulated in the current 

research, and the technique used to create finite element models representing deformation 

and failure of the material. The primary focus of the research was to investigate the 

stochastic nature of deformation and failure in "heterogeneous" ductile metallic alloys. 

Finite element models were analyzed using the ABAQUS software package in order to 

calculate material response. A FORTRAN routine utilizing a random number generator 

native to FORTRAN was created in order to create models incorporating random 

distributions of heterogeneities. 

The reasons for the selection of Al 6061 alloy as the basic material for this 

project, the main physical characteristics of this material, and theories to model its 

behavior are described in section 2.1. ABAQUS (finite element software) and its 

application in the current research are discussed in section 2.2. The procedure for 

creation of a simple cubic model and its application in the current research are introduced 

in section 2.3. A cylindrical test specimen was the primary configuration modeled in the 

current research. The procedure for generating this type of mesh and its most important 

characteristics are presented in section 2.4. The creation of a numerical modd able to 

simulate material processes in heterogeneous multiphase materials was the main 

objective of the project. This objective was achieved by a random assignment of material 

properties via specially developed FORTRAN software. The detailed procedure for 

creafion of these "random" models and the procedure for assigning material properties to 

regions are presented in section 2.5. The results of this chapter are summarized in section 

2.6. 

2.1 Material Selection 

An aluminum alloy was selected as the material to be modeled in the current 

project. Aluminum alloys are widely used in industry. From the beginning of the 
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century, aluminum and its alloys have been used in numerous critical fracture 

applications, including parts for airfi-ames, engines, missile bodies, ftiel cells and satellite 

components. For the purpose of the current research, aluminum alloys were attracti\ e 

because they undergo a ductile failure process of void nucleation growth and 

coalescence. This process is strongly dependent on material heterogeneity for initiation 

and development, and thus provides an appropriate platform for studying the effect of 

microstructural variation on material properties. 

The aluminum alloy Al 6061 was selected as the basic material for this project. 

Experimental tensile testing data were available from Leggoe (1996). In that experiment, 

test specimens were subjected to a modified version of the T6 treatment specified for 

monolithic Al 6061. This procedure consists of solution treatment at 530°C for 1.5 

hours, a cold water quench, and immediate artificial aging at 175°C for 11 hours. The 

density of Al 6061 was taken to be 2700 kg/m^ (adopted from Aluminum and Aluminum 

Alloys Handbook (1993)). The conventional T6 treatment requires 8 hours aging; 

Leggoe used 11 hours aging to account for accelerated aging effects in composite 

materials. The measured elastic modulus was 70 GPa, and Poisson's ratio was taken to be 

0.333. Plastic properties (true stress - true strain information) were derived from the 

experimental data of Leggoe (1996). The resulting true stress - true strain curves for Al 

6061 aged for 11 hours are plotted in Figure 2.1. 

The effect of non-uniform porosity on fracture and failure represented the primary 

focus of the current research. A porous metal plasticity model based on Gurson" s theory 

(Gurson, 1977) was applied to model an aluminum alloy with a dilute concentration of 

voids. The average initial porosity was taken to be 5 percent, with local values ranging 

from 0 to 10 percent. The model, which is available in ABAQUS, incorporates void 

nucleation and a failure definition. This model defines the inelastic flow of the porous 

metal on the basis of a potential function that characterizes the porosity in terms of a 

single state variable - the relative density (Hibbitt, Karlsson, Sorensen, 1998). The 

relative density of a material is defined as the ratio of the volume of solid material to the 

total volume of the material. The relationships defining the Gurson model are expressed 
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in terms of the void volume fraction, which is defined as the ratio of the volume of voids 

to the total volume of the material. For a metal containing a dilute concentration of 

voids, Gurson (1977) proposed a yield condifion that was a ftinction of the void volume 

fraction. This yield condition can be presented in the form: 

O = [(q/ay)' + 2q,fcC0sh(-l .5pq2/ay) - (I + q3(fc)'] = 0 (2.1) 

where: 

S = p l + s - is the deviatoric part of the Cauchy stress tensor; 

q = (1.5 8:8)^^ - is the effective Mises stress; 

P = - 0 . 3 3 I C T - is the hydrostatic pressure; 

Gy - is the yield stress of the fully dense matrix material; 

qi, q2, q3 - are material parameters (0.3, 0.1, 0.04 for the current research): 

fc - fiinction that models the rapid loss of stress carrying capacity that 

accompanies void coalescence. 

The selection of an appropriate value for porosity (or relative density as it was 

presented in the Gurson theory) was considered before the finite element model was 

created. As was stated in the first chapter, Becker (1987) used partially consolidated and 

sintered iron powder for his experiments with porosity. In his work, Becker used two 

samples with mean porosity of 0.0268 and 0.0615. As result, the mean value of porosity 

for this project was taken to be 0.05. The current research concentrated mostly on cast 

materials which are usually less porous then consolidated and sintered powders. 

Therefore, the mean value for porosity selected for the current project (0.05 that 

corresponds to 0.95 of relative density) may actually overestimate the true porosity. This 

value was sfill, however, selected, in order to enable comparison with the finding of 

Becker. 

The applicafion of a failure criterion was the next advantage of the current project 

compared with previous works. The main purpose of this criterion is to specifS' the 
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highest level of strain that an element can withstand without undergoing complete failure. 

After reaching this level, the stress carrying capacity of an element was assumed to 

quickly reduce to zero. This feature simulates the behavior of real material system, in 

which each element will fail completely via void coalescence at a specific strain level. 

To simulate this behavior, a special porous failure criterion feature of ABAQUS 

was activated. Under this feature the critical value of porosity is specified for each 

material definition. With increasing load, porosity of each element increases because of 

the process of void growth. After reaching the limit specified in the failure criteria, the 

value of stress carrying capacity for an element was assumed to become zero. For the 

purpose of this project, this limit was selected to be 0.3 for all material definitions. This 

value originated from the ABAQUS recommendations for this class of materials. In 

addition, one more value of porosity was specified. After reaching this value, stress 

carrying capacity of an element was assumed to sharply decrease. For the modd, this 

value was taken to be 0.25. To validate the applicability of the failure criteria to the 

current project, a test run was performed using a cubic model and value of 0.05 for 

porosity. The results of this test were analyzed and compared with the stress-strain 

response of the material in the absence of porosity and a failure criterion. The resulting 

stress-strain curves are presented in Figure 2.2. The model incorporating porosity and a 

failure criterion provides a more accurate approximation of material behavior, showing a 

decrease in total stress carrying ability with increasing strain, and final failure after the 

critical value of strain is reached. These characteristics cannot arise in a model lacking 

porosity and a failure criterion. 

Becker assumed that porosity variation has little effect on the overall performance 

of the tested materials. The main purpose of this project is to create a valid numerical 

model of heterogeneous materials, investigate whether fracture and failure processes in 

these materials are, in fact, stochastic in nature, and to establish how strongly they 

depend on porosity variation. For this purpose, the porosity of Al 6061 alloys was 

randomly varied from 0 to 0.1 (with mean value of 0.05), corresponding to a variation in 

relative density from 1 to 0.9. 
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2.2 ABAQUS- Finite Element Software 

Finite element analysis was performed using the ABAQUS/Explicit software 

package (version 5.8). ABAQUS/Explicit was selected because it has been extensively 

used to model non-linear consfitutive behaviors, and it has shown potential for solving 

problems involving heterogeneous multiphase materials (Becker, 1987: Leggoe et al., 

1998; Zhai et al., 1999). ABAQUS/Explicit provides an extensive library of elements, 

enabling simulation of virtually any geometry. More importantly, ABAQUS/Explicit 

offers a wide variety of constitutive models for modeling metallic alloys and polymers. 

In its Explicit version, ABAQUS also offers a failure criterion and is particularly suited 

to modeling non-linear constitutive and geometric behaviors. 

2.3 Cubic Model 

The development of a procedure for generating finite element input files was an 

important component of this project. Two mesh patterns were developed for this 

investigation. This section describes the procedure for generating a simple cubic modd, 

and the application of this model during the current project. 

Many publications in the literature report the use of some form of square or cubic 

"unit cell" to study the development of stress - strain fields in materials under load. In 

this approach, the composite material is idealized as containing a periodic array of 

identical "unit cells", each described by unique material properties. To validate material 

models and to develop experience in mesh generation, a cubic model of the monolithic Al 

6061 alloy aged for 11 hours was developed. To generate a mesh consisting entirely of 

cubic isoparametric 8-node hexahedral (C3D8) elements, a FORTRAN code was created. 

This code generates a file based on the user-specified dimensions of the cube and number 

of elements in each direction. This file is produced in the required format for an 

ABAQUS input file (the FORTRAN code is presented in Appendix A). The input file 

incorporates the material properties and a set of boundary conditions. To fulfill 

displacement continuity and symmetry requirements at the boundaries of the mesh, the 

following boundary conditions were imposed: 
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• x=0, y=0 and z=0 faces : zero displacement normal to the face: 

• x=l : all points on the face are constrained to have the same. 

user-specified value of displacement in the direction 

normal to the face; 

• y=l and z=l faces : all points on the face are free to displace, but are 

constrained to have the same displacement to keep the 

surface flat (the outer faces of the unit cell remain planar 

and parallel to the mid-planes of the repeating unit). 

Results were analyzed using ABAQUS/Post, which provided stress, strain and 

displacement fields inside the cubic model at regular strain intervals. A typical 

ABAQUS/Post output is presented in Figure 2.3. This figure presents the true stress field 

in the cubic sample at varying strain levels. The results exhibit approximately equal 

value of stress for all points of the mesh for a specified strain, and the absence of any 

pronounced stress concentration. This result was expected, given the uniform structure of 

the model and the absence of any heterogeneities that might initiate stress concentration. 

An additional cubic model was generated to evaluate the performance of Gurson's 

model for the current project. For this purpose, the material in the cubic model was 

assigned a uniform 5 percent porosity. To simulate the influence of porosity on the full 

stress-strain response, the failure criterion was also introduced. The average surface 

stress-strain responses for the porous and for non-porous materials are presented in 

Figure 2.2. The result shows a decrease in stress carrying capacity for the porous model 

with increasing strain, the value ultimately falling to zero after some critical value of 

strain. This type of behavior is in complete agreement with the Gurson's model and 

experimental results. 

2.4 Cylindrical Model 

The fundamental model for the current research represented a cylindrical 

specimen of the heterogeneous (non-uniform porosity) Al 6061. This configuration was 

chosen to simulate the cylindrical tensile specimens commonly used to measure the 
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stress-strain properties of materials. Adoption of this model was based on the expectation 

that future research will attempt to compare numerical results with experimental 

observations. 

As was the case for the cubic model, isoparametric 8-node hexahedral elements 

(C3D8) were employed in the model. The major objective influencing the generation of 

the cylindrical model was the need to keep element volume and shape approximately 

constant throughout the mesh. Because of the problems inherent in filling a cylinder with 

hexahedral bricks, and the need to avoid large variations in element shape and volume, a 

special "disturbed square" mesh structure was used. Under this approach, a symmetric 

hexagonal block (disturbed square) is located in the center of the cylinder. Around this 

block, radiating element layers are arranged to fill the rest of the mesh. The shape of 

element layers changes gradually to match the transformation of the inner disturbed 

square to the outer circular cylinder surface, again with the objective of minimizing the 

variation of element shapes and volume. The resulting mesh is displayed in Figure 2.4. 

A FORTRAN program was developed to create ABAQUS input files for these 

models. This program basically executes two main algorithms for node and element 

generation inside and outside of the disturbed square. The program applies user-specified 

values for the cylinder dimensions, number of elements in each direction, and mesh 

density in each region of the cylinder (FORTRAN code is presented in Appendix B). 

Once again, Al 6061 aged for 11 hours was used as the basic material. Boundary 

conditions are applied to simulate a conventional tensile test. To fulfill displacement 

continuity and symmetry requirements at the boundaries of the mesh, the following 

boundary conditions were imposed: 

• z=0 face : zero displacement in the radial and axial directions; 

• z=l face : all points of the face are constrained to have the same user-specified 

displacement in the axial direction; and zero displacement in the radial 

direction; 

• r=0 axis : all points are constrained to have zero displacement in the 

radial direction ( axis symmetry ). 
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To avoid artificial development of necking near the ends of the cylinder, the 

constraint of zero displacement in the radial direction is assumed for the z=0 and z= 1 

faces of the cylinder. This constraint is intended to replicate the effect of section change 

in dumbbell shaped specimens, and will focus neck development toward the middle 

sections of the cylinder. The length and the radius of the cylinder were taken to be 0.2 

and 0.1 meters, respectively. These dimensions were applied for all cylindrical 

specimens in the current research. Uniform models illustrating neck development around 

the middle section of the cylinder are presented in Figure 2.5. 

2.5 Models Representing Random Variation in Local Porosity 

The next step was to generate models in which the local porosity varied randomly. 

This was accomplished by the application of two basic routines. 

The first routine divided the cylindrical mesh into approximately cubic regions 

containing a user-specified number of elements in each direction (Ixlxl, 2x2x2, 3x3x3 

etc). This was accomplished by executing a special algorithm which assigned elements 

to element sets according to their location. One of the objectives of the present work was 

to identify the optimum number of elements in each region needed to accurately represent 

the deformation of heterogeneous materials. A cylindrical specimen divided into 4x4x4 

regions by the application of this program is illustrated in Figure 2.6. Different colors on 

this figure represent element regions that will be used for the assignment of unique 

properties. 

The second routine randomly assigned a value of porosity to each region, 

choosing from a list of discrete values. The random assignment process was governed by 

one of the statistical distribution models used for the project (uniform or Gaussian). The 

shapes of probability distribution for both of these statistical models are illustrated in 

Figure 2.7. This random distribution was achieved by application of a random number 

generator native to FORTRAN. This generator produced random numbers between zero 

and one, with properties being assigned according to the range the randomly generated 

number fell within. 
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In the uniform distribution, each value of porosity has the same probabilit) of 

being selected. After generation of a random number between 0 and 1, the program 

checks the interval which this number belongs to, and assigns the appropriate porosity. 

During the course of the current project several sequences of discretized values of 

porosity were used to simulate the heterogeneous properties of ductile alloys. For 

example, one such sequence included just two discrefized values of porosity: 0 and O.l. 

This corresponded to relative densifies of 1 and 0.9, respectively. Accordingly, two 

intervals for random numbers (from 0 to 0.5 and from 0.5 to 1) were created and the 

value of porosity was assigned according to the interval the random number fell within. 

This model basically represents a muhiphase material with an extreme distribution of 

heterogeneifies. Physically, it models a material divided into regions of no porosity and 

regions of relatively high porosity. 

A model using only two discrete values of porosity represents an extreme case of 

porosity distribution, and will be representative for only a small class of problems. On 

the other hand, application of a completely continuous porosity distribution is impractical 

because of the extremely large input file size and amount of time required for the 

processing of such files. As a result, one of the objectives of this research was to 

determine the minimum number of discrete intervals needed to approximate a continuous 

distribution. For this purpose, the number of discrete intervals in the porosity distribution 

was increased for a set of runs with a model of fixed randomly generated porosity in 

order to determine the minimum number required for accurate representation. In this 

investigation, models were run using 2, 5, 11, 21 and 41 discrete values of porosity. 

FORTRAN code that uses 11 discrete values of porosity is presented in Appendix C. 

The general procedure for implementation of the Gaussian distribution to 

assigning porosity to regions was similar to the procedure for implementation of the 

uniform distribution. The only difference was in the set of random numbers generated by 

the FORTRAN program for this purpose. For the uniform distribution, the value of a 

random number was directly used for porosity assignment depending on the interval this 

number fell within. The program for application of the Gaussian distribution used 
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random numbers to generate a normally distributed set of numbers. This procedure relied 

on the fact that a sum of a set of random numbers is distributed normally. A detailed 

descripfion of this procedure, including the equation for the Gaussian distribution and the 

values used for standard deviation and mean value will be introduced in the Chapter V of 

this thesis. After generation of the normally distributed random numbers, the program 

applied the algorithm described in the previous paragraph. Several different distributions 

using different values for standard deviation were applied, the objective being to 

investigate the influence of this parameter on the variation in material response. 

FORTRAN code that uses this type of distribution and 11 discrete values of porositv is 

presented in Appendix D. 

2.6 Conclusion 

The main purpose of this chapter was to describe the basic models and types of 

distributions for porosity assignment used in the current project. Even though the cubic 

model was easier to implement, the cylindrical model was applied because of the 

practical importance of this configuration. The basic approach to implementing this 

model, together with algorithms for the application of two models for porosity 

distribution (uniform and Gaussian) was introduced. Later chapters will discuss the 

development of these models, and review the results obtained from them. 
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Figure 2.6: Results of division of inifial mesh to 4x4x4 regions with randomly assigned 
properties from a set consisting of 2 discrete values of porosity (light regions represent 
regions with higher porosity, dark regions have zero porosity) 
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CHAPTFR III 

OPTIMAL MODEL FOR HETEROGl XEOl S MATLRIALS 

This chapter provides a discussion of convergence in finite element modeling and 

its implications for the current research. A detailed explanation is provided for two tests 

that were applied to the model for the purpo.se of establishing the optimal (in terms of 

accuracy and calculation efficiency) model for simulating heterogeneous materials, fhe 

results of this investigation determined the mesh structure and the lev el of discretization 

in the porosity distribution to be used in subsequent in\ estigations. 

The fundamental nature of convergence and the unique eon\ eruence problems 

associated with modeling heterogeneous materials are summarized in section ^.1. The 

procedure for determining the optimal number of elements in each region is introduced in 

section 3.2. Section 3.3 discusses the minimum number of discrete \alues ot" porosit) 

required to approximate a continuous distribution of porositv for heterogeneous 

materials. The resultant formulation of the mesh pattern and porosity distribution is 

summarized in section 3.4. 

3.1 Convergence in Models of Heterogeneous N laterials 

Determination of the structure of the mesh that achieved con\ ergent results for the 

modeling of heterogeneous multiphase material while optimizing computational 

efficiency was a key element of this investigation. By its nature, finite element anahsis 

is an approximate solution of the differential equations gov erning the behav ior of the 

material system. To accomplish solution, the domain is discretized into a number of 

finite elements. As the number of finite elements increases, the finite element solution 

should ultimately converge to the true solution. But the true solution is general 1\ onlv 

exactly obtained with an infinite number of elements in the domain. This obviouslv. is 

impracticable. For this reason, an important part of any finite element anahsis is 

identifying the optimal level of discrefization (i.e.. number of elements), at which the 

finite element solution has eonverged to within an acceptable error of the true solution. 
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In the case of solid mechanics analysis, the finite element solution seeks to minimize 

potenfial energy; in other words, all finite element solutions slightly overestimate the true 

potential energy, yielding results that are "stiffer" than the true result (resulting in higher 

stresses for a given strain level). 

The process of modeling heterogeneous materials introduces additional levels of 

discretization to be considered. Under the approach adopted here, the material is not only 

discretized into elements, but is also discretized into regions, each of which is assigned 

unique properties. In previous studies of a similar nature (Leggoe et al., 1998; Becker, 

1987), the authors have represented each region with a single element. It has been 

suggested (Leggoe et al., 1998) that this approach may represent a "coarse" mesh and 

inhibit strain localization; the additional strain energy required to localize strain in a 

single coarse element may artificially raise stress levels. By further discretizing each 

region, the reduction in element volume will reduce the strain energy needed to initiate 

localization, and thus better approximate the true solution. 

For these reasons, two convergence investigations were conducted during the 

course of the project. The first objective was to find the optimal number of elements for 

each region to accurately estimate the response of the heterogeneous material. To 

accomplish this, a set of models with progressively increasing discretization, while 

maintaining identically specified region properties, was created. In the first model, each 

region was presented by a single element (1x1x1 region). In the second model, each 

region was presented by 8 elements (2x2x2). This discretization was continued until the 

optimal number of elements was found that achieved convergence. 

The second objective was to identify the optimal discretized distribution of 

porosity for accurate representation of a continuous porosity distribution. It is evident 

that in real life all properties are usually distributed continuously. In modeling, however, 

it is not practical to define an "infinite" number of properties due to considerations of 

input file size and/or data collection. Therefore, for successful modeling it is necessary to 

discretize the continuous set of porosities into a finite number of intervals, with each 

interval being represented by a single mean porosity. To determine the level of 
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discretization required to approximate a continuous porosity distribution, models u ith the 

same raw (randomly generated) porosity were run with varying levels of discretization. 

First two models represented extreme cases of heterogeneous materials, and included 

discrete ranges consisting of one (i.e. a uniform matrix) and two intervals, respectively. 

These runs defined response boundaries for the set of models. For subsequent runs, the 

number of discretized intervals was gradually increased in order to investigate how many 

intervals are required to obtain consistent results (thus obtaining a satisfactory 

representation of the response for a continuous distribution). 

3.2 Discretization of Regions 

The first objective of this exercise was to determine the optimal number of 

elements in each region. For this purpose, models using a different number of elements 

in each region, while maintaining same properties for each region, were executed and the 

final results were compared. Since the model used hexahedral elements, the cylinder was 

divided into approximately cubic regions with an equal number of elements in each 

direction. Models with 1, 2, 3, 4, 5, and 6 elements in each direction (corresponding to 

1x1x1, 2x2x2 etc.) were created, with the random number generator being restricted to 

produce the same regional porosity assignments for each run. Restriction of the porosity 

assigimient was achieved by specifying the same seed number for the random number 

generation process for each model. Tensile stress field evolution for these runs processed 

with ABAQUS/Post are presented in Figures 3.1-3.6. 

To calculate the stress-strain response, a FORTRAN code was created that 

extracted values of element stresses at the x=l face of the model at each value of strain 

from the ABAQUS results file. The code then calculated the average true stress CTXX at 

the surface. (FORTRAN code is presented in Appendix D.) To accomplish this, values 

of stress and nodal coordinates were extracted from the output file for each time interval. 

The face area of each element was calculated as a sum of the areas of two triangles. An 

element "force" was calculated as the product of the values of stress and area. A total 

force and area for the surface were then calculated by summing the element forces and 
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areas, respectively. The average surface stress was calculated by div iding the total force 

by the total area. The results provided the true stress-true strain response for each run. 

Evaluation of the results reveals that when each region contains only one dement 

in each direction the run is completed rapidly, but significantly overestimates stress 

values. As the number of elements in each region increases, accuracy increases and the 

true stress-true strain response converges to a common response over the bulk of the 

strain range. The true stress-true strain responses for all 6 runs are presented in Figure 

3.7. In the region of final failure, there is still some slight variation, but the overall 

curves are consistent. It was concluded that a model in which each region is meshed with 

4 elements in each direction gives results that optimize accuracy and execution time. For 

example, the runs using 5 and 6 elements in each region gave less than 1 percent 

improvement in accuracy, while taking more than twice as long to execute (runs with 

4x4x4 regions take approximately 3 hours to execute, while runs with 5x5x5 and 6x6x6 

regions require approximately 8 and 20 hours, respectively). 

As is apparent in Figure 3.7, the average stress carrying capacity of the specimen 

decreases with an increasing number of elements in each region. This phenomenon can 

be explained by the overestimation of the true solution by the finite element method. For 

meshes having a small number of elements, additional strain energy is required to 

localize strain in elements, because of the large volume of the elements. With increasing 

numbers of elements in the mesh, the average volume of each element reduces. This 

reduction decreases the strain energy required for strain localization in any individual 

element and, therefore, reduces the overall stress level required for localization. As a 

result, increasing the number of elements in the mesh converges the finite element 

solution of the material problem to its true solution. 

This analysis represents a significant improvement in this approach to modeling 

heterogeneous materials compared with previous investigations (Becker, 1987; Leggoe et 

al., 1998). In these works, the authors meshed regions with a single element. This 

approach was suspected to produce a relatively "coarse" mesh. It also restricted each 

region to have a cubic shape. This will inhibit strain localization bv two mechanisms: 
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strain accumulation in weak elements adjacent to stiffer elements is restricted, and region 

shapes are prevented from truly emulating actual region shapes. As a result, a mesh 

providing only one element per each region produces a stress-strain field with 

considerably higher values for stress compared with real systems. Even though the 

influence of region shape was not addressed in this project, increasing regional 

discretization considerably improved estimation of the stress-strain response for 

heterogeneous materials under load. Simulations using meshes with different shapes of 

multielement regions can be addressed in future research, and the influence of this factor 

on convergence can be investigated at that time. 

3.3 Porosity Distribution Discretization 

A second set of test runs was undertaken to investigate the effect of the level of 

discretization in the porosity distribution on model response, and to identify the optimal 

number of discrete values of porosity for accurate representation of the real, continuous, 

porosity distribution. A mesh pattern containing 64 elements (4 elements in each 

direction) for each region with fixed randomly generated regional porosities was used for 

this component of the investigation. 

A set of six runs was undertaken. Each run represented a mesh in which regions 

were assigned a fixed porosity drawn from the continuous set of real possible porosities. 

A uniform porosity distribution was adopted for these models. The generator of random 

numbers had the same seed for all runs, to produce the same sequence of random 

numbers for each run and render the test independent of number generation. Six different 

porosity discretizations with a common median value of 0.05 were used for the test runs. 

The first model used a single value of 0.05 representing a uniform distribution of 

porosity. The second run used two discrete values of 0 and 0.1 for porosity. This run 

represented an extreme distribution of porosity in the heterogeneous material. This 

provides a large number of potential sites for the initiation of strain localization; thus 

reducing the expected stress carrying capacity of the material. The purpose of the 
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remaining four runs was to approximate a continuous porosity distribution by means of a 

discrete set of properties. The runs performed were as follows: 

• Third run : five values of porosity from 0 to 0.1 with an interval of 0.025: 

• Fourth run : 11 values of porosity from 0 to 0.1 w ith an interv al of 0.01: 

• Fifth run : 21 values of porosity from 0 to 0.1 w ith an interval of 0.005: 

• Sixth run : 41 values of porosity from 0 to 0.1 with an interval of 0.0025. 

The stress fields resulting from during these runs are presented in Figures 3.8-3.13. 

To compare the performances of all six runs, the true stress-true strain responses 

were plotted on the same graph (Figure 3.14). As predicted, the sample with a uniform 

distribution of porosity showed the highest stress-carrying capacitv. The sample 

simulated extreme distribution of porosity with highly discrete values showed the lowest. 

This type of behavior under extreme discretization was numerically validated by Leggoe 

et al. (1998), who investigated similar models of reinforced aluminum alloys. As was 

stated above, extreme discretization of material properties for regions provides a large 

number of localization triggers, decreasing the overall stress carrying capacity of the 

material. From Figure 3.14, the results for runs with more continuous distributions of 

porosity fall between the first two curves. The locations of these graphs between the 

results of the first two models is explained by the increasing continuity of the distribution 

used for property assignment, and the resultant decrease in the number and severity of 

triggers for strain localization. From the graphs it was concluded that a sample with only 

five discrete values of porosity cannot accurately describe the continuous nature of the 

porosity distribution in real materials. On the other hand, samples with 21 and 41 values 

showed negligible improvement in accuracy with considerable complication of the model 

generating codes. Therefore, the model with 11 discrete values for porosity in the range 

from 0 to 0.1 was selected for future investigations. 

The stability of stress contours for both sets of models was observed. This is 

evidence of the stability of the numerical model and its convergence to the true solution. 

In addition, the developed models did not demonstrate any variations in the elastic 
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region. This fact was explained by the negligible role that the distribution of 

heterogeneities plays during elastic deformation 

3.4 Optimal Model Formulation 

Based of the tests described in two previous sections, the optimal model for this 

research was formulated as follows: 

• The mesh for this model consists of regions with randomly assigned values of 

porosity. 

• Each region has a cubic shape and contains 4 elements in each of the three local axes. 

This gives 64 elements in each region. 

• Two sets of discrete values for porosity are identified to simulate two different types 

of material models. The first set includes only two values of 0 and 0.1, and represents 

the behavior of heterogeneous multiphase material with an extreme (bipolar) porosity 

distribution. The second set includes 11 discrete values of porosity, and accurately 

approximates the behavior of a material having a continuous porosity distribution. 

The next step of the research was to estimate the extent of the variation in 

material properties. The influence of uniform and Gaussian statistical models for the 

distribution of local porosities was evaluated. 
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Figure 3.1: True stress field in xx direction for 1 (1 by 1 by 1 cubes) element in each 
region: (A) True strain ê ^ = 0.019, (B) True strain e„ = 0.179 

40 



VALUE 
.65E*07 
.70E.07 
.74E.07 
798*07 
838*07 
888*07 
.928*07 
968*07 

*3.018*07 
.058.07 

*),108*07 
.148.07 

•)-198.07 
•3.238*07 

(A) 

VALUE 
•e.40E.06 
.3.53E.07 
*6.398*07 
.9 27E*07 
.1.218*08 
•1 50E.08 
.1 79E.08 
.2.08E.Oe 
•3 368.08 
*3 65E.08 

• -.3.94E 

»3 33E*0e 
- - . 3 53E.08 

.eOB.08 

(B) 

Figure 3.2: True stress field in xx direction for 8 (2 by 2 by 2 cubes) element in each 
region: (A) True strain e,, = 0.019, (B) True strain e,, = 0.179 
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Figure 3.3: True stress field in xx direction for 27 (3 by 3 by 3 cubes) element in each 
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42 

http://k9.46E.07
http://k2.30E.08
http://k2.63E.08


(A) 

^: 

VALUE 
6.568*07 

•-2.888.07 
8.088.06 
4.49E*07 

le : *07 

1.19E*0e 
1.55E*08 
1.93E*08 
2.298.08 
2.668*08 

- * 3 . 0 3 8 . 0 6 
3.408' 

- - .3.76E*08 
4.138*08 

J ^ ^ 2 

(B) 

Figure 3.4: True stress field in xx direction for 64 (4 by 4 by 4 cubes) element in each 
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Figure 3.5: True stress field in xx direction for 125 (5 by 5 by 5 cubes) elements in each 
region: (A) True strain e,, = 0.019, (B) True strain e,, = 0.179 
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Figure 3.6: True stress field in xx direction for 216 (6 by 6 by 6 cubes) element in each 
region: (A) True strain ê ^ = 0.019, (B) True strain ê ^ = 0.179 
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Figure 3.8: True stress field in xx direction for a mesh with one value of porosity (0.05): 
(A) True strain e„ = 0.019, (B) True strain e,, = 0.179 
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Figure 3.9: True stress field in xx direction for a mesh with two discrete values of 
porosity (0 and 0.1): (A) True strain e,, = 0.019, (B) True strain e,, = 0.179 
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Figure 3.10: True stress field in xx direction for a mesh with five discrete values of 
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Figure 3.11: True stress field in xx direction for a mesh with 11 discrete values of 
porosity from 0 to 0.1 with interval of 0.01: (A) True strain £̂ ^ = 0.019, (B) True strain 
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Figure 3.12: True stress field in xx direction for a mesh with 21 discrete values of 
porosity from 0 to 0.1 with interval of 0.005: (A) True strain ê ^ = 0.019, (B) True strain 
£„ = 0.179 
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Figure 3.13: True stress field in xx direction for a mesh with 41 discrete values of 
porosity from 0 to 0.1 with interval of 0.0025: (A) True strain e,, = 0.019, (B) True strain 
e, =0.179 
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CHAPTER IV 

UNIFORM DISTRIBUTION MODEL FOR PROPERTY ASSIGNMENT 

This chapter provides a description of investigations into the effect of randomlv 

assigning local porosity in line with a uniform porosity distribution on material response. 

In addition to qualitative observations, the variation in the true stress-true strain response 

has been analyzed statistically. The implications of the results are then discussed. 

The detailed procedure for introducing a uniform distribution of randomly 

assigned local porosities into the material models is described in section 4.1. Subsection 

4.1.1 discusses the implementation of this distribution using only two discrete values of 

porosity, while subsection 4.1.2 deals with models using eleven discrete values of 

porosity. The statistical analysis applied to evaluate the variation in the response is 

discussed in section 4.2. Subsection 4.2.1 introduces the equations used in statistical 

calculations. Section 4.3 describes the application and analysis of statistical techniques to 

the numerical models under consideration. The results for a uniform distribution of local 

porosity that employs only two discrete values for porosity are discussed in subsection 

4.3.1. Subsection 4.3.2 discusses the results obtained when eleven discrete values of 

porosity are used. Section 4.4 presents a final discussion of the results and their 

implications with respect to the deformation of heterogeneous materials. Section 4.5 

concludes the current chapter by discussing possible improvement of the current 

techniques for the purpose of fiiture work. 

4.1 Procedure for Implementation of the Uniform Distribution Model 

The main objective of this portion of the project was to implement a uniform 

distribution model for the random assignment of local porosities, and to execute a 

sufficient number of runs to provide a statistically valid estimation of the resulting 

variation in stress-strain response. Fundamentally, a uniform distribution dictates that 

there is an equal probability of each value of porosity being selected for each region (as 

was illustrated previously in Figure 2.7). Even though this model may not necessarily be 
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a realistic representation of a practical porosity distribution inside a real material, 

analyzing the effect of this type of distribution is an important step in investigating the 

influence of local porosity variation on overall material response. 

As described previously in section 2.5, the procedure for porosity assignment 

consisted of two main routines. The first routine divided the cylindrical mesh into 

approximately cubic regions containing a user-specified number of elements in each 

direction. The second routine randomly assigned a value of porosity to each region, 

choosing from a specified set of discrete values. After the generation of a random 

number between zero and one, the program checks the interval the number belongs to, 

and assigns the appropriate porosity from the specified set of values. For the current 

investigation, two sets of discrete porosity values were used to simulate the response of 

heterogeneous multiphase materials. One of them included only two values (0 and 0.1). 

and represents a material with "clustered porosity"; the material contains alternating 

regions of zero and high porosity. The other sequence simulated a continuous 

distribution of porosity, including eleven equally spaced discrete values to be assigned in 

the region from 0 to 0.1. The adoption of eleven discrete values of porosity was based on 

the results discussed in Chapter III, in which this number of discrete porosity values was 

found to be sufficient to accurately approximate a continuous set of real porosities. 

4.1.1 Distribution with Two Values of Porosity 

For this distribution, the continuous set of possible random numbers was divided 

into two intervals: fi-om 0 to 0.5, and from 0.5 to 1.0. If the internal fimction generated a 

random number that belonged to the first interval, the elements in the region were 

assigned a porosity of 0.1; if the number belonged to the second interval, a value of zero 

was assigned. 

A model with such an extreme distribution of properties can be thought of as 

representing "clustered" heterogeneous materials; in such materials, the key 

microstructural feature (in this case porosity) "clusters' into specific areas and is absent 

in the remainder of the specimen. The numerical implementation of this kind of spatial 
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property distribution was covered in previous publications. Leggoe et al. (1998) used this 

approach to modd particle-reinforced materials in which the reinforcement segregated 

naturally to inter-dendritic regions during melt solidification. In that investigation, the 

extreme property discretization yielded extreme responses, with the property disparities 

promoting strain localization in specimens. This effect was found to contribute to the 

reduced overall toughness of the tested material compared with materials possessing 

more continuous distributions of material properties, as the accelerated strain localization 

promoted the initiation of the fracture process. 

4.1.2 Distribution with Eleven Values of Porosity 

As was established in section 3.3, a set of eleven discrete porosity values in the 

range from 0 to 0.1 gives an accurate approximation of the behavior that would be 

obtained using a continuous set of porosity values. The approach to assigning porosity 

values to each region in the mesh was similar to that described in the previous section. 

The range of discrete values included eleven numbers from 0 to 0.1, with a uniform 

interval of 0.01. Since eleven discrete values were used, the whole region from 0 to 1 

was divided into eleven equally spaced intervals. This discretization is presented in 

Figure 2.7 (A). Each of these intervals has a width of 0.09 (except the center interval, 

which is 0.1 wide), and represents one discrete value of porosity. After that step, a 

random number was generated for each region of the mesh using an internal FORTRAN 

fiinction, and its value was compared with the specified intervals. If this number 

belonged to the first interval, elements in the region under consideration were assigned to 

have porosity of 0.1. If the number belonged to the second interval, a value of 0.09 for 

porosity was assigned, and so on. 

4.2 Analysis of Response Variation 

The routines described above were used to generate ABAQUS input files. For the 

purpose of the current project, two sets of input files were generated: one set employed 

only two values of porosity, the other eleven. Each set consisted of 20 runs. The 
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objective in executing these runs was to investigate the variation in material response 

arising as a result of the random assignment of porosity. 

The average tensile stress (CTXX) at the z=0 end face of the test specimen was 

calculated for each output strain level. A FORTRAN routine using internal ABAQUS 

routines was created to extract values of tensile stress for each element on the end 

surface. The routine then calculated the average stress on the surface. To accomplish 

this, values of stress and nodal coordinates were extracted from the output file for each 

output strain. The area of the exposed (quadrilateral) surface of each element was 

calculated as the sum of the areas of two triangles. The average element stress was then 

multiplied by the face area to calculate the "force" on each element. The total surface 

values of force and area were found by summation of the element values. The true stress 

was then calculated by dividing the total force by the total area. 

To simplify the calculations, the stresses were calculated at the ends of the 

cylinder, which remain flat and are constrained to have zero displacement (and thus have 

constant area). Values of the average surface stress must, by definition, be equal for all 

circular cross-sections of the cylinder. The FORTRAN routine described above created 

an output file containing 21 data points for each run: eleven points in the elastic region 

and eleven points in the plastic region. One point representing the final point in the 

elastic region and the first point of plastic region coincided. This data was then used to 

plot the true stress-true strain response for each run. 

4.2.1 Basic Statistical Parameters 

Several statistical parameters were estimated for each set of runs at each output 

strain level. The average porosity of the specimen was calculated in order to estimate the 

potential effect on results. Each value of average porosity was calculated simply by 

summing the porosities for each region and dividing by the number of regions in the 

specimen. The standard mesh was divided into 48 regions. 

The mean value of tensile stress at each strain was calculated for data points in the 

plastic region. As will be discussed later, the porosity distribution does not affect elastic 
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deformation due to the formulation of the Gurson theory used in the model. A simple 

mean equation was used for this calculation: 

Z<^ xK\) 

Mean = I = 1 (4.1) 

n 

where: CTxx(i) 

n 

= average true stress CTXX at the end face of specimen i, 

= number of data points (20). 

Curves representing mean stress values for each strain value have been plotted 

along with the complete sets of data points in order to visualize the overall response and 

range of variation (an example of such a plot is presented in Figure 4.4). 

In order to characterize the dispersion in the calculated responses, the standard 

deviation in the values of tensile stress (axx) was calculated for each strain. The value of 

the standard deviation for each strain interval was estimated using the equation: 

2 J (ĉ xj(i) - Mean)̂  

G = 
N 

= 1 (4.2) 

n 

where: G 

Mean 

C^xx(i) 

n 

Standard deviation, 

mean value for the data set, 

average surface value of the tension stress (CTXX ) for specimen i. 

number of data points (20). 
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4.3 Results 

This section of the chapter presents and discusses results produced by the models 

described above. The results for these models are compared in order to evaluate the 

sensitivity of material response to property distribution. 

4.3.1 Models Using Two Values of Porosity 

Analysis of the stress-strain response must begin with a qualitative analysis of the 

process of stress and strain field development in the average sample. The test procedure 

was designed to provide an equal number of data points (10) for the elastic and plastic 

regions of the deformation. The process of stress and strain development is illustrated in 

Figure 4.1 (for stress field development) and in Figure 4.2 (for strain field development). 

For very small values of true strain (Figure 4.1(A) and Figure 4.2(A)). the stress field 

inside the specimen is symmetric and concentrated around the middle section of the 

mesh. With increasing strain, the process of stress concentration (for regions with low 

porosity) and strain localization (for regions with high porosity) can be clearly identified. 

This is evident from the stress field corresponding to the last data point of the elastic zone 

(Figure 4.1(B) and Figure 4.2(B)). Beyond a critical strain (approximately 8xx = 0.004), 

plastic deformation became dominant. With further straining, strain localization 

increases in the more porous regions. This process is predominantly concentrated around 

the middle section of the specimen, due to the influence of the constraints imposed on the 

end faces of the specimen (Figure 4.1(C) and Figure 4.2(C)). Ultimately, this process 

leads to neck development near the middle section of the specimen (Figure 4.1(D) and 

Figure 4.2(D)). This sequence of stress field development was typical of all runs of this 

set. The major difference from run to run was in the position of the necking region, 

which appears to be determined by the unique distribution of porosity in each sample (as 

would be expected). 

To produce a plot illustrating the variation in material response, the average 

porosity for each specimen was calculated and the true stress-true strain responses were 

organized in the order of increasing porosity. This graph is presented in Figure 4.3. 
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From the graph, it is evident that even though the average porositv of the sample 

influences the shape of the stress-strain curve, the extent of the v ariation, especially at 

high strains, appears larger than can be explained by the variation in average porosity 

alone. An important example is provided by run 10. In this run, the average porosity of 

0.05 is exactly equal to the mean value. This sample, however, shows an extremely high 

drop in the stress carrying capacity at high strains compared with other samples. The 

stress at a true strain of 0.195 deviates by 30 percent from the mean stress value. It is 

also interesting to note the minimal variation in the stress-strain response within an 

elastic region. This fact can be explained by the relatively small influence of porosity on 

the material response during the elastic deformation. The Gurson model was developed 

for predicting the fracture behavior of porous materials in the plastic region, on the basis 

of the mechanism of void growth and coalescence. Values of strain during elastic 

deformation usually are not sufficient to activate this mechanism and influence the stress 

field development. For this reason, this investigation concentrated on the region of 

plastic deformation, where the mechanism modeled by Gurson theory is dominant. 

The next step of the analysis studied the variation in results across all runs on 

each strain level. For this purpose, the data set was rearranged to form eleven arrays. 

Each of them represented the values of true stress at specified time interval and, 

therefore, at specified value of strain. From this data set the mean and standard deviation 

in the stress was estimated. The results of this analysis are plotted in Figure 4.4. It is 

apparent (qualitatively) that the dispersion in true stress values for different samples 

increases with increasing strain. As was stated earlier, the process of failure proceeds by 

a mechanism of void growth and coalescence. Considering the random nature of the 

spatial porosity distribution, this process is likely to be highly stochastic, and the model 

results bear this out. 

This qualitative observation is confirmed by the plot of standard deviation versus 

strain provided in Figure 4.5. It is evident that the dispersion of values of true stress 

increases with increasing strain. This can be explained by the strong dependence of the 

final process of failure on the spatial arrangement of local porosities. 
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4.3.2 Variation for Models with Eleven Values of Porosity 

Once again, a qualitative analysis of model behavior was undertaken. It was 

found that for very small values of true strain (Figures 4.6(A) and 4.7(A)) the stress field 

inside the specimen is symmetric, and the stress is slightly concentrated around the axis 

of the specimen. With increasing strain, initiation of the processes of stress concentration 

and strain localization can be clearly identified in regions with higher porosity. The 

stress distribution in the sample does not exhibit as sharply distinct contours of strain as 

was the case for models using only two discrete values of porosity (Figures 4.6(B) and 

4.7(B)). Beyond a critical value of stress (approximately 0.004), plastic deformation 

once again developed. With increasing strain, strain localization increased in the regions 

with the highest values of porosity (Figures 4.6(C) and 4.7(C)) adjacent to the middle 

section of the mesh. With further straining, the process of neck development initiated in 

these regions and continued with increasing strain (Figures 4.6(D) and 4.7(D)). This 

sequence of strain development was observed in all runs of this set. Once again, the 

major difference was in the position of the necking region relative to the center section. 

The average porosity for each specimen was calculated, and the true stress-true 

strain responses are organized in order of increasing porosity in Figure 4.8. From 

comparison with Figure 4.3, it is evident that despite the same average porosity and range 

of porosity variation from run to run, the stress-strain response for the set with eleven 

discrete values of porosity exhibits much smaller variation than the previous set. 

In order to visualize the overall response and variation, the data set was 

rearranged to form eleven arrays representing the values of true stress at a specified value 

of strain. From this data set the mean value of stress was estimated. The results of this 

analysis are plotted in Figure 4.9. As was the case for models using two values of 

porosity, it is evident that the variation in stress increases with increasing strain. The 

final step of the statistical analysis calculated the value of standard deviation as a function 
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of strain. These results are plotted in Figure 4.10. This analysis confirms the qualitative 

observation that the stress increases with increasing strain. 

4.4 Discussion 

This part of the chapter is devoted to discussion of the results obtained for the two 

sets of runs created by application of the uniform distribution for porosity assignment to 

different regions. The first set employed two values of porosity to model the porosity 

distribution in the specimen, the second set used eleven values. The main objective of 

this analysis was to investigate variation in stress-strain response, and evaluate the effect 

of the different porosity distributions on that response. 

To investigate the differences in results, two graphs were created. The first graph, 

presented in Figure 4.11, illustrates the effect of porosity distribution on the "mean" 

stress-strain response. From the graph, it is evident that the model simulating a more 

continuous distribution of porosity (eleven discrete values) supports a slightly higher 

ultimate stress, and the stress declines less rapidly with increasing strain than is the case 

for the "two porosity" models. 

This phenomenon can be explained by the decreased number and severity of 

triggers for strain localization in the more continuous sample compared with the less 

continuous. In previous research (Leggoe, 1996), it was discovered that increased 

concentration of such triggers is an important factor in the failure of composite materials. 

The term triggers identifies the locations where there is a high probability of strain 

localization in the sample. Usually, heterogeneities (such as imperfections in structure or 

preexisting cracks) play the role of such triggers. Even though heterogeneities exist in 

virtually all materials, not all of them lead to strain localization. The most important 

characteristic of the trigger is its severity, as property changes across the border of 

neighboring regions of the sample create a strain discontinuity. With increasing severity 

in the property disparity, the heterogeneity has an increasing probability of becoming a 

center for strain localization (trigger). The main reason for the appearance of triggers in 
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the current research is large variations in porosity between adjacent regions. It is ev ident 

that the concentration of such locations in models having onlv- two v alues of porositv is 

higher because ultimately each switch from one value of porosity to another produces a 

maximum disparity. Even though such triggers also exist in the continuous model, thev' 

are usually less severe and have a lower probability of initiating strain localization 

because of the smaller differences in regional porosity. 

The higher degree of strain localization in the two-porositv model is also evident 

in the stress fields for the two types of specimen (Figures 4.1 and 4.6). It is evident that 

the two porosity models generate a greater range of local stresses as a result of the more 

severe property disparities between neighboring regions. For example, for a true strain 

value of 0.179 the true stress range in the xx direction for the model with 11 values of 

porosity is 256 MPa (from 146 to 392 MPa), while for the model with only 2 values the 

range is 278 MPa (from 123 to 401 MPa). It was concluded that this effect originated 

from the distribution of porosity, and ultimately leads to more symmetric and regular 

shapes of the stress field around the necking region in the continuous model. 

The second graph compares the behavior of the standard deviation in true stress 

for these two sets of runs (Figure 4.12). Since standard deviation describes the 

magnitude of dispersion in results, it is evident that the sample with two porosities 

exhibits a higher dispersion in the stress values for a given value of strain than models 

representing a continuous distribution. 

These results were explained by stochastic nature of the process leading to failure 

during plastic deformation. As was highlighted in the previous pairagraph, the high 

concentration of the triggers for strain localization (caused by severe porosity variation in 

neighboring regions) promotes the failure of specimens having a limited number of 

discretized values for porosity. Since the assignment of porosities to regions of the mesh 

was random, the process of plastic deformation is stochastic and highly dependent on the 

porosity arrangement within the sample. The failure process in models representing a 

continuous distribution is also stochastic in nature, but this model produces fewer triggers 

for strain localization. This leads to reduced variation in the stress-strain responses for 
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this modd. In addition, based on the graph of standard deviation it was found that 

heterogeneities played a minimal role during elastic deformation. As was stated abov e. 

elastic strains do not initiate void growth. Therefore, the mechanism of Gurson's 

porosity does not apply during elastic deformation. 

Generally, it was concluded that the variation in the material response increases 

with increasing strain. The absence of response variation in the elastic zone and large 

stress variation with increasing values of strain in the plastic zone are evidence of this. In 

addition, the deformation mechanism during plastic deformation of heterogeneous ductile 

alloys is primarily controlled by the mechanism of void growth and coalescence. Since 

the spatial distribution of voids in real materials and in the current model was random, the 

evolution of deformation fields in these materials under load has a stochastic character 

influenced by this random distribution. 

Based on this analysis, two main conclusions were drawn. The first concerns 

approaches to modeling heterogeneous materials using the finite element method. Even 

though meshes with low discretization of properties have been previously used in the 

modeling of heterogeneous materials with "clustered" properties, it was suggested at the 

time that such meshes will not provide an accurate approximation for materials with 

continuous property distributions (Leggoe et al., 1998). The current research on the 

example of random distribution of porosity proved that meshes using a coarse 

discretization of properties provide significantly different results from those representing 

more continuous distributions. This can be explained by the increased number and 

severity of triggers for strain localization in such meshes, and indicates that the nature of 

the porosity distribution has an important influence on material response, particularly as 

the failure process proceeds. 

The second conclusion concerned the nature of the failure mechanism in 

plastically deforming materials. It was found for both sets of runs that even samples with 

similar average porosities produce significant variation (which is higher in the models 

using only two values of porosity) in the true stress value at a given true strain. This fact 

was not previously investigated because most authors in this field (such as Becker, 1987) 
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limited their research to only one or two samples. On the basis of 20 runs performed for 

each set, it was concluded that the spatial distribution of material properties (such as 

porosity) has an extremely important influence on the process of failure development 

during the plastic deformation of heterogeneous porous materials. It can, therefore, be 

concluded that the process of failure in ductile alloys is stochastic in the nature. 

4.5 Direction for Future Research 

As was noted above, the current project did not address all possible factors in 

meshing and property distribution that might affect the accuracy of the finite element 

model for heterogeneous materials. This project was primarily concerned with 

investigating the influence of the increased number of elements in each region and the 

use of a more continuous distribution of material properties on the accuracy of the 

models. For future research, the influence of the number of regions and the shape of 

those regions on the performance of the finite element model can be investigated. Some 

investigation is also necessary in the area of characterizing spatial property distributions, 

and in developing techniques for translating those characterizations into finite element 

models. 

In addition, some improvements can be made in the field of statistical techniques 

for the current research. One of these possible improvements can be the application of a 

routine that adjusts property assignments to maintain a fixed overall average porosity. 

This routine has been applied previously by Leggoe (1996). This routine executes a 

random property re-assignment procedure to ensure that the desired target property 

(porosity in the current research) is achieved exactly. By accomplishing this, the 

influence of the spatial distribution of porosities on the variation in material response can 

be isolated and evaluated. 
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Figure 4.1: True stress field in xx direction for the model with 64 element regions and 
uniform distribution of 2 values of porosity: (A) For overall strain Ê , = 0.0004 (elastic 
region); (B) For overall strain ê ^ = 0.004 (elastic region) 
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Figure 4.1: Continued: (C) For overall strain ê , = 0.094 (plastic region); (D) For overall 
strain ê ^ = 0.179 (plastic region) 
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Figure 4.2: True strain field in xx direction for the model with 64 element regions and 
uniform distribution of 2 values of porosity: (A) For overall strain ê ^ = 0.0004 (elastic 
region); (B) For overall strain e,, = 0.004 (elastic region) 
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Figure 4.2: Continued: (C) For overall strain e„ = 0.094 (plastic region); (D) For overall 
strain £„ = 0.179 (plastic region) 
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Figure 4.3: True stress - true strain response for 64 elements regions and uniform 
distribution of 2 discrete values of porosity (results of runs organized in the order ol 
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Figure 4.6: Continued: (C) For overall strain 8,, = 0.094 (plastic region); (D) For overall 
strain ê ^ = 0.179 (plastic region) 
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Figure 4.7: True strain field in xx direction for the model with 64 element regions and 
uniform distribution of 11 values of porosity: (A) For overall strain ê ^ = 0.0004 (elastic 
region); (B) For overall strain ê ^ = 0.004 (elastic region) 
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Figure 4.7: Continued: (C) For overall strain e^ = 0.094 (plastic region): (D) For overall 
strain ê ^ = 0.179 (plastic region) 

76 



35 10 

3.15 10 

2.8 10 

2 45 10 

2.1 10 

B I 75 10 

1 4 10 

1.05 10 

7 10 

3.5 10 

0.018 0.036 0 054 

— © — 

0 

o— 
'-"•-'O'"" 

— e — 

— 0 — 

Run 
Run 
Run 
Run 
Run 
Run 
Run 
Run 
Run 
Run 
Run 
Run 
Run 
Run 
Run 
Run 

0 072 0.09 0.11 

Plastic Strain 

9 (a\ cragc porositN = 0,04) 
6 (average porosit\ = 0.042) 
8 (average porosity = 0.046) 
15 (average porosity = 0.046) 
4 (average porosit> = 0.049) 
5 (a\cragc porosity = 0.049) 
14 (average porosit) = 0.051) 
2 (average porositN = 0052) 
12 (average porosit> = 0.052) 
11 (average porosit\ = 0.05.̂ )̂ 
3 (a\ cragc porositN = 0.054) 
13 (aN cragc porositN = 0.055) 
7 (average porositN = 0.056) 
10 (average porositN = 0.057) 
1 (aNcragc porosity = 0.061) 
16 (aN cragc porosity = 0.063) 

0.13 0.14 0.1 ^ 0.18 

Figure 4.8: True stress - true strain response for 64 elements regions and uniform 
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Figure 4.9: True stress - true strain response for 64 element regions and uniform 
distribution of 11 values of porosity with mean values for each strain 
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Figure 4.10: Standard deviation in true stress versus true strain for the model with 64 
element regions and uniform distribution of 11 discrete values of porosity 
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uniform distribution of porosity for models with 2 and 11 discrete values of porositv 
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CHAPTER V 

GAUSSIAN DISTRIBUTION MODEL FOR PROPERTY ASSIGNMENT 

This chapter describes investigations into the effect of randomlv assigning local 

porosity in line with a Gaussian (normal) porosity distribution on material response. The 

influence of one of the distribution parameters (standard deviation) on material behavior 

was investigated. In addition to qualitative observations, the variation in the true stress-

true strain response has been analyzed statistically. The implications of the results are 

then discussed. 

The detailed procedure for randomly assigning local porosities in line with a 

Gaussian distribution is described in section 5.1. Subsection 5.1.1 discusses the 

importance of standard deviation in characterizing this type of distribution, while 

subsection 5.1.2 provides the mathematical basis for the Gaussian (normal) distribution. 

Subsection 5.1.3 describes the approach used to implement the distribution in the current 

project. In section 5.2, analysis of the influence of standard deviation on the variation of 

the stress-strain response is presented. Subsections 5.2.1, 5.2.2 and 5.2.3 review results 

obtained from models with standard deviations of 0.1, 0.2 and 0.4, respectively. Section 

5.3 presents a discussion of the results and their implications with respect to the 

deformation of heterogeneous materials. In section 5.4, the current results are compared 

with results of the previous chapter and discussed. Section 5.5 concludes the current 

chapter with possible improvement of the models and directions for future research in 

this field. 

5.1 Procedure for Implementation of the Gaussian Distribution Model 

The main objective of this portion of the project was to assign local porosities in 

line with a Gaussian (normal) distribution model, and to execute a sufficient number of 

rims to provide a statistically valid estimation of the variation in stress-strain response. 

The Gaussian distribution dictates that the mean value of the distributed parameter has 

the highest probability of being selected, and can be visualized as bell-shaped curve. 
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Values above and below the mean value have a symmetrically decreasing probability of 

being selected. The rate at which the probability declines is governed by the standard 

deviation of the Gaussian distribution. 

5.1.1 Standard Deviation 

The mean and standard deviation are the two key characterizing parameters of a 

Gaussian distribution. The significance of the mean is obvious: this value represents the 

midpoint of the bell-shaped curve, and has the highest probability of being selected. The 

value of the standard deviation defines the shape of the curve for normal distribution, and 

determines the effective "breadth" of the distribution. In other words, the value of 

standard deviation characterizes the dispersion in the measured parameter; an increase in 

standard deviation represents an increase in dispersion. For example, a zero value of 

standard deviation represents a single value distribution where all values of the measured 

parameter are equal to the mean value. As the standard deviation increases, the normal 

curve becomes "broader", with the probability of finding a value far from the mean 

increasing. In the limit, the normal distribution ultimately becomes a uniform 

distribution (all values have the same probability of being selected) when the value of the 

standard deviation goes to infinity. 

5.1.2 Gaussian Distribution 

The procedure for implementation of a Gaussian distribution in the assignment of 

regional porosity in a "virtual" specimen was adapted fi-om the work of Leggoe et al. 

(1998). This procedure is based on the fact that the sum of a set of random numbers is 

distributed normally. This simplifies the implementation process to the generation of a 

specified quantity of random numbers, summation and averaging of that set, and the 

calculation of a normally distributed value using specified values for the mean and 

standard deviation of the required distribution. The equation for the calculation of each 

individual (normally distributed) value can be presented as: 

83 



I 
\ 

Xi - ^•n G 

z = ii^J i - + u (5-1) + ^ 

where: Z = normally distributed number with mean ^ and standard deviation G, 

X = randomly generated number (from 0 to 1), 

n = total number of randomly generated numbers (1000), 

\x = mean value (0.5), 

G = standard deviation. 

5.1.3 Procedure for Implementation 

As described previously in section 2.5, the procedure for porosity assignment 

consisted of two main routines. The first routine divided the cylindrical mesh into 

approximately cubic regions containing a user-specified number of elements in each 

direction. 

The second routine used a subroutine that generated normally distributed numbers 

to assign a value of porosity to each region, choosing from the specified set of eleven 

discrete values. After the generation of a normally distributed number, the program 

checks which interval the number belongs to, and assigns the appropriate porosity from 

the specified set of values. For this part of the research, only one set of discrete porosity 

values was used to simulate the heterogeneous porosity distribution. This sequence 

included eleven equally spaced discrete values to be assigned in the region from 0 to 0.1, 

and approximates a continuous distribution of porosity (as was proven in Chapter III). 

For normal numbers generated outside the target interval (from 0 to I), the subroutine 

identified such numbers and redefined them as 0 or 1 as appropriate. Using this type of 

model, three sets of input files were generated using three different values of standard 

deviation (0.1, 0.2 and 0.4). 

The current procedure uses eleven discrete values of porosity for simulation of 

continuous distribution of real porosities. To assign these porosities to regions in the 
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generated mesh, the modified Gaussian distribution (with out of range numbers "cut-off) 

was divided into eleven intervals, with each interval corresponding to a specific value of 

porosity. An illustration of this division is provided in Figure 5.1. From this figure, it is 

evident that for small values of standard deviation the mean value has the highest 

probability of being selected for each region. With increasing standard deviation, a 

smoothing of the normal curve is observed. This effect leads to a reduction in the 

difference in the probabilities for mean and limit value selection and, ultimately, the 

normal distribution tends toward a uniform one. 

In order to investigate the influence of a Gaussian distribution of local porosities 

on the variation in the material response, three sets of models were generated using 

different values for the standard deviation in local porosity. The particular focus in this 

effort was to investigate the influence of the shape of the Gaussian distribution on the 

observed variation in material response. The first value for standard deviation was taken 

to be 0.1. This value of standard deviation produces a very narrow curve which generates 

porosity values very close to the mean (Figure 5.1(A)). This model represents the case of 

relatively low heterogeneity (almost uniform porosity). The second set of models took 

the value for standard deviation to be 0.2 (Figure 5.1(B)). Even though the probability 

considerably reduces toward the limits of the distribution, the edge values (0 and 0.1) still 

have a significant probability of being selected (in contrast to the first set of models 

where the probability was nearly zero). The final value of the standard deviation (0.4) 

represents the broadest distribution, and begins to tend toward the case of the uniform 

distribution (Figure 5.1(C)). In practice, the edge values (0 and 0.1) have an 

exaggeratedly high probability because of the cut-off technique used to limit the range of 

porosities. 

Application of the described statistical models for assignment of porosity was 

accomplished by a simple subroutine. For each region of the mesh, a set of 1000 random 

numbers was generated using the internal FORTRAN function for number generation. A 

single (normally distributed) number was then calculated using equation 5.1. Three 

different values for standard deviation (0.1, 0.2 and 0.4) were used in the course of the 
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current project to investigate the influence of this parameter on the behavior of the virtual 

models. The mean value of porosity for all of these models was taken to be 0.05. After 

generation of the number, the value of porosity for each region was selected using the 

approach described in the previous chapter: the generated porosity was compared with 

the discretized distribution, and the appropriate porosity was assigned to the region. 

5.2 Results 

The routines described above were used to generate ABAQUS input files. For the 

purpose of the current project, three sets of input files using a Gaussian distribution to 

govern porosity assignment were generated for standard deviations of O.l. 0.2 and 0.4 

and eleven discrete values of porosity in the range from 0 to 0.1. The mean porosity was 

0.05. Each set consisted of 20 runs. Once again, the average tensile stress (CTXX ) at the 

z=0 end face of the test specimen was calculated for each output strain level. The 

procedure for this calculation was identical to the procedure employed for the same 

analysis in the Chapter IV (Section 4.2). 

5.2.1 Variation for Models with a Value of 0.1 for Standard Deviation 

The first step in the analysis of the results for the set of runs having a standard 

deviation of 0.1 is qualitative analysis of the process of stress and strain field 

development in a typical model. As is evident from the true stress field in Figure 5.2 (A) 

and the true strain field in Figure 5.3(A), for very small values of true strain the stress and 

strain fields inside the specimen are symmetric and concentrated around the axial region 

of the cylinder. With increasing strain (Figures 5.2(B) and 5.3(B)), the process of stress 

concentration can be clearly identified in regions with lower porosity, and strain 

localization is apparent in regions with higher porosity. Since the model generates a 

narrow distribution of porosity, the range of stress variation is relatively small. Beyond a 

critical value of stress (approximately 0.004), plastic deformation initiates. With 

increasing strain, stress concentration increases in less porous regions (Figure 5.2(C)) and 

strain localization increases in the more porous regions (Figure 5.3(C)). This process is 
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mostly concentrated around the middle section of the mesh because of the constraint 

imposed on the end surfaces. This process ultimately leads to neck development around 

the middle section (Figures 5.2(D) and 5.3(D)). Tliis sequence was typical of the 

behavior observed in all runs of this set. Ev en after the initiation of neck development, 

the range of stress values remained limited and significant irregularitv and large 

asymmetry in the necking region was not observed in the current model. In addition, 

regularity in element shapes was maintained through all stages of the deformation. This 

fact is evidence of the stability and convergence of the current finite element model. 

Once again, to visualize the variation in the stress-strain response, the average 

porosity for each specimen was calculated and the stress-strain responses were arranged 

in the order of increasing porosity. This graph is introduced in Figure 5.4. From the 

graph, it is evident that there is a relatively small variation in the true stress-true strain 

responses. Despite the small variation in average porosity (less then 4 percent), the graph 

demonstrates increasing variation in material response with increasing strain. 

To analyze the response variation, the data set was rearranged to form eleven 

arrays. Each array contained the values of true stress at a specified value of strain. From 

this data set the mean value of stress was calculated. The results of this analysis are 

plotted in Figure 5.5. From this graph, it is evident that the dispersion of true stress 

values increases with increasing true strain. To confirm this qualitative observation, the 

standard deviation was calculated at each strain level. The results are plotted in Figure 

5.6. It is evident that the dispersion of values for true stress increases with increasing 

strain, and this increase accelerates dramatically approaching final failure. 

5.2.2 Variation for Models with a Value of 0.2 for Standard Deviation 

As in the previous case, the analysis of the results for this set begins with a 

qualitative analysis of the process of stress and strain field development in a typical 

model. For very small values of true strain (Figures 5.7(A) and 5.8(A)) the stress and 

strain fields inside the specimen are symmetrical and concentrated aroimd the axial 

region of the cylinder. With increasing strain, the process of stress concentration can be 
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clearly identified in the regions with lower porosity (Figure 5.7(B)), with strain 

localization in evident regions having higher porosity (Figure 5.8(B)). The stress 

distribution in the sample demonstrates a higher diversity in stress v alues compared v\ ith 

the first, more uniform model. 

Beyond a critical value of strain (approximately 0.004), plastic deformation 

initiates. With increasing strain, stress concentration increases in less porous regions 

(Figure 5.7(C)) and strain localization increases in the more porous regions (Figure 

5.8(C)). This process is mostly concentrated around the middle section of the mesh 

because of the constraint imposed on the end surfaces. This process ultimately leads to 

neck development around the middle section (Figures 5.7(D) and 5.8(D)). This sequence 

was typical of the behavior observed in all runs of this set. The only differences were in 

the position of the necking region relative to the mid-section, and the exact final 

deformed shape. These characteristics were determined by the unique distribution of 

porosity in each sample. The true stress-true strain fields exhibit less symmetry and 

regularity around the necked region than was observed in the first set of runs. Despite the 

irregularity of the necked region, the element shapes again remained regular through all 

stages of the experiment. 

A plot of the true stress-true strain responses organized in order of increasing 

porosity is introduced in Figure 5.9. It exhibits larger variations in average porosity and 

material behavior between runs than was the case for the previous set of runs. Even 

though the variation of average porosity between different runs is still relatively small, 

the variation in stress-strain response is still much greater than can be attributed to that 

alone. 

This behavior highlights the importance of property disparities in providing 

"triggers" for strain localization in the mesh structure. With an increasing amount and 

severity of the centers for strain localization, the process of fracture and final failure 

becomes increasingly stochastic. These processes appear to be relatively weak functions 

of the average porosity. For example, in the current set runs 15 and 16 have the same 

value for average porosity (0.043). Despite this fact, sample 16 withstands significantly 
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higher values of stress than sample 15 for a given strain level. This result indicates that 

the unique character of the failure process in each specimen is a function of the spatial 

arrangements of local porosities in critical regions. 

The mean value of stress at given strain levels is plotted with the full set of data 

points in Figure 5.10. As in the analysis of the previous set of runs, the variation in true 

stress can be seen qualitatively to increase with increasing strain. This qualitative 

observation is confirmed by calculation of the value of standard deviation for each strain 

level. These resuhs are plotted in Figure 5.11. It is evident that the dispersion in the 

values for true stress again increases with increasing strain. 

5.2.3 Variation for Models with a Value of 0.4 for Standard Deviation 

For very small values of true strain (Figures 5.12(A) and 5.13(A)), the stress and 

strain fields inside the specimen are symmetric and concentrated around the axial region 

of the cylinder. With increasing strain, the process of stress concentration can be clearly 

identified in regions of lower porosity (Figure 5.12(B)), with strain localization arising in 

the regions with higher porosity (Figure 5.13(B)). The stress distribution in the sample 

exhibits much greater diversity in stress values compared with the first two sets of 

models. This can be explained by both the increased likelihood of an extreme difference 

in porosity between neighboring regions, and the increased likelihood of a low (or high) 

porosity region. Beyond a critical value of stress (approximately 0.004), plastic 

deformation initiates. With increasing strain, stress concentration increases in less porous 

regions (Figure 5.12(C)) and strain localization increases in the more porous regions 

(Figure 5.13(C)). This process is mostly concentrated around the middle section of the 

mesh, because of the constraint imposed on the end surfaces. This process ultimately 

leads to neck development around the middle section (Figures 5.12(D) and 5.13(D)). 

This sequence was typical of the behavior observed in all runs of this set. Once again, 

the only difference was in the position of the necking region relative to the mid-section, 

and the deformed shape in this region. There is considerable irregularity and asymmetry 

in the stress field, especially around the location of necking region. The current value of 

standard deviation (0.4) makes the Gaussian distribution almost uniform. With this 
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feature, each value of porosity from the discretized range possesses a similar probabilitv 

of being assigned to a region. Such similarity in probability makes the mesh extremdv 

heterogeneous and increases the concentration of strain localization centers. As a result, 

the structure of the material is unique in every "virtual" sample, making the failure 

process similarly unique. This leads to the stochastic character of the processes of 

fracture and failure in heterogeneous materials. 

A plot showing the true stress-true strain responses organized in order of 

increasing porosity is provided in Figure 5.14. It exhibits the highest variation in average 

porosity as well as in material response of the sets of runs completed in this chapter. This 

set exhibits considerable variation in average porosity. Even though this is likely to 

affect the variation of stress-strain responses, the variation observed is once again 

relatively independent of average porosity. For example, samples 7 and 8 have 

considerably different values of average porosity (0.037 and 0.045, respectively). 

Despite this fact, the material behavior of these samples represented in terms of overall 

true stress is almost identical. This example once again demonstrates that the material 

response is a relatively weak function of average porosity. The spatial distribution of 

local porosities has a stronger influence on the process of failure. 

The mean value of stress at given strain levels is plotted along with the complete 

set of data points in Figure 5.15. As in the analysis of the previous sets, the variation in 

true stress can be seen qualitatively to increase with increasing strain. The standard 

deviation in true stress is plotted as a function of strain in Figure 5.16. It is evident that 

the dispersion of the true stress increases with increasing true strain. 

5.3 Discussion 

This chapter deals with the analysis of the results obtained from three sets of 

models created using a Gaussian (normal) distribution for the assignment of local 

porosity to different regions. The first set employed the Gaussian model with 0.1 taken 

as a value for standard deviation for random number generation and eleven values of 

porosity; the second and third sets used standard deviations of 0.2 and 0.4, respectivdv'. 
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The main objective of the current analysis was to investigate the influence of the porosity 

distribution on the stress-strain response. On the basis of this analysis, conclusions w ere 

drawn regarding the nature of deformation in the plastic region. 

To aid in the discussion, the results produced for all three sets of models were 

plotted together on common graphs. The graph presented in Figure 4.17 compares the 

mean stress-strain response obtained for the three different shapes of Gaussian 

distribution applied in this investigation. This graph illustrates that there is only a slight 

drop in the mean stress carrying capacity at large values of strains with increasing 

standard deviation (in porosity). It had been expected that the mean stress carrying 

capacity would exhibit a higher drop with increasing standard deviation, based on the 

qualitative analysis of true stress-true strain fields. From the analysis of these fields, it 

was evident that the models using 0.4 as standard deviation generated more sharply 

contrasting stress contours, as a direct result of the large differences in porosity between 

neighboring regions. This sharpness decreases with decreasing value for standard 

deviation. The differences in the stress contours can be characterized by analysis of the 

stress ranges observed in the stress fields. There was a slight increase in the stress ranges 

with increasing standard deviation (from 255 MPa for the set with a standard deviation of 

0.1, to 282 MPa for the set with a standard deviation of 0.4). This can be explained by 

the narrowing of the Gaussian curve used for porosity assignment with decreasing 

standard deviation, and the resulting decrease in the level of heterogeneity. 

The second graph compares the variation of the true stress-true strain responses 

for these three sets by plotting the standard deviation in true stress as a function of strain 

(Figure 5.18). Since standard deviation describes the magnitude of dispersion of results 

in respect of a mean value, it was concluded that models having a standard deviation of 

0.4 exhibits higher dispersion of the stress values for a given value of strain compared 

with models having standard deviations of 0.1 and 0.2. As in the results of the previous 

chapter, this phenomenon can be explained by the increased number and severity of 

triggers for strain localization in the model with a broad Gaussian distribution compared 

with more narrow distributions. In previous research (Leggoe (1996)), it was discovered 
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that increasing the concentration and severity of such triggers strongly influences the 

failure of composite materials. 

The graphs described above exhibit considerable variation in stress-strain 

responses. This variation in material responses can be explained by the mechanism 

controlling the failure process in the plastic region. As was stated earlier, this process is 

controlled by a mechanism of void growth and coalescence. Considering the random 

nature of the spatial porosity distribution, this process will be stochastic. This makes the 

whole process of deformation in the plastic region of ductile alloys stochastic in nature. 

Generally, it can be concluded that the variation in the material response increases 

with increasing strain. An absence of response variation in the elastic zone, and a large 

stress variation increasing with values of strain in the plastic zone are evident in the 

graphs provided. In addition, it can be suggested that the deformation mechanism in the 

plastic zone of the heterogeneous multiphase materials is primarily controlled by the 

mechanism of voids growth and coalescence. Since the spatial distribution of void in real 

materials and in the currently developed model was random, the resulting process of 

deformation for these materials under load has a stochastic nature influenced by this 

random distribution. 

On the basis of the analysis above, two main conclusions have been drawn. The 

first concerns the stability of the ultimate stress value for all studied values of standard 

deviation in the Gaussian distribution. Even though the qualitative analysis discovered 

gradual changes in the stress contours of the samples with increasing standard deviation, 

the mean responses for 20 models of all three sets indicated only a slight reduction of the 

stress carrying capacity at high strain with increasing standard deviation. 

The second conclusion concerned the nature of fracture and failure mechanisms in 

plastically deforming materials. It was found for all sets of runs that even samples with 

similar average porosity exhibit some variation in true stress response. This variation is 

highest in the set with the largest value of standard deviation. This fact was not 

previously investigated because most authors in this field (like Becker, 1987) limited 

their research to only one or two samples. On the basis of 20 runs performed for each set. 
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it was concluded that the spatial distribution of material properties (such as porosity) 

within the sample strongly influences the process of failure development in 

heterogeneous materials. Using this result, it was concluded that the process of fracture 

in ductile alloys will be stochastic in nature, and highly dependent on the spatial 

distribution of material properties. 

5.4 Comparison of Results for Uniform and Gaussian Distributions 

To complete the analysis, the results of the models developed in Chapter IV using 

a uniform distribution for assigning regional porosities were compared with results 

produced by the sets of models using a Gaussian distribution. The first graph illustrates 

the mean true stress-true strain responses produced by all five sets of models (Figure 

5.19). From this graph it is evident that samples with Gaussian distribution exhibit the 

highest mean values of ultimate stress. This value is smaller for the set of models using a 

uniform distribution for simulating continuous porosity by means of 11 discrete values. 

The sample with only two discrete values of porosity exhibits the lowest stress carrying 

capacity. This gradual decrease is predominantly explained by the increased 

concentration and severity of triggers for strain localization in the samples with uniformly 

distributed porosities. In these models such triggers appear as a result of the more severe 

porosity differences between neighboring regions that arise when a uniform distribution 

is used. The sample with only 2 discrete values of porosity has more severe triggers 

because of the large disparities in porosity that arise between adjacent regions as a result 

of the limited discretization of the porosity distribution. 

The second graph plots standard deviation as a function of strain for all sets of 

models (Figure 5.20). Standard deviation characterizes variation in results. As is evident 

from the graph, the models using two porosity values exhibit the highest variation among 

all sets. The variation in true stress-true strain responses decreases for the sample using a 

uniform distribution with 11 discrete values of porosity and the sample applying the 

Gaussian distribution with a standard deviation of 0.4 for porosity assignment. The 

sample using a Gaussian distribution and a standard deviation of O.l exhibits the lowest 
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dispersion of results. During the current research the source of variations was identified 

as the stochastic nature of failure process in the plastic region. This process is strongly 

dependent on the spatial void distribution, and the resulting pattern of regional 

interactions. Since the initial distribution of porosity values was random, the investigated 

models exhibit variations in responses, demonstrating the stochastic nature of the fracture 

mechanism. The increased values of variation for cases described above were explained 

by the increased degree of heterogeneity of these samples caused by increasingly large 

porosity variations between adjacent regions. The smallest variation in the case of the 

last sample is evidence of the low level of heterogeneity resulting from the narrow 

distribution of porosity associated with a low standard deviation. In addition, a minimal 

influence of heterogeneities on the true stress-true strain responses in the elastic region 

was encountered in all observations. This result can be explained by the negligible role 

of voids during elastic deformation. 

In addition to these results, some conclusions were made on the basis of 

comparing the current results with the literature. The range of stress values for all models 

was compared with experimental results published by Leggoe (1996). The current 

models exhibit a higher variation in stress levels compared with the published 

experimental results. This fact can be explained by the assimiption of porosities 

characteristic of a powder metallurgy approach to alloy production in the current 

research. This method generally produces more porous materials with a larger variation 

of properties. Leggoe used alloys produced by casting for his research. Such alloys are 

less porous and, as a resuh, will exhibit a smaller range of stress variation. 

The application of a three-dimensional model was one of the largest 

improvements of the current research compared with previous works. Many authors 

(Becker, 1987) have used two-dimensional models for simulation of material problems. 

As was suggested by Leggoe et al. (1998), and proved in the current work, three-

dimensional spatial arrangements provide additional restrictions on strain localization 

and, as resuh, increase the stress carrying capacity of the samples. 
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5.5 Directions for Future Research 

The current project did not cover all possible factors in meshing and the 

assignment of properties that might affect the accuracv of finite element models of 

heterogeneous materials. This part of the project basically concentrated on the 

investigation of influence of statistical parameters (such as standard deviation) on the 

response of the tested materials. As a direction for future research, the influence of the 

number of regions in the model and the shape of these regions on the performance of 

finite element models using the Gaussian distribution to govern the assignment of 

properties needs to be investigated. 

In addition, the validity of applying uniform or Gaussian distributions for the 

assignment of local regional porosities needs to be investigated. As was suggested during 

the course of the project, real materials may be more accurately modeled with other types 

of distribution. The development of new models based on other tyj)es of distribution and 

comparison of their results to those obtained from the current models may result in 

considerable improvements in the procedure of numerical modeling of heterogeneous 

materials. Additional investigations are required to obtain the experimental data needed 

to formulate these models. Such information can be used to review the accuracv of the 

developed models, and, if necessary, guide modifications of the approach. 

As was suggested in previous publications, a random approach to the assignment 

of material properties might not necessarily be appropriate for modeling heterogeneous 

materials, because there may be some underlying regularity in their structure. The 

"clustered" alloys are one example of such materials. In this kind of alloy, the 

distribution of local properties may not be truly random, but may be defined by some 

quantifiable aspect of the manufacturing process. As a result, a completely random 

approach to property assignment may not accurately approximate the distribution of local 

regional properties in such materials. The development and application of spatial models 

able to simulate such distribution is an important subject for future research. 
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deviation of 0.2. (C) Standard deviation of 0.4 
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overall strain e,, = 0.0004 (elastic region); (B) For overall strain E,, = 0.004 (elastic 
region) 
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Figure 5.2: Continued: (C) For overall strain ê ^ = 0.094 (plastic region); (D) For overall 
strain ê ^ = 0.179 (plastic region) 
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overall strain ê ^ = 0.0004 (elastic region); (B) For overall strain e„ = 0.004 (elastic 
region) 
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Figure 5.3: Continued: (C) For overall strain ê ^ = 0.094 (plastic region); (D) For overall 
strain ê ^ = 0.179 (plastic region) 

100 



1 5 10 

.̂ .15 10 

2.8 10 

2 \> 10 

2 1 10 

\15 10 

4 10 

I 05 10 

7 10 

.3 5 10 

/ ' ^ 

i 1 1 1 

' i l l 1 ) ^ , . 1 

^^1^^^^ 

1 
— 1 — 

1 

1 
1 

1 
1 

1 

0.018 0.036 0(1^4 0.072 0 09 0 I I 

I'liisln. S t ia i i i 

i l 5 (a\cragc porosity = 0.048) 
1 2 (average porosity = 0.04^)) 
1 13 (a\cragc porositN =0.049) 
1 14 (average porositN =0.04'->) 
1 16 (average porosity=().04y 
I 3( average porositv M).(I.S) 
II 5 (average porosity=0.()5) 
I 6 (average porosity=().()5) 
n 7 (average porositv 0.05) 
II 8 (average porosity=().()5) 
!i 9 (average porositv 0.051 ) 
I Uaverage porositv =0.052) 
II 4(average poro.sitv 0.052) 
II 10 (avcgage porositv =0.052) 
I I I (average porositv =0.052) 
II 12 (average porosity=0.052) 

0 I,- 0.14 0 16 0.1 .s 

—e— 

o-

o---

— • © — 

Ru! 
Rui 
Rui 
Rui 
RUI 

RUI 

Rur 
RUI 

Rur 
Rur 
RUI 

RUI 

RUI 

Rur 
Rui 
RUI 

Figure 5.4: True stress - true strain response for 64 element regions and a Gaussian 
(normal) distribution of porosity with standard deviation of 0.1 (results of runs organized 
in the order of increasing porositv) 
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Figure 5.7: True stress field in xx direction for the model that used 4x4x4 regions and a 
Gaussian distribution with standard deviation of 0.2 and 11 values of porosity: (A) For 
overall strain ê ^ = 0.0004 (elastic region); (B) For overall strain e„ = 0.004 (elastic 
region) 
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Figure 5.7: Continued: (C) For overall strain e„ = 0.094 (plastic region); (D) For overall 
strain ê ^ = 0.179 (plastic region) 
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Figure 5.9: True stress - true strain response for 64 element regions and a Gaussian 
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Figure 5.12: Continued: (C) For overall strain e„ = 0.094 (plastic region); (D) For overall 
strain ê ^ = 0.179 (plastic region) 
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Figure 5.13: Continued: (C) For overall strain ê^̂  = 0.094 (plastic region); (D) For overall 
strain ê ^ = 0.179 (plastic region) 
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CHAPTER VI 

CONCLUSIONS AND TOPICS FOR FURTHER INVESTIGATION 

The objective of the current research has been to investigate the variation in the 

true stress-true strain response of a ductile alloy as a function of the distribution of local 

microstructural properties (in this case porosity), and to use this analysis as the basis for 

describing the stochastic nature of the failure process in heterogeneous ductile alloys. In 

pursuit of these goals, a numerical investigation of the behavior of an Al 6061 aluminum 

alloy has been undertaken. 

A finite element approach to the modeling of heterogeneous materials that creates 

"virtual" material samples with randomly assigned properties has been adapted to 

investigate the behavior of ductile alloys under load. This finite element method is based 

on the separation of the continuous domain into regions. Each region possesses randomly 

assigned material properties, with porosity being the variable of interest in this 

investigation. After the discretization of the domain, finite element sofhvare solves the 

system of governing equations to calculate the stress and strain fields in the specimens. 

An important element of this investigation was to review the formulation of this 

finite element approach to ensure that the models yielded accurate results with optimal 

efficiency. The first focus of the investigation was to determine the optimal number of 

elements in each region that yielded an accurate approximation of the true solution. The 

second focus was to identify the minimum number of discrete values of porosity needed 

to approximate a continuous distribution of real porosities. The results of these 

investigations guided formulation of the finite element models used in subsequent 

investigations. 

Two types of statistical distribution have been considered to investigate the 

influence of the distribution on the overall response. The first of the distributions 

considered in the course of the current research was a uniform distribution. Two sets of 

"virtual" models using this statistical model to govern the assignment of local porosities 

were created and analyzed; an extreme case, with only two discrete values of porosity. 
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and a continuous case, with eleven values. The second statistical distribution applied to 

govern porosity assignment was the Gaussian (normal) distribution. Three sets of models 

have been created to investigate the influence of the value of standard deviation in local 

porosity on the variation in stress-strain response. 

The conclusions drawn from these investigations, and suggestions for 

continuation of the current research, are presented in this chapter. 

6.1 Model Formulation 

Previous numerical investigations into the behavior of heterogeneous materials 

have been hampered by the limitations of their model formulations. Becker (1987) 

applied an empirical approach to assigning model porosities, limiting his ability to 

investigate result variation due to the limited number of test samples. Two-dimensional 

models have been widely used in such investigations. The main disadvantage of such 

models is that they provide a physically unrealistic representation of three-dimensional 

materials, resulting in accelerated strain localization and underestimation of the true 

stress carrying capacity of the materials. 

In the current research three-dimensional models were used. The cylindrical 

shape used in the current investigation was intended to emulate the conventional tensile 

test specimen configuration. During the course of the current research, a special element 

arrangement named "disturbed square" was developed for the purpose of filling the 

cylindrical shape with hexahedral elements of approximately constant volume. Several 

features native to the ABAQUS finite element package (such as failure criteria and 

Gurson's metal porosity) have been used to provide accurate modeling of ductile alloys 

that fail by a process of void nucleation, growth and coalescence. 

The results of the current investigation were designed to be validated in future by 

experimental tensile testing of Al 6061 specimens. This was a prime reason behind the 

adoption of a cylindrical specimen configuration. In addition, some modification of the 

finite element model formulation may be appropriate. One such modification may be the 

development of a novel element arrangement that enhances the flexibility of region 
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shapes within the model. Another area for research is the characterization of the 

parameters used in the special functions used to model failure in the ABAQUS package; 

some investigation of their influence on the accuracy of the finite element model is 

required. 

6.2 Optimal Model for Heterogeneous Materials 

One of the essential objectives of the current investigation has been to formulate 

the optimal finite element model for accurate approximation of the behavior of 

heterogeneous materials. In previous works (Becker (1987), Leggoe et al. (1998)) 

researchers used a single element to represent regions with unique local properties. Such 

models overestimate the stress needed to initiate strain localization, due to the 

"coarseness" of using one element to represent a region. In the current research, the 

optimal (from the point of view of accuracy and calculation efficiency) number of 

elements for accurate representation of a region was found. In addition, the minimum 

number of discrete values of porosity needed to simulate the continuous distribution of 

real porosities in Al 6061 samples was determined. 

These objectives were achieved by creating and executing two sets of models. All 

models in each set were different by the value of studied parameter. After execution, a 

convergence test was applied to the results to identify the most appropriate discretization 

of the parameter in question. From the first set of models, it was concluded that a mesh 

with 64 elements in each region (4x4x4) provides an accurate and computationally 

efficient representation of the porosity distribution. From the second set, it was found 

that 11 discrete values of porosity in the range from 0 to 0.1 provided an accurate 

approximation of a continuous distribution of real porosities. As a result, a mesh using 

64 elements for each region and 11 discrete values of porosity was adopted for 

subsequent investigations. 

The influence of regional shapes on response was not investigated this time. Only 

approximately cubic regions were considered in the current research. In nature, the shape 

of regions can be highly variable. Future investigations should consider the influence of 
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regional shapes on overall behavior. In addition, the use of gradual changes in material 

properties from region to region should be investigated to avoid the generation of 

artificial triggers for strain localization (associated with sharp changes in material 

properties between neighboring regions). 

6.3 Uniform Distribution Model for Property Assignment 

The uniform distribution was employed in the current research for simulating a 

random spatial distribution of local regional porosities in the sample. For this distribution, 

a procedure for assigning porosities to regions using randomly generated numbers was 

created and used to generate sets of 20 models to investigate variation in material 

responses. Based on the results described in chapter 3, a mesh using 64 elements (4x4x4) 

in each region and 11 discrete values of porosity was used. In addition, a distribution 

using only two discrete values of porosity simulating an extreme type of porosity 

distribution was created for comparison with previous research and to results obtained 

from the more continuous model. 

This investigation identified a drop in the stress carrving capacity and an increase 

in the variation in material response for "clustered" porosity models using only two 

porosity values, compared to the response obtained using a more continuous (eleven 

values) discretization. This can be explained by the increased severity and concentration 

of triggers for strain localization arising as a result of the large differences in material 

properties between neighboring regions. The existence of variation in material response 

is explained by the stochastic nature of the failure development process in ductile alloys, 

which proceeds via a mechanism of void growth and coalescence. It was concluded that 

this process heavily depends on the spatial distribution of regions with different values of 

porosities and proceeds via interactions of these regions. In addition, it was found that 

this mechanism does not significantly influence the process of elastic deformation. This 

can be explained by the negligible role of heterogeneities during elastic deformation. 
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In the current project a constant number of regions in the sample was used for all 

models. Investigation of the influence of the number of regions in the model on model 

performance should be undertaken in the future. 

6.4 Gaussian Distribution Model for Property Assignment 

A Gaussian distribution with varying values of standard deviation was considered 

as an alternative to the uniform distribution. The application of this form of distribution 

for property assignment was previously developed by Leggoe (1996). For the purpose of 

the current research, the variation in the true stress-true strain responses and influence of 

standard deviation on this variation was investigated using three sets of models having 

values of standard deviation (in porosity) of 0.1, 0.2 and 0.4, respectively. 

The investigation identified a sharpening of the stress contours and an increase in 

the variation of results with increasing standard deviation. This behavior is explained by 

the increased number and severity of triggers for strain localization, caused by sharper 

disparities in local porosities arising as a result of the increased standard deviation. The 

broad variation in material responses indicates that deformation in the plastic region is 

stochastic in the nature, and heavily depends on the spatial distribution of regional 

porosities. In addition, it was found that the distribution of heterogeneities does not 

influence the deformation in the elastic region. It was, therefore, concluded that the 

mechanism of void growth and coalescence controlling plastic deformation plays a 

negligible role during the elastic deformation. In addition to these observations, analysis 

of the mean material responses revealed an unexpected independence of the mean stress 

carrying capacity level from the value of standard deviation (in porosity). 

An investigation of this unexplained observation can be undertaken in the future. 

In addition, the influence of the statistical distribution chosen to represent the property 

variation in the sample needs to be investigated. It may be found that a uniform or 

Gaussian distribution may not be the best approximation for all heterogeneous materials. 

In that case, new statistical models for describing the local property distribution can be 

applied for numerical modeling, and the accuracy of these models can be compared with 
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approximations developed in the current research. In addition, it may be found that 

spatial distribution of regions with different material properties may not be completdv 

random. In that case several investigations to study patterns of such distribution for 

different heterogeneous materials should be made and mathematical models for 

approximation of this distribution should be developed and applied to model material 

behavior of these materials during plastic deformation. 
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APPENDIX A 

FORTRAN CODE FOR GENERATION OF CUBIC MESH 

This appendix provides the FORTRAN program used in the current research for 

generation of the cubic mesh and assignment of material properties to its elements 

INTEGER i, a, b, c, el, en, em, k(8) 
CHARACTER*16 fileName 
CHARACTER*3 Stat 
REAL(8) e, g, f, 1, n, m, displ 
Stat = 'NEW 

WRITE (*,*) 'Enter the Name of Output File' 
READ (*,*) fileName 
OPEN (FILE=fileName, FORM='FORMATTED', UNIT=7) 
WRITE (*,*) 'Enter Lenght (in m) in x, y, z directions' 
READ (*,*) n, m, 1 
WRITE (*,*) 'Enter Number of elements in x, y, z directions' 
READ (*,*) en, em, el 
WRITE (*,*) 'Enter Value of Displacement (m)' 
READ (*,*) displ 

WRITE (7,10) '*HEADING' 
10 FORMAT (A8) 

WRITE (7,15) 'Load of Block' 
15 FORMAT (A13) 

WRITE (7,20) 'SI units (kg, m, s, N)' 
20 FORMAT (A22) 

WRITE (7,25) '*NODE, NSET=NALL' 
25 FORMAT (A16) 

i=0 
DO a=l,el+l 

DO b=l,em+l 
DO c=l,en+l 

i=i+l 
e= (c-1)*n/en 
g=(b-1)*m/em 
f=(a-l)*l/el 
WRITE (7,30) i,e,g,f 

END DO 
END DO 

END DO 
30 FORMAT (16, ', ', F12.8, ', ', F12.8, ', ', F12.8) 

WRITE (7,35) '*NSET, NSET=BOT' 
35 FORMAT (A15) 

i=0 
DO b=l,em+l 
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DO c=l,en+l 
i=i + l 
WRITE (7,40) i 

END DO 
END DO 

40 FORMAT (13) 

WRITE (7,45) '*NSET, NSET=T0P' 
45 FORMAT (A15) 

i= (en+1)*(em+1)*el 
DO b=l,em+l 

DO c=l,en+l 
i=i + l 
WRITE (7,40) i 

END DO 
END DO 

WRITE (7,50) '*NSET, NSET=NFR0NT' 
50 FORMAT (A18) 

i=0 
DO a=l,el+l 

DO c=l,en+l 
i=i+l 
WRITE (7,40) i 

END DO 
i=i+ (en+1)*(em+1)-(en+1) 

END DO 

WRITE (7,55) '*NSET, NSET=NBACK' 
55 FORMAT (A17) 

i= (en+1)*em 
DO a=l,el+l 

DO c=l,en+l 
i=i+l 
WRITE (7,40) i 

END DO 
i=i+ (en+1)*(em+1)-(en+1) 

END DO 

WRITE (7,60) '*NSET, NSET=NFIX' 
60 FORMAT (A16) 

i=l-(en+l) 
DO a=l,ei+l 

DO b=l,em+l 
i=i+ (en+1) 
WRITE (7,40) i 

END DO 
END DO 

WRITE (7,65) '*NSET, NSET=NL0AD' 
65 FORMAT (A17) 

i=0 
DO a=l,el+l 

DO b=l,em+l 
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i=i+ (en+1) 
WRITE (7,40) 

END DO 
END DO 

WRITE (7,70) '*ELEMENT, TYPE=C3D8R, ELSET=ELEM' 
70 FORMAT (A32) 

i=0 
k(l)=0 
DO a=l,el 

DO b=l,em 
DO c=l,en 

i=i + l 
k(l)=k(l)+l 
k(2)=k(l)+l 
k(3)=k(l)+(en+l) 
k(4)=k(3)+l 
k(5)=k(l)+(en+l) 
k(6)=k(5)+l 
k(7)=k(l)+(en+l) 
k(8)=k(7)+l 
WRITE (7,75) 1/ 

*(em+1) 

*(em+1)+(en+1) 

k(l), k(2), k(4) k(3), k(5), k(6) 
k(8), k(7) 

END DO 
k(l)=k(l)+l 

END DO 
k(l)=k(l)+en+l 

END DO 
75 

FORMAT(16,',',16,' 
WRITE (7,80) 

80 FORMAT (A47) 
WRITE (7,85) 

85 FORMAT (A26) 
WRITE (7,90) 

90 FORMAT (A8) 
WRITE (7,*) 

95 

100 

105 

110 

WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
FORMAT 
WRITE 
WRITE 
FORMAT 
WRITE 
FORMAT 
WRITE 
FORMAT 
WRITE 

' T f i ' ' T f i ' ' T f i ' ' T f i ' 

'*SOLID SECTION, ELSET=ELEM, 

^MATERIAL, NAME=ALLUMINIUM' 

'^ELASTIC 

',16,',',16,',',16) 
MATERIAL=ALLUMINIUM' 

7, 
7, 
1, 

7 , 9 0 ) 
7 , * ) 

* ) 

* ) 

* ) 

7 , 9 0 ) 
7 , M 
7 , 9 5 ) 
(A19) 
7 , * ) 
7 , 1 0 0 ) 
(A20) 
7 , 1 0 5 ) 
(A5) 
7 , 1 1 0 ) 
(A18) 
7 , * ) ' 

7 0 . 0 E 9 , 0 . 3 5 
' APLASTIC 

1 0 0 . 0 E 6 , 0 . 
1 2 5 . 0 E 6 , 0 . 
1 3 5 . 0 E 6 , 0 . 
1 4 0 . 0 E 6 , 0 . 

'^DENSITY' 
2 7 0 0 . 0 ' 

'*AMPLITUDE, 

0 ' 
0 4 ' 
0 6 ' 
0 8 ' 

NAME=R1 

'0.0, 0.0, 0.005, 0.5, 0.01, 1.0' 
'**HISTORY DEFINITION' 

I*STEP' 

'^DYNAMIC, EXPLICIT' 

,0.01' 
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115 

120 

125 

130 

132 

135 

140 

WRITE (7,115) 
FORMAT (A35) 
WRITE (7,120) 
FORMAT (A28) 
WRITE (7,*) • 
WRITE (7,*) ' 
WRITE (7,*) ' 
WRITE (7,125) 
FORMAT (A2) 
WRITE (7,130) 
FORMAT (A42) 
WRITE (7,132) 

••RESTART,WRITE, NUMBER INTERVALS=10' 

'•BOUNDARY, TYPE=DISPLACEMENT' 

NFIX, 1,, 0.0' 
NFRONT, 2,, 0.0' 
BOT, 3,, 0.0' 
1 * * 1 

I * BOUNDARY, TYPE=DISPLACEMENT, AMPLITUDE=R1' 

NLOAD, 1,,', 

145 

150 

FORMAT (All, F12.8) 
WRITE (7,135) ••FILE OUTPUT, 
FORMAT (A33) 
WRITE (7,140) '•NODE FILE' 
FORMAT (AlO) 
WRITE (7,*) 'U' 
WRITE (7,^) 'V 
WRITE (7,^) 'A' 
WRITE (7,90) '•EL FILE' 
WRITE (7,^) 'S' 
WRITE (7,*) 'SP' 
WRITE (7,^) 'LE' 
WRITE (7,145) ••ENERGY FILE' 
FORMAT (A12) 
WRITE (7,150) '•END STEP' 
FORMAT (A9) 

STOP 
END 

displ 

NUMBER INTERVALS=10' 

134 



APPENDIX B 

FORTRAN CODE FOR GENERATION OF CYLINDRICAL MESH 

This appendix provides the FORTRAN program used in the current research for 

generation of the cylindrical mesh and assignment of material properties to its elements 

INTEGER i, a, b, c, dl, er, nrud, el, k(8), iinit, ifinal, j(3) 
INTEGER w, stor (9,30000), time, block, d2, d3, gf 
CHARACTER*16 fileName 
CHARACTER*3 Stat 
REAL(8) e, g, f, 1, r, rs, as, displ, rm 
Stat = 'NEW' 
WRITE (*,*) 'Enter the Name of Output File' 
READ (*,*) fileName 
OPEN (FILE^fileName, FORM='FORMATTED', UNIT=7) 
WRITE (*,*) 'Enter Lenght and Radius of Cylinder (in m)' 
READ (*,*) 1, r 
WRITE (*,*) 'Enter Number of Elem Lyers in Cyrcle Cross Section' 
READ (*,*) el 

el=el+l 
WRITE (*,*) 'Enter Number of Elements in square section' 
READ (*,*) er 

er=er/2 
WRITE (*,*) 'Enter Radius of Smaller Square (m)' 
READ (*,*) rs 
WRITE (*,*) 'Enter Number of Rad Lyers (excluding outer radius)' 
READ (*,*) nrud 
WRITE (*,*) 'Enter Value of Displacement (m)' 
READ (*,*) displ 
WRITE (*,*) 'Enter Number of Elements in Side of Block' 
READ (*,*) block 

WRITE (7,10) '*HEADING' 
10 FORMAT (A8) 

WRITE (7,15) 'Load of Block' 
15 FORMAT (A13) 

WRITE (7,20) 'SI units (kg, m, s, N)' 
20 FORMAT (A22) 
25 FORMAT (A16) 

i=0 
DO a=l,el 

WRITE (7,25) '*NODE, NSET=LEFT' 
i=i + l 
as=0 
f=(a-l)*l/(el-l) 
DO b=l,3 

as=as+6.28/8 
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j(b)=i 
e=r-rs*sin(as) 
g=r-rs*cos(as) 
WRITE (7,30) i, f, e, g 
i=i+er*(2*er+l) 

END DO 
DO b=l,2 

WRITE (7,35) '*NGEN, NSET=LEFT' 
WRITE (7,40) j(b), j(b+l), 2*er+l 

END DO 
30 FORMAT (16, ', ', F12.8, ', ', F12.8, ', ', F12.8) 
35 FORMAT (A16) 
40 FORMAT (16, ',', 16, ',', 16) 

i=i-3*er*(2*er+l)+2*er 
as=6.28 
WRITE (7,45) '*NODE, NSET=RIGHT' 
DO b=l,3 

as=as-6.28/8 
j (b)=i 
e=r-rs*sin(as) 
g=r-rs*cos(as) 
WRITE (7,30) i, f, e, g 
i=i+er*(2*er+l) 

END DO 
DO b=l,2 

WRITE (7,45) '*NGEN, NSET=RIGHT' 
WRITE (7,40) j (b), j(b+l), 2*er+l 

END DO 
45 FORMAT (A17) 

i=i-3*er*(2*er+l)-er 
WRITE (7,50) '*NODE, NSET=CENTER' 
e=r 
g=r-rs 
iinit=i 
WRITE (7,30) i, f, e, g 
i=i+2*er*(2*er+l) 
g=r+rs 
WRITE (7,30) i, f, e, g 
ifinal=i 
WRITE (7,50) '*NGEN, NSET=CENTER' 
WRITE (7,40) iinit, ifinal, 2*er+l 

50 FORMAT (A18) 

i=i+er+nrud*(2*er+l)*(2*er+l) 
as=6.28/8 
WRITE (7,50) '*NODE, NSET=NOUTER' 

DO b=l,2*er+l 
i=i + l 
e=r*(1-sin(as) ) 
g=r*(1-cos (as)) 
WRITE (7,30) i, f, e, g 
as=as-6.28/(8*er) 
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END DO 

DO b=l,2*er 
i=i+2*er+l 
e=r*(1-sin (as)) 
g=r* (1-cos (as)) 
WRITE (7,30) i, f, e, g 
as=as-6.28/(8*er) 

END DO 

DO b=l,2*er 
i=i-l 
e=r*(1-sin(as)) 
g=r* (1-cos(as)) 
WRITE (7,30) i, f, e, g 
as=as-6.28/(8*er) 

END DO 

DO b=l,2*er-l 
i=i-(2*er+l) 
e=r*(1-sin(as)) 
g=r*(1-cos(as)) 
WRITE (7,30) i, f, e, g 
as=as-6.28/(8*er) 

END DO 
i=i-(2*er+l)+(2*er+l)*(2*er+l)-l 

END DO 

WRITE (7,55) '*NFILL, NSET=NALL' 
WRITE (7,60) 'LEFT, CENTER,', er, 1 
WRITE (7,55) '*NFILL, NSET=NALL' 
WRITE (7,65) 'CENTER, RIGHT,', er, 1 
WRITE (7,55) '*NSET, NSET=INNER' 
i=0 
DO a=l,el 

DO b=l,2*er+l 
i=i+l 
WRITE (7,53) i 

END DO 
DO b=l,2*er-l 

i=i + l 
WRITE (7,53) i 
i=i+2*er 
WRITE (7,53) i 

END DO 
DO b=l,2*er+l 

i=i+l 
WRITE (7,53) i 

END DO 
i=i+(nrud+1)*(2*er+l)*(2*er+l) 

END DO 
53 FORMAT (18,',') 

WRITE (7,55) '*NFILL, NSET=NALL' 
WRITE (7,65) 'INNER, NOUTER, ', nrud+1, (2*er+l)* (2*er + l) 
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WRITE (7,25) '*NSET, NSET=NALL' 
WRITE (7,67) 'LEFT, CENTER, RIGHT, NOUTER' 
WRITE (7,68) '*NSET, NSET=TOP' 
DO b=l, (2*er+l)*(2*er+l) 

WRITE (7,53) b 
END DO 
DO b=l,2*er+l 

DO c=l,nrud+1 
i=b+c*(2*er+l)*(2*er+l) 
WRITE (7,53) i 

END DO 
END DO 
DO b=2* (2*er+l), (2*er+l)*(2*er+l),2*er+l 

DO c=l,nrud+1 
i=b+c*(2*er+l)*(2*er+l) 
WRITE (7,53) i 

END DO 
END DO 
DO b=(2*er+l)* (2*er+l)-l, (2*er+l)* (2*er+l)-2*er,-1 

DO c=l,nrud+1 
i=b+c*(2*er+l)*(2*er+l) 
WRITE (7,53) i 

END DO 
END DO 
DO b=(2*er+l)* (2*er+l)- (2*er+l)-2*er,1+(2*er+l),-(2*er + l) 

DO c=l,nrud+1 
i=b+c*(2*er+l)*(2*er+l) 
WRITE (7,53) i 

END DO 
END DO 

WRITE (7,68) '*NSET, NSET=BOT' 
gf=( (2*er+l)* (2*er+l) +(nrud+1)*(2*er+l)*(2*er+l))*(el-1) 
DO b=l, (2*er+l)*(2*er+l) 

WRITE (7,53) b+gf 
END DO 
DO b=l,2*er+l 

DO c=l,nrud+1 
i=b+c*(2*er+l)*(2*er+l)+gf 
WRITE (7,53) i 

END DO 
END DO 
DO b=2* (2*er+l), (2*er+l)*(2*er+l),2*er+l 

DO c=l,nrud+1 
i=b+c*(2*er+l)*(2*er+l)+gf 
WRITE (7,53) i 

END DO 
END DO 
DO b=(2*er+l)* (2*er+l)-l, (2*er+l)* (2*er+l)-2*er,-1 

DO c=l,nrud+1 
i=b+c*(2*er+l)*(2*er+l)+gf 
WRITE (7,53) i 

END DO 
END DO 
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DO b=(2*er+l)*(2^er+l)-(2*er+l)-2^er,l+(2^er+l),-(2*er+l) 
DO c=l,nrud+1 

i=b+c*(2^er+l)•(2^er+l)+gf 
WRITE (7,53) i 

END DO 
END DO 

55 
60 
65 
67 
68 

FORMAT 
FORMAT 
FORMAT 
FORMAT 
FORMAT 

(A17) 
(A13, 
(A14, 
(A27) 
(A15) 

16, ', 
16, ', 

'/ 18) 
', 18) 

69 FORMAT (A32) 
i=0 
k(l)=0 
DO a=l,el-l 

DO b=l,2*er 
DO c=l,2*er 

i=i+l 
k(l)=k(l)+l 
k(2)=k(l)+l 
k(3)=k(l)+(2*er+l) 
k(4)=k(3)+l 
k(5)=k(l)+(2*er+l)*(2*er+l)+(nrud+1)•(2*er+l)*(2^er+l) 
k(6)=k(5)+l 
k(7)=k(l)+(2^er+l)+(2*er+l)**2+(nrud+l)•(2^er+l)**2 
k(8)=k(7)+l 
stor (1,i)=i 

DO w=l,8 
stor(w+1,i)=k(w) 

END DO 
END DO 
k(l)=k(l)+l 

END DO 

k(l)=k(l)+2^er+l-(2^er+l)^(2*er+l) 
DO b=l,nrud+1 

DO c=l,2^er 
i=i+l 
k(l)=k(l)+l 
k(2)=k(l)+(2^er+l)^(2^er+l) 
k(3)=k(2)+l 
k(4)=k(l)+l 

k(5)=k(l)+(2^er+l)•(2^er+l)+(nrud+1)•(2^er+l)•(2^er+l) 
k(6)=k(5)+(2^er+l)^(2^er+l) 
k(7)=k(6)+l 
k(8)=k(5)+l 

stor (1,i)=i 
DO w=l,8 

stor(w+1,i)=k(w) 
END DO 

END DO 
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Jc(l)=k(l)-2^er 
DO c=l,2^er 

i=i+l 
k(l)=k(l)+2^er+l 
k(2)=k(l)+(2^er+l)^(2^er+l) 
k(3)=k(2)+2^er+l 
k(4)=k(l)+2^er+l 

k(5)=k(l) + (2^er+l)• (2^er+l) + (nrud+1)•(2*er+l)•(2^er+l) 
k(6)=k(5)+(2^er+l)*(2^er+l) 
k(7)=k(6)+2^er+l 
k(8)=k(5)+2^er+l 

stor(l,i)=i 
DO w=l,8 

stor(w+1,i)=k(w) 
END DO 

END DO 
k(l)=k(l)+2*er+2 
DO c=l,2^er 

i=i+l 
k(l)=k(l)-l 
k(2)=k(l)+(2*er+l)^(2*er+l) 
k(3)=k(2)-l 
k(4)=k(l)-l 

k(5)=k(l)+(2^er+l)•(2^er+l)+(nrud+1)•(2^er+l)*(2^er+l) 
k(6)=k(5)+(2*er+l)*(2^er+l) 
k(7)=k(6)-l 
k(8)=k(5)-l 

stor(1,i)=i 
DO w=l,8 

stor(w+1,i)=k(w) 
END DO 

END DO 
k(l)=k(l)+2^er 
DO c=l,2*er 

i=i+l 
k(l)=k(l)-(2*er+l) 
k(2)=k(l)+(2*er+l)^(2^er+l) 
k(3)=k(2)-(2^er+l) 
k(4)=k(l)-(2^er+l) 

k(5)=k(l) + (2*er+l)• (2^er+l) + (nrud+1)•(2^er+l)•(2^er+l) 
k(6)=k(5)+(2^er+l)*(2*er+l) 
k(7)=k(6)-(2^er+l) 
k(8)=k(5)-(2^er+l) 

stor(1,i)=i 
DO w=l,8 

stor(w+1,i)=k(w) 
END DO 

END DO 
k(l)=k(3)-l 

END DO 
k(l)=k(3)+(2^er+l)^(2^er+l)-l 
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END DO 
rm=random(time()) 
rm=random(l) 
i=0 
DO a=l, (el-1)/block 

DO b=l,2*er/block 
DO c=l,2*er/block 

rm=random(0) 
IF (rm.LT.0.5) THEN 

WRITE (7,69) '*ELEMENT, TYPE=C3D8R, ELSET=ELWE' 
ELSE 

WRITE (7,69) '*ELEMENT, TYPE=C3D8R, ELSET=ELEM' 
END IF 
DO dl=l,block 
DO d2-l,block 
DO d3=l,block 
i = i + l 

WRITE (7,70) stor(l,i), stor(2,i), stor(3,i), stor(5,i), 

>stor(4,i), stor(6,i), stor(7,i), stor(9,i), stor(8,i) 

END DO 
IF (d2.NE.block) THEN 
i=i-block+2*er 
END IF 
END DO 
IF (dl.NE.block) THEN 
i=i-block-2*er*(biock-1)+(2*er*2*er+4*2*er*(nrud+1)) 
END IF 
END DO 
i=i-2*er*(block-1)-(2*er*2*er+4*2*er*(nrud+1))*(block-1) 

END DO 
i=i+2*er*(block-1) 

END DO 
DO b=l,(nrud+1)/block 

DO c=l,8*er/block 
rm=random(0) 
IF (rm.LT.0.5) THEN 

WRITE (7,69) '*ELEMENT, TYPE=C3D8R, ELSET^ELWE' 
ELSE 

WRITE (7,69) '*ELEMENT, TYPE=C3D8R, ELSET=ELEM' 
END IF 
DO dl=l,block 
DO d2=l,block 
DO d3=l,block 
i=i+l 
WRITE (7,70) stor(l,i), stor(2,i), stor(3,i), stor(4,i), 

>stor(5,i), stor(6,i), stor(7,i), stor(8,i), stor(9,i) 
END DO 
IF (d2.NE.block) THEN 
i=i-block+8*er 
END IF 
END DO 
IF (dl.NE.block) THEN 
i=i-block-8*er*(block-1)+(2*er*2*er+4*2*er*(nrud+1)) 
END IF 
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END DO 
i=i-8*er*(block-1)-(2*er*2*er+4*2*er*(nrud+1))*(block-1) 

END DO 
i=i + 8*er* (block-1) 

END DO 
i=i+(2*er*2*er+4*2*er*(nrud+1))*(block-1) 

END DO 

70 FORMAT (18, ', ',18, ' , ',18, ', ',18, ', ' ,18, ' , ' ,18, ' , ' ,18, ', ',18, 
>\ M8) 

80 

85 

90 

91 

92 

93 

95 

100 

105 

WRITE 
FORMAT 
WRITE 
FORMAT 
WRITE 
FORMAT 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
FORMAT 
WRITE 
WRITE 
FORMAT 
WRITE 
WRITE 
FORMAT 
WRITE 
WRITE 
WRITE 
WRITE 
FORMAT 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
FORMAT 
WRITE 
FORMAT 

7, 
7, 
7, 
7, 

7,80) 
(A47) 
7,85) 
(A26) 
7,90) 
(A8) 
7,*) ' 
7,90) 

*) . 

*) ' 
* \ I 

*) • 
7,91) 

(A47) 
7,*) ' 
7,92) 
(A16) 
7,*) • 
7,93) 
(A24) 
7,*) ' 
7,90) 
7,*) • 
7,95) 
(A19) 
7,*) ' 
7,80) 
7,85) 
7,90) 
7,*) ' 
7,90) 
7,*) ' 
7,*) ' 
7,*) ' 
7,*) ' 
7,90) 
7,*) ' 
7,100) 
(A20) 

(7,105) 
(A5) 

» * SOLID SECTION, ELSET=ELEM, MATERIAL=ALLUMINIUM' 

^MATERIAL, NAME=ALLUMINIUM' 

I • ELASTIC 

70.0E9, 0.35' 
'*PLASTIC' 
200.0E6, 
225.0E6, 
235.0E6, 
240.0E6, 

0.0' 
0.04' 
0.06' 
0.08' 

'*POROUS METAL PLASTICITY, RELATIVE DENSITY=0.95' 

1.3, 1.0, 1.69' 
'*VOID NUCLEATION' 

0.3, 0.1, 0.04' 
'*POROUS FAILURE CRITERIA' 

0.75, 0.7' 
'•DENSITY' 
2700.0' 
'*AMPLITUDE, NAME=R1' 

0.0, 0.0, 0.05, 0.5, 0.1, 1.0' 
'*SOLID SECTION, ELSET=ELWE, MATERIAL=ALLUMIWEEK' 
'•MATERIAL, NAME=ALLUMIWEEK' 
'*ELASTIC' 
70.0E9, 0.35' 
'*PLASTIC' 
300.0E6, 0.0' 
325.0E6, 0.04' 
335.0E6, 0.06' 
340.0E6, 0.08' 
'*DENSITY' 
3000.0' 
'**HISTORY DEFINITION' 

I • STEP' 
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1 / , 
2,, 
-i,, 
2,, 
3 , , 

0 . 0 ' 
0 . 0 ' 
0 . 0 ' 
0 . 0 ' 
0 . 0 ' 

WRITE (7,110) '•DYNAMIC, EXPLICIT' 
110 FORMAT (A18) 

WRITE (7,^) • , 0.10' 
WRITE (7,115) ••RESTART,WRITE, NUMBER INTERVALS=10' 

115 FORMAT (A35) 
WRITE (7,120) ••BOUNDARY, TYPE=DISPLACEMENT' 

120 FORMAT (A28) 
WRITE (7,121) 'TOP, 
WRITE (7,121) 'TOP, 
WRITE (7,121) 'TOP, 
WRITE (7,121) 'BOT, 
WRITE (7,121) 'BOT, 

C WRITE (7,122) 1+(2^er+l)•er+er,', 2,, 0.0' 
C WRITE (7,122) 1+(2^er+l)•er+er,', 3,, 0.0' 

121 FORMAT (A12) 
122 FORMAT (13, A9) 

WRITE (7,125) •••• 
125 FORMAT (A2) 

WRITE (7,130) ••BOUNDARY, TYPE=DISPLACEMENT, AMPLITUDE=R1' 
130 FORMAT (A42) 

WRITE (7,132) ' BOT, 1,,', displ 
132 FORMAT (A9,F12.8) 

WRITE (7,135) ••FILE OUTPUT, NUMBER INTERVALS=10' 
135 FORMAT (A33) 

WRITE (7,140) '•NODE FILE' 
140 FORMAT (AlO) 

WRITE (7,^) 'Û  
WRITE (7,^) 'V̂  
WRITE (7,^) 'A' 
WRITE (7,90) '•EL FILE' 
WRITE (7,^) •S' 
WRITE (7,^) •SP' 
WRITE (7,^) 'LE, MISES' 
WRITE (7,145) '•ENERGY FILE' 

145 FORMAT (A12) 
WRITE (7,150) '•END STEP' 

150 FORMAT (A9) 

STOP 
END 
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APPENDIX C 

FORTRAN CODE FOR RANDOM DISTRIBUTION OF LOCAL POROSITY 

This appendix provides the part of the FORTRAN program used in the current 

research for generation of the uniform distribution of local regional porosities (11 discrete 

values) 

INTEGER i, a, b, c, dl, er, nrud, el, k(8), iinit, ifinal, j(3) 
INTEGER w, stor (9,30000), time, block, d2, d3, gf 
CHARACTER^16 fileName 
CHARACTER*3 stat 
REAL(8) e, g, f, 1, r, rs, as, displ, rm 
Stat = 'NEW' 
WRITE (*,*) 'Enter the Name of Output File' 
READ (*,*) fileName 
OPEN (FILE=fileName, FORM='FORMATTED', UNIT-7) 
WRITE (*,*) 'Enter Lenght and Radius of Cylinder (in m)' 
READ (*,*) 1, r 
WRITE (*,*) 'Enter Number of Elem Lyers in Cyrcle Cross Section' 
READ (*,*) el 

el=el+l 
WRITE (*,*) 'Enter Number of Elements in square section' 
READ (*,•) er 

er=er/2 
WRITE (•,*) 'Enter Radius of Smaller Square (m)' 
READ (*,*) rs 
WRITE (*,*) 'Enter Number of Rad Lyers (excluding outer radius)' 
READ (*,*) nrud 
WRITE (•,*) 'Enter Value of Displacement (m)' 
READ (*,*) displ 
WRITE (*,*) 'Enter Number of Elements in Side of Block' 
READ (*,*) block 

WRITE (7,10) '*HEADING' 
10 FORMAT (A8) 

WRITE (7,15) 'Load of Block' 
15 FORMAT (A13) 

WRITE (7,20) 'SI units (kg, m, s, N)' 
20 FORMAT (A22) 
25 FORMAT (A16) 

The rou t ine for mesh generat ion 

rm=random(time()) 
C rm=random(l) 

i=0 
DO a= l , ( e l - 1 ) / b l o c k 
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•ELEMENT, 

TYPE=C3D8R, ELSET=ELEM1' 

TYPE=C3D8R, ELSET=ELEM2' 

TYPE=C3D8R, ELSET=ELEM3' 

TYPE=C3D8R, ELSET=ELEM4• 

TYPE=C3D8R, ELSET=ELEM5' 

TYPE=C3D8R, ELSET=ELEM6' 

TYPE=C3D8R, ELSET=ELEM7' 

TYPE=C3D8R, ELSET=ELEM8' 

TYPE=C3D8R, ELSET=ELEM9' 

TYPE=C3D8R, ELSET=ELE10' 

TYPE=C3D8R, ELSET=ELE11' 

DO b=l,2^er/block 
DO c=l,2^er/block 

rm=random(0) 
IF (rm.LT.0.09) THEN 

WRITE (7,69) '•ELEMENT, 
ELSE IF (rm.LT.O.lS) THEN 

WRITE (7,69) '•ELEMENT, 
ELSE IF (rm.LT.0.27) THEN 

WRITE (7,69) '•ELEMENT, 
ELSE IF (rm.LT.0.36) THEN 

WRITE (7,69) '•ELEMENT, 
ELSE IF (rm.LT.0.45) THEN 

WRITE (7,69) '•ELEMENT, 
ELSE IF (rm.LT.0.56) THEN 

WRITE (7,69) '•ELEMENT, 
ELSE IF (rm.LT.0.65) THEN 

WRITE (7,69) ••ELEMENT, 
ELSE IF (rm.LT.0.74) THEN 

WRITE (7,69) ••ELEMENT, 
ELSE IF (rm.LT.0.83) THEN 

WRITE (7,69) '•ELEMENT, 
ELSE IF (rm.LT.0.92) THEN 

WRITE (7,69) '•ELEMENT, 
ELSE 

WRITE (7,69) 
END IF 
DO dl=l,block 
DO d2=l,block 
DO d3=l,block 
i=i+l 
WRITE (7,70) stor(l,i), 

>stor(4,i), stor(6,i), stor(7,i), 
END DO 
IF (d2.NE.block) THEN 
i=i-block+2^er 
END IF 
END DO 
IF (dl.NE.block) THEN 
i=i-block-2^er^(block-1)+(2^er^2^er+4^2^er^(nrud+1)) 
END IF 
END DO 
i=i-2*er^(block-1)-(2^er^2^er+4^2^er^(nrud+1))•(block-1) 

END DO 
i=i+2^er^(block-1) 

END DO 
DO b=l,(nrud+1)/block 

DO c=l,8^er/block 
rm=random(0) 
IF (rm.LT.0.09) 

WRITE (7,69) 
ELSE IF (rm.LT.0.18) THEN 

WRITE (7,69) '•ELEMENT, 
ELSE IF (rm.LT.0.27) THEN 

WRITE (7,69) '•ELEMENT, 

stor(2,i), 
stor(9,i), 

stor(3,i), stor(5,i), 
stor(8,i) 

THEN 
'•ELEMENT, TYPE=C3D8R, ELSET=ELEM1' 

TYPE=C3D8R, ELSET=ELEM2' 

TYPE=C3D8R, ELSET=ELEM3' 

145 



ELSE IF (rm.LT.0.36) THEN 
WRITE (7,69) '•ELEMENT, TYPE=C3D8R, ELSET=ELEM4' 

ELSE IF (rm.LT.0.45) THEN 
WRITE (7,69) '•ELEMENT, TYPE=C3D8R, ELSET=ELEM5' 

ELSE IF (rm.LT.0.56) THEN 
WRITE (7,69) '•ELEMENT, TYPE=C3D8R, ELSET=ELEM6' 

ELSE IF (rm.LT.0.65) THEN 
WRITE (7,69) ••ELEMENT, TYPE=C3D8R, ELSET=ELEM7' 

ELSE IF (rm.LT.0.74) THEN 
WRITE (7,69) '•ELEMENT, TYPE=C3D8R, ELSET=ELEM8' 

ELSE IF (rm.LT.0.83) THEN 
WRITE (7,69) ••ELEMENT, TYPE=C3D8R, ELSET=ELEM9' 

ELSE IF (rm.LT.0.92) THEN 
WRITE (7,69) ••ELEMENT, TYPE=C3D8R, ELSET=ELE10' 

ELSE 
WRITE (7,69) ••ELEMENT, TYPE=C3D8R, ELSET=ELE11^ 

END IF 
DO dl=l,block 
DO d2=l,block 
DO d3=l,block 
i=i+l 
WRITE (7,70) stor(l,i), stor(2,i), stor(3,i), stor(4,i), 

>stor(5,i), stor(6,i), stor(7,i), stor(8,i), stor(9,i) 
END DO 
IF (d2.NE.block) THEN 
i=i-block+8^er 
END IF 
END DO 
IF (dl.NE.block) THEN 
i=i-block-8^er^(block-1)+(2^er^2^er+4^2^er^(nrud+1)) 
END IF 
END DO 
i=i-8*er^(block-1)-(2^er^2^er+4^2^er^(nrud+1))•(block-1) 

END DO 
i=i+8^er^(block-1) 

END DO 
i=i+(2^er^2^er+4^2^er^(nrud+1))•(block-1) 

END DO 

70 FORMAT (18, ',',18,',',18,',',18,',',18,', ',18, ', •,18,•,',18, 
>',',I8) 

WRITE (7,80) '•SOLID SECTION, ELSET=ELEM1, MATERIAL=ALLUMINIUM1' 
80 FORMAT (A49) 

WRITE (7,85) ••MATERIAL, NAME=ALLUMINIUM1• 
85 FORMAT (A27) 

WRITE (7,90) '•ELASTIC• 
90 FORMAT (A8) 

WRITE (7,^) • 70.0E9, 0.33' 
WRITE (7,90) '•PLASTIC 
WRITE (7,^) ' 275.0E6, 0.0' 
WRITE (7,^) ' 300.0E6, 0.0025' 
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WRITE ( 
WRITE ( 
WRITE ( 
WRITE ( 

91 FORMAT 
WRITE ( 
WRITE 1 

92 FORMAT 
WRITE ( 
WRITE ( 

93 FORMAT 
WRITE ( 
WRITE 
WRITE 

WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 

WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 

7,^) • 
7,*) ' 
7,*) ' 
7,91) 
(A48) 
7,*) • 
7,92) 
(A16) 
7,*) ' 
7,93) 
(A24) 
7,*) ' 
7,90) 
7,*) ' 

[7,80) 
(7,85) 
[7,90) 
[7,*) ' 
(7,90) 
(7,*) • 
(7,^) • 
(7,^) ' 
(7,^) ' 
(7,^) ' 
(7,91) 
(7,^) ' 
(7,92) 
(7,*) ' 
(7,93) 
(7,*) ' 
(7,90) 
(7,*) ' 

(7,80) 
(7,85) 
(7,90) 
(7,*) ' 
(7,90) 
(7,*) • 
(7,*) • 
(7,*) ' 
(7,*) • 
(7,*) • 
(7,91) 
(7,*) ' 
(7,92) 
(7,*) ' 
(7,93) 
(7,*) ' 
(7,90) 
(7,^) ' 

310.0E6, 0.0125' 
325.0E6, 0.0250' 
350.0E6, 0.0475' 
'•POROUS METAL PLASTICITY, RELATIVE DENSITY=0.900' 

1.3, 1.0, 1.69' 
'•VOID NUCLEATION' 

0.3, 0.1, 0.04' 
'•POROUS FAILURE CRITERIA' 

0.75, 0.7' 
'•DENSITY' 
2700.0' 

'*SOLID SECTION, ELSET=ELEM2, MATERIAL=ALLUMINIUM2' 
'*MATERIAL, NAME=ALLUMINIUM2' 
'*ELASTIC' 
70.0E9, 0.33' 
'*PLASTIC' 
275.0E6, 0.0' 
300.0E6, 0.0025' 
310.0E6, 0.0125' 
325.0E6, 0.0250' 
350.0E6, 0.0475' 
'*POROUS METAL PLASTICITY, RELATIVE DENSITY=0.910' 
1.3, 1.0, 1.69' 
'*VOID NUCLEATION' 
0.3, 0.1, 0.04' 
••POROUS FAILURE CRITERIA' 
0.75, 0.7' 
'•DENSITY' 
2700.0' 

'•SOLID SECTION, ELSET=ELEM3, MATERIAL=ALLUMINIUM3' 
'•MATERIAL, NAME=ALLUMINIUM3' 
'•ELASTIC 
70.0E9, 0.33' 
'•PLASTIC 
275.0E6, 0.0' 
300.0E6, 0.0025' 
310.0E6, 0.0125' 
325.0E6, 0.0250' 
350.0E6, 0.0475' 
••POROUS METAL PLASTICITY, RELATIVE DENSITY=0.920' 
1.3, 1.0, 1.69' 
'•VOID NUCLEATION' 
0.3, 0.1, 0.04' 
'•POROUS FAILURE CRITERIA' 
0.75, 0.7' 
'•DENSITY' 
2700.0' 

WRITE (7,80) '•SOLID SECTION, ELSET=ELEM4, MATERIAL=ALLUMINIUM4' 
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WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 

WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 

WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 

7,85) 
7,90) 
7,*) ' 
7,90) 
7,*) ' 
7,*) ' 
7,*) ' 
7,*) ' 
7,*) ' 
7,91) 
7,*) ' 
7,92) 
7,M ' 
7,93) 
7,*) 
7,90) 
7,*) 

7,80) 
7,85) 
7,90) 
7,*) 
7,90) 
7,*) 
7,*) 
7,*) 
7,*) 
7,*) 
7,91) 
7,*) 
7,92) 
7,*) 
7,93) 
7,*) 
7,90) 
7,*) 

7,80) 
7,85) 
7,90) 
7,*) 
7,90) 
7,*) 

*) 

*) 

*) 

*) 

7,91) 
7,*) 
7,92) 
7,*) 
7,93) 
7,*) 
7,90) 

NAME=ALLUMINIUM4 

0' 
0025' 
0125' 
0250' 
0475' 

'*MATERIAL, 
'*ELASTIC' 
70.0E9, 0.33' 
'*PLASTIC' 
275.0E6, 0, 
300.0E6, 0, 
310.0E6, 0, 
325.0E6, 0 
350.0E6, 0 
'•POROUS METAL PLASTICITY, 
1.3, 1.0, 1.69' 
'*VOID NUCLEATION' 
0.3, 0.1, 0.04' 
'*POROUS FAILURE CRITERIA' 
0.75, 0.7' 
'*DENSITY' 
2700.0' 

'•SOLID SECTION, ELSET=ELEM5, 
'^MATERIAL, NAME=ALLUMINIUM5' 
'•ELASTIC 
70.0E9, 0.33' 
'•PLASTIC 
275.0E6, 0 
300.0E6, 0 
310.0E6, 0 
325.0E6, 0 
350.0E6, 0 
'•POROUS METAL PLASTICITY, 
1.3, 1.0, 1.69' 
'•VOID NUCLEATION' 
0.3, 0.1, 0.04' 
'•POROUS FAILURE CRITERIA' 
0.75, 0.7' 
'•DENSITY' 
2700.0' 

RELATIVE DENSITY=0.930' 

MATERIAL=ALLUMINIUM5' 

0' 
0025' 
0125' 
0250' 
0475' 

RELATIVE DENSITY=0.940' 

'•SOLID SECTION, ELSET=ELEM6, MATERIAL=ALLUMINIUM6' 
'•MATERIAL, NAME=ALLUMINIUM6' 

7, 
7, 
7, 
7, 

33 
'•ELASTIC 
70.0E9, 0 
'•PLASTIC 
275.0E6, 0.0' 
300.0E6, 0.0025' 
310.0E6, 0.0125' 
325.0E6, 0.0250' 
350.0E6, 0.0475' 
'*POROUS METAL PLASTICITY, 
1.3, 1.0, 1.69' 
'*VOID NUCLEATION' 
0.3, 0.1, 0.04' 
'*POROUS FAILURE CRITERIA' 
0.75, 0.7' 
'*DENSITY' 

RELATIVE DENSITY=0.950' 
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WRITE (7,*) • 2700.0' 

WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 

WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 

WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 

80) 
85) 
90) 
• ) 

90) 
*) 

•) 

•) 

•) 

•) 

91) 
*) 
92) 
•) 

93) 
•) 

90) 
•) 

80) 
85) 
90) 
*) 
90) 
•) 

•) 

•) 

•) 

•) 

91) 
*) 
92) 
•) 

93) 
•) 

90) 
•) 

80) 
85) 
90) 
•) 

90) 
•) 

•) 

•) 

•) 

•) 

91) 
•) 

92) 
•) 

'•SOLID SECTION, ELSET=ELEM7, 
'•MATERIAL, NAME=ALLUMINIUM7' 
'•ELASTIC 
70.0E9, 0.33' 
'•PLASTIC 
275.0E6, 0.0' 
300.0E6, 0.0025' 
310.0E6, 0.0125' 
325.0E6, 0.0250' 
350.0E6, 0.0475' 
'•POROUS METAL PLASTICITY, 
1.3, 1.0, 1.69' 
'•VOID NUCLEATION' 
0.3, 0.1, 0.04' 
'•POROUS FAILURE CRITERIA' 
0.75, 0.7' 
'•DENSITY' 
2700.0' 

MATERIAL=ALLUMINIUM7 

RELATIVE DENSITY=0.960' 

MATERIAL=ALLUMINIUM8' •SOLID SECTION, ELSET=ELEM8, 
•MATERIAL, NAME=ALLUMINIUM8' 
•ELASTIC 
70.0E9, 0.33' 
•PLASTIC 
275.0E6, 0.0' 
300.0E6, 0.0025' 
310.0E6, 0.0125' 
325.0E6, 0.0250' 
350.0E6, 0.0475' 
'•POROUS METAL PLASTICITY, RELATIVE DENSITY=0.970' 
1.3, 1.0, 1.69' 
'•VOID NUCLEATION' 
0.3, 0.1, 0.04' 
'•POROUS FAILURE CRITERIA' 
0.75, 0.7' 
'•DENSITY' 
2700.0' 

'•SOLID SECTION, ELSET=ELEM9, MATERIAL=ALLUMINIUM9' 
'•MATERIAL, NAME=ALLUMINIUM9' 
'•ELASTIC 
70.0E9, 0 
'•PLASTIC 
275.0E6, 

33 

0' 
0025' 
0125' 
0250' 
0475' 

300.0E6, 
310.0E6, 
325.0E6, 
350.0E6, 
'•POROUS METAL PLASTICITY, 
1.3, 1.0, 1.69' 
'•VOID NUCLEATION' 
0.3, 0.1, 0.04' 

RELATIVE DENSITY=0.980' 
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WRITE 
WRITE 
WRITE 
WRITE 

WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 

WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 

WRITE 
95 FORMAT 

WRITE 
WRITE 

100 FORMAT 
WRITE 

105 FORMAT 
WRITE 

110 FORMAT 
WRITE 
WRITE 

93) '•POROUS FAILURE CRITERIA' 
•) • 0.75, 0.7' 
90) '*DENSITY' 
•) ' 2700.0' 

80) 
85) 
90) 
* ) 
90) 
• ) 

* ) 

• ) 

• ) 

• ) 

91) 
• ) 

92) 
* ) 
93) 
• ) 

90) 
* ) 

80) 
85) 
90) 
* ) 
90) 
* ) 

* ) 

* ) 

* ) 

* ) 

91) 
* ) 
92) 
• ) 

93) 
* ) 
90) 
* ) 

'•SOLID SECTION, ELSET=ELE10, 
'•MATERIAL, NAME=ALLUMINIU10' 
' •ELASTIC 
7 0 . 0 E 9 , 0 . 3 3 ' 

' •PLASTIC 
275 .0E6 , 0, 
300 .0E6 , 0, 
310 .0E6 , 0, 
325 .0E6 , 0, 
350.0E6, 0, 
'•POROUS METAL PLASTICITY, 
1.3, 1.0, 1.69' 
••VOID NUCLEATION' 
0.3, 0.1, 0.04' 
'•POROUS FAILURE CRITERIA' 
0.75, 0.7' 
'•DENSITY' 
2700.0' 

MATERIAL=ALLUMINIU10 

0' 
0025' 
0125' 
0250' 
0475' 

RELATIVE DENSITY=0.990' 

MATERIAL=ALLUMINIU11 '•SOLID SECTION, ELSET=ELE11, 
'•MATERIAL, NAME=ALLUMINIU11' 
••ELASTIC 
70.0E9, 0.33' 
••PLASTIC 
275.0E6, 0.0̂  
300.0E6, 0.0025' 
310.0E6, 0.0125' 
325.0E6, 0.0250' 
350.0E6, 0-0475' 
••POROUS METAL PLASTICITY, RELATIVE DENSITY=1.000' 
1.3, 1.0, 1.69' 
••VOID NUCLEATION' 
0.3, 0.1, 0.04' 
••POROUS FAILURE CRITERIA' 
0.75, 0.7' 
'•DENSITY' 
2700.0' 

'•AMPLITUDE, NAME=R1' 

'0.0, 0.0, 0.1, 0.01964, 0.2, 1.0' 
) '••HISTORY DEFINITION' 

95) 
(A19) 
7 *) 

100 
(A20) 
105) ••STEP' 

(A5) 
110) ••DYNAMIC, EXPLICIT' 

(A18) 
T *) ' , 0.20' 
115) ••RESTART,WRITE, NUMBER INTERVALS=20• 
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C 
C 

115 

120 

121 
122 

FORMAT (A35) 
WRITE (7,120) 
FORMAT (A28) 
WRITE (7,121) 
WRITE (7,121) 
WRITE (7,121) 
WRITE (7,121) 
WRITE (7,121) 
WRITE (7,122) 
WRITE (7,122) 
FORMAT (A12) 

'•BOUNDARY, TYPE=DISPLAC] 

'TOP, 1,, 0.0' 
•TOP, 2,, 0.0' 
'TOP, 3,, 0.0' 
'BOT, 2,, 0.0' 
'BOT, 3,, 0.0' 
l+(2^er+l)^er+er, ',2,, 
l+(2^er+l)^er+er,', 3,, 

FORMAT (13, A9) 

SMENT 

0.0' 
0.0' 

WRITE (7,125) '••' 
125 FORMAT (A2) 

WRITE (7,130) '•BOUNDARY, TYPE=DISPLACEMENT, AMPLITUDE=R1' 
130 FORMAT (A42) 

WRITE (7,132) ' BOT, 1,,', displ 
132 FORMAT (A9,F12.8) 

WRITE (7,135) '•FILE OUTPUT, NUMBER INTERVALS=20' 
135 FORMAT (A33) 

WRITE (7,140) '•NODE FILE' 
140 FORMAT (AlO) 

WRITE (7,^) 'U' 
WRITE (7,^) 'V 
WRITE (7,^) 'A' 
WRITE (7,90) '•EL FILE' 
WRITE (7,^) 'S' 
WRITE (7,^) 'SP' 
WRITE (7,^) 'LE, MISES' 
WRITE (7,145) ••ENERGY FILE^ 

145 FORMAT (A12) 
WRITE (7,150) '•END STEP' 

150 FORMAT (A9) 

STOP 
END 
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APPENDIX D 

FORTRAN CODE FOR GAUSSIAN DISTRIBUTION OF LOCAL POROSITY 

This appendix provides the part of the FORTRAN program used in the current 

research for generation of the Gaussian distribution of local regional porosities (11 

discrete values) 

INTEGER i, a, b, c, dl, er, nrud, el, k(8), iinit, ifinal, j (3) 
INTEGER w, stor (9,30000), time, block, d2, d3, gf, ix, gaus 
CHARACTERS 16 fileName 
CHARACTERS3 stat 
REAL(8) e, g, f, 1, r, rs, as, displ, rm, ag, sd, yg, sec 
stat = 'NEW' 
WRITE (*,•) 'Enter the Name of Output File' 
READ (•,•) fileName 
OPEN (FILE=fileName, FORM='FORMATTED', UNIT=7) 
WRITE (•,•) 'Enter Lenght and Radius of Cylinder (in m)' 
READ (•, •) 1, r 
WRITE (•,•) 'Enter Number of Elem Lyers in Cyrcle Cross Section' 
READ (•,*) el 

el=el+l 
WRITE (*,•) 'Enter Number of Elements in square section' 
READ (*,•) er 

er=er/2 
WRITE (*,•) 'Enter Radius of Smaller Square (m)' 
READ (•,•) rs 
WRITE (•,•) 'Enter Number of Rad Lyers (excluding outer radius)' 
READ (•,•) nrud 
WRITE (•,•) 'Enter Value of Displacement (m)' 
READ (•,•) displ 
WRITE (•,•) 'Enter Number of Elements in Side of Block' 
READ (•,•) block 

sd=0.4 
WRITE (7,10) '*HEADING' 

10 FORMAT (A8) 
WRITE (7,15) 'Load of Block' 

15 FORMAT (A13) 
WRITE (7,20) 'SI units (kg, m, s, N)' 

20 FORMAT (A22) 
25 FORMAT (A16) 

The routine for mesh generation 

rm=random(time()) 
C rm=random(l) 

i=0 
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DO a=l, (el-1)/block 
DO b=l,2*er/block 

DO c=l,2*er/block 
ag=0 
DO gaus=l,1000 

yg=random(0) 
ag=ag+yg 

END DO 
rm=(ag-500.0)^sd/sqrt(1000./12.)+0.5 
IF (rm.LT.0.09) THEN 

WRITE (7,69) '•ELEMENT, TYPE=C3D8R, ELSET=ELEM1' 
ELSE IF (rm.LT-0.18) THEN 

WRITE (7,69) '•ELEMENT, TYPE=C3D8R, ELSET=ELEM2' 
ELSE IF (rm.LT-0.27) THEN 

WRITE (7,69) '•ELEMENT, TYPE=C3D8R, ELSET=ELEM3' 
ELSE IF (rm.LT.0.36) THEN 

WRITE (7,69) '•ELEMENT, TYPE=C3D8R, ELSET=ELEM4' 
ELSE IF (rm.LT.0.45) THEN 

WRITE (7,69) '•ELEMENT, TYPE=C3D8R, ELSET=ELEM5' 
ELSE IF (rm.LT.0.56) THEN 

WRITE (7,69) '•ELEMENT, TYPE=C3D8R, ELSET=ELEM6' 
ELSE IF (rm.LT.0.65) THEN 

WRITE (7,69) '•ELEMENT, TYPE=C3D8R, ELSET=ELEM7' 
ELSE IF (rm,LT.0.74) THEN 

WRITE (7,69) '•ELEMENT, TYPE=C3D8R, ELSET=ELEM8' 
ELSE IF (rm,LT.0.83) THEN 

WRITE (7,69) ••ELEMENT, TYPE=C3D8R, ELSET=ELEM9' 
ELSE IF (rm.LT.0.92) THEN 

WRITE (7,69) '•ELEMENT, TYPE=C3D8R, ELSET=ELE10' 
ELSE 

WRITE (7,69) '•ELEMENT, TYPE=C3D8R, ELSET=ELE11' 
END IF 
DO dl=l,block 
DO d2=l,block 
DO d3=l,block 
i=i+l 
WRITE (7,70) stor(l,i), stor(2,i), stor(3,i), stor(5,i), 

>stor(4,i), stor(6,i), stor(7,i), stor(9,i), stor(8,i) 
END DO 
IF (d2.NE.block) THEN 
i=i-block+2^er 
END IF 
END DO 
IF (dl.NE.block) THEN 
i=i-block-2^er^(block-1)+(2^er^2^er+4^2^er^(nrud+1)) 
END IF 
END DO 
i=i-2*er^(block-1)-(2^er^2^er+4^2^er^(nrud+1))•(block-1) 

END DO 
i=i+2^er^(block-1) 

END DO 
DO b=l,(nrud+1)/block 

DO c=l,8^er/block 
ag=0 
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DO gaus=l,1000 
yg=random(0) 
ag=ag+yg 

END DO 
rm=(ag-500.0)^sd/sqrt(1000./12.)+0.5 
IF (rm.LT.0.09) THEN 

WRITE (7,69) '•ELEMENT, TYPE=C3D8R, ELSET=ELEM1' 
ELSE IF (rm.LT.0.18) THEN 

WRITE (7,69) '•ELEMENT, TYPE=C3D8R, ELSET=ELEM2' 
ELSE IF (rm.LT.0.27) THEN 

WRITE (7,69) '•ELEMENT, TYPE=C3D8R, ELSET=ELEM3' 
ELSE IF (rm.LT.0.36) THEN 

WRITE (7,69) '•ELEMENT, TYPE=C3D8R, ELSET=ELEM4' 
ELSE IF (rm.LT.0.45) THEN 

WRITE (7,69) '•ELEMENT, TYPE=C3D8R, ELSET=ELEM5' 
ELSE IF (rm.LT.0.56) THEN 

WRITE (7,69) '•ELEMENT, TYPE=C3D8R, ELSET=ELEM6' 
ELSE IF (rm.LT.0.65) THEN 

WRITE (7,69) '•ELEMENT, TYPE=C3D8R, ELSET=ELEM7' 
ELSE IF (rm.LT.0.74) THEN 

WRITE (7,69) '•ELEMENT, TYPE=C3D8R, ELSET=ELEM8' 
ELSE IF (rm.LT.0.83) THEN 

WRITE (7,69) '•ELEMENT, TYPE=C3D8R, ELSET=ELEM9' 
ELSE IF (rm.LT.0.92) THEN 

WRITE (7,69) '•ELEMENT, TYPE=C3D8R, ELSET=ELE10' 
ELSE 

WRITE (7,69) '•ELEMENT, TYPE=C3D8R, ELSET=ELE11' 
END IF 
DO dl=l,block 
DO d2=l,block 
DO d3=l,block 
i=i+l 
WRITE (7,70) stor(l,i), stor(2,i), stor(3,i), stor(4,i), 

>stor(5,i), stor(6,i), stor(7,i), stor(8,i), stor(9,i) 
END DO 
IF (d2.NE.block) THEN 
i=i-block+8^er 
END IF 
END DO 
IF (dl.NE.block) THEN 
i=i-block-8^er^(block-1)+(2^er^2^er+4^2^er^(nrud+1)) 
END IF 
END DO 
i=i-8^er^(block-1)-(2^er^2^er+4^2^er^(nrud+1))•(block-1) 

END DO 
i=i+8^er^(block-1) 

END DO 
i=i+(2^er^2^er+4^2^er^(nrud+1))•(block-1) 

END DO 

70 FORMAT (18,',',18,',',18,', ',18, ', ',18, ', •,18,',',18,',',18, 
>','.I8) 
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80 

85 

90 

91 

92 

93 

WRITE 
FORMAT 
WRITE 
FORMAT 
WRITE 
FORMAT 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
FORMAT 
WRITE 
WRITE 
FORMAT 
WRITE 
WRITE 
FORMAT 
WRITE 
WRITE 
WRITE 

WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 

WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 

7,80) 
(A49) 
7,85) 
(A27) 
7,90) 
(A8) 
7,^) 
7,90) 
7,^) 
7,^) 
7,^) 
7,^) 
7,^) 
7,91) 
(A48) 
7,^) 
7,92) 
(A16) 
7,^) 
7,93) 
(A24) 
7,^) 
7,90) 
7,*) 

7,80) 
7,85) 
7,90) 
7,*) 
7,90) 
7,^) 

*) 

*) 

•) 

*) 

7,91) 
7,^) 
7,92) 
7,^) 
7,93) 
7,^) 
7,90) 
7,^) 

7,80) 
7,85) 
7,90) 
7,^) 
7,90) 
7,^) 
7,^) 
7,^) 
7,^) 

I * SOLID SECTION, ELSET=ELEM1, MATERIAL=ALL'JMINI'::-'.l ' 

I • MATERIAL, NAME=ALLUMINIUM1' 

'•ELASTIC 

' 70.0E9, 0.33' 
'•PLASTIC 
• 275.0E6, 0.0' 
' 300.0E6, 0.0025' 
' 310.0E6, 0.0125' 
' 325.0E6, 0.0250' 
' 350.0E6, 0.0475' 

I * POROUS METAL PLASTICITY, RELATIVE DENSITY=0.900' 

7, 
7, 
7, 
7, 

' 1.3, 1.0, 1.69' 
'•VOID NUCLEATION' 

' 0.3, 0.1, 0.04' 
'•POROUS FAILURE CRITERIA' 

' 0.75, 0.7' 
'•DENSITY' 
' 2700.0' 

•SOLID SECTION, ELSET=ELEM2, MATERIAL=ALLUMINIUM2' 
•MATERIAL, NAME=ALLUMINIUM2' 
•ELASTIC 
70.0E9, 0.33' 
•PLASTIC 
275.0E6, 0.0' 
300.0E6, 0.0025' 
310.0E6, 0.0125' 
325.0E6, 0.0250' 
350.0E6, 0.0475' 
•POROUS METAL PLASTICITY, RELATIVE DENSITY=0.910' 
1.3, 1.0, 1.69' 
•VOID NUCLEATION' 
0.3, 0.1, 0.04' 
•POROUS FAILURE CRITERIA' 
0.75, 0.7' 
•DENSITY' 
2700.0' 

'•SOLID SECTION, ELSET=ELEM3, 
'•MATERIAL, NAME=ALLUMINIUM3' 
'•ELASTIC 

7 0 . 0 E 9 , 0 . 3 3 ' 
' • P L A S T I C 

2 7 5 . 0 E 6 , 0 . 0 ' 
3 0 0 . 0 E 6 , 0 . 0 0 2 5 ' 
3 1 0 . 0 E 6 , 0 . 0 1 2 5 ' 
3 2 5 . 0 E 6 , 0 . 0 2 5 0 ' 

MATERIAL=ALLUMINIUM3' 
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WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 

:7, 
;7, 
:7, 
:7 
;7, 
:7, 
:7, 
:7, 
:7, 

*) 
91) 

*) 
92) 

*) 
93) 

*) 
90) 

*) 

350.0E6, 0.0475* 
'*POROUS METAL PLASTICITY, RELATIVE DENSITY=0.920' 
1.3, 1.0, 1.69' 
'•VOID NUCLEATION' 
0.3, 0.1, 0.04' 
'•POROUS FAILURE CRITERIA' 
0.75, 0.7' 
'•DENSITY' 
2700.0' 

WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 

:7 

J 
'J 
'J 
'J 
'J 
J 
J 
:7 
;7 
[1 
'J 
\1 
;7 
;7 
;7 
:7 

80) 
85) 
90) 

•) 

90) 

•) 

•) 

•) 

•) 

•) 

91) 
*) 
92) 

•) 

93) 

•) 

90) 

•) 

'•SOLID SECTION, ELSET=ELEM4, 
'•MATERIAL, NAME=ALLUMINIUM4' 
'•ELASTIC 

7 0 . 0 E 9 , 0 . 3 3 ' 
' • P L A S T I C 
2 7 5 . 0 E 6 , 

0E6, 
0E6, 
0E6, 
0E6, 

MATERIAL=ALLUMINIUM4 

300 
310 
325 
350 

0.0' 
0.0025' 
0.0125' 
0.0250' 
0.0475' 

'•POROUS METAL PLASTICITY, 
1.3, 1.0, 1.69' 
'•VOID NUCLEATION' 
0.3, 0.1, 0.04' 
'•POROUS FAILURE CRITERIA' 
0.75, 0.7' 
'•DENSITY' 
2700.0' 

RELATIVE DENSITY=0.930 

WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 

WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 

;7 
:7 
:7 
\1 
'J 
'J 
'J 
'J 
'J 
'J 
'J 
'J 
'J 
'J 
'J 
;7 
:7 

J 

[7 
[7 
[7 
[7 
[7 
[7 

80) 
85) 
90) 

•) 

90) 

•) 

*) 

*) 

•) 

*) 
91) 

•) 

92) 

•) 

93) 

•) 

90) 

•) 

80) 
85) 
90) 

•) 

90) 

•) 

'•SOLID SECTION, ELSET=ELEM5, MATERIAL=ALLUMINIUM5' 
'•MATERIAL, NAME=ALLUMINIUM5' 
'•ELASTIC 
70.0E9, 0.33' 
'•PLASTIC 
275.0E6, 
300.0E6, 
310.0E6, 
325.0E6, 
350.0E6, 

0' 
0025' 
0125' 
0250' 
0475' 

'•POROUS METAL PLASTICITY, 
1.3, 1.0, 1.69' 
'•VOID NUCLEATION' 
0.3, 0.1, 0.04' 
'•POROUS FAILURE CRITERIA' 
0.75, 0.7' 
'•DENSITY' 
2700.0' 

'•SOLID SECTION, ELSET=ELEM6, 
'•MATERIAL, NAME=ALLUMINIUM6' 
'•ELASTIC 
' 70.0E9, 0.33' 
'•PLASTIC 
' 275.0E6, 0-0' 

RELATIVE DENSITY=0.940' 

MATERIAL-ALLUMINIUM6' 

156 



WRITE 

WRITE 

WRITE 

WRITE 

WRITE 

WRITE 

WRITE 

WRITE 

WRITE 

WRITE 

WRITE 

WRITE 
[7 

[1 

*) 

*) 

*) 

*) 
91) 
*) 
92) 
•) 

93) 
•) 

90) 
*) 

300.0E6, 
310.0E6, 
325.0E6, 
350.0E6, 

0.0025' 
0.0125' 
0.0250' 
0.0475' 

'•POROUS METAL PLASTICITY, 
1.3, 1.0, 1.69' 
'•VOID NUCLEATION' 
0.3, 0.1, 0.04' 
'•POROUS FAILURE CRITERIA' 
0.75, 0.7' 
'•DENSITY' 
2700.0' 

RELATIVE DENSITY=0.950' 

WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 

:7, 
\1, 
'J 
'J 
J, 
'J, 
J 
J 
'J 
'J 
'J 
'J 
[7 

J 
J 
J 
J 
J 

80) 
85) 
90) 
•) 

90) 
*) 

•) 

•) 

•) 

•) 

91) 
*) 
92) 
•) 

93) 
*) 

90) 
*) 

'•SOLID SECTION, ELSET=ELEM7, 
'•MATERIAL, NAME=ALLUMINIUM7' 
••ELASTIC 
70.0E9, 0.33' 
'•PLASTIC 
275.0E6, 0.0' 
300.0E6, 0.0025' 
310.0E6, 0.0125' 
325.0E6, 0.0250' 
350.0E6, 0.0475' 
'•POROUS METAL PLASTICITY, 
1.3, 1.0, 1.69' 
'•VOID NUCLEATION' 
0.3, 0.1, 0.04' 
'•POROUS FAILURE CRITERIA' 
0.75, 0.7' 
'•DENSITY' 
2700.0' 

MATERIAL=ALLUMINIUM7' 

RELATIVE DENSITY=0.960 

WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 

WRITE 
WRITE 
WRITE 

:7, 
;7, 

7, 
'J. 
'J 
7 
:7 
:7 
J 
:7 
J 
J 
;7 

;7 

;7 
[7, 

J. 
'J 

'J 

80) 
85) 
90) 
*) 
90) 
*) 

*) 

*) 

*) 

*) 

91) 
*) 
92) 
*) 
93) 
•) 

90) 
*) 

•SOLID SECTION, ELSET=ELEM8, MATERIAL=ALLUMINIUM8' 
•MATERIAL, NAME=ALLUMINIUM8' 
•ELASTIC 
70.0E9, 0.33' 
•PLASTIC 

0' 
0025' 
0125' 
0250' 
0475' 

RELATIVE DENSITY=0.970' 

0 
0 
0 
0 
0 

275.0E6, 
300.0E6, 
310-0E6, 
325.0E6, 
350.0E6, 
•POROUS METAL PLASTICITY, 
1.3, 1.0, 1.69' 
•VOID NUCLEATION' 
0.3, 0.1, 0.04' 
•POROUS FAILURE CRITERIA' 
0.75, 0.7' 
•DENSITY' 
2700.0' 

80) '•SOLID SECTION, ELSET=ELEM9, MATERIAL=ALLUMINIUM9' 
85) '*MATERIAL, NAME=ALLUMINIUM9' 
90) '•ELASTIC 
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WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 

WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 

WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 

7,*) • 
7,90) 
7,*) ' 
7,*) ' 
7,*) ' 
7,*) ' 
7,*) ' 
7,91) 
7,*) ' 
7,92) 
7,*) ' 
7,93) 
7,*) ' 
7,90) 
7,^) ' 

7,80) 
7,85) 
7,90) 
7,^) 
7,90) 
7,^) 
7,^) 
7,^) 
7,^) 
7,^) 
7,91) 
7,*) 
7,92) 
7,^) 
7,93) 
7,^) 
7,90) 
7,^) 

7,80) 
7,85) 
7,90) 
7,^) 
7,90) 
7,^) 
7,^) 
7,^) 
7,^) 
7,^) 
7,91) 
7,^) 
7,92) 
7,^) 
7,93) 
7,^) 
7,90) 
7,^) 

0 
0 
0 
0 
0 

0' 
0025' 
0125' 
0250' 
0475' 

70.0E9, 0.33' 
' * PLASTIC 
275.0E6, 
300.0E6, 
310.0E6, 
325.0E6, 
350.0E6, 
'•POROUS METAL PLASTICITY, 
1.3, 1.0, 1.69' 
'•VOID NUCLEATION' 
0.3, 0.1, 0.04' 
'•POROUS FAILURE CRITERIA' 
0.75, 0.7' 
'*DENSITY' 
2700.0' 

'•SOLID SECTION, ELSET=ELE10, 
'•MATERIAL, NAME=ALLUMINIU10' 
'•ELASTIC 
70.0E9, 0.33' 
'•PLASTIC 
275.0E6, 0 
300.0E6, 0 
310.0E6, 0 
325.0E6, 0 
350.0E6, 0 
'•POROUS METAL PLASTICITY, 
1.3, 1.0, 1.69' 
'•VOID NUCLEATION' 
0.3, 0.1, 0.04' 
'•POROUS FAILURE CRITERIA' 
0.75, 0.7' 
'•DENSITY' 
2700.0' 

RELATIVE DENSITY=0.980' 

MATERIAL=ALLUMINIU10 ' 

0' 
0025' 
0125' 
0250' 
0475' 

RELATIVE DENSITY=0.990' 

MATERIAL=ALLUMINIU11 '•SOLID SECTION, ELSET=ELE11, 
'•MATERIAL, NAME=ALLUMINIU11' 
' •ELASTIC 
70-0E9, 0.33' 
'•PLASTIC 
275.0E6, 0.0' 
300.0E6, 0.0025' 
310.0E6, 0.0125' 
325.0E6, 0.0250' 
350.0E6, 0.0475' 
'•POROUS METAL PLASTICITY, RELATIVE DENSITY=1.000' 
1.3, 1.0, 1.69' 
'•VOID NUCLEATION' 
0.3, 0.1, 0.04' 
'•POROUS FAILURE CRITERIA' 
0.75, 0.7' 
'•DENSITY' 
2700.0' 
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WRITE (7,95) '•AMPLITUDE, NAME=R1' 
95 FORMAT (A19) 

WRITE (7,*) -O.O, 0.0, 0.1, 0.01964, 0.2, 1.0' 
WRITE (7,100) •••HISTORY DEFINITION' 

100 FORMAT (A20) 
WRITE (7,105) '•STEP' 

105 FORMAT (A5) 
WRITE (7,110) ••DYNAMIC, EXPLICIT' 

110 FORMAT (A18) 
WRITE (7,^) ' , 0.20' 
WRITE (7,115) ••RESTART,WRITE, NUMBER INTERVALS=20' 

115 FORMAT (A35) 
WRITE (7,120) '•BOUNDARY, TYPE=DISPLACEMENT' 

120 FORMAT (A28) 
WRITE (7,121) 'TOP, 1,, 0.0' 
WRITE (7,121) 'TOP, 2,, 0.0' 
WRITE (7,121) 'TOP, 3,, 0.0' 
WRITE (7,121) 'BOT, 2,, 0.0' 
WRITE (7,121) 'BOT, 3,, 0.0* 

C WRITE (7,122) 1+(2^er+l)•er+er,', 2,, 0.0' 
C WRITE (7,122) 1+(2^er+l)•er+er, ', 3,, 0.0' 

121 FORMAT (A12) 
122 FORMAT (13, A9) 

WRITE (7,125) '••• 
125 FORMAT (A2) 

WRITE (7,130) '•BOUNDARY, TYPE=DISPLACEMENT, AMPLITUDE=R1' 
130 FORMAT (A42) 

WRITE (7,132) ' BOT, 1,,', displ 
132 FORMAT (A9,F12.8) 

WRITE (7,135) '•FILE OUTPUT, NUMBER INTERVALS=20' 
135 FORMAT (A33) 

WRITE (7,140) '•NODE FILE' 
140 FORMAT (AlO) 

'U' 
'V 
'A' 
••EL FILE' 

•S' 
•SP' 
'LE, MISES' 
) '•ENERGY FILE' 

145 FORMAT (A12) 
WRITE (7,150) ••END STEP' 

150 FORMAT (A9) 

STOP 
END 

WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 

(7,^) 
(7,^) 
(7,^) 
(7,90) 
(7,^) 
(7,^) 
(7,^) 
(7,145 
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