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ABSTRACT 

An orthotropic elasto-plastic damage material model (OEPDMM) suitable for impact 

analysis of composite materials has been developed through a joint research project funded 

by the Federal Aviation Administration (FAA) and the National Aeronautics and Space 

Administration (NASA). The developed material model has been implemented into LS-

DYNA®, a commercial finite element program. The material model is comprised of 

deformation, damage and failure sub-models. The deformation sub-model captures rate- 

and temperature-dependent elastic and inelastic behavior through a viscoelastic-plastic 

formulation. The damage sub-model accounts for reductions in elastic stiffness, while the 

failure sub-model predicts complete loss of load-carrying capacity, leading to element 

erosion. The primary objective of this dissertation is to improve the failure prediction sub-

model. Traditional failure theories using analytical expressions to predict failure either in 

the composite or its constituents have not proven to be reliable. To overcome the 

predictability conundrum, a multi-scale modeling scheme based on a combination of 

virtual and laboratory testing is used to generate the failure surface as point cloud data 

points in the stress/strain space. At the microscale, the constituent components of the 

composite are used in modeling a representative volume element (RVE) that is subjected 

to multi-axial state of stress until the first failure in the RVE is detected. These discrete 

points are used in the developed Point Cloud Failure Criterion (PCFC). The secondary 

objectives of the dissertation are to enhance OEPDMM capabilities - (a) develop a new 

deformation sub-model, the Simplified Material Model that can be used for modeling 

materials exhibiting little or no elasto-plastic behavior, and (b) develop a framework for 
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obtaining traction-separation law using inverse analysis for modeling delamination in 

laminated composites. Five validation tests were conducted to assess the accuracy, 

efficiency and versatility of available capabilities of OEPDMM. The findings from this 

research establish a robust foundation for future advancements in constitutive modeling of 

composite materials, with ongoing efforts directed toward extending PCFC to thick-shell 

and solid finite elements, incorporating rate and temperature-dependent failure surface, and 

incorporating mesh regularization techniques to further improve computational efficiency 

and accuracy in high-fidelity finite element simulations.  
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CHAPTER 1 

1 INTRODUCTION 

Composite materials have garnered significant attention in structural engineering due to 

their superior strength-to-weight ratios and customizable mechanical properties. These 

materials are widely used in aerospace, automotive, and other structural engineering 

applications. However, their complex heterogeneous nature, arising from the combination 

of fibers and matrix materials, presents significant challenges for accurate modeling and 

simulation. These materials are notoriously difficult to characterize via laboratory tests as 

well as model via numerical methods such as finite element methods. However, their use 

is increasing at a very rapid rate due to all the advantages that composite materials provide 

over other structural materials e.g., high strength to weight ratio, strength and stiffness, 

design flexibility, thermal and electric performance etc. These benefits have led to the 

redesign of structures for lightweight and durable solutions, driving widespread adoption 

in the aerospace industry.  

The increasing adoption of composite materials in jet engine fan blades and 

containment structures has significantly enhanced engine performance, efficiency, and 

safety. Traditional metal alloys, such as titanium and aluminum, while strong and durable, 

impose weight penalties that limit fuel efficiency and design flexibility. In contrast, carbon 

fiber-reinforced polymers (CFRP) and hybrid composites offer superior strength-to-weight 

ratios, improved fatigue resistance, and greater damage tolerance, making them ideal for 

next-generation aircraft engines (GE Aerospace, 2015). The transition to composite fan 

blades, as seen in engines like the GE90 and GEnx, has enabled larger fan diameters and 
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reduced fuel consumption without compromising structural integrity (Upadhyay and Sinha, 

2018). Additionally, composite-based containment structures provide critical impact 

resistance during fan blade-out events, ensuring passenger safety by preventing debris from 

breaching the engine nacelle (GE Aerospace, 2005). As the demand for more efficient and 

lightweight propulsion systems grows, understanding the behavior of composite materials 

under operational and extreme conditions becomes increasingly vital. 

The characterization and modeling challenges have been recognized as legitimate 

investigation issues for researchers. For example, a NASA-commissioned report presents 

a detailed roadmap for integrated, multiscale modeling and simulation of materials and 

systems (X. Liu et al., 2018). The report was developed using input from over 450 

contributors who identified not only the critical technical and cultural challenges/gaps 

facing the multiscale modeling community but also nine core technical work areas (Key 

Elements). The goal is to work towards maturation of these Key Elements to create a 

collaborative digital environment (i.e., tools, resources, practices, and people) necessary to 

efficiently, cost-effectively, and accurately design, manufacture, and certify future 

aerospace systems in the year 2040. Two of the nine key elements in the report deal with 

models and methodologies, and with multiscale measurement and characterization tools 

and methods. The length scale spans about 15 orders of magnitude (from pico/femto to 

macro) and 23 orders of magnitude in time (10-15 to 109 s). The finite element method, the 

numerical tool discussed in this thesis, covers a fraction of this length-time domain shown 

in the report.  
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Building an accurate predictive numerical model for composite structural systems 

has been challenging because of the complicated behavior of the material system. Amongst 

several key components in building an end-to-end predictive modeling framework for 

composites, the five key areas are models to reliably predict deformation, damage, onset 

of failure, post-onset-of-failure, and erosion behaviors (Maurya and Rajan, 2024).   

The deformation model captures the rate- and temperature-dependent elastic and 

inelastic behavior using a visco-elastic-plastic formulation (Hoffarth et al., 2017). The 

damage model accounts for the reduction in elastic stiffness and stresses along the principal 

material directions (Khaled et al., 2019a; Shyamsunder et al., 2021). The onset of failure 

model detects when the failure criterion condition is satisfied (Shyamsunder et al., 2020a, 

2021), marking the point at which the material can no longer sustain additional load. The 

post-onset of failure model gradually reduces element stress, allowing load redistribution 

around failed elements, a critical step for preventing numerical instability during analysis 

(Shyamsunder et al., 2022b). Finally, the erosion model removes severely damaged 

elements from the finite element simulation to account for complete material failure 

(Shyamsunder et al., 2021). Together, these components form a robust framework for 

accurately predicting the behavior of composite structures under various conditions. 

1.1 Background and Prior Art 

Fiber reinforced polymer matrix composites are being used more and more in the aerospace 

and automotive industries. Because of this, accurate material models are needed to simulate 

how these materials deform, undergo damage, and fail. LS-DYNA (LS-DYNA®, 2022a) 
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is a commercially available transient dynamic finite-element code that is widely used in 

the aerospace industry. It has several material models that can be used to analyze 

composites.  For example, MAT_22 is an orthotropic linear elastic material with limited 

capability to simulate the nonlinear shear response and the ratio of stress to strength to 

predict fiber and matrix failure with linear unloading. MAT_54/55 is an enhanced version 

of MAT_22 by allowing the reduction of the elastic constants which are selected based on 

the failure mode. MAT_55 uses the Tsai-Wu failure criterion for matrix failure mode, with 

the fiber failure modes the same as MAT_22. MAT_58 uses a continuum damage model 

for the initiation and accumulation of damage. Material stress strain curves are determined 

by user specified point wise properties - failure stress, failure strain etc. MAT_161/ 

MAT_162 uses a stress-to-strength ratio approach to specify the beginning of either fiber- 

or matrix-based failure then appropriate failure mode-based damage functions are used to 

compute the reduction in elastic moduli in each of the coordinate directions. 

MAT_117/MAT_118 are used for modeling elastic responses of composites using shell 

elements. These material models are based on standard composite lay-up theory, and are 

used for the computation of extensional, bending and coupling stiffness components. The 

only difference between MAT_117 and MAT_118 is that MAT_117 gives stiffness 

coefficients in the material coordinate system and MAT_118 gives the stiffness coefficients 

in the element coordinate system. Separate damage accumulation and modulus reduction 

functions based on the failure mode are used. The MAT_261 damage and failure model 

has separate models for different types of failure: fiber tension, fiber kinking, matrix 

tensile, and matrix compressive. Each of the failure criteria also has different functional 
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forms.  MAT_262 uses an energy approach to generate damage functions in various 

coordinate directions within the context of a continuum damage mechanics formulation 

(LS-DYNA®, 2022b). A detailed comparison of the various composite constitutive models 

shows that the currently available models need improvements especially for modeling 

impact and crush problems (Shyamsunder et al., 2021, 2020b). 

Even though all the material models discussed so far have been used to model 

impact response of polymer composites with some success, there are still ways in which 

their ability to predict can be improved. In general, the existing material models used in 

LS-DYNA assume that the nonlinear response of the composite is caused by either damage 

mechanisms or deformation mechanisms, e.g., plasticity. An improved model, on the other 

hand, should be able to simulate actual material behavior in which material nonlinearity is 

caused by a combination of deformation and damage mechanisms. Most of the existing 

material models that are currently used for composite impact analysis take inputs as point-

wise characteristics, e.g., elastic modulus of elasticity, Poisson’s ratio, etc., or a specified 

failure stress or failure strain. These assumptions lead to curve-fitting approximations of 

the material's stress-strain curves. This methodology results in either models with few 

parameters that are only a rough approximation of the actual stress-strain curve, or models 

with many parameters that require numerous difficult tests to determine their values or are 

obtained via numerical calibration. An improved approach would be to use data from a 

well-defined set of experiments in a tabulated form. In addition, many of the existing 

models are only suitable for use with two-dimensional thin shell elements which cannot 

capture the thorough-thickness response which may be significant in impact applications. 
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Therefore, it would be advantageous to have a three-dimensional formulation that is 

compatible with solid elements, in addition to a shell element formulation (Goldberg et al., 

2016).  

To address the needs of accurate modeling of composites, an orthotropic elasto-

plastic damage material model has been developed at ASU through a joint research project 

funded by the Federal Aviation Administration (FAA) and the National Aeronautics and 

Space Administration (NASA). The developed material model has been implemented into 

LS-DYNA as COMPOSITE_TABULATED_PLASTICITY_DAMAGE (MAT_213) 

(Goldberg et al., 2016; Hoffarth et al., 2016a; Shyamsunder et al., 2020b). The terms 

OEPDMM and MAT_213 are used interchangeably. However, one should note that the 

OEPDMM theory can be implemented in any computer program. 

1.2 Modeling of Structural Composites 

Modeling structural composites is crucial for predicting their mechanical behavior, failure 

mechanisms, and overall performance under various loading conditions. Due to their 

heterogeneous and anisotropic nature, capturing their behavior accurately is inherently 

challenging. The main aspects of composite modeling include deformation, damage, and 

failure. Deformation is particularly complex due to the material’s directional properties 

requiring models that account for both elastic and nonlinear behaviors. Damage often 

begins with matrix cracking and fiber-matrix de-bonding and is commonly modeled using 

techniques such as Continuum Damage Mechanics (CDM) and cohesive zone modeling 

(CZM). Failure occurs when the material loses its load-carrying capacity, and predicting it 
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is difficult due to the interaction of multiple damage mechanisms under multiaxial loading. 

While progress has been made in understanding deformation and damage, accurately 

predicting failure remains a significant challenge. 

Accurately predicting composite failure, particularly in the context of the crush and 

impact loadings, is a huge challenge. For example, composites fail in compression in a 

variety of ways – fiber crushing, splitting, elastic micro-buckling, matrix failure and plastic 

micro-buckling, buckle delamination, shear-band formation, etc. There are other modes of 

failure involving fracture of the material that is brought about by fiber breakage, fiber 

micro-buckling, fiber pullout, matrix cracking, delamination, de-bonding, or any 

combination of these mechanisms.  

1.2.1 Failure Modeling of Composite 

Due to the heterogeneous and anisotropic nature of composite materials, failure prediction 

of structural composites has always been a challenging task. The current version of 

MAT_213 supports three failure theories: Generalized Tabulated Failure Criterion 

(GTFC), Puck Failure Criterion (PFC), and Tsai-Wu Failure Criterion (TWFC). The 

implementation of PFC and GTFC within MAT_213 has been presented in earlier work at 

ASU along with the validation tests carried out at quasi-static and room temperature 

(QSRT) (Shyamsunder et al., 2021, 2020b) and at high strain rate conditions (Shyamsunder 

et al., 2022a, 2022b). Despite its strengths, some limitations are discussed in aspects of 

modelling damage and failure for the composites.  
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1. The majority of failure models comprise a significant number of parameters related 

to failure, and acquiring these values from experiments can be challenging. For 

example PFC requires at least 15 failure related parameters (Shyamsunder et al., 

2020a). To establish accurate numerical predictions, these parameter values are 

determined through a calibration process of the models to obtain valid numerical 

response. 

2. To account for the post-failure behavior and ensure numerical stability, every 

stress-strain curve obtained from principal material direction/plane testing must be 

extended to include a post-failure regime. This extension is necessary even when 

the composite exhibits a brittle and sudden failure. Including the post-failure 

behavior is vital because it allows for a numerically stable solution as a finite 

element cannot be instantly eroded (deleted) once the failure criterion is met. 

Obtaining the post-failure regime from experiments is challenging and hence, post-

peak data may be artificially added to the experimentally obtained pre-peak data   

(Shyamsunder et al., 2022b). 

3. Both PFC and GTFC are failure criteria that depend on the element size which 

means the erosion of elements is sensitive to the mesh size (Shyamsunder, 2020). 

4. It is generally accepted by researchers that the damage and failure of composite 

systems are influenced by the composite architecture and the constituent materials, 

and these aspects are not fully considered in any of the failure criteria (Talreja, 

2016). As a result, these limitations hinder the proper correlation of macro-behavior 

with micro-behavior. Composite failure criteria are significantly more complex 
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compared to those used for materials like metals, necessitating the use of expensive 

multi-scale modeling approaches to develop more accurate predictive models 

(Shyamsunder, 2020; Shyamsunder et al., 2020b). 

Over the last few decades, many failure prediction models have been developed by 

numerous researchers around the globe. Structural composites exhibit various failure 

modes based on loading direction, state of stress, and manufacturing defects. For example 

(Figure 1.1), the failure modes in fiber-reinforced polymeric composites (FRPC) include 

(a) fiber failure modes such as fiber breakage in longitudinal tension and localized fiber 

micro-buckling in longitudinal compression, (b) matrix and inter-laminar tension failure 

which are examples of matrix cracking, (c) matrix and inter-laminar compression failure, 

and (d) fiber-matrix shear-out failure which is cause of cracking or debonding in the fiber-

matrix interface (Pinho et al., 2006; Zhang et al., 2016). To explore failure in distinct 

components of composites, researchers have investigated composite failure at multiple 

scales encompassing microscale, mesoscale, and macroscale levels (Figure 1.2). While 

examining FRPC, the microscale level focuses on the failure mechanisms within each 

individual fiber and the matrix phase surrounding the fibers. The mesoscale level examines 

failure homogeneity at the lamina level which is larger than the fiber size. On a larger scale, 

the macroscale model examines failure homogeneity in laminates which involves various 

stacking arrangements of laminae (Christensen, 2008; Gao et al., 2017; Nasirov et al., 

2020). 
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Figure 1.1: Scanning Electron Microscopy (SEM) Micrographs of Different 

Failure Modes (Pinho et al., 2006). 
 

 
Figure 1.2: Macroscale, Mesoscale and Microscale Domains, and Three-Scale 

Hierarchy (Nasirov et al., 2020). 
To fully utilize the mechanical properties of newly developed composites, accurate and 

trustworthy failure criteria are required. Over the last three decades to evaluate the state of 

the art in this area, World-Wide Failure Exercises (WWFE) have been organized where 
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participants have used benchmark experimental data to validate their theories (Hinton et 

al., 2004). The first World-Wide Failure Exercise (WWFE-I, 1996 - 2004) focused on 

response of fiber-reinforced polymer composites under in-plane biaxial loading in absence 

of stress concentrations. The failure theories considered include interactive failure theories, 

physically based failure criteria, damage mechanics, industrial and standard design code 

approaches as well as commercial software vendors and developers (Hinton et al., 2004).  

The predictions from theories were compared to experimental results as presented in 

(Hinton et al., 2004). The second World-Wide Failure Exercise (WWFE-II, 2007 - 2013) 

focused on the response of laminated fiber-reinforced composites under three-dimensional 

stress condition (Hinton and Kaddour, 2012). Twelve groups took part and ranking of the 

participating theories were made. There were few models which worked at 

micromechanical scale (Carrere et al., 2012; Huang et al., 2012) and rest were at meso-

mechanical or macro-mechanical scales. The advantage of micro-mechanical model over 

meso-mechanical or macro-mechanical model is that it becomes “easy to determine the 

stresses in the constituent materials and to identify failure modes”. In comparing various 

theories and experiments it was noted that “The designers, wishing to use the models 

benchmarked in WWFE-II, can only expect a few theories to give acceptable correlation 

(within 50%) with test data for 75% of the test cases used” (Kaddour and Hinton, 2013). 

The third world-wide failure exercise (WWFE-III, 2013-unknown end date) (Kaddour et 

al., 2013) focuses on modeling sub-critical damage under in-plane loading, especially 

continuum damage mechanics (CDM) and fracture mechanics approaches. From the three 

exercises, (Kaddour and Hinton, 2018) noted that “…none of the theories was capable of 
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predicting all the strength and deformation of the lamina and laminates within ±10% of the 

measured data”. 

A list of the more popular failure theories is presented next (Shyamsunder et al., 

2020b). The purpose of listing these theories is not to present a detailed summary, as those 

can be found in other publications, but to illustrate the fact that there are numerous 

competing models where the failure definitions are extremely varied. It should be noted 

that the first three theories have been implemented in commercial finite element codes. The 

rest have been implemented into in-house codes written in a variety of languages 

(FORTRAN, MathCad, Visual Basic, Matlab etc.).  

Tsai-Ha’s Theory (Huang et al., 2013, 2012): The model is based on 3D laminate theory 

and is tied to the use of commercial finite element programs (MD NASTRAN and 

ABAQUS) via user-supplied subroutines. The failure model is based on micromechanics 

of failure (MMF) and considers failure in the fiber, matrix, and the fiber-matrix interface. 

A progressive damage model is used for the matrix. Thermal stresses are also considered 

in the model.  

Pinho’s Theory (Pinho et al., 2013, 2012): The model is implemented in a finite element 

program. The underlying constitutive model is tailored to capture the nonlinear behavior 

of unidirectional composites. A nonlinear response is considered in shear, and in the 

transverse and through-thickness directions. Matrix failure, fiber kinking and fiber tensile 

failure are handled separately. Fracture energy is used with each failure mode.   

Puck’s Theory (Deuschle and Puck, 2013; Matthias Deuschle and Kröplin, 2012): The 

model is implemented in ABAQUS via a user-supplied subroutine and in MAT_213 LS-
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DYNA. The failure criteria for fiber fracture and inter-fiber fracture of unidirectional fiber-

reinforced polymer composites are suitably modified forms of the Coulomb-Mohr theory 

of fracture.  

Huang’s Theory (Huang and Zhou, 2013; Zhou and Huang, 2012): The model is based on 

3D laminate theory and the Bridging Model. The Bridging Model, a micromechanical 

theory, is modified and applied to laminates. Using the constituent properties as the 

material data, the model can predict the elastic-plastic behavior of a unidirectional (UD) 

composite and compute the stresses in the constituent materials. Final failure of the 

laminate takes place when fiber failure occurs, or the resin has failed in compression. The 

lamina is assumed to fail if any of its constituents fail, and subsequently the stiffness of the 

resin is reduced.  

Carrere’s Theory (Carrere et al., 2013, 2012): This is a multi-scale Micromechanical-based 

Hybrid Mesoscopic (MHM) progressive failure model. The model considers the effect of 

microdamage on the ply strength parameters. This involves the determination of 

microdamage in the UD ply using a damage law which is based on continuum damage 

mechanics. Nonlinear behavior is taken care of by a thermo-viscoelastic constitutive law. 

The failure criterion at the ply level depends on the effective strength which is a function 

of the microdamage and considers fiber-fracture (FF) and inter-fiber fracture (IFF) as 

modes of failure. The model distinguishes between tension and compression failures. The 

failure in each mode is then followed by the degradation of the failed ply based on a damage 

law.  
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Bogetti’s Theory (Bogetti et al., 2013, 2012): A laminate theory is used to compute the 

effective laminate stress-strain response. Nonlinear behavior as well as progressive ply 

failure are accounted for in the model. The failure theory is based on computing and using 

the maximum 3D strain. The ply strains are used in nine modes of failure that are connected 

to strain values in the principal material directions. This is the only model that showed all 

the failure envelopes to be closed in WWFE-II. 

Cuntze’s Theory (Cuntze, 2013, 2012): The model assumes that the composite at the ply 

level is transversely isotropic. The failure model is based on the author’s Failure Mode 

Concept and considers five modes of failure – two FF modes and three IFF modes. 

Furthermore, the interaction of all the modes is considered using a probabilistic based 

series spring model where the interaction exponent is obtained by curve fitting of 

experimental data. 

Wolfe’s Theory (Doudican et al., 2013; Zand et al., 2012): The model assumes that each 

lamina is an inelastic homogenous orthotropic material. Failure is based on a strain-energy 

formulation that incorporates the effects of in-plane thermal residual stresses accumulated 

during the curing of composite laminates and considers the failure of matrix and fiber 

separately. The failure criterion is described by the ratio of strain energy acquired to the 

strain energy at failure. The stiffness of the lamina is reduced once the failure criterion in 

the lamina is satisfied. It should be noted that the test cases which have been used in 

exercising the eight failure models listed above for WWFE-II, involve only static loading 

scenarios. 
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What can be garnered from the WWFE publications is that several failure theories 

for FRPC have been developed from physical and phenomenological points of view. 

Failure theories can be classified mainly in three categories: (1) limit or non-interactive 

failure criteria, (2) interactive failure criteria, and (3) partially interactive or failure mode 

based failure criteria (Chen et al., 2019; Daniel, 2007; De Luca et al., 2017; Gupta et al., 

2022; Pai et al., 2023; Talreja, 2016; Tsai and Melo, 2016; Wang and Duong, 2016). Limit 

or non-interactive criteria include maximum stress criteria and maximum strain criteria 

which have shown poor predictions in the case of multiaxial loading. Interactive failure 

criteria like Tsai-Wu (Tsai and Wu, 1971) was developed to address the limitation of non-

interactive failure criteria by allowing interaction between different stress and material 

strength components with a quadratic function. Several other popular and well-known 

interactive quadratic failure criteria are available and proposed by Tsai-Hill (Tsai, 1965), 

Azzi-Tsai (Azzi and Tsai, 1965), Hoffman (Hoffman, 1967), and Chamis (Chamis, 1969). 

To ensure a good fit of the failure surface to the experimental results, these failure criteria 

can be expressed in terms of the general Tsai-Wu failure criterion by varying the 

coefficients. The aforementioned interactive failure criteria have some drawbacks. For 

example, these criteria do not consider the composite's microstructure in the failure 

predictions but do consider homogenized properties obtained from experiments to make 

predictions at the laminae level (macroscale). These criteria don't consider the different 

failure modes that can be used to account for various damage mechanisms. Another point 

that should be noted while using quadratic failure criteria is that the predicted failure 

strength under a biaxial tensile stress state depends on compressive strengths or vice versa 
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which is physically unacceptable. Partially interactive or failure mode based failure criteria 

includes Hashin-Rotem criteria (Hashin and Rotem, 1973), Hashin’s criteria (Hashin, 

1980), Puck failure criteria (Puck and Schürmann, 2002) etc. Both Hashin-Rotem and 

Hashin’s failure criteria include two failure modes, one associated with fiber failure and 

the other with matrix failure, distinguishing between tension and compression. PFC has 

also two different failure or fracture modes: fiber fracture (FF) and inter-fiber fracture (IFF) 

(matrix cracking). PFC differs from those proposed by Hashin in the matrix cracking mode. 

PFC has three different matrix cracking modes, differing in the angle between the fracture 

plane and the lamina, as well as in the type of load which causes the fracture. The failure 

model is an action-plane based model for transversely isotropic UD fiber reinforced 

composite lamina (Shyamsunder et al., 2021, 2020a). It should be noted that both Tsai-Wu 

and Puck failure surfaces are open in biaxial compression of 2 3σ σ− plane, implying that 

the Tsai-Wu and Puck failure models make an unreal assumption that the composite does 

not fail under biaxial compression (Katusele, 2021).  

To describe the failure surface, all classical failure models use mathematical 

functions that assume a particular shape of the failure surface. For example, two-

dimensional failure surface of Tsai-Wu in 1 2σ σ−  plane is elliptical due to the quadratic 

nature of the equation defining the failure surface. In reality, the failure surfaces of actual 

composites often do not exhibit this simple shape (Goldberg et al., 2018). Many actual 

failure surfaces cannot be easily defined by a mathematical function of the stresses. 

Alternatively, complex failure surfaces for advanced materials can be successfully defined 



17 

 

using tabulated approaches based on experimental data. With the tabulated approach, 

failure surfaces can be defined experimentally, using any available failure model, or by 

combining experimental and numerically obtained "virtual" data. To take the advantage of 

tabulated approach, a stress-based generalized tabulated failure criterion (GTFC) was 

implemented in cylindrical coordinate system ( ),r θ  where r defines the magnitude of the 

failure surface and θ  defines the relative location of the point on the failure surface in stress 

space (Goldberg et al., 2018). In general, the stress-based failure criteria predict only peak 

stresses and do not define post-peak behavior. Some recent efforts have shown that the 

failure behaviors depend not only on the failure onset predicted by the failure criteria, but 

also on the subsequent fracture propagation processes which is necessary for an impact 

analysis (Shyamsunder et al., 2022b; Sun et al., 2019). To predict post-peak behavior, a 

strain based GTFC is preferable (Shyamsunder et al., 2021).  

Several studies have been conducted in the past where challenges in conducting 

and modeling the impact events are discussed (Polla et al., 2023; Shyamsunder et al., 

2022b, 2022a). The accuracy of impact modeling requires temperature and strain rate 

dependent failure models. Most of the failure criteria are based on quasi-static and room 

temperature condition. A strain rate dependent engineering failure criterion was proposed 

based on a carbon/epoxy composite material that was characterized over a wide range of 

strain rates. It was found that both the moduli and strengths varied linearly with the 

logarithm of strain rate (Daniel et al., 2011). In this process, a failure criterion developed 

based on multiscale technique was modified to include the strain rate effect. Modified 
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failure criterion was validated with QS-RT and Charpy impact test along with the 

numerical model (Kwon and Panick, 2020).  

To overcome most of the deficiencies listed previously, a multi-scale modeling 

approach is necessary. A new failure criterion hereafter referred to as the Point Cloud 

Failure Criterion (PCFC) (Katusele, 2021; Rajan et al., 2021) is currently in the 

development and implementation stage, and is the focus of this dissertation. The failure 

surface for PCFC is generated by experiments and multiscale modeling of a polymeric 

unidirectional composites (Harrington et al., 2017; Katusele, 2021; Khaled et al., 2021; 

Parakhiya, 2020).  

1.2.2 Multiscale Modeling Framework (Maurya and Rajan, 2024) 

Accurate prediction of failure of composite materials and structures for various system has 

been a difficult task because of the complexity of the failure micro-mechanisms. In absence 

of accurate models to predict the failure strength of composites, the burden of testing is 

huge to demonstrate safety in composite structures whose integrity depends on human 

lives. For instance, certification of an airframe structure requires testing of 10,000 material 

specimens in addition to testing of individual parts and structures up to and including entire 

tails, wing boxes, and fuselages (LLorca et al., 2011).  However, both the failure criteria 

themselves and the experimental program used to evaluate them have certain limitations. 

Throughout the experimental program, one of the most common challenges encountered is 

the complexity of conducting combined stress state tests and accurately identifying initial 

failure stresses, damage propagation, and failure modes.   
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However, recent advances in multiscale simulations, along with more powerful 

computers and better modeling tools, are rapidly changing this scenario. The multiscale 

modeling strategy starts with the in-situ measurement of the matrix and interface 

mechanical properties to build up a framework of the numerical simulations which consider 

the relevant failure mechanisms at different length scales. The bottom-up approach is being 

developed to model composite materials and structures at various scales (Figure 1.3). This 

approach begins with the lowest level, using test coupons, and progresses to higher levels, 

including details, subcomponent, and component tests. The goal is to validate the accuracy 

and effectiveness of the analysis methods employed at each level. Moreover, the test 

coupons can be further classified and refined into different scales (Figure 1.2) based on the 

available information about the microstructure of the components. In the first, the ply 

properties are predicted using computational micromechanics based on the 

thermomechanical characteristics of the constituents (fiber, matrix, and interfaces), as well 

as the volume fraction and spatial distribution of the fibers within a single ply. A new 

reconstruction method based on SEM images in conjunction with genetic algorithm was 

used to create realistic microstructural models of a carbon fiber-reinforced polymeric 

composites CFRPC with desired volume fraction, size distribution, and spatial arrangement 

of embedded fibers (Ahmadian et al., 2017). Subsequently, computational meso-mechanics 

is used to determine the homogenized behavior of laminates starting from the homogenized 

ply properties, information about the laminate lay-up, and inter-ply behavior. Finally, the 

response of structural components until fracture is determined using these results within 

the computational macro-mechanics framework (LLorca et al., 2011). 
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Figure 1.3: Schematic Diagram of Building Block Approach (FAA, 2018). 

An examination of various approaches shows that several decisions need to be made to 

maintain a balance between accuracy, efficiency, and robustness in the generation of the 

constitutive model. 

1. Is the goal of multiscale models to generate a framework for carrying out virtual 

testing of various composite systems to create input for finite element analysis? 

2. At what length scale should multiscale modeling be conducted?  

3. How should the RVE be generated? How should the RVE behavior be 

homogenized? Are deformation, damage and failure captured for use in a 

homogenized constitutive model? 

4. How does the size of the RVE and the mesh density influence the results? 
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5. How can the generated data be used in a finite element analysis, e.g., are there 

multiple options available to measure if the computed state of stress or strain at a 

point in the FE model is inside or just outside the failure surface? 

6. How should the developed approach be verified and validated? 

State-of-the-art research that provides answers to some of these questions can be divided 

into two major categories – multi-scale modeling where the focus is on generating high-

fidelity RVEs, and linking the behavior of RVEs to failure prediction. Amongst hundreds 

of publications, summary findings from the ones connected with the current work are 

discussed below. 

Totry and his co-researchers (Totry et al., 2008a) show how the failure locus of 

unidirectional fiber reinforced composite can be constructed using computational 

micromechanics. Circular fibers are placed randomly in an RVE to model a unidirectional 

composite. The 2D RVE was subjected to transverse compression and longitudinal shear. 

In a follow-up paper (Totry et al., 2008b), a 3D RVE was constructed and used to model a 

unidirectional C/PEEK composite with similar loading. The generated failure locus 

showed excellent match when compared to Hashin (Hashin, 1980), Puck (Puck and 

Schürmann, 2002) and LaRC03(Davila et al., 2005) failure criteria when a strong interface 

between the fiber and the matrix was considered, while with weak interface, the failure 

criteria overestimated strength in the shear dominated region. 

In (Herráez et al., 2016) the effect of the shape of the fiber cross-section such as 

circular, lobular, polygonal, and elliptical, are investigated to find the transverse strength 
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of unidirectional fiber composites. Two-dimensional RVEs containing uniform and 

random dispersions of 50% of these differently shaped fibers in a polymer matrix are 

modeled using periodic boundary conditions. A large enough RVE was used to ensure 

simulation results were size independent in a statistical sense, without exceeding 

computational resources. Results indicated that circular fibers exhibited the best 

homogenized behavior.  

(Bouaoune et al., 2016) conducted a comparison between random and periodic 

microstructures that had similar fiber and matrix volume fractions. The difference in 

macroscopic elastic properties between random and periodic microstructure samples was 

approximately 1% at most. However, they caution that periodic RVEs are likely to miss 

predicting local behavior such as significant increase in both bulk and shear stresses 

brought about by regions where fibers are positioned very close to each other. 

In (Z. Liu et al., 2018) details of a recently developed RVE package in LS-DYNA 

(LS-DYNA®, 2022a) are presented. The package offers two types of boundary conditions 

– periodic boundary conditions and displacement boundary conditions. They show that if 

the RVE is large enough, both types of boundary conditions yield similar results. 2D and 

3D RVEs are used to illustrate how the package can be used to compute homogenized 

properties for inclusions embedded in the matrix and carbon fiber reinforced woven 

composite.  

(Sun et al., 2018) use a modified conventional RVE (fiber and matrix with zero-

thickness interface) to include an interphase region between the fiber and matrix to enhance 

the accuracy of the simulation outcomes. The thickness of the interphase region was 
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estimated using the transmission electron microscopy (TEM) technique, while the 

interphase material properties were characterized using molecular dynamics simulation 

and an analytical gradient model. In a follow up paper (Sun et al., 2019), failure data was 

generated by conducting in-plane and out-of-plane biaxial testing while accounting for the 

initial misalignment of fibers in the modified RVE and evaluated against existing classical 

failure criteria, including Puck, Tsai-Wu, Hashin failure, and others. The study revealed 

that classical failure criteria yielded different results compared to computational 

micromechanical models, specifically in the shear dominated region, when examining the 

combined transverse compression and in-plane shear, as well as the combined transverse 

compression and out-of-plane shear. 

In (Katusele, 2021) a micromechanical model that generates limited failure surface 

of a unidirectional composite (T800/F3900) through in-plane and out-of-plane biaxial tests 

is presented. The generated failure surface was compared to classical failure theories, 

including Tsai-Wu and Puck. It was concluded that both Tsai-Wu and Puck failure surfaces 

are open in biaxial compression in the 
2 3σ σ−  plane, implying that these failure models 

make an unrealistic assumption about the strength of the composite.  

Finally, in a more recent work (Balasubramani et al., 2022) investigate the influence 

of size and shape of 3D RVEs on homogenized effective properties and localized damage 

onset. They conclude that the properties obtained from both square and hexagonal 

representative volume elements (RVEs) converge when the RVEs contain more than 11 

fibers.  
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While there is some consensus amongst these research efforts – classical failure 

theories have severe shortcomings, micromechanical model using RVEs is an effective 

way to study damage and failure of composites not afforded with laboratory testing with 

multi-axial state of stress, and sufficiently large RVEs provide reasonably accurate stress 

and strain predictions aided by inverse analysis/model calibration, a comprehensive 

framework that answers the six questions posed earlier and provides a path forward for 

modeling composite structures is missing. 

1.2.3 Cohesive Zone Modeling of Composite (Maurya et al., 2024c) 

Composite structures sustain significant internal damage when subjected to impact and 

crush loads. This internal damage is primarily the result of delamination caused by high 

normal, large tangential stresses, and stress concentrations generated by impact loads. This 

causes the interfaces of the laminate to de-bond. Delamination significantly reduces the 

structure's stiffness and strength. Moreover, it cannot be visually inspected because it 

occurs in the inter-laminar layers. Understanding the mechanisms of delamination in 

composite laminates is therefore essential for preventing catastrophic structural failure. 

Therefore, in recent decades, a significant amount of focus has been placed on the 

development of models to predict delamination. There are three different modes in 

delamination, including mode I or opening mode, mode II or shearing mode, and mode III 

or tearing mode. Among these damage modes, mode I, mode II and mixed mode (derived 

from combination of mode I and mode II) are the most commonly occurring delamination 

modes in laminated composite. Various numerical modeling techniques like Virtual Crack 
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Closing Technique (VCCT), Extended Finite Element Method, Multiscale Reduced Order 

Modeling (ROM), Random Lattice Method (RLM), and Cohesive Zone Modeling (CZM) 

can be used for modeling delamination. L. F.Alessandro Fascetti discusses each one of 

these methods, highlighting their salient features, advantages, challenges and applications 

in detail.  

The Virtual Crack Closing Technique (VCCT) is based on the assumption that the 

energy released during delamination propagation equals the work required to close the 

crack back to its original position (Krueger, 2002; Turon et al., 2007). Similarly, the 

Extended Finite Element Method (XFEM) methods were specifically developed to 

overcome limitations of the classical FEM approach in the treatment of discontinuities such 

as cracks or material boundaries (Fascetti et al., 2021). Other techniques such as Multiscale 

Reduced Order Modeling (ROM) use a two-step process. In the first step, Representative 

Volume Elements (RVEs) are used at the micro-scale to model the constituent components 

of the composite and a singular domain constituted by cohesive bands. In the next step, a 

reduced order model is developed that extracts the relevant information from the RVE and 

carries out the computations at the macroscale in an efficient manner (Oliver et al., 2017). 

Random Lattice Method (RLM) leverages the duality of Delaunay and Voronoi 

tessellations of the computational domain to construct dense networks of 1‐D elements that 

simulate interactions between material points within the domain (Fascetti et al., 2021). 

Cohesive Zone Modeling (CZM) and Tie-break Contact (TBC) techniques offer the 

simplest, yet the most powerful way delamination can be incorporated in finite element 

models. A comprehensive review of these techniques can be found in (Fascetti et al., 2021). 
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Recently, a new method called inter-laminar matrix stress modification method, has been 

offered as an alternative to the techniques discussed before. Prediction of delamination in 

a hybrid laminate made of steel sheet and carbon fiber reinforced plastic (CFRP) plate has 

been achieved by the researchers by modifying the stresses of an inter-laminar matrix layer 

in between the sheet and the plate. The normal and shear stresses of the matrix layer are 

modified with two coefficients which are determined by the critical displacements 

corresponding to the peak loads applied to the double cantilever beam (DCB) and end-

notched flexure (ENF) tests on the hybrid laminate (Zhou et al., 2023; Zhou and Huang, 

2022). 

In a CZM model, a traction-separation law (TSL) is used to define the relationship 

between stress and relative displacements at the integration points of cohesive zone 

elements (CZE). In most common approaches, three parameters are used to define the 

behavior - peak traction, max ,σ  critical energy release rate, ,CG  also known as fracture 

toughness representing the area under the curve, and the initial, undamaged linear region 

stiffness, k  (Azevedo et al., 2015; Dourado et al., 2012; Jensen et al., 2019; Shanmugam 

et al., 2013). Similarly, in a TBC model, adjacent laminae are tied together, i.e., one node 

from each lamina is placed at the same location so that the two laminae are in contact. If 

the shear failure strength or the normal failure strength value is reached at the point of 

contact, the contact is broken resulting in two separate surfaces that are presented from 

penetrating each other using surface-to-surface contact detection algorithms (Dogan et al., 

2012).  



27 

 

The consensus is that amongst all these approaches, the two that are attractive 

because of their low computational cost, high accuracy, and the ease with which they can 

be implemented in a computer program (LS-DYNA) are Cohesive Zone Modeling (CZM) 

and Tie-Break Contact.  

1.3 Research Objectives 

The deformation, damage, and failure modeling theory used in this work has been 

previously verified and validated through a combination of actual and virtual experimental 

data (Goldberg et al., 2016; Hoffarth et al., 2016a, 2017; Shyamsunder et al., 2020b, 2021). 

The specific research objectives of this dissertation are as follows: 

1. Develop multiscale modeling of unidirectional carbon fiber-reinforced composites, 

i.e., Toray’s T800/F3900 UDC. Subject these models to uniaxial and multiaxial 

loading conditions to determine the stress/strain state when the first element in the 

RVE would satisfy the failure criterion for the material and erode. Generate 

sufficient number of these points so as to have a sufficiently dense point cloud data 

approximating the failure surface. 

2. Enhance the capabilities of MAT_213 by implementing a new failure model, the 

Point Cloud Failure Criterion that uses the generated point cloud data from (1). 

3. Develop a new deformation sub-model, the Simplified Material Model (SMM), that 

can be used for modeling materials exhibiting little or no elasto-plastic behavior 

4. Develop a traction-separation law for unidirectional carbon fiber-reinforced 

composites using inverse analysis. 
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5. Verify and validate the enhanced capabilities using statically loaded structural test 

data from Arizona State University (ASU) and impact test results from NASA 

Glenn Research Center (NASA-GRC). Reduce the number of material parameters 

that cannot be determined experimentally and hence, need to be calibrated, to as 

small a number as possible. 

6. Demonstrate the versatility of MAT_213 across diverse material systems beyond 

traditional aerospace and automotive composites. 

Chapter 2 outlines existing and new capabilities of MAT_213 and the experimental 

procedures needed to construct the input cards for all material models required for 

composite simulation. 

Chapter 3 discusses multiscale material modeling to generate the point cloud data for 

PCFC. 

Chapter 4 introduces the implementation of a new failure criterion, termed the Point Cloud 

Failure Criterion (PCFC).  

In Chapter 5 presents the verification and validation tests for the developed models and 

capabilities. 

Finally, Chapter 6 concludes the dissertation by discussing potential improvements to the 

material model for future work. 

Equation Chapter (Next) Section 1 
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CHAPTER 2 

2 MATERIAL MODEL AND GENERATION OF MATERIAL DATA 

2.1 Material Model for Capturing Orthotropic, Visco-Elastic-Visco-Plastic Behavior  

MAT_213 has three different sub-models - deformation, damage and failure as shown in 

Figure 2.1. The first sub-model, deformation is used to capture the rate and/or temperature 

dependent elastic and inelastic behavior via a visco-elastic-visco-plastic formulation 

(Hoffarth et al., 2017; Shyamsunder et al., 2022a). The second sub-model, damage is used 

to determine the reduction in the elastic stiffness and stresses of principal material 

directions (PMD) when loading and unloading take place. The damage sub-model supports 

both uncoupled and coupled damage parameters. Uncoupled damage signifies that damage 

is induced in a principal material direction (PMD) or principal material plane (PMP) and 

the elastic stiffness is reduced in the same PMD or PMP. On the other hand, coupled 

damage indicates that when damage is induced in a PMD or PMP, the elastic stiffness is 

reduced in a different PMD or PMP (Khaled et al., 2019a). The third sub-model, failure, is 

used to predict when there is no more load carrying capacity in a finite element and erosion 

of the element from the finite element model takes place. 
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Figure 2.1: Components of OEPDMM Constitutive Model. 

2.1.1 QS-RT Deformation Model 

The elasto-plastic deformation in the model is based on a general orthotropic constitutive 

relationship  

 ( )1σ σ C : ε ε p
n n t+ = + ∆ −    (1.1) 

where C  is the orthotropic elastic stiffness matrix, t∆  is the time step, ε  is the total strain 

rate and pε  is the plastic strain rate.  The elastic stiffness matrix is written in terms of the 

compliance matrix as 
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The elastic moduli values to be used for Eqn. (2.2) are computed internally by MAT_213 

using initial yield stress and the specified initial yield strain. The initiation and evolution 

of plasticity in deformation model is dictated by a general quadratic three-dimensional 

orthotropic yield function given by the Tsai-Wu failure model as shown in Eqn. (2.3) (Tsai 

and Wu, 1971). 
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where 1a = − , the 1 2 3− −  subscripts refer to the principal material directions, and ijσ  

represents the  current yield stresses and the iiF  terms are the yield function coefficients 

and are computed based on the current yield stress values in the various coordinate 

directions as shown  
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The yield stresses in the various coordinate directions are obtained from the input twelve 

sets of tabulated curves consisting of stress-strain curves in tension in the 1, 2  and 3   

directions, in compression in the 1, 2  and 3   directions, tensorial shear stress-strain in the 

shear 1 2, 2 3− −  and 1 3−  planes, and off-axis stress-strain curves in 1 2, 2 3− −  and 1 3−

planes. If the material exhibits rate and/or temperature dependency, the twelve input curves 

can be defined for as many sets of different strain-rate and temperature combinations as 

required. These stress-strain curves can be obtained experimentally (Khaled et al., 2018) 

or by virtual testing (Harrington et al., 2017). The yield stresses need to be such that the 
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yield surface is convex at any point of time so that a converging solution is obtained 

(Hoffarth et al., 2016b). If for any reason, the yield surface is not convex, then convexity 

is enforced by modifying the off-axis yield function coefficients as 
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A non-associative flow rule is used to define the evolution of the plastic strain components, 

with the plastic potential for the flow rule calculated as  
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where ijH  are flow rule coefficients that depend on the average value of various plastic 

Poisson’s ratios. Experimental data are used to calculate the flow rule coefficients as 

follows. 

1. First, the unidirectional test results from the PMDs are used to calculate six of the 

coefficients. For example, Eqn. (2.7) shows how the simplified plastic potential 

function along with the relationship p hλ ∂
=

∂
ε

σ
 , can be used to compute the plastic 

Poisson’s ratios, p
ijν as, 
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 (1.7) 

where, p
ijε  are the plastic strain-rate components. 

2. Second, since Eqn. (2.7) shows that the flow rule coefficients are not linearly 

independent. One of the flow rule coefficients is assumed – normally a value for 

the flow rule coefficient corresponding to the direction with the most plasticity is 

assumed, after which Eqn. (2.7) is used to compute the values of the remaining 

coefficients. The stress-strain curve in this direction is denoted as the master curve. 

3. Third, the final three terms, 44 55,H H  and 66H , are computed by fitting the shear 

curves with the master curve in the effective stress versus effective plastic strain 

space.  

2.1.2 Damage Model 

Damage in fiber reinforced-polymer matrix composites (FRP) is typically a phenomenon 

observed at the microscale which manifests itself as a degradation of macroscopic 

properties. Typically, damage does not result in a complete loss of load carrying capacity 

in the composite. Rather, it results in a reduction of load-carrying properties as the effective 

load transfer mechanisms are altered (Khaled, 2019; Khaled et al., 2019b). The damage 

model is based on the effective and true stress which are related through a fourth order 

damage tensor, M  as shown below 
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 : effσ M σ=  (1.8) 

where σ  is the Cauchy stress in the true space and effσ represents stress in the effective 

stress space. The true stress space refers to the stress that would be measured directly from 

an experiment whereas the effective stress space is in reference to the equivalent 

undamaged material. The damage sub-model controls both the pre-peak (loading and 

unloading), and the post-peak behavior of a finite element with peak denoting the instant 

when the primary stress component reaches a maximum value in a uniaxial test. M is a 

diagonal matrix shown as 

 

11

22

33

44

55

66

0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0

M
M

M
M

M
M

M

 
 
 
 

=  
 
 
 
  

  (1.9) 

A diagonal damage tensor is commonly used in composite damage mechanics theories 

(Matzenmiller et al., 1995; Barbero, 2013), and is desirable for uniaxial load. Uniaxial 

loading in composite in a particular direction only leads to stiffness reduction in the 

direction of the load. However, several experimental studies in past (Ogasawara et al., 

2005; Salavatian and Smith, 2014) have shown that load in one coordinate direction can 

lead to stiffness reductions in multiple coordinate directions with complex fiber 

architectures. Therefore, M is a semi-coupled matrix containing only diagonal element and 

each diagonal element contains coupled and semi-coupled damage parameter, e.g., 

( )11 22 33 12 23 13, , , , ,kk kk kk kk kk kk
kk kkM M d d d d d d=  where, kl

ijd are accounts for damage in the kl
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direction due to loading in the ij direction. If the ij and the kl directions are the same, kl
ijd

is referred to as an uncoupled damage parameter; else, it is referred to as coupled damage 

parameter. The damage sub-model of MAT_213 is completely driven by the strain-based 

damage parameters. The directional plastic strains were used to compute the damage 

parameter ( )kl p
ij ijd ε  and used to track damage growth (Hoffarth et al., 2016a; Khaled et al., 

2019a). A set of damage parameter versus total strain tabulated curves are given as input 

which is internally converted into damage parameter versus plastic strain. A total of eighty-

four components can be defined which includes both un-coupled and coupled damage 

terms. 

2.1.3 Rate and Temperature Dependent Model 

A Visco-Elastic-Visco-Plastic (VEVP) behavior is modeled using a spring-dashpot system, 

as shown in Figure 2.2, to capture the rate dependency in MAT_213. These computations 

take place in the effective stress space (Khaled et al., 2018). The total stress is divided into 

two components (Eqn.(2.10)): equilibrium ,
1

e eff
n+σ and viscous ,

1
v eff
n+σ , which are used to derive 

the stresses within the visco-elastic and viscoplastic elements, respectively. 

 
Figure 2.2: Schematic of VEVP Model. 

 , , ,
1 1 1

t eff e eff v eff
n n nσ σ σ+ + += +   (1.10) 
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 , ,
1 1

e eff e eff avg
n n nσ σ C ε t+ ∞ += + ∆   (1.11) 

 

 ( ), ,
1 1

v eff v eff avg
n n nσ σ β C C B ε t+ ∞ +

 = + − ∆      (1.12) 

 

where  denotes Hadamard product between the matrices or vectors. C∞  is the equilibrium 

stiffness matrix derived from the moduli corresponding to the quasi-static stress-strain 

curves while C  is the total stiffness matrix generated using the moduli corresponding to 

the current strain rate. β  and B are a vector and a matrix containing among other 

parameters exponential functions of decay constants (Shyamsunder, 2020). 

During high strain rate deformation, the temperature within a material can increase  

(Farren & Taylor, 1925; Taylor & Quinney, 1934). This occurs because the plastic work 

done during deformation is converted into heat. This phenomenon is particularly critical in 

impact scenarios, where high strain rates are involved, leading to a softening of the material 

around the impact point (Johnston et al., 2017, 2018; Konieczny, 2018). Two different 

steps were used to capture the temperature dependency into MAT_213. 

Step 1: The current temperature is calculated by considering both the reference temperature

( )0nT =  and the temperature increase within the material. The temperature rise due to plastic 

work is described by the following equation:  

 1n nT T T+ = + ∆  (1.13) 


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 t

p

T h
c
β λ
ρ

∆ = ∆  (1.14) 

where, tβ  is the Taylor-Quinney coefficient and pc  is the specific heat. These two 

parameters are required as input for computing the temperature increase. 

Step 2: The total stiffness matrix, C in Eqn. (2.12) is generated using the moduli 

corresponding to the current strain rate and temperature. 

2.1.4 Failure Model  

The failure sub-model predicts when there is no further increase in the load-carrying 

capacity of a finite element, marking the failure onset. Once failure onset is detected, the 

model triggers a gradual reduction in the element's stiffness and stresses to simulate the 

progressive degradation of the material, in conjunction with the damage model. This 

gradual reduction is crucial for accurately capturing load redistribution within the structure 

while preventing numerical instability. To achieve this, a Stress Degradation Model (SDM) 

is used as mentioned in (Shyamsunder et al., 2021), which systematically decreases the 

element’s stiffness and stress values over multiple simulation steps, rather than abruptly 

removing the element. This method helps maintain solution convergence and stability, 

especially in highly nonlinear simulations, where sudden changes could lead to 

catastrophic redistribution of loads around the first failed element. Ultimately, when the 

element’s contribution becomes negligible, it is tagged for erosion, meaning it is removed 

from the finite element model to reflect complete material failure (Shyamsunder et al., 

2021). 
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A summary of the existing failure models in MAT_213 is provided below, with detailed 

discussions available in (Shyamsunder, 2020; Shyamsunder et al., 2021). 

2.1.4.1 Puck’s Failure Criterion (PFC) 

Puck’s failure is an action-plane based model for transversely isotropic UD fiber-reinforced 

composite lamina (Matthias Deuschle and Kröplin, 2012; Deuschle and Puck, 2013; 

Shyamsunder et al., 2020a, 2021).  Action plane refers to the plane that develops forces to 

resist the applied force. The theory considers two modes of failure separately - fiber 

fracture (FF) and inter-fiber fracture (IFF). Failure is dictated by a parameter called stress 

exposure, which is the ratio of the length of the vectors of the actual stress-state to that of 

the one corresponding to the failure envelope. Fiber failure is assumed to take place when 

the stress exposure is greater or equal to one, and is given by equation below 

 
||
eq

EFFf
R
σ

=   (1.15) 

where 

 

( )|| 11 2 3

/
||

/
||
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0

f
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f
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⊥ ⊥

 
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 
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

  (1.16) 
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Figure 2.3: Stresses Acting on the Action Plane (Deuschle & Puck, 2012). 

The inter fiber fracture is governed by the three stress quantities ,n ntσ τ and 1nτ  acting on 

the action plane which is inclined at an angle of θ  to the 3-direction represents the section 

plane. These three stress quantities are derived from the stresses acting along the PMDs as, 

   (1.17) 

   (1.18) 

   (1.19) 

IFF onset is assumed to take place if the stress exposure, EIFFf , is equal to or greater than 

one using equation below 

2 2
22 33 23cos sin 2 sin cosnσ σ θ σ θ σ θ θ= + +

( )2 2
22 33 23sin cos sin cos cos sinntτ σ θ θ σ θ θ σ θ θ= − + + −

1 13 12sin cosnτ σ θ σ θ= +
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where 
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    (1.23) 

Once failure onset ( )0 0,ε σ  is detected for any Gauss point in the element, a linear stress 

degradation model is implemented by computing mode dependent failure strain. 
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where 

, ,&f I IIΓ Γ Γ  are fracture energy for fiber mode, inter-fiber mode I and mode II 

respectively, L  is characteristic length of element, computed as cube root of volume of 

element. 
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2.1.4.2 Tsai-Wu Failure Criterion (TWFC):  

The Tsai-Wu failure criterion is a widely used method for predicting the failure of 

anisotropic composite materials (Tsai and Wu, 1971) such as fiber-reinforced composites. 

Unlike traditional isotropic failure criteria, the Tsai-Wu criterion accounts for the 

directional dependence of material strength, making it particularly suited for composites 

where properties vary with orientation. The criterion uses a quadratic equation (Eqn. (2.3)

) to define a failure envelope in stress space incorporating both the material's tensile and 

compressive strengths in different directions and the interaction between these stresses. 

This failure criterion is implemented with the following checks being carried out at the 

stress/strain Gauss points in each element.  

The failure criterion is satisfied if ( ) 0f σ > where 

 

( ) 1 11, 2 22, 3 33,

2 2 2
11 11, 22 22, 33 33,

2 2 2
44 12, 55 23, 66 13,

12 11, 22, 23 22, 33, 13 11, 33,

1

2 2 2

i i i

i i i

i i i

i i i i i i

f F F F

F F F

F F F
F F F

σ σ σ σ

σ σ σ

σ σ σ

σ σ σ σ σ σ

= − + + +

+ + +

+ + +

+ + +

  (1.25) 

where 

, ; 11,22,33,12,23,13kk i kkσ =  are stress state of ith Gauss point. 
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  (1.26) 

where 

ˆ ang
ijσ are the strength values for different stress components. 

Once the onset of failure is detected, a SDM is used to prevent numerical instability. To 

activate SDM with Tsai-Wu failure criterion, directional residual strengths and erosion 

strains must be provided as additional inputs. 

2.1.4.3 Generalized Tabulated Failure Criterion (GTFC) 

GTFC supports two modes of failure – in-plane and out-of-plane modes. The in-plane (IP) 

failure surface where FAIL
eq
IP
ε  is a function of the failure angle, ,IPθ  and can take any shape 

depending on the composite properties. The equivalent strain, eq
IPε ,  failure angle, ,IPθ  

and the in-plane failure state are computed for each time step and element Gauss point as 

 2 2 2
11 22 122eq

IPε ε ε ε= + +  (1.27) 

 1 22

2 2
22 12

cosIP
σ

θ
σ σ

−
 
 =
 + 

 (1.28) 
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 1
FAIL

eq
IP

eq
IP

d ε
ε

=
 (1.29) 

Similarly, the out-of-plane (OOP) failure surface can be constructed with the failure surface 

expressed in terms of FAIL
eq
OOP
ε as a function of OOPθ  for a given 33σ  where 

 
2 2 2
33 13 232 2eq

OOPε ε ε ε= + +  (1.30) 
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Similarly, the out-of-plane failure state 2d  is computed as 

 2
FAIL

eq
OOP

eq
OOP

d
ε
ε

=
 (1.32) 

An element is eroded if 1d ≥  where 

 
1 2

1 2

max( , ) 0

( ) ( ) 0n nn

d d if n
d

d d if n

 == 
+ >

 (1.33) 

and n  is a user defined interaction parameter that can be used to couple the in-plane state 

of stress/strain to the out-of-plane state of stress/strain. GTFC requires two sets of tabulated 

input - the equivalent failure strain and the corresponding failure angle for in-plane 

( ),FAIL
eq

IPIP
ε θ  and the out-of-plane ( ),FAIL

eq
OOPOOP

ε θ  failure modes.  
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2.2 Enhancements to the Material Model 

2.2.1 Simplified Material Model (SMM) 

The full version of MAT_213 includes algorithms for computing visco-elastic and visco-

plastic deformations as well as plastic strain-based damage. While these features allow for 

highly detailed and accurate simulations, they also produce a computationally expensive 

material model. Additionally, the number of input parameters required for these complex 

algorithms can pose significant challenges particularly formaterials where there is little or 

no evidence of plastic deformations. 

A simpler and computationally efficient version of MAT_213 has been developed 

and implemented to handle materials that exhibit purely linear, elastic, orthotropic behavior 

with tension-compression asymmetry. This simplified version is activated by setting all 

flow rule coefficients to zero. The model eliminates all plasticity-related computations. 

This reduction in computational complexity improves simulation speed and efficiency 

while also making the model more user-friendly by simplifying input requirements.  
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Figure 2.4: Typical Stress-Strain Data for Use in SMM. 

A typical SMM stress-strain curve is shown in Figure 2.4. The different key locations in a 

typical curve are marked in Figure 2.4. Point A represents the peak stress, peakσ . The 

stress-strain values at this location are used in computing the elastic modulus of elasticity 

and establish the total stiffness matrix C (Eqn.(2.2)). The post-peak region is divided into 

two parts – strength degrades to a final residual strength value, RSσ  (point B), and the stress 

is held constant till the failure strain, failε  (point C) is reached.  

During the simulation, stresses are updated using an elastic predictor, ensuring that 

the material's behavior remains within the elastic regime until this peak stress is reached. 

 ( )1 1:n n n nσ σ C t ε ε+ += + ∆ −   (1.34) 

SMM incorporates a semi-coupled damage formulation. Unlike the full version 

which uses plastic strains to compute the damage parameter, the simplified version utilizes 
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directional total strains. This change simplifies the damage assessment process while 

maintaining the needed accuracy. Importantly, all three failure models available in the 

original MAT_213 can still be activated in the simplified version. This ensures that users 

retain the flexibility to model different failure mechanisms while benefiting from the 

reduced complexity and improved computational performance of the simplified model, if 

appropriate. 

2.2.2 Point Cloud Failure Criterion 

The Point Cloud Failure Criterion relies on the generated point cloud data for onset of 

failure prediction (Rajan et al., 2021), hereinafter referred to as failure onset. Once the 

points on the failure surface are generated (Figure 2.5), the Approximate Nearest Neighbor 

(ANN) or neural network methods are used to determine if a given stress or strain tensor 

computed at a finite element Gauss point is inside or outside the point cloud surface. In 

general, a set of points p  in d −  dimensional space is the input to the ANN method. The 

input data is preprocessed into a data structure such that when given a query (stress or strain 

tensor computed at a finite element Gauss point), efficient calculations can take place to 

ascertain whether the query point is inside or outside of the d-dimensional point cloud 

failure surface. Chapter 3 provides a detailed discussion on the generation of failure points 

using a multiscale modeling framework, while Chapter 4 elaborates on the PCFC 

framework, followed by problems that are used in its verification and validation steps. 

Once failure onset is detected, a stress degradation model (SDM) is implemented to avoid 

numerical instability. The implemented SDM model is discussed in detail in Section 4.2. 
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Figure 2.5: A Typical Stress-Based Point Cloud for Thin Shell Element. 

2.3 QS-RT Tests to Generate Data for MAT_213 

This section covers the generation of material data for different composite systems 

(Table 2.1) selected to capture a broad spectrum of mechanical behavior and failure 

characteristics that can be modeled using MAT_213. These systems include two fiber types 

— one high-stiffness (T800) and one high-toughness (IM7) — paired with either a 

thermoset or thermoplastic matrix. Additionally, both continuous and discontinuous fiber 

architectures were tested to assess the influence of fiber arrangement on material response. 

This diverse selection enables a comprehensive evaluation of how fiber type, matrix 

composition, and fiber continuity affect failure mechanisms, making the dataset valuable 

for a wide range of applications. 
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To accurately model both elastic and plastic deformations, MAT_213 requires 

twelve stress-strain curve datasets, direction-dependent material constants, and flow rule 

coefficients as input. These inputs are derived from post-processing results of twelve quasi-

static, room-temperature (QS-RT) experiments. These experiments consist of three 

principal material direction (PMD) tension and compression tests, as well as three principal 

material plane (PMP) shear and 45°  off-axis tests Details of the test equipment and 

procedures, test results, and photographs of tested specimens highlighting failure modes 

are documented in publicly available reports (FAA Report, 2019; Holt et al., 2022; Maurya 

et al., 2023, 2025). 

Table 2.1: Characteristic of Four Different Composite Systems. 
Composite Fiber Matrix Fiber 

volume 
fraction 

(%) 

Fiber 
distribution 

T800-F3900 Toray 
composite 

T800 F3900 
(Thermoset) 

60 Continuous 

IM7-8552 IM7 8522 
(Thermoset) 

57 Continuous 

HexPly 
Unidirectional 

Composite (HUDC) 

IM7 PEKK 
(Thermoplastic) 

57 Continuous 

Tuff Short fiber 
Composite (TSFC) 

IM7 PEKK 
(Thermoplastic) 

50 Discontinuous 

2.3.1 Tension Tests in the Three Principal Material Directions (1, 2, and 3)  

The specimen geometry for both the 1- and 2-direction tension tests was determined 

according to ASTM D3039 (ASTM D3039, 2014). However, the geometry of 3-direction 

specimens deviates from ASTM standards as it is difficult to manufacture a sufficiently 

thick panel. A thick unidirectional panel was manufactured for 3-direction tension 
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specimen as mentioned in reports (FAA Report, 2019; Maurya et al., 2023, 2025). To 

ensure accurate specimen placement in the grips, three layers of fiberglass tabs were 

utilized to create a pocket capable of accommodating sufficiently long specimens (Khaled 

et al., 2018). Figure 2.6 to Figure 2.8 show the processed stress-strain curves along with 

the associated Model Curve. All three PMDs have primarily linear elastic behavior in 

tension, but 2-direction has a slight nonlinearity before failure. While the failure in all three 

directions was brittle, the failure mode in each of the PMDs was distinct. 1-direction 

specimens have two distinct failure modes: matrix splitting parallel to the fibers, followed 

by fiber breakage in the gage section. Transverse cracking in the matrix causes inter-fiber 

failure in 2-direction specimens and inter-laminar failure in 3-direction specimens. The test 

results for 3-direction specimens show a significant scatter. One possible explanation is the 

small size of the specimens used in 3-direction tension tests. Smaller specimens may be 

more susceptible to local defects and variations, resulting in increased scatter in test data.  

 
(a)  

(b) 
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(c) 

 
(d) 

Figure 2.6: Stress-Strain Curves from 1-Direction Tension Tests - (a) T800-
F3900, (b) IM7/8552, (c) HUDC, and (d) TSFC. 

 
(a) 

 
(b) 

 
(c)  

(d) 
Figure 2.7: Stress-Strain Curves from 2-Direction Tension Tests - (a) T800-

F3900, (b) IM7/8552, (c) HUDC, and (d) TSFC. 
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(a)  

(b) 

 
(c)  

(d) 
Figure 2.8: Stress-Strain Curves from 3-Direction Tension Tests - (a) T800-

F3900, (b) IM7/8552, (c) HUDC, and (d) TSFC. 

2.3.2 Compression Tests in the Three Principal Material Directions (1, 2, and 3)  

The specimen geometries were determined for both 1- and 2-direction compression tests 

using ASTM D3410 (ASTM D3410, 2008) and ASTM D6641 (ASTM D6641, 2016) using 

combined loading compression (CLC) test fixtures. Instead of using the cylindrical 

specimens that are recommended by ASTM D7291 (ASTM D7291, 2007) for 3-direction 

compression tests, cube specimens were used since they are easier to machine and prepare 

for testing. Figure 2.9 to Figure 2.11 show the processed stress-strain curves along with the 

associated Model Curve. 1-direction specimens exhibit linear elastic behavior, whereas 2- 
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and 3-direction specimens exhibit nonlinear behavior in compression. All three PMDs 

exhibit distinct failure modes in compression. 1-direction specimens failed due to end 

crushing followed by matrix splitting parallel to the fibers, 2-direction specimens failed 

due to transverse cracking in the gage section, and 3-direction specimens failed due to a 

crack formed between and parallel to the plane of the fibers (2-3 PMP). 

 
(a) 

 
(b) 

 
(c)  

(d) 
Figure 2.9: Stress-Strain Curves from 1-Direction Compression Tests - (a) T800-

F3900, (b) IM7/8552, (c) HUDC, and (d) TSFC. 
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(a) 

 
(b) 

 
(c)  

(d) 
Figure 2.10: Stress-Strain Curves from 2-Direction Compression Tests - (a) T800-

F3900, (b) IM7/8552, (c) HUDC, and (d) TSFC. 

 
(a) 

 
(b) 
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(c) 

 
(d) 

Figure 2.11: Stress-Strain Curves from 3-Direction Compression Tests - (a) T800-
F3900, (b) IM7/8552, (c) HUDC, and (d) TSFC. 

2.3.3 Shear Tests in the Three Principal Material Planes (1-2, 2-3, and 1-3)  

ASTM D5379 (ASTM D5379, 2012) was used for the specimen geometries and Iosipescu 

shear test setups. The shear test in the 2-3 plane was carried out all the way until the 

specimen failed, whereas the tests in the 1-2 and 1-3 planes were stopped when they 

reached a tensorial shear strain value of 0.025 (excluding T800-F3900) as per ASTM 

recommendation. Shear specimens for 1-2 and 1-3 PMPs exhibit the same failure modes 

consistent with ASTM standards. Two major cracks at the notch tips and numerous minor 

cracks between the notches were initiated by matrix cracks and followed by sudden crack 

propagation parallel to the fibers. Shear specimens for 2-3 PMP exhibit brittle failure due 

to matrix crack at notch tip at 450. Figure 2.12 to Figure 2.14 show the processed stress-

strain curves along with the associated Model Curve. Shear test results in 1-2 and 1-3 PMPs 

exhibit significant nonlinear behavior while shear test in 2-3 PMP exhibits linear elastic 

behavior. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 2.12: Stress-Strain Curves from 1-2 Plane Shear Tests - (a) T800-F3900, 
(b) IM7/8552, (c) HUDC, and (d) TSFC. 

  
(a) 

 
(b) 
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(c) 

 
(d) 

Figure 2.13: Stress-Strain Curves from 2-3 Plane Shear Tests - (a) T800-F3900, 
(b) IM7/8552, (c) HUDC, and (d) TSFC. 

 
(a) 

 
(b) 

 
(c)  

(d) 
Figure 2.14: Stress-Strain Curves from 1-3 Plane Shear Tests - (a) T800-F3900, 

(b) IM7/8552, (c) HUDC, and (d) TSFC. 
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2.3.4 450 Off-axis Tests in the Three Principal Material Planes (1-2, 2-3, and 1-3) 

Experiments in the 1-2 plane off-axis were conducted in the same way as 1- and 2-direction 

tension tests, and experiments in the other two planes were conducted in the same way as 

3-direction compression tests (Khaled et al., 2018). Figure 2.15 to Figure 2.17 show the 

processed stress-strain curves along with the associated Model Curve. All three off-axis 

tests in PMPs exhibit nonlinear behavior. The failures in the 1-2 plane 450 off-axis tension 

tests were consistently inter-fiber due to matrix cracking at 450, and the failure in the 2-3 

and 1-3 plane 450 off-axis compression tests were consistently inter-laminar due to matrix 

cracking at 450. The off-axis tests in the 1-3 plane for HUDC and TSFC were not conducted 

due to the lack of machined specimens. 

 
(a)  

(b) 
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(c) 

 
(d) 

Figure 2.15: Stress-Strain Curves from 1-2 Plane 450 Off-Axis Tests - (a) T800-
F3900, (b) IM7/8552, (c) HUDC, and (d) TSFC. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 2.16: Stress-Strain Curves from 2-3 Plane 450 Off-Axis Tests - (a) T800-
F3900, (b) IM7/8552, (c) HUDC, and (d) TSFC. 
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(a) 

 
(b) 

Figure 2.17: Stress-Strain Curves from 1-3 Plane 450 Off-Axis Tests - (a) T800-
F3900, and (b) IM7/8552. 

2.4 Generation of Traction Separation Law with Inverse Analysis. 

The T800-F3900 composite is used in this study to generate fracture properties through 

inverse analysis, improving upon the method presented in earlier work (Khaled et al., 

2019b). The MAT_186 material model incorporates three general irreversible mixed-mode 

interaction cohesive formulations with an arbitrary normalized traction-separation law. 

These formulations differ based on the type of effective separation parameter used. The 

interaction between fracture modes I and II is accounted for, with irreversible conditions 

enforced through a damage formulation, where the unloading/reloading path returns to the 

origin (LS-DYNA®, 2022b). 

The DCB test is a widely used standard method for evaluating the Mode I inter-

laminar fracture properties of composite materials. This study follows ASTM D5528 

(ASTM D5528, 2013), which specifies the procedures and requirements for conducting the 

test. The DCB specimens consist of unidirectional laminated composites with a uniform 

rectangular cross-section and a predefined crack length at the center, as shown in Figure 
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2.18 and Table 2.2. Each specimen comprises 24 plies ([0]24). The DCB tests were 

conducted using (a) an MTS Exceed test frame equipped with a spring-loaded fixture and 

(b) two-dimensional DIC to monitor displacement fields. To minimize variations in the 

crack tip among different specimens, a non-precracked (NPC) procedure recommended by 

ASTM was followed. This involved initially loading the specimen in Mode I until the crack 

propagated approximately 0.2 in. Once the crack length had been extended by 0.2 in, the 

specimen was unloaded and reloaded again until the specimens separated into two distinct 

cantilever pieces. 

Similarly, the ENF test is a standard method for evaluating Mode II inter-laminar 

fracture properties of composite materials. The test followed ASTM D7905 (ASTM 

D7905, 2014), which outlines the specific procedures and requirements. A displacement-

controlled testing protocol was employed, applying a displacement rate of 0.025 in/min at 

the center of the span. A non-precracked cycle was also conducted for the ENF specimens 

by loading them until crack propagation was either visually observed or indicated by a drop 

in the load-displacement curve. Additionally, compliance calibration was performed before 

the pre-crack cycle, as recommended by ASTM. 

Further details on the DCB and ENF test specimens, including machining processes, can 

be found in an earlier work (Holt et al., 2022). 
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(a) (b) 

Figure 2.18: Schematic Diagram of Prepared Specimens - (A) DCB, and (B) ENF. 
Table 2.2: Average Dimensions of Three Replicates of Pre-cracked Specimens. 

Parameter DCB ENF 

( )0a in  2.8 1.181 

( )h in  0.094 0.094 

( )b in  1.0 1.01 

( )L in  5.0 6.5 

( )SL in  - 3.941 

Figure 2.19 shows the measured load-displacement curves for three replicates, along with 

the associated Model Curve. 

   
(a) (b) 

Figure 2.19: Load versus Displacement Curves - (a) DCB Test, and (b) ENF Test. 

In an earlier work (Khaled et al., 2019b), a method to obtain the traction separation laws 

from DCB and ENF tests for T800/F3900 composites by closely monitoring the crack 
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propagation during the experiment was presented. The method requires the load-

displacement curve and DIC data to obtain Mode I and II fracture properties. The standard 

compliance method was used to compute the Mode I energy release rate (GI) which is 

equivalent to the J integral as 

 
2

2I I
P CG J
b a
∂

= =
∂

  (1.35) 

where ( )C a  is the compliance of the specimen for crack length a. Compliance was 

computed as the ratio of displacement to load for a given time instance. DIC data was used 

to compute the crack tip opening displacement (CTOD, nδ ) which requires drawing several 

extensometers manually as shown in Figure 2.20.  

 

 
Figure 2.20: Post-Processing of DCB Specimens. 

This manual process is not only tedious but presents difficulties to accurately monitor the 

crack as it propagates through the specimen. There is no assurance that the extracted CTOD 

values will be accurate and consistent. Traction values are computed by differentiating 

Eqn. (2.35) with respect to the CTOD (slope of G δ−  plot) as  
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 ( ) Jσ δ
δ
∂

=
∂

  (1.36) 

As discussed in (Maurya et al., 2024c), the computation of the traction-separation law for 

the IM7/8552 composite encountered issues due to unreliable CTOD values in both DCB 

and ENF tests, leading to inconsistencies in the traction-separation law. Furthermore, the 

computed fracture properties showed a close match with the pre-peak load-displacement 

curve but did not perform well in the post-peak phase, as evidenced in (Khaled et al., 

2019b).  

To overcome the difficulties in post-processing DCB and ENF experimental data, 

an inverse analysis procedure is discussed in (Maurya et al., 2024c) and was used to obtain 

Mode I and Mode II fracture parameters for T800-F3900 composites. The process flow is 

shown in Figure 2.21.  

 
Figure 2.21: Steps Needed to Generate CZE Material Model. 

This problem is solved twice – first for the DCB test and then for the ENF test. However, 

the steps are identical and the processing of just the DCB data is explained next. 

Identify TSL parameters and 
assume type of response surface model

Carry out finite element analyses
of DCB and ENF tests for all sampling points

Fit response surface

Find the optimal values of the TSL parameters
and construct the input for the cohesive zone model

Step 1

Step 2

Step 3

Step 4
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2.4.1 Step 1: Inverse Analysis Problem Statement 

The inverse analysis problem is posed as  

 Find  
 { }max 0, ,IcG σ δ=x   (1.37) 

 
 To minimize  

 ( )
( ) ( )( )2

1

m

FEM EXPi i
i

P P
f

m
=

−
=
∑

x   (1.38) 

where ( )FEM i
P and ( )EXP i

P (see Figure 2.22) are the load values obtained from finite 

element analysis and from experiment for a known displacement i∆ , respectively. The 

parameter m is the number of curve sampling points taken over the entire displacement 

range such that the root mean squared error (RMSE) can be computed.  

 
Figure 2.22: Typical Load-Displacement Data from - DCB Experiment, and FE 

Simulation. 
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Solving the problem posed by Eqn. (2.37)-(2.38) is computationally expensive as each 

function evaluation requires a complete finite element analysis. Instead, a surrogate 

problem can be constructed by replacing the objective function with an approximation that 

in the current work is taken as a second order polynomial of the form 

 ( )= = + + + + + + + + +2 2 2
0 1 2 3 4 5 6 7 8 9( ) fitf f c c x c y c z c x c y c z c xy c xz c yzx x   (1.39) 

 
where max 0, ,cx G y zσ δ≡ ≡ ≡ . To find the undetermined constant coefficients ( )0 9,...,c c  

in the fitting function (Eqn. (2.39)), RMSE is used to match and fit the FE analysis with 

experimental data. Details of the fitting process are presented in Step 3. 

2.4.2 Step 2: Finite Element Analyses 

Both DCB and ENF finite element models are constructed and analyzed to mimic the 

experimental setup as closely as necessary. Based on the convergence and boundary 

condition analysis done earlier (Khaled et al., 2019b), an element size of 2.54 mm (0.1 in) 

with an aspect ratio of 1 was chosen for both the DCB and ENF models. To reduce 

computational time without sacrificing accuracy, the width of the model was reduced to 

10% of its original width for DCB and 50% of its original width for ENF model. A single 

layer of cohesive elements with a thickness of 10-5 in was modeled at the center spanning 

from the initial crack tip to the edge of the composite specimen (highlighted in Figure 

2.23). Additionally, the stainless-steel piano hinges (light and dark green colors) for DCB 

tests and the support (dark green cylinders) and loading fixture (light green) for ENF test 

were also modeled with 8 node fully integrated hexahedral solid elements. Fully integrated 



67 

 

hexahedral solid elements (ELFORM=2) for composite, solid element with ELFORM=19 

for CZE and solid elements with ELFORM=1 for all other parts were used. MAT_213 was 

used for the composite, MAT_186 for CZE, and MAT_020 for all other parts. For DCB 

test, nodal velocities (3 in/sec) were applied in the global Y direction along a row of nodes 

as shown in Figure 2.23(a). All the nodes on the non-hinge end of the specimen (Figure 

2.23(a)) were fixed along all three degrees-of-freedom. For the ENF test, the supporting 

fixtures were fully constrained. Nodes on the loading fixture were permitted to move only 

in the global Y-direction and a prescribed global Y-velocity of 5 in/sec was applied. 

Contacts were defined between the support fixtures or loading cell and the composite by 

using *CONTACT_AUTOMATIC_SURFACE_TO_SURFACE definition in LS DYNA. 

A quadratic softening TSL for both Modes, as shown in Figure 2.24, was used to generate 

the model parameters for the cohesive zone model available in MAT_186. A nonlinear 

softening law was selected to account for the large-scale fiber bridging as a simple linear 

softening law is insufficient to capture the behavior (Wisnom et al., 2008). TSL has two 

regions: an initial undamaged linear elastic region, followed by a linear or non-linear 

damage region. The area under the damage region was assumed to be equal to the area of 

a parabolic spandrel and 4 parameters were identified for generating the data - CG , σmax , 

δo and δ f , where CG is the area under the TSL, σmax is the peak traction, δo is the damage 

initiation crack tip opening displacement (CTOD), and δ f  is the failure CTOD. 
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(a) 

 
(b) 

Figure 2.23: FE Model of the Specimens Showing the Highlighted Line 
Describing the Location of the Cohesive Elements - (a) DCB, and (b) ENF. 

Of the four parameters, the first three are independent parameters while δ f  can be 
calculated as  

 

( )

( )

σ δ

σ δ δ

δ δ
σ

= −

= −

= +

max

max

max

1
2

1
3
3

s C o

s f o

s
f o

A G

A

A

  (1.40) 

The load vs displacement curve was extracted from the finite element models. The load 

values were obtained from the nodal reactions at the support face along the loading 

direction. Displacement values were obtained by averaging the y-displacements of nodes 

where nodal velocities were applied. 

 
Figure 2.24: Assumed Traction-Separation Law. 
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2.4.3 Step 3: Response Surface Fit 

Response Surface Methodology (RSM) is a collection of statistical and mathematical 

techniques useful for developing, improving and optimizing processes (Myers and 

Montgomery, 2002). In other words, RSM is a convenient and robust tool for establishing 

an approximate relationship between a response variable and a set of predictor variables. 

As shown in Eqn. (2.39), the fitting function that captures the difference (response variable) 

between the experimental and FE load-displacement curves is expressed as a function of 

CG , maxσ , and oδ , the set of predictor variables. To find appropriate lower and upper 

bounds for each of the three variables, a few preliminary analyses were carried out by 

arbitrarily selecting the values of the three variables within a relatively small interval based 

on an earlier work (Khaled et al., 2019b) and computing Eqn. (2.38). Results of these 

preliminary analyses indicated that a quadratic polynomial was simple and appropriate to 

use. While there are several approaches to constructing the fitting function, e.g., full 

factorial, quadratic Koshal, Central Composite Design, D-optimal, etc., a full factorial 

design was chosen as there are only three predictor variables. Hence, a total of 27 RSM 

sampling points is needed - 3 variables and 3 levels for each variable (Low-Mid-High, or 

LMH), implying that no more than 27 finite element analyses are needed to generate the 

fitting data. For DCB Test, δo  is not a significant parameter (Maurya et al., 2024c); 

therefore, only two variables with three levels are considered, reducing the required finite 

element analyses to no more than eight. Any combination variables that yield non-physical 
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traction separation laws are discarded from finite element analysis and response surface 

fitting. Table 2.3 shows the LMH values for both the DCB and ENF simulations.  

Table 2.3: Values of DCB and ENF Model Parameters Used at RSM Sampling 
Points. 

Parameter DCB ENF 
Low Mid High Low Mid High 

CG (lb–in/in2) 2.15 2.75 3.5 10.0 12.0 14.0 
σmax  (lb/in2) 1275 2550 3875 2500 5000 10000 

δo  (in) 0.000684 0.00075 0.0015 0.0035 

Once the values of ( )f x  is found for all the RSM sampling points from Eqn. (2.38), the 

Levenberg-Marquardt Algorithm (LMA) is used to find the unknown coefficients c0, c1, 

c2, c3, c4, c5, c6, c7, c8, and c9. Eqn. (2.41) shows the least squared problem solved using 

LMA where ( )fit
if c  is the fitting function (Eqn. (2.39)) and ( )if x  is the error function 

(Eqn.(2.38)): 

 Find c  to minimize 

 ( ) ( )( )
=

= −∑
2

1

( )
n

fit
i i

i

f f fc c x   (1.41) 

where n  is the number of RSM sampling points. The Eigen library (Jacob et al., 2010) was 

used in the current work to solve this problem. 

2.4.4 Step 4: Finding Optimal Values of TSL Parameters 

Once the fitting function (Eqn.(2.39)) is obtained, the optimal values of the TSL 

parameters are found by minimizing the fitting function. Stated mathematically, the 

optimization problem is: 
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 Find { }max 0, ,CG σ δ=x  to minimize 

 

σ δ

σ δ
σ δ σ δ

= + + + +

+ + +
+ +

0 1 2 max 3 0

2 2 2
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subject to 
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δ δ δ
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≤ ≤
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≤ ≤
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0 0 0

0

c c c

f

G G G

  (1.43) 

The EDO Workbench (Rajan et al., 2023) was used to solve this problem.  

Results and Discussions: All load-displacement curves were discretized into 20 curve 

sampling points, i.e., = 20m  in Eqn. (2.38), as this number of sampling points was found 

to be sufficient to ensure accurate RMSE values. Figure 2.25 shows the load-displacement 

curves from both FE simulations and experiments.   

  
(a) (b) 

Figure 2.25: Summary of All Simulations Results and Experimental Data - (a) 
DCB, and (b) ENF. 

The fitting function was obtained for DCB as follows:  
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Finally, the optimal values for the predictor variables were obtained as: = 2.974IcG and

σ =max, 2550I . TSL using optimal cohesive parameters were constructed (Figure 2.26(a)) 

and a final FE simulation was conducted with these optimal values. 

Three data points were discarded from the ENF test because the parameters resulted 

in non-physical traction separation law. Once again using the Eigen library, the fitting 

function was obtained for ENF as follows:  

 
= − − − + + − +

+ + −

2 2

2

( ) 306.43 34.38 0.0129 11486.7 1.741 9.643 7

1.631 6 0.000192 939.95 1.6594

fitf c x y z x e y

e z xy xz yz
  (1.45) 

Finally, the optimal values for the predictor variables were obtained as: = 13.08,IIcG  

σ δ= =max, 0,5811, 0.002698II II . TSL using the optimal cohesive parameters were 

constructed (Figure 2.26(b)) and a final FE simulation was conducted with these optimal 

values. The obtained results from optimal TSL parameters are compared against the best 

combination and the experimental model curve in Figure 2.27. A good agreement with the 

experimental results in both pre-peak and post-peak regions is observed for the DCB test. 

However, better post-peak results are captured by the optimal curve compared to the best 

curve. For the ENF test, a good agreement with the experimental results in the pre-peak 

region, but the post-peak region does not show as much load drop as seen in the experiment.  
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The RMSE for the optimal curve in the DCB test is 0.919 lb per sample point, 

compared to 1.073 lb for the best curve. For the ENF test, the optimal curve has an RMSE 

of 12.6 lb per sample point, while the best curve has an RMSE of 17.8 lb per sample point. 

  
(a) (b) 

Figure 2.26: Normalized Traction Separation Law - (a) DCB, and (b) ENF. 

  
(a) (b) 

Figure 2.27: Optimal Load-Displacement Curve Compared with the Best, and 
Experimental Results - (a) DCB, and (b) ENF. 

Equation Chapter (Next) Section 1 
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CHAPTER 3 

3 MULTI-SCALE MATERIAL MODELING 

Many researchers have started exploring the use of multiscale modeling to improve the 

fidelity of the modeling and simulation of structural systems (Maurya and Rajan, 2024). 

Figure 3.1 shows components of a multi-scale modeling approach. At the micro-scale, the 

composite architecture can be represented at the constituent level. Figure 3.1(a) shows a 

unidirectional composite laminate where the individual plies are visible along with the 

inter-ply resin-rich zones. Using the dimensions of the fiber and the matrix, and the random 

distribution of the fibers, detailed FE models can be created. At the next higher level, as 

shown in Figure 3.1(b), a representative volume element (RVE) is created using several 

Representative Unit Cells (RUC). The material properties obtained from the constituents 

of the RVE can then be homogenized and used in component or structural models, i.e., the 

results from the fiber, matrix, and fiber-matrix interface parts of the model can be 

homogenized properties to characterize elastic and inelastic properties, damage and failure. 

The fibers are often represented as elastic orthotropic components, the matrix is typically 

represented using a nonlinear material model involving one or both of plasticity and 

damage, and the fiber/matrix interface is represented using the concepts of nonlinear 

fracture mechanics in the form of cohesive zone modeling (Khaled et al., 2021). This 

approach has been used by numerous researchers (Totry et al., 2008a, 2008b; Sun et al., 

2018, 2019; Katusele, 2021) to derive parts of the failure locus of specific unidirectional 

composites under different multiaxial stress conditions. Once the homogenized behavior is 
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computed, they can be used at the structural level to model the behavior of the structure 

subjected to different types of loading, e.g., impact loading as shown in Figure 3.1(c). 

 

  
 

(a) (b) (c) 
Figure 3.1: Multiscale Modeling - (a) Micro-Scale (Detailed FE (Soghrati, 2021), 

(b) Meso-Scale, and (c) Macro/Structural-Scale. 
To address the deficiencies of existing approaches in predicting damage and failure, a 

multi-scale modeling framework has been developed and implemented following ASME 

guidelines for verification and validation shown in Figure 3.2. The overall multiscale 

modeling framework is shown in Figure 3.3. In the current work, the smallest scale used 

in the building blocks starts at the mesoscale. There are three components that feed into the 

final implementation of the constitutive model in a finite element program. The first 

component is to characterize the constituent materials of the composite (Component 1 in 

Figure 3.3). For example, in UDC, the constituent parts are the fiber, the matrix, and 

possibly the fiber-matrix interface. Once the constitutive models for the constituent 
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materials have been verified and validated, the next step is to build the meso-scale FE 

model (Component 2 in Figure 3.3). In the current work, Repeating Unit Cells (RUCs) are 

used to generate a Representative Volume Element (RVE) that is then subjected to multi-

axial state of stress that is slowly increased till the onset of failure is detected in any 

constituent part of the RVE. The onset of failure (hereinafter referred to as failure onset) is 

the state of the RVE when the first finite element in the RVE meets the constituent 

material’s failure criterion. Simultaneously, the test coupons of the composite are used to 

generate the meso-scale properties (Component 3 in Figure 3.3). Verification and 

validation of Component 2 uses information from Component 3, thus ensuring that the 

mathematical model and the physical model are as consistent as possible (Figure 3.2). 

Finally, the developed constitutive model can now be implemented in a finite element 

program (FE Implementation in Figure 3.3) and then subjected to verification and 

validation tests (V&V in Figure 3.3). 
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Figure 3.2: ASME V&V Activities, and Products (ASME V&V 10.1, 2012). 



78 

 

 
Figure 3.3: Multiscale Modeling Framework 

3.1 Fundamental Building Blocks 

The T800/F3900 unidirectional composite, a commonly used unidirectional composite 

material in the aerospace industry, is used in this study to illustrate the use of developed 

framework. Toray describes T800S as an intermediate modulus, high tensile strength 

graphite fiber (Toray, 2020). The epoxy resin system F3900 is a toughened epoxy 

combined with small elastomeric particles to form a compliant interface or interleaf 

between fiber plies to resist impact damage and delamination (Smith and Dow, 1991). The 

basic architecture of a continuous unidirectional fiber composite laminate is shown at the 

top left in Figure 3.4. Table 3.1 shows the manufacturer’s reported properties. Since a very 
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large number of filaments (~24,000) make up yarn, it would be computationally prohibitive 

to model each individual filament. Instead, using the applicable volume fraction, a meso-

scale model is generated by assuming circular-shaped yarns that incorporate the behavior 

of all the filaments.  

 
(a) 

 
(b) 

 
(c) 

Figure 3.4: T800-F3900 Unidirectional Composite - (a) Principal Material 
Directions 1-2-3, (b) Optical Microscope Image (200x), and (c) Scanning Electron 

Microscope Image (3500x) (Holt, 2018). 
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Resin rich inter-
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T800 carbon 
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Table 3.1. T800/F3900 Manufacturer Reported Material Data (Toray, 2020). 
Item Reported Value 

Composite Panel Unidirectional (FAW 191 GSM; RC% 
Weight 32, Volume 60) 

F3900 Resin  Density: 1.22-1.25 g/cc 
T800 Fiber  Yarn: 24,000 filaments 

 Tensile Strength: 5880 MPa 
 Modulus: 294 GPa 
 Elongation: 2% 

Thickness of a single ply in 16-
96 ply flat panels 

0.192-0.196 mm 

The basic building block, Repeating Unit cell (RUC) is shown in Figure 3.5(a). A square 

RVE is generated using NxN RUCs as shown in Figure 3.5(b). 

 
(a) 

 
(b) 

Figure 3.5: (a) RUC Where Red Color Represents the T800 Fiber and Blue 
Color Represents the F3900 Matrix, and (b) Typical RVE Formed by a Collection of 

Regularly Arranged NxN RUCs (N=5). 
The dimensions of a typical RUC and RVE are shown in Table 3.2. 

Table 3.2. The Dimensions of RUC and RVE. 
Parameter Value  

( )a in  0.007625 

( )d in  0.00666 

( )dz in  0.0007625 

( )W in  Varies 

( )L in  0.01144 
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Both fiber and matrix in the RVE are modeled using the 8-node reduced integration 

hexahedral solid elements (ELFORM=1).  

3.2 Homogenization  

To obtain equivalent material properties that can then be used in a structural model, a 

homogenization scheme is used (Harrington et al., 2017; Wan et al., 2020) The 

homogenization is carried out in two steps. First, the average response for each phase is 

computed by averaging the stress or strain in all the finite elements over the volume of the 

phase material (i.e., fiber and matrix) in the gage section. Second, the average response for 

the entire composite is computed from the volumetric average over the volume of the gage 

section. The two steps are combined as 
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where 

hP  is the homogenized response, 

iP  is the response of the ith element calculated from stresses and strains averaged 

over the total number of integration points of the element, 

te  is the number of different element types, 

te
n  is the number of elements in the jth element type, and 
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iV  is the volume of the ith element. 

3.3 Material Models 

3.3.1 Material Model for T800S Fiber 

Carbon fibers are assumed to be straight and have a circular cross-section. In this study, a 

perfect bond is assumed between the fiber and matrix because (a) of the lack of available 

experimental data to accurately determine the properties required for modeling the 

interface, and (b) using publicly available data showed that modeling the interface between 

fiber and matrix using cohesive zone elements did not yield superior results (Parakhiya, 

2020).  Experimental methods such as the microbond test and the single fiber push-out test 

are sometimes employed to obtain the interface properties. However, it should be noted 

that the data from these experiments are often not indicative of in situ properties and, in 

the context of computational modeling, numerical calibration may still be necessary to 

obtain valid data that can be used in a homogenized model at the continuum/structural scale 

(Khaled et al., 2021). The carbon fiber is assumed to be linearly elastic and orthotropic 

(Khaled et al., 2021) but with different tension and compression properties. MAT_213 is 

used to model fibers. The Generalized Tabulated Failure Criterion (GTFC) (Goldberg et 

al., 2018; Shyamsunder et al., 2021) is employed for the fiber elements in the gage section 

as it allows for better control of element erosion by specifying various erosion strains at 

various stress states and failure angles. The motivation was to obtain fiber failure only in 

(longitudinal) 1-direction. Therefore, three different states of fiber failure are defined: fiber 
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fails in 1-direction compression (Katusele, 2021), fiber fails in 1-direction tension (Toray, 

2020) and fiber does not fail.  

3.3.2 Material Model for F3900 Matrix 

F3900 is a highly toughened epoxy resin. Experimental results show the material exhibits 

significant nonlinear behavior under uniaxial tension, compression, and shear stress 

loading conditions (Robbins, 2019). Additionally, the behavior under all three conditions 

varies significantly. Thus, an advanced material model is required to appropriately capture 

the constitutive behavior. LS-DYNA’s MAT_187 provides sufficient freedom to the user 

to model a wide range of polymer material behavior. Much of the input is in the form of 

tabulated data which provides a means of more accurately representing the nonlinear and 

failure behavior than other material models that are largely driven by analytical 

methodologies. MAT_187 offers erosion of elements based on equivalent plastic strain and 

this feature was used for matrix elements. The equivalent plastic strain is difficult to 

measure experimentally since the epoxy does not remain in a state of uniaxial stress in a 

uniaxial test. The erosion failure strain was obtained through numerical calibration by 

matching the FE model results with experimentally obtained values (Katusele, 2021; 

Khaled et al., 2021). 

3.4 Selection of RVE 

Various characteristics of the RVE are investigated by using boundary conditions that 

induce a multiaxial stress state that can be increased until first element erosion (FEE) state 
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is reached. The term erosion is used rather than failure as an explicit FE analysis is carried 

out where when elements are eroded and removed from the FE model is a function of the 

constitutive model for the material. A two-step loading method is used using a combination 

of applied normal stresses followed by prescribed displacements with both functions of 

time, t . In the first step (Figure 3.6(a)), equal and opposite tractions (normal stresses) are 

applied on faces marked 1 and 2 and the two opposite faces. The surface tractions, fσ  are 

increased linearly from 0t =  to their final values finalσ  at 1t t= , and then held constant. 

This loading primarily induces normal stresses in the RVE. At 1t t= , equal and opposite 

prescribed shearing displacements are applied on faces 1 and 2. These displacements are 

increased from zero to their final value finald  at 2t t= . There are no constrained nodes in 

the model as the RVE is in a state of self-equilibrium.  

 
(a) 

 
(b) 

Figure 3.6: Two-Step Loading to Induce Multiaxial Stress State - (a) RVE, and 
(b) Application of Traction Boundary Conditions and Displacements. 

The load curve shown in Figure 3.6(b) can be scaled independently in the 1 and 2-directions 

thus permitting a variety of load combinations to be applied on the RVE. In the study to 

generate optimal RVE, multiaxial stress state is obtained by applying compression in the 
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1-direction, tension in the 2-direction and shear in the 2-1 plane. Since the motivation is to 

generate the point cloud data for use with thin shell finite elements, homogenized 

( )11 22 12, ,σ σ σ  are extracted from the FE model. During this process, the loading is 

specifically applied only in the 1 and 2 directions in order to generate the desired stress 

components in the RVE. Consequently, the analysis does not consider loading in the 3-

direction. Three parameters are studied – the RVE size, the size of the gage section, and 

the effect of fiber placement.  

Using experimental data from the stress state corresponding to the peak stress state 

in 1-direction compression and 2-direction tension uniaxial tests, the values of the time and 

traction parameters were estimated for inducing a typical multi-axial state of stress. For 

example, 1 24 , 10 ,t ms t ms= = with the specified displacements corresponding to 1-2 plane 

shear test results taken as 0.0004578finald in=  on Face 1 and 0.0001728finald in=  on Face 

2; the applied surface tractions on the fiber elements in the 1-direction are taken as 

44, 000final psiσ = −  and 640final psiσ = −  on the matrix elements to induce a stress state in 

1-direction equivalent to 25%  of 1-direction compressive peak stress; the applied surface 

traction in the 2-direction is taken as 6, 210f psiσ =  on the matrix elements equivalent to 

95%  of 2-direction tensile peak stress.  Figure 3.7(a) shows the applied normal tensile 

traction in the 1-direction. The traction direction is reversed for compressive loading.   
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(a) 

 
(b) 

 
(c) 

Figure 3.7: Applied Traction and Specified Displacements - (a) 1-Direction 
Traction Creating Tensile Stresses, (b) 2-Direction Traction Creating Tensile Stresses, 

and (c) 1-2 Plane Specified Displacements Creating Pure Shear. 
To ensure that the FE results from the explicit analyses are acceptable, energy balance 

checks were carried out. The kinetic energy and hourglass energy were numerically 

insignificant while the internal energy was numerically equal to the total energy. 

3.4.1 Effect of RVE Size  

To determine the influence of RVE size as a function of the number of RUCs in the model, 

three different RVEs are used. Figure 3.8 shows 3x3, 5x5, and 7x7, that mimic 3, 5, and 7 
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plies, respectively, i.e., W in Figure 3.5(b). The small gage section (Figure 3.8(a)) was used 

to post-process the results. 

 
(a) 

 
(b) 

 
(c) 

Figure 3.8: Three Different RVEs - (a) 3x3, (b) 5x5, and (c) 7x7. Dimensions in 
inches. 

3.4.2 Size of Gage Section 

To be consistent with how laboratory experimental data are analyzed, the homogenization 

process uses similar criteria used in the experiments when processing Digital Image 

Correlation (DIC) data (Khaled et al., 2018). The criteria in uniaxial tests are to find a 

region of uniform state of stress, one that is as large as possible, and one that is free of 

boundary effects. Since in this study a multiaxial stress state is induced in the elements, to 

determine the impact of the gage section, three different-sized gage sections as shown in 

Figure 3.9 are used. They include 1, 4 and 9 fibers in the model and are referred to as small, 

medium, and large gage sections, respectively.  
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(a) 

 
(b) 

 
(c) 

Figure 3.9: Three Different Gage Sections (in Yellow) - (a) Small, (b) Medium, 
and (c) Large. 

3.4.3 Regular vs Random Fiber Arrangements 

Figure 3.10 shows the optical microscopy image of the T800/F3900 composites where 

nearly circular fibers are randomly placed in the ply. The fiber arrangement at the center 

of the image is used in generating the FE model. Some of fibers had to be shifted slightly 

to obtain the required fiber volume fraction as 60 percent, to avoid fibers being placed too 

close to each other, and to avoid partial fiber geometries within the RVE (Figure 3.11).  

 
Figure 3.10: Constructing an RVE with Random Distribution of Fibers. 
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(a)  

 
(b)  

Figure 3.11: Fiber Arrangements with Gage Section - (a) Regular, and (b) 
Random. Elements in Green are Fiber Elements and in Yellow Color are Matrix 

Elements in the Gage Section. 
Results and Discussions: The results from the study are shown graphically in Figure 3.12 

to Figure 3.15. The following legends are used to denote the different simulations using 

the following 3-part notation: Type of RVE-Gage Section Size-RVE size [Type of RVE is 

either Regular (Reg) or Random (Ran), Gage Section is Small (S), Medium (M), Large (L), 

and RVE Size is 3x3, 5x5, 7x7]. There are six distinct models – Reg-S-3x3, Reg-S-5x5, 

Reg-S-7x7, Reg-M-5x5, Reg-L-5x5, Ran-M-5x5. In Figure 3.13 to Figure 3.15, the red 

circle represents the time-stress combination when the first element in the RVE erodes. 

 

 
(a) 

 
(b) 

 
(c) 
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(d) 

 
(e) 

 
(f) 

Figure 3.12: Element Erosion Pattern (Blue Elements) in the Gage Section of 
the RVEs at 0.01st =  - (a) Reg-S-3x3, (b) Reg-S-5x5, (c) Reg-S-7x7, (d) Reg-M-5x5, 

(e) Reg-L-5x5, and (f) Ran-M-5x5. 

 

Figure 3.13: 11σ  versus time. 

 

Figure 3.14: 22σ  versus time. 
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Figure 3.15: 21σ  versus time. 

Figure 3.12 shows the erosion patterns of elements only in the gage section as observed in 

the six different models at the end of the simulation (t = 0.01 s). Only the matrix elements 

erode under the applied loading condition with the matrix elements adjacent to the fiber 

eroding first. In the case of a regular RVE, a symmetrical erosion pattern is observed in the 

1-3 plane of the gage section. Figure 3.12(a)-(c) show the same number of eroded elements 

for different sizes of RVE when the small gage section is used. When comparing regular 

and random RVEs with the medium gage section (Figure 3.12(d) and (f)), the random RVE 

model shows a lower number of eroded elements. In a regular RVE with transverse loading, 

the load is primarily taken up by the matrix elements, whereas in the random RVE, the load 

is distributed between both fiber and matrix elements depending on the layout of the fibers. 

While the erosion pattern is different only after FEE, the state of stress at the instant of 

FEE is the same for all models. 
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Figure 3.13 to Figure 3.15 show 11 22 12, ,σ σ σ  versus time plots. These plots are 

almost identical up until FEE that is independent of the size of the RVE, the size of the 

gage section, and the fiber arrangement. 

Figure 3.13 shows little or no difference in the post-peak region since stress in the 

1-direction is predominantly carried by the fibers while only matrix elements actually 

erode. Consequently, the erosion of matrix elements has a minimal effect in post-peak 

behavior. However, in Figure 3.14 the post-peak behaviors are not all identical. When 

considering RVEs of the same gage section size, there is minimal or no variation in the 

post-peak region because the number of eroded elements remains constant across different 

RVE sizes. When different gage sections are used in 5x5 RVE, larger gage section shows 

a more significant drop in the post-peak stress since the number of eroded matrix elements 

is larger in the gage section. When comparing the effect of random and regular fiber 

arrangements with medium gage section, the regular RVE shows a higher drop in the post-

peak region, primarily due to a higher number of eroded matrix elements in comparison to 

the random RVE. In Figure 3.15 the shear stress values are initially zero until time 

( )= 1 0.004 sect t  when shear-inducing loading is applied. Like the scenarios described in 

Figure 3.13 and Figure 3.14, there is minimal or no variation in the post-peak behavior 

after FEE across different RVE sizes with the same gage section. There are significant 

differences observed in the peak stress across different gage sections in a 5x5 RVE. The 

lowest peak stress is observed with the large gage section, while the highest peak stress is 
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observed with the small gage section since the number of eroded matrix elements increases 

with gage size.  

Even though the current study does not utilize results from the post-peak region 

which can be used to derive essential information such as damage-related residual strengths 

and erosion strains, the future plan is to utilize this information for generating post-peak 

behavioral data crucial in modeling various impact events (Shyamsunder et al., 2022b).  

Based on these findings, the 5x5 RVE with regularly placed fibers and small gage 

section is taken as the optimal RVE and is used in generating the point cloud data. 

3.5 Generating Point Cloud Data  

The overarching objective of multiscale modeling is to enable the application of all types 

of finite elements. However, the scope of the current study is limited to thin shell finite 

elements. A point cloud surface is generated specifically for thin shell elements, utilizing 

in-plane (plane stress) failure data. The in-plane tests encompass tension and compression 

in both longitudinal and transverse directions, in-plane shear, and combinations of these 

loading scenarios. 

Generation of the failure point cloud data (FPCD) involves building a 

micromechanical model that can be subjected to uniaxial and multiaxial states of stress. 

Building on prior research (Katusele, 2021; Khaled et al., 2021; Parakhiya, 2020),  a similar 

uniaxial tests were performed with new RUC to validate the results against experiments 

(Khaled et al., 2018). Following this validation step, multiaxial tests were performed to 

generate the point cloud data necessary for capturing the composite failure behavior. 
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To investigate the influence of element size (mesh density), three FE models with 

varying levels of mesh refinement were constructed and analyzed (as detailed in Table 3.3). 

The results demonstrated converging behavior across the models, with the fine mesh model 

yielding results that were most closely aligned with experimental data. However, to strike 

a balance between computational efficiency and accuracy, the coarse RVE model was 

adopted for generating the point cloud data. It is worth noting that the generation of element 

size-dependent point cloud data is outside the scope of this study. Instead, this aspect is 

earmarked for future work as part of ongoing efforts to refine the modeling framework. 

Table 3.3. Coarse, Medium and Fine RVE Finite Element Models. 
Parameter Coarse Medium Fine 
# Elements 40,500 130,000 279,000 

# Nodes 44,816 138,866 294,531 
Max. Aspect Ratio 1.82 3.05 2.15 
Min. Aspect Ratio 1.05 1.16 1.07 

Normalized Wall Clock time 1 3.3 5.0 

Considering all the combinations of 1 2 12σ σ σ− −  values, the stress space has 8 octants. 

However, since the sign of the shear stress 12σ  does not affect the failure surface, there 

are effectively only four quadrants of values as shown in Table 3.4. The point cloud data 

is generated in these quadrants using the 2-step boundary conditions shown earlier in 

Figure 3.7. 

Table 3.4. List of Effective Octants (Quadrants). 
Octant/Quadrant 

number 
( 1 2 12σ σ σ− − ) 

1 (+, +, +) 
2 (-, +, +) 
3 (-, -, +) 
4 (+, -, +) 
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3.5.1 Uniaxial Loading Virtual Tests 

To evaluate the accuracy and reliability of the developed RUC, a series of in-plane uniaxial 

tests were conducted. These tests were used to replicate experimental conditions, allowing 

for direct comparison between the RUC’s results and experimental data. Five distinct 

uniaxial loading scenarios were applied as boundary conditions, as shown in Figure 3.16. 

These tests included: 1 and 2 direction tension and compression and 1-2 plane shear. The 

stress-strain data was extracted from the gage section of the RUC model. The extracted 

data were used to construct stress-strain curves for each of the five tests and then compared 

with experimental data as shown in Figure 3.17. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Figure 3.16: Applied Specified Displacements for Uniaxial Tests - (a) 1-Direction 
Tension, (b) 2-Direction Tension, (c) 1-Direction Compression, (D) 2-Direction 

Compression, and (e) 1-2 Plane Shear. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Figure 3.17: Uniaxial Test - (a) 1-Direction Tension, (b) 1-Direction 
Compression, (c) 2-Direction Tension, (d) 2-Direction Compression, and (e) 2-1 Plane 

Shear. 
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Figure 3.17(a)-(e) shows the stress-strain curve from 1-direction and 2-direction tension 

and compression tests, and shear in the 1-2 plane. The RVE generated results are 

reasonably close to the experimental data that is the average of at least three replicates. The 

modulus of the 1-direction tension test from RVE model is higher than the corresponding 

value from experiment. One possible reason is that the fibers likely straighten (due to initial 

slack) in the experiment whereas fibers in the RVE model are assumed to be straight with 

no initial slack. The 2-1 plane shear stress-strain curve from FE is close to the experiment 

up to 0.004 strain beyond which the experimental data shows higher peak stress and lower 

ultimate strain. This discrepancy is likely due to the difference in specimen geometry: the 

experiment utilized an Iosipescu specimen, whereas a rectangular specimen was used in 

the FE analysis. A total of 5 FPCD points is computed and validated using these virtual 

tests. 

3.5.2 Multiaxial Loading Virtual Tests 

To generate a sufficiently large number of FPCD points, several hundred RVE models need 

to be created, analyzed and post-processed. Each octant was uniformly discretized into 100 

points in 1 2σ σ−  plane and surface traction scale factors for each point were calculated 

(Figure 3.6(b)). The scale factor ranged from 0 to 1, with 0 indicating no stress value in 

RVE and 1 corresponding to the applied largest normal traction values in the RVE. 

Figure 3.18 shows the generated point cloud data. A few of the points are compared 

to uniaxial test results from experiments and from FE models (Katusele, 2021) and show 

excellent agreement. The generated point cloud data covers the space that lies within the 
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strength values obtained from uniaxial tests. About 10% of the data points are located near 

the edges (defined as the state of stress where one or more components numerically 

dominate all other components), i.e., data points are located near the edges where 11σ  

component is dominant in all four effective octants. Specifically, the applied normal 

traction values in range from 567, 000 psi  to 630, 000 psi  on fiber element in 1-direction 

tension, 198, 000 psi−  to 220, 000 psi−  on fiber elements in 1-direction compression, 

5670 psi  to 6300 psi  on matrix element in 1-direction tension or 2880 psi−  to 3200 psi−  

on matrix elements in 1-direction compression resulted in erosion of fiber or matrix 

elements before applying the specified displacement for shear loading. There are two 

clearly distinguishable types of failure regions. The vast majority of the failure stress space 

is associated with matrix failure while fiber-matrix failure region is localized at the ends 

where the longitudinal (1-direction) stress values are very high. 

 
Figure 3.18: Point Cloud Data. 

A total of 424 points were generated as point cloud failure data as shown in Table 3.5 where 

compressive stresses are denoted as negative values. 
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Table 3.5. List of Effective Octants (Quadrants). 
Octant 
number 

# of 
Points 

(Min) - (Max) 1σ  
(psi) 

(Min) - (Max) 2σ  
(psi) 

(Min) - (Max) 12σ  
(psi) 

1 117 (33) – (357665)  (31) – (5905)  (900) – (9892)  
2 87 (-118747) – (0)  (258) – (6136)  (969) – (6392)  
3 124 (-118678) – (0)  (-26845) – (-56)  (1237) – (8093)  
4 96 (5) – (356196)  (-26162) – (-11)  (8) – (12641)  
Equation Chapter (Next) Section 1 
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CHAPTER 4 

4 POINT CLOUD FAILURE CRITERION 

The Point Cloud Failure Criterion is based on the use of the generated FPCD presented in 

the previous chapter. This chapter explores various prediction methods used with PCFC, 

underlying theories, data structures, implementation strategies, and the verification and 

validation of the developed procedures.  

4.1 Prediction Methods 

Three prediction methods that build a model using the generated FPCD and then use the 

model to answer if a given state of stress or strain is inside or outside the failure envelope, 

are discussed.  

4.1.1 Approximate Nearest Neighbor (ANN) Method (Maurya et al., 2024a) 

The approximate nearest neighbor problem involves finding the nearest neighbor given a 

query point (Maurya et al., 2024a; Maurya and Rajan, 2024). The main reason why this 

problem is of importance is because checking whether the current state of stress or strain 

is inside or outside the failure envelope is an important part of finite element analysis. In 

other words, once the points on the failure surface are generated, the approximate nearest 

neighbor methods can be used to determine k-nearest neighbors from which it can be 

ascertained if a given stress or strain tensor computed at a finite element stress Gauss point 

is inside or outside the failure surface.  
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Given the general Minkowski norm of order r, the distance of the failure point from the 

origin, Lr is given by 

 
=

 
=   
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∑

1

d rj
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where, 

d is the dimension of the space (in the current work, 3d =  such that 

{ }1 2 12, ,σ σ σ=σ ) 

v is the vector position of each point in the d-dimensional space representing σ  or 

.ε  

With 2,r =  the Euclidean distance is computed, and this distance is used in the 

current work. Determination of whether the stress point is inside or outside the failure 

envelope is made as follows. Let 

 ( )( )βσ= − −2 2
fail FEA PCD

rangeavg
f L L   (3.2) 

where 2
FEAL  is the computed distance using the stress components obtained from finite 

element analysis, 2
PCDL  is the distance of a point in the point cloud data, 

( ) ( ) ( ){ }max min max min max min
1 1 2 2 12 12max , ,rangeσ σ σ σ σ σ σ= − − − , and ,L Uβ β β≤ ≤  is a reduction 

factor that moves the failure surface towards the origin and can be thought of as a safety 

factor. The onset of failure is predicted if 

 ≥ 0failf   (3.3) 
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and no failure is predicted if  

 < 0failf   (3.4) 

4.1.1.1 ANN Implementation (Maurya and Rajan, 2024) 

The ANN method used in this study is based on the standard k-d tree search algorithm that 

has been enhanced to use incremental distance calculation and implemented in the ANN 

library (Mount, 2010). Since the dimensionality of the underlying data is small and the 

points are not clustered, the standard search option in ANN library is used.  

The overall approach can be divided into two steps. The first step concerns development 

of the ANN data structure. 

Step 1.1: Once FPCD is read and stored, the centroid of the failure surface is computed as  

 ( ) == =
∑

1 , 1, .., 3

PCn
j

i
j i

c
PC

v
v j

n
  (3.5) 

Step 1.2: Each point on the failure surface is translated as 

 ( ) ( ) ( )= − = =, 1, .., , 1, .., 3
tj j j

i i PCc
v v v i n j   (3.6) 

Step 1.3: The translated failure surface is then normalized by using the absolute maximum 

value of each stress component as 
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v
  (3.7) 

where m
jv  is the absolute maximum value for jth component of the failure surface. The 

process of translating and scaling the (stress/strain) component values have the following 
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advantages. First, all values are between [ ]1,1− . This is relevant since unidirectional 

composites are typically very strong in the 1-direction and much weaker in the 2, 3 

directions. Second, this makes the number of points per octant nearly equal, thus 

facilitating an effective search.  

 Step 1.4: Finally, the k-d-tree construction takes place. First, a skeleton tree is built. Next, 

the bounding box for all the points is computed. Finally, the tree is built using an 

appropriate splitting routine. 

The second part deals with using the constructed data structure to evaluate if a given stress 

state { }1 2 12, , FEAFEA σ σ σ=σ is inside or outside the failure surface. 

Step 2.1: The query point { }1 2 12, , FEAFEA σ σ σ=σ  are translated and scaled using Eqns. (4.6)

-(4.7).  

Step 2.2: The query point is then used by the search algorithm that requires in addition to 

the point, the number of nearest neighbor points (𝑘𝑘) and the error bound, .ε  The search 

algorithm returns the indices of the k-nearest points and their distances from the query 

point. 

Step 2.3: The average Euclidean distance of the k-neighborhood points is computed as  

 ==
∑ 2

1
2

k
N

PCD N

L
L

k
  (3.8) 

and is used in Eqn. (4.2). If 0failf ≥ , the query point is tagged as having satisfied the 

failure onset criterion. 
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4.1.1.2 Simplified ANN (SANN) (Maurya and Rajan, 2024) 

The Simplified ANN method has been developed to specifically handle low dimensionality 

point space ( 3, 4,  and 6d = ) for use with FPCD in the context of finite element 

simulations. The overall approach can be divided into two steps. The first step deals with 

the development of the SANN data structure. 

Step 1.1 to 1.3: Same as ANN’s Step 1.1 to 1.3. 

Step 1.4: Compute the distance of each point from the origin as 
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In addition, store the octant number and distance. The data structure is made up of – an 

index that points to the location in the user-specified FPCD input, octant number, and 

distance. 

Step 1.5: Sort the data so that all the data points for an octant are stored together in 

ascending order of octant number. This sorted list makes it possible to efficiently search 

through only the data points for one octant when search is initiated in Step 2. 

The second step deals with using the constructed data structure to evaluate if a given stress 

state { }1 2 12, , FEAFEA σ σ σ=σ is inside or outside the failure surface. 

Step 2.1: The query point { }1 2 12, , FEAFEA σ σ σ=σ  is translated and scaled using Eqns. (4.6)

-(4.7) and the Euclidean distance is computed as 

 ( ) σ
= =

= =∑ ∑
3 3

2 2
2

1 1
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ij ij
j j

L v   (3.10) 
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Step 2.2: Using { }1 2 12, , FEAFEA σ σ σ=σ  the octant number is obtained, and a search is 

initiated so that the nearest k-neighbors can be found from the data structure created in Step 

1.5. 

Step 2.3: The average Euclidean distance of the 𝑘𝑘-neighborhood points is computed using 

two methods: (1) the Uniform Weightage (UW) method where each 𝑘𝑘-neighborhood point 

is assigned equal weight representing the average distance (AD) of the neighborhood 

points, and (2) the Inverse Distance Weightage (IDW) method where points closer to the 

target location are given higher weight compared to those farther away. 
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(3.11) 

where, Nd  is the distance between query point and neighbor point and p  is a power

parameter (typically 1 for inverse distance and 2 for inverse squared distance). 

2
PCDL is used in Eqn. (4.2). If 0failf ≥ , the query point is tagged as having satisfied the 

failure onset criterion. 
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4.1.2 Neural Network (Maurya et al., 2024a) 

In the neural network approach, the failure onset for a given stress state is predicted in two 

steps. In the first step, a Feed-forward Neural Network (F-NN) that maps the failure surface 

using point cloud stress data is configured. The prediction about whether a specified stress 

state falls inside or outside of this mapped failure surface is predicted in the second step. It 

should be noted that F-NN is constructed only once for a given composite. As with the 

previous methods, the second step of the process is used in the finite element analysis with 

each new query point. 

Step 1: Building an F-NN to map the failure surface. 

A F-NN model is constructed to predict 𝜎𝜎12 that lies on the failure surface ( )12,ˆ fσ for a 

given combination of 11σ  and 22σ . The construction of the F-NN model includes 

configuration and training of the network that best approximates the failure surface. 

Configuring a neural network involves determining the architecture, including the number 

of fully connected layers, the number of neurons in each layer, and the choice of activation 

function for each neuron in every layer. Training the network involves optimizing the 

trainable parameters (weights and biases) to minimize prediction errors. Finding the 

optimal neural network configuration requires training networks with different 

architectures and comparing their prediction performance. To train and configure the F-

NN, the first two stress components 11σ  and 22σ  are used as input features, while the third 

stress component ( )12,ˆ fσ is generated as the output variable. The input and output values 
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were scaled using a scaling vector { }1 2 3, ,s s s=s  to prevent exploding weights and improve 

convergence stability prior to the training as 

 ( )( )= = =, 1, .., , 1, .., 3j j
ij i PCv s v i n j   (3.12) 

The scaled dataset is then split 80/20 into training and testing sets. The training set is used 

to tune the network weights and biases by minimizing the network loss using 

backpropagation with the Adaptive Moment Estimation (ADAM) optimizer (Kingma and 

Ba, 2014). The unseen testing set is then used to evaluate the model generalization 

capability. 

 λ= − +∑ ∑2 2
1 1

ˆ1/ ( )
n m

i i iloss n y y w   (3.13) 

where, ˆ iy  and iy are the predicted and true outputs respectively, iw is a weight parameter, 

n  is the number of data instances used in the training, and m  is the number of relevant 

weight parameters.  

The network loss is calculated using the expression in Eqn. (4.13), which consists 

of two terms. The first loss term is called data loss and is defined as the mean squared error 

between the predicted output and the true output, which are 12,ˆ fσ and 12, fσ  respectively. The 

data loss term drives the model learning from the data. The second term is the L2 (ridge) 

regularization loss optionally added to penalize the higher magnitudes of squared weights 

and thus obtain less complex models that generalize well for all data. L2 regularization is 

selected over L1 regularization in this work because the input feature sets are small as they 

contain only 2 features that contribute equally to prediction. The regularization coefficient 
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λ  controls model complexity and tradeoffs between under fitting and overfitting. Higher λ  

values lead to under fitting, while lower values risk overfitting.  

Step 2: Prediction of the failure condition of a stress state. 

In this step, the queried stress states are evaluated as being inside or outside the failure 

surface. The following steps describe this process. 

Step 2.1: The first two components of query point { }11 22 12, , FEAFEAσ σ σ σ=  are scaled 

using Eqn. (4.12).  

Step 2.2 σ '
12,ˆ f  is then computed by feedforwarding 11σ ′ and 22σ ′ based on the expressions 

shown in Eqn. (4.14).  

 
φ

−= +

=

1

( )

l l l l l
j jk k j j

l l
j j

z w a b z

a z
  (3.14) 

where l  is the layer number, j  is the neuron number in the thl  layer. w  and b  are weights 

and biases associated with the thl layer. z and a  are net inputs and activation values of 𝑙𝑙𝑡𝑡ℎ 

layer. φ  is an activation function, i.e., ReLU or TanH. There is no activation for the zeroth 

layer as they are the input ( 11σ ′ and 22σ ′ ) to the F-NN and the output of the activation 

function of the neuron in the last layer is the output value ( 12,ˆ fσ ′ ). 

Step 2.3: 12,ˆ fσ is obtained by 12,ˆ fσ ′ rescaling and compared 12σ  with as follows to predict 

the onset of failure: 

 12 12,

12 12,

  :    
 ˆ

 
 

ˆ
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If No onset of failure
If Onset of failure
σ βσ

σ βσ

≤

>
  (3.15) 
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4.2 Implementation in Computer Programs (Maurya et al., 2024a) 

Implementation of the methods in two computer programs is discussed. 

Standalone Program: Algorithms for all three methods were coded in a single computer 

program, SAPCFC, written in C++. The entire system is implemented using Microsoft 

Visual Studio 2022 running on a workstation with 64-bit Windows 10 Enterprise. The 

program architecture is shown in Figure 4.1. The main class, CPCFC, controls the program 

flow. The Object-Oriented Numerical Methods (OONM) library (Rajan, 2021) provides 

the data structures and methods such as vector and matrix classes, an input file parser, a 

pseudo-random number generator, an interface to Windows API to obtain memory usage, 

and wall clock/CPU timings, etc. 

 
Figure 4.1: SAPCFC Program Architecture, and Flow. 

The classes that implement the three methods, CPCFCviaANN, CPCFCviaSANN, and 

CPCFCviaML, are used in the main class. They have access to the point cloud database 

once the input file is read and the database is created. Command line arguments are used 

to run either verification tests or validation tests or both. At the end of the execution, a 

CPCFC

OONM
Library

Read input file

Build Point Cloud
Database

Run
Verification Tests

Run
Validation Tests

Generate
Report

CPCFCviaANN CANN

CPCFCviaSANN

CPCFCviaML
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report is generated. Results from the report for the verification and validation tests are used 

in Sections 4.1 and 4.2. 

LS-DYNA: Only two methods are coded into MAT_213 as the task of converting the ANN 

C++ code to FORTRAN was determined to require substantial effort. The overall program 

architecture is shown in Figure 4.2. 

 
Figure 4.2: MAT_213 Program Architecture, and Flow in LS-DYNA. 

Once failure onset is detected, a stress degradation model is implemented to avoid 

numerical instability. In an explicit FE analysis, eroding an element that satisfies the failure 

criterion is likely to cause a large redistribution of loads around the eroded element leading 

to extremely distorted elements and a drastic reduction in the stable time step 

(Shyamsunder et al., 2022b). Therefore, the state of stress in an element where failure onset 

is detected needs to be reduced gradually. A Stress Degradation Model (SDM) is 

implemented as shown Figure 4.3(a). The term true stress refers to the stress state in a 

damaged state, whereas the effective stress refers to the stress state in an undamaged state.  

The effective stress is held constant in the post-peak region, but the true stress is gradually 

reduced. The gradual degradation of stress (see Figure 4.3(a)) is linked to the corresponding 

effective damage parameter ( dc ) shown in Figure 4.3(b). At failure onset, let ,0 0,effσ σ  and 

LS-DYNA
Using strain update, 

compute stress updateRead and store FE model data

Loop over all time steps

Call MAT_213

Point Cloud Database

Check if current stress state
is outside the failure surface

Update stress and failure
state of the current element
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0ε  represent the effective stress, true stress, and true strain values, respectively. Parameter 

0
dc  is an effective damage parameter at failure onset, that has a zero value in the absence 

of pre-peak damage. The true stress value reduces from 
0σ  by increasing the effective 

damage parameter from 0
dc  to a larger value at increasing strain values that range from 

0 1 fε ε ε− −  as shown in Eqns. (4.16)-(4.17). The final reduced strength (called residual 

strength) of the material is computed as ( ) ( ) ( ),0 1 , 1, 2, 4,5,7d
f eff ii i

c iσ σ= − = , and is 

maintained at a constant value from 1ε  to fε  till the element is eroded at the erosion strain 

value, fε .  

 
(a) 

 
(b) 

Figure 4.3: Typical - (a) Stress vs Strain Response, and (b) Effective Damage 
Parameter vs Strain. 

Step 1: If failure onset has taken place, compute the dc as follows 

 −= + ∆1
d d d
t t tc c c   (3.16) 

where  

σ

ε
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If 
d d
t ic c> , then .d d

t ic c=  

Step 2: If the element is not in the failure state, compute the dc as follows 
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dc d d d d d

  (3.18) 

where 1
dc  is effective damage parameter in 1-direction tension, 

2
dc  is effective damage parameter in 2-direction tension,  

4
dc  is effective damage parameter in 1-direction compression,  

5
dc  is effective damage parameter in 2-direction compression,  

7
dc  is effective damage parameter in 1-2 plane shear, and 

kl
ijd  indicates damage in direction ij  and the reduction of stiffness in direction kl  

and is obtained from the damage curve based on computed effective plastic strain. 

Details of this process can be found in a previous publication (Shyamsunder et al., 

2021). 
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Step 3: If the current point is in failure state, the element is eroded from finite element 

model if  

 ε ε ε ε ε= + + >2 2 2
11 22 122eq f

IP   (3.19) 

where f
IPε  is the in-plane erosion strain (a user input). 

4.3 Standalone Program Tests and Results (Maurya et al., 2024a) 

Multiple sets of verification and validation tests were conducted. The first set of tests is 

conducted by generating the point cloud data using the Tsai-Wu Failure Criterion (TWFC 

data). Since this failure criterion is a smooth, differential function, a smooth point cloud 

failure surface is generated. The second set of tests is conducted with point cloud data 

constructed with virtual testing as described in Section 3 (PCFC data). The Standalone 

program is used with two sets of tests involving all three predictive methods.  

In both test datasets, the points on the point cloud failure surface,  were scaled 

by a strength factor, SF  that in this part of the study is varied as ≤ ≤0.5 1.1.SF  If < 1,SF  

the point is shifted inside the failure surface, otherwise it is moved outside. In other words, 

the test data points are created as = =, 1, ...,test
i i i tσ SF σ i n  with if  created using a pseudo-

random number generator with tn  being the total number of test data points. The primary 

objective of these tests is to gage how the developed algorithm would work in an actual FE 

analysis (third test) where the stresses in an element would increase to approach the failure 

surface from inside the failure envelope. The result generated for each test data point 

belongs to one of three categories: Correct Prediction, False Positive, and False Negative. 

σ
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Correct Prediction: A prediction is counted as being correct if the prediction matches the 

data, i.e., failure prediction for test data points on or outside the failure surface ( )≥ 1SF , 

and no failure prediction otherwise ( )< 1SF . 

False Positive: A false positive is the test case where the test data is classified as being 

outside the failure envelope, but the test data point is, in fact, inside the failure surface.  

False Negative: A false negative is the test case where the test data point is classified as 

being inside the failure envelope, but the test data point is, in fact, outside the failure 

surface. 

Accuracy: Defined as 
# of Correct Predictions

100.
tn

×  

All three methods require tuning values of method-related parameters. The tuning 

methodology is explained next. 

ANN and SANN Modeling: The accuracy of these two methods is affected by two 

parameters – k, the number of nearest neighbors (see Eqns. (4.8) and (4.11)), the reduction 

factor, β  (see Eqn. (4.2)) and power parameter p (see Eqn. (4.11)).  Testing with small 

and large, smooth, and noisy data indicated that 3k = , 0.003β = and 2p =   provided the 

best combination that balanced accuracy and compute time. 

Neural Network Modeling: The point-cloud datasets TWFC and PCFC form two distinct 

failure-onset surfaces. The point-cloud data of TWFC has a smooth surface since it is 

generated from a closed-form expression. In contrast, the point-cloud data for the PCFC is 

not smooth since it comes from a finite set of finite element analyses (see Figure 3.18). The 



116 

 

TWFC dataset is also 6 times larger in size compared to the PCFC dataset (2527 vs. 415 

data points). Due to these reasons, the final feedforward neural network (F-NN) 

configurations for each dataset were explored separately. Finding the final configurations 

for each dataset involved exploring various configurations by varying the number of fully 

connected layers, number of neurons in each layer, and activation functions like Rectified 

Linear Unit (ReLU), Hyperbolic Tangent (Tanh), and Exponential Linear Unit (ELU). The 

optimal configurations were selected based on the prediction performance, considering not 

only the training data but also the testing data unseen during training. To simplify the 

configuration process, only networks that start with the 2q  (where q  is an integer) number 

of neurons in the first hidden layer and halve over subsequent hidden layers were explored. 

Ultimately, two top-performing configurations, one leaner than the other, were chosen for 

each dataset for further investigation of their classification accuracy and computational 

efficiency. The F-NN with larger network parameters is denoted as ‘deep’, while the one 

with smaller network parameters is termed ‘shallow’ in the current work.  

For both datasets, the best estimates of the scaling parameters (Eqn. (4.12)) were 

found to be { }5 4 410 ,10 ,10− − −=s . Through parametric analysis, optimal L2 regularization 

coefficients (λ) of 10-4 and 10-5 were chosen for the FNNs trained on TWFC and PCFC 

(deep model) data, respectively. No regularization was applied for the PCFC shallow 

model since failure onset surface is more complex and using L2 regularization resulted in 

an under fit model with poor prediction performance. Figure 4.4 illustrates the deep F-NN 
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trained on PCFC data, comprising five hidden layers with 2,977 total trained network 

parameters. 

 
Figure 4.4: Network Architecture of the Deep F-NN Trained on PCFC Point 

Cloud Dataset. 
Table 4.1: Network Configuration and Training Details of the F-NN Used in the 

Analysis.  

Network Details 
PCFC Tsai-Wu 

Deep Shallow Deep Shallow 
No. of data instances 415 415 2527 2527 
No. of hidden layers 5 4 5 4 

No. of neurons in the first layer 64 32 32 16 
No. of trainable network 

parameters 2977 801 809 233 

Activation function for hidden 
layers ReLU† ReLU† ReLU† ReLU† 

Regularization Coefficient 10-5 - 10-4 10-4 
Mean Squared Error 0.00651 0.00667 0.00221 0.00247 
Mean Absolute Error 0.03168 0.03761 0.01292 0.01739 

† ReLU – Rectified Linear activation function 
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Deep neural network models of both datasets perform marginally better at predicting 

failure onset surface than shallow models (Table 4.1). However, the marginal performance 

gains of deeper models come at a steep computational expense. Since the number of matrix-

vector operations required for prediction scales directly with the parameter count, deep 

networks are significantly less efficient in terms of run time, which negates the benefits of 

their slightly improved predictive accuracy. Additionally, incorporating the NN model in 

finite element analysis for failure onset prediction requires storing the neural network 

parameters and creates an additional computational head compared to ANN and SANN 

methods. However, the computational expense of neural networks can be reduced by 

‘pruning’ - removing parameters that do not significantly impact model predictions. Many 

pruning techniques exist, including removing neurons, synapses, or entire layers during or 

after training (Vadera and Ameen, 2020). As pruning may adversely affect performance, 

selecting an appropriate technique is essential. In the current work, a pruning strategy that 

operates on the trained neural network and removes synapses (neural connections) that are 

redundant to the network prediction is devised. The synapses are considered redundant if 

the neurons associated with them have nearly zero activation values for any possible input. 

While a hard constraint like this tends to prune fewer synapses, providing less 

computational improvement, the approach is effective for sparse networks, and the deeper 

networks that avoid overfitting tend to be sparse. The approach also simplifies 

implementation for networks with ReLU activation functions, as shown in Eq. 21, without 

sacrificing desired prediction accuracy:  
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where l
irw  is the weight value corresponding to the synapse connecting thi  neuron in the 

preceding layer ( l − ) and the redundant thr neuron in the thl layer, and l
rb  is the bias value 

of thr neuron in the thl layer,  and m  is the number of neurons in the thl −  layer. 

Overall, the employed pruning strategy, illustrated in Figure 4.5, provides an 

efficient way to improve the computational performance of deep neural networks while 

retaining acceptable predictive performance.  

 

Figure 4.5:  Pruning Strategy Employed in the Study. 
With this pruning strategy, the number of neural network parameters of the deep model 

trained on PCFC data was reduced from 2,977 in the original model to 355 in the pruned 
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version. Interestingly, this 75% decrease in network size resulted in the pruned deep model 

containing less than half the network parameters of the shallow model that has 801 

parameters. The pruned version of the deep model is more efficient than the shallow model 

while retaining the prediction accuracy of the deep model. Table 4.2 compares the 

architectural details and number of trainable parameters for the pruned deep (NN-DP) 

model, the original deep (NN-D) and the shallow (NN-S) models. Finally, it should be 

noted that the safety factor ( β ) of 0.02  was used for all the F-NN models. 

Table 4.2: Comparison of Network Architecture of Pruned Network with 
Unpruned Deep and Shallow. 

Layers 
No. of neurons No. of trainable parameters 

NN-D NN-S NN-DP NN-D NN-S NN-DP 
Input 2 2 2 - - - 

hidden1 64 32 23 192 96 69 
hidden2 32 16 7 2080 528 168 
hidden3 16 8 7 528 136 56 
hidden4 8 4 5 136 36 40 

hidden5/output 4 1 3 36 5 18 
output 1 - 1 5 - 4 
No of Trainable Network Parameters 2977 801 355 

The computer runs were made on a Windows 10 64-bit system running on a Dell Precision 

T5610 workstation with Intel Xeon CPU E5-2637 and 64 GB RAM. The timings shown in 

Sections 4.1.1 and 4.1.2 are the average of 5 runs. 
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4.3.1 Verification and Validation Test Cases using Tsai-Wu Failure Criterion (TWFC) 

Using the laboratory test results (Khaled et al., 2018), the TWFC was computed for various 

combinations of { }1 2 12, ,σ σ τ  resulting in a discretized representation of the failure surface

as shown in Figure 4.6. A total of 2527 points were generated, i.e., 2527.PCn =  

Figure 4.6: Point Cloud Data Generated Using the Tsai-Wu Failure Criterion. 
Verification Tests: Twenty percent of the total number of point cloud data points were 

randomly selected to form the verification test pool, i.e., 0.2 0.2(2527) 505t PCn n= = = . 

These data points were then used in the verification tests by varying 0.003 0.01β≤ ≤  for 

the ANN and SANN tests (AD and IDW), and by varying 0.01 0.07β≤ ≤  for NN tests. 

The results are not presented here, but as expected, the accuracy increases for all the 

methods as the reduction factor, β , increases. 

Validation Tests: Fifty percent of the total number of point cloud data points were randomly 

selected to form the validation test pool while PCn  strength factor values were randomly 
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created between ≤ ≤lower upperSF SF SF , i.e., ( )( ) 20.5 0.5(2527) 3,191,601t PC PCn n n= = ≈ . The 

results for the three methods are shown in Table 4.3. 

Table 4.3: Tsai-Wu Failure Data: Performance of the Three Methods ( 0.5 1.1s≤ ≤  
with 3,191,601tn = ). 

Method Correct False 
Positive 

False 
Negative 

Accuracy 
(%) 

Wall 
Clock 

Time (s) 
ANN 3114988 75997 616 97.8 11 

SANN 
(AD) 

3142376 44952 4273 98.5 17 

SANN 
(IDW) 

3157176 34332 93 98.9 17 

NN-S 3123347 65389 2865 98.1 1 
NN-D 3137576 52803 1222 98.3 3 

In order to better understand how the methods work when the test (query) points are close 

or far from the failure surface, the strength factors were divided into three bands:  

≤ ≤0.5 0.8SF  such the test points would be placed well inside the failure surface, 

≤ ≤0.8 0.95SF  such that the points moved closer to the failure surface but were still inside, 

and finally ≤ ≤0.95 1.1SF  with the test points close to being both inside and outside the 

failure surface. The results from these test cases are shown in Table 4.4 to Table 4.6.  
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Table 4.4: Tsai-Wu Failure Data: Performance of the Three Methods (
0.5 0.8SF≤ ≤  with 3,191,601tn = ). 

Method Correct False 
Positive 

False 
Negative 

Accuracy 
(%) 

Wall Clock 
Time (s) 

ANN 3181387 10214 0 99.7 16 
SANN 
(AD) 

3191601 0 0 100 16 

SANN 
(IDW) 

3191601 0 0 100 16 

NN-S 3191601 0 0 100 1 
NN-D 3191601 0 0 100 3 

Table 4.5: Tsai-Wu Failure Data: Performance of the Three Methods (
≤ ≤0.8 0.95SF with 3,191,601tn = ). 

Method Correct False 
Positive 

False 
Negative 

Accuracy 
(%) 

Wall Clock 
Time (s) 

ANN 3146518 45083 0 98.6 8 
SANN 
(AD) 

3191392 209 0 100.0 17 

SANN 
(IDW) 

3191583 18 0 100 16 

NN-S 3191601 0 0 100 1 
NN-D 3191601 0 0 100 3 

Table 4.6: Tsai-Wu Failure Data: Performance of the Three Methods (
≤ ≤0.95 1.1SF with 3,191,601tn = ). 

Method Correct False 
Positive 

False 
Negative 

Accuracy 
(%) 

Wall Clock 
Time (s) 

ANN 2983593 205837 2171 93.5 5 
SANN 
(AD) 

3020395 157452 13754 94.6 17 

SANN 
(IDW) 

3080906 110310 385 96.5 18 

NN-S 2927470 254799 9332 91.7 1 
NN-D 2981350 206365 3886 93.4 3 

Performance Analysis: Both SANN methods show the excellent predictive capabilities in 

all cases with SANN IDW being superior to SANN AD because IDW uses an inverse 

squared distance weighting which accounts for the spatial proximity of neighboring points, 
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while SANN (AD) treats all neighboring points equally leading to lower accuracy. The 

wall clock time is same for both SANN methods but higher than other methods as  most of 

the wall clock time was used by SANN methods to find the nearest query point as it uses 

simple brute force method (Iwamura et al., 2013). The NN method exhibits predictive 

capabilities similar to those of SANN but operates faster. The shallow and deep neural 

networks model the failure surface as a decision surface that delineates the stress states that 

will induce failure from the stress states that do not. Hence, classification of a stress state 

in to one or the other category is easy when the stress state is away from the failure surface 

in the case of neural networks. On the other hand, ANN methods shows slightly less 

accurate results. This reduced accuracy stems from the ANN's sensitivity to data 

dimensionality and the relative position of the queried stress state in relation to nearby 

point cloud data points. Despite a 𝑘𝑘 = 3 value works well in this study; it is not possible 

to eliminate the model’s tendency to learn some noise as the prediction solely depends on 

the neighboring 3 data points. However, none of the methods predicted false negatives 

when the query points are well within the failure surface. This is as per the general 

expectation as the models are trained on the point cloud data that lies on the failure surface. 

The accuracy of all three methods decreases and is nearly equal when the query 

points are close to the failure surface ( )≤ ≤0.95 1.1SF . The accuracy of the method when 

the stress states approach the failure surface depends on the propensity of the model to 

overfit the data particularly in this case as Tsai-Wu has a smooth failure surface. When 

implemented in lieu of a failure model, false negatives and false positives lead to bolder 
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and conservative designs, respectively. In an engineering standpoint, false negatives are 

more harmful when compared to false positives as the model does not capture fracture 

when the failure has already happened. The false negative to the false positive ratio ranged 

between 1-3.7% which is very low. The false negative rate decreased for the deep neural 

network as the simulated failure surface (decision surface) is much smoother when 

compared to its shallow counterpart (note the increase in the number of parameters, hidden 

layers and neurons in Table 4.1).  

The NN-S method has the largest number of false negatives, followed by the 

SANN, NN-D, and ANN methods. Finally, as expected, the wall clock times for the NN 

methods appear to be nearly independent of the location of the query point. The ANN 

method takes considerably less time as the query points move closer to the failure surface 

whereas the SANN method’s compute time is independent of the location of the query 

point. 

4.3.2 Validation Using Virtual Testing Created Point Cloud Data 

Using the virtual testing procedure discussed in Section 2, the point cloud data was 

computed for various combinations of { }1 2 12, ,σ σ τ  as shown in Figure 3.18. A total of 415 

points were generated, i.e., 415.PCn =  Once again, fifty percent of the total number of point 

cloud data points were randomly selected to form the validation test pool while 1000 PCn  

strength factor values were randomly created between ≤ ≤lower upperSF SF SF , i.e., 
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( )( )0.5 1000 0.5(415)(415000) 85,905, 000t PC PCn n n= = ≈ . The results for the three methods 

are shown in Table 4.7 to Table 4.10. 

Table 4.7: Point Cloud Failure Data: Performance of the Three Methods (
≤ ≤0.5 1.1SF with 85,905, 000tn = ). 

Method Correct False 
Positive 

False 
Negative 

Accuracy 
(%) 

Wall Clock 
Time (s) 

ANN 77563383 7243941 1097676 90.29 105 

SANN 
(AD) 

81901979 2879914 1123107 95.34 88 

SANN 
(IDW) 

83729175 2024657 151168 97.47 91 

NN-S 83417499 1862552 624949 97.10 69 
NN-D 83588529 1066046 1250425 97.30 213 

NN-DP 83588529 1066046 1250425 97.30 42 

Table 4.8: Point Cloud Failure Data: Performance of the Three Methods (
0.5 0.8SF≤ ≤ with 85,905, 000tn = ). 

Method Correct False 
Positive 

False 
Negative 

Accuracy 
(%) 

Wall Clock 
Time (s) 

ANN 83098571 2806429 0 96.70 132 
SANN 
(AD) 

85637158 267842 0 99.68 89 

SANN 
(IDW) 

85668305 236695 0 99.72 89 

NN-S 85905000 0 0 100.0 70 
NN-D 85877917 27083 0 99.97 207 

NN-DP 85877917 27083 0 99.97 41 
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Table 4.9: Point Cloud Failure Data: Performance of the Three Methods (
≤ ≤0.8 0.95SF with 85,905, 000tn = ). 

Method Correct False Positive False 
Negative 

Accuracy 
(%) 

Wall 
Clock 

Time (s) 
ANN 74160828 11744172 0 86.30 84 

SANN 
(AD) 

83622364 2282636 0 97.34 87 

SANN 
(IDW) 

83119449 2785551 0 96.75 89 

NN-S 84834372 1070628 0 98.80 71 
NN-D 84740306 1164694 0 98.60 218 

NN-DP 84740306 1164694 0 98.60 45 

Table 4.10: Point Cloud Failure Data: Performance of the Three Methods (
≤ ≤0.95 1.1SF with ). 

Method Correct False 
Positive 

False 
Negative 

Accuracy 
(%) 

Wall Clock 
Time (s) 

ANN 69840395 11657907 4406698 81.30 63 
SANN 
(AD) 

72759051 8637896 4508053 84.70 88 

SANN 
(IDW) 

80348759 4948529 607712 93.53 88 

NN-S 76382372 6912139 2610489 88.9 71 
NN-D 77832405 3051528 5021067 90.60 212 

NN-DP 77832405 3051528 5021067 90.60 43 

Performance Analysis: Like the earlier example, the NN methods and SANN (IDW) show 

excellent predictive capabilities when the query points are well inside the failure surface, 

( )≤ ≤0.5 0.8SF while the ANN and SANN (AD) methods show less accurate results 

without any false negative predictions for the same reasons previously discussed. The 

SANN (IDW) method improves the predictive capability compared to SANN (AD) 

because IDW uses an inverse squared distance weighting which accounts for the spatial 

proximity of neighboring points, while SANN (AD) treats all neighboring points equally 

leading to lower accuracy. 

85,905, 000tn =
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When the query points are close to the failure surface ( )≤ ≤0.95 1.1SF , the accuracy 

of all three methods decreases. However, the SANN (IDW) method remains the most 

accurate, while the NN methods minimize false positive predictions. Among the methods, 

SANN (AD) has the highest number of false negatives, followed by NN-D, NN-DP, ANN, 

NN-S, and SANN (IDW). The ratio of false negatives to false positives is significantly 

higher in this case because the point cloud data extracted from the RVE analysis lacks the 

smoothness of the Tsai-Wu failure surface. The superior performance of the pruned deep 

neural network can be attributed to the removal of data transformations within the neural 

network that do not adversely affect the prediction accuracy. This reduces the number of 

tunable parameters in the training phases and lowers the number of operations during 

implementation without sacrificing accuracy. For this reason, the NN-DP method shows 

the best accuracy and computational effort amongst all the methods.  

Figure 4.7 shows the error map of three methods- SANN (AD), SANN (IDW) and 

SANN (NN) for the query point with strength factor ≤ ≤0.5 1.1SF . To plot error map, the 

1
σ and 2σ  plane ( )'

1 2' & translated planeσ σ   are divided into 30 15×  stress buckets. For 

each bucket, the number of correct predictions and false predictions is determined, and the 

percentage of false predictions in each stress bucket is plotted as the error. The overall error 

percentages for the methods are as follows: SANN (AD): 4.66%, SANN (IDW): 2.53%, 

and SANN (NN): 2.70%. The corresponding accuracy values, calculated as 100−error, 

match those presented in Table 4.7. Notably, the stress buckets exhibiting higher error rates 

are predominantly located in the '
1σ+  direction, particularly in the ' '

1 2&σ σ+ −  quadrant. 
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This occurs because the number of failure points ( )52 in this region is smaller 

compared to other quadrants ( )114,144 &105 , contributing to increased prediction errors. 

To improve this, a uniform distribution of failure points in the 1 2&σ σ directions should 

be achieved. The current approach generates point cloud data through quadrant-wise n n×  

discretization in the 1 2&σ σ  planes. This method leads to a non-uniform distribution of 

failure points due to asymmetry in material strength along these directions. 

To ensure a uniform distribution of failure points, data generation should use a 

stress increment-based discretization of the 1 2&σ σ  planes. Additionally, refining the 

stress increments will increase the density of failure points, enhancing the resolution and 

improving prediction accuracy. 

 
(a) 

 
(b) 
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(c) 

Figure 4.7: Error map for ≤ ≤0.5 1.1SF  – (a) SANN (AD), (b) SANN (IDW), and 
(c) NN. 
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CHAPTER 5 

5 VERIFICATION AND VALIDATION OF FAILURE MODEL 

Verification and validation (V&V) are critical components in the development of any 

material model. Verification ensures that the implementation of the model has been 

performed correctly and adheres to its theoretical foundations. This step often begins with 

straightforward tests, such as single-element simulations, to identify and address any 

potential issues in the implementation. On the other hand, validation evaluates the 

accuracy, fidelity, and reliability of the developed material model by comparing its 

predictions against experimental data or well-established benchmarks. Together, these 

processes provide confidence in the robustness and applicability of the material model. 

The V&V processes discussed in this section focus on a specific carbon/epoxy 

unidirectional composite material, T800/F3900, manufactured by Toray Carbon Fibers 

America (Toray, 2020). While extensive details about the verification and validation of 

existing deformation, damage, and failure models can be found in previous works 

(Hoffarth, 2016; Hoffarth et al., 2017; Khaled et al., 2019a, 2018; Shyamsunder et al., 

2021, 2020a), this chapter highlights a subset of test cases to demonstrate the application 

of the V&V framework. These selected examples serve to illustrate the process in detail 

and discuss the results achieved with the Point Cloud Failure Criterion (PCFC) and 

Simplified Material Model (SMM). Only simplified ANN (SANN) and Neural Network 

(NN) methods are currently available within the MAT_213 framework. 
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5.1 Verification Tests 

Verification tests are conducted using the T800S/F3900 composite material to evaluate the 

implementation of the Point Cloud Failure Criterion (PCFC). Verification was carried out 

using both SANN (AD and IDW) and NN techniques. The material properties of the 

T800S/F3900 composite used in the verification process were derived from coupon-level 

experimental testing. These properties, essential for setting up the verification tests, are 

summarized in Table 5.1. 

Initial verification tests used single-element finite element (FE) models. These 

models consisted of a single quadrilateral element with dimensions of 1 inch by 1 inch. 

This approach allows for a controlled environment to identify and resolve potential 

discrepancies between theoretical predictions and numerical implementation. 

Subsequently, multi-element verification tests were conducted to simulate more complex 

scenarios. In these cases, the FE models were developed using the same geometry as those 

used in experimental setups (Khaled et al., 2018). 
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Table 5.1: Material Properties. 
Property Value (Tensile) Value (Compressive) 

1-direction modulus (E11, psi) 23.5 x106    18.7 x 106  

2-direction modulus (E22, psi) 1.07 x106  1.12 x106    
3-direction modulus (E33, psi) 9.66 x105 (6.6 

GPa) 
1.04 x106    

1-2 plane shear modulus (G12, psi) 5.80 x105  

2-3 plane shear modulus (G23, psi) 3.26 x105 
1-3 plane shear modulus (G13, psi) 3.48 x105  

Poisson’s ratio (ν12) 0.317 0.342 
Poisson’s ratio (ν23) 0.484 0.728 
Poisson’s ratio (ν13) 0.655 0.578 
Poisson’s ratio (ν21) 0.0168 0.0207 
Poisson’s ratio (ν32) 0.439 0.676 
Poisson’s ratio (ν31) 0.027 0.032 

Density (ρ, slugs/in3) 1.457 x 10-4 

5.1.1 Single Element Verification 

Five single-element verification tests were conducted using thin shell elements (ELFORM 

16) in LS-DYNA, with two integration points (NIP) through the thickness. The schematic 

of the single-element model is illustrated in Figure 5.1. Red arrows indicate the 

translational displacements that are restrained. Black arrows represent the velocity applied 

to a specific node in the designated direction, simulating the loading conditions. 

Additionally, the principal material directions, labeled as 1, 2, and 3, are cmarked in the 

schematic diagrams to illustrate the orientation of the composite material in the simulation. 

  
(a) (b) 
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(c) (d) 

 
(e) 

Figure 5.1: Schematic Diagram of Single Element Verification Tests - (a) 1-
Direction Tension, (b) 1-Direction Compression, (c) 2-Direction Tension, (d) 2-Direction 

Compression, and (e) 2-1 Plane Shear. 
A velocity of 1.0 in/s is applied to the nodes in the single-element verification tests. This 

value is significantly higher than the displacement rate of 10-4 in/s used in the 

corresponding experiments (Khaled et al., 2018). The higher displacement rate in the 

simulation is chosen to expedite the computational process while ensuring that the results 

remain unaffected by the increased loading rate. 

The results from the single-element verification tests are summarized in Table 5.2. 

The predicted strength values from these tests closely match those obtained in PCFC 

uniaxial tests, demonstrating the consistency and reliability of the implemented material 

model in reproducing expected behaviors. 
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Table 5.2: Single Element Verification Results (Values in psi). 

Test 
Single element verification results PCFC uniaxial tests  

 SANN (AD) SANN 
(IDW) NN 

T1 369871 373974 366656 373954 
T2 6492 6307 6258 6307 
C1 -145587 -124997 -124717 -125110 
C2 -26549 -25694 -26112 -25617 
S21 6517 6178 6367 6515 

5.1.2 Multi-Element Verification 

Multi-element verification tests were conducted to replicate the uniaxial stress conditions 

induced in composite specimens during QS-RT experiments. A total of five tests were 

performed. For each simulation, only the gage section of the experimental geometry was 

modeled to focus on the critical region of interest. 

Figure 5.2 shows the schematic of the multi-element models. All simulations 

utilized 4-noded thin shell elements to represent the composite material. Translational 

displacements were restrained using either pin or roller supports. Black arrows indicate the 

applied velocity at specific nodes representing the loading conditions. The principal 

material directions are labeled as 1 and 2. 
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(e) 
Figure 5.2: Schematic Diagram of Multi-Element Verification Tests - (a) 1-

Direction Tension, (b) 2-Direction Tension, (c) 1-Direction Compression, (d) 2-Direction 
Compression, and (e) 2-1 Plane Shear. 
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The results of the multi-element verification tests are presented in Table 5.3. The predicted 

strength values from these simulations show excellent agreement with those obtained in 

PCFC uniaxial tests.  

Table 5.3: Multi-element Verification Test Results (Values in psi). 

Test 
Multi-element verification results PCFC uniaxial 

tests  
 SANN (AD) SANN 

(IDW) NN 

T1 369444 373974 366656 373954 
T2 6495 6305 6251 6307 
C1 -144822 -124980 -124650 -125110 
C2 -26541 -25690 -26110 -25617 
S21 6507 6150 6340 6515 

5.2 Validation Tests 

Five validation tests are discussed in this section with each test designed to assess the 

accuracy and applicability of the material models across a range of loading, material, and 

FE modeling scenarios. The validation tests include: 

1. Stacked-ply validation tests. 

2. Impact tests. 

3. 3D-printed Aluminum Alloys. 

4. A Framework for Soft Body Armor Design. 

5. Modeling of mechanical behavior of 3D-printed concrete. 

The first two validation tests focus on comparing the predictive capabilities of different 

failure criteria within MAT_213. The subsequent three tests highlight the versatility of the 

material model, showcasing their application across diverse material systems beyond 

traditional aerospace structural composites. 



138 

 

The first three tests use MAT_213 with plasticity-based deformation and damage 

calculations. In contrast, the last two tests use SMM, a simplified version of MAT_213 that 

excludes plasticity for deformation and damage calculations and instead use elastic 

predictors. 

Each validation test is discussed in detail focusing on the modeling methodology, 

key findings, and correlation between simulation and experimental results. Collectively, 

these tests are designed to validate the versatility and reliability of the material models 

across a diverse range of applications. 

Three validity checks are conducted to ensure the accuracy and reliability of the finite 

element modeling: 

• Convergence Analysis: This check verifies that the simulation results stabilize as 

the mesh is refined. By progressively reducing the element size, convergence 

analysis ensures that the solution approaches a consistent value, minimizing 

numerical errors. 

• Energy Checks: To verify the consistency and physical realism of the results, 

energy checks are conducted during post-processing. This involves ensuring that 

the total energy balance (including internal, kinetic, and external energies) remains 

stable and follows expected trends (Table 5.4) throughout the analysis. Energy 

inconsistencies may indicate issues such as numerical instability, poor element 

quality, or improper boundary conditions. 
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Table 5.4: Energy Checks (AWG_LS-DYNA, 2013). 

Description  Acceptable 
Limit 

Max. Internal Energy Ratio (internal energy/ total energy) 1.0<   
Max. Kinetic Energy Ratio (kinetic energy/ total energy) 0.05<  

Max. Hourglass Energy Ratio (hourglass energy/ total energy) 0.05<  
Max. Sliding Energy Ratio (sliding energy/ total energy) 0.10<  

• Comparison with Experimental Data: The numerical results are compared with 

experimental observations to validate the model's accuracy in predicting real-world 

behavior. This step is crucial for assessing the model’s ability to capture key 

response characteristics such as stress distribution, deformation patterns, and 

failure modes. 

All simulations mentioned in the validation test section were performed on two computing 

platforms as follows: 

• Platform 1 (FAA Cluster): Each compute node has Dell R630 system with Intel E5-

2690 V4@2.6 GHz, 2 × 14 cores and 256 GB RAM. 

• Platform 2 (Sol Cluster): Every compute node has 2x64 cores AMD EPYC 7713 

@ 2.0 GHz, 1024 GB RAM per node. 

5.2.1 Evaluating Failure Criteria in MAT_213 

Two different validation tests are used. The first test is a quasi-static loading test while the 

second test is an impact test. In modeling both the tests, MAT_213 was used for the 

composite panel and cohesive zone elements were modeled with MAT_138. The five input 

curves shown in Figure 3.17(a)-(e) are used as MAT_213 stress-strain input. Data from 

DCB and ENF tests were used for the CZE elements (Khaled et al., 2019b). 
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To compare different failure criteria available in MAT_213, the validation tests 

were performed using thin shell elements with (a) Generalized Tabulated Failure Criterion 

(GTFC), Tsai-Wu Failure Criterion (TWFC), and Point Cloud Failure Criterion (PCFC). 

For all three failure models, the input stress-strain curves are identical in the pre-peak 

region. The post-peak input curves are different as the inputs required in this region are 

failure model dependent. GTFC uses a strain-based failure onset criterion and uses damage 

curves in the post-peak region (Figure 4.3(b)). In contrast, TWFC and PCFC use stress-

based failure onset criteria with a linear stress degradation model that is activated using 

residual strength ( )1 d
ic−  and fε  as input as shown in Figure 4.3. All three failure criteria 

use element strain as the element erosion criterion. 

While most of the input data for MAT_213 are obtained from experiments (six 

distinct in-plane stress-strain curves: tension and compression in the 1 and 2 directions, 

shear, and off-axis curves in the 1-2 plane), the post-peak data need to be estimated. These 

parameters are associated with post-peak damage and erosion behavior. In general, there 

are six calibration parameters: ( )1 2 4 5 7, , , , ,d d d d d f
IPc c c c c ε . However, the following assumptions 

are used to reduce the number of tunable parameters to two. 

1. The in-plane damage values corresponding to residual strengths for tension 

( )1 2&d dc c  and shear ( )7
dc  were assumed to be equal, i.e., ( )1 2 7

d d dc c c= = . All the 

compression residual strength values were set equal to their respective peak valuess 

in the stress-strain input curves 4 5( 0.0)d dc c= = . In compression, failure is typically 

governed by fiber microbuckling, kinking, or matrix shear failure, rather than 
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catastrophic fiber breakage as seen in tension. Since the fibers are assumed to 

remain largely intact after localized buckling or kinking, the material is considered 

to retain significant load-carrying capacity. Consequently, it is assumed that the 

compressive post-peak behavior is unaffected by damage.  

2. The in-plane erosion strain, f
IPε  is a user input rather than a value derived from 

experiments. 

5.2.1.1 Stacked-ply Validation test (Maurya and Rajan, 2024) 

The developed failure criterion is validated using stacked-ply tests involving 8-ply panel 

of T800/F3900 specimens with a [0/90/+45/-45]S layup. Details of the specimens are 

shown in Figure 5.3.  The grey regions show where fiberglass tabs were glued to the 

specimen. The tabs prevent the specimens from crushing when the specimens are inserted 

and held in the fixtures. The white center region is the gage section that was speckled for 

gathering Digital Image Correlation (DIC) data. More details are available in an earlier 

publication (Shyamsunder et al., 2021). 
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(a) 

 
(b) 

Figure 5.3: Schematic Diagrams for Stack Ply Validation Test - (a) Tension 
(SPVTT), and (b) Compression (SPVCT). 

FE Model: Only the gage section was modeled using 4-noded thin shell elements with 

ELFORM=16. There are eight elements through thickness corresponding to the eight plies 

in the experimental specimen. Cohesive zone elements (CZE) were used between two 

layers of composites with 8 node hexahedral solid elements (ELFORM=20).  

Material Data: The composite panels were modeled using MAT_213, with three failure 

criteria activated: the Generalized Tabulated Failure Criterion (GTFC), the Tsai-Wu 

Failure Criterion (TWFC), and the Point Cloud Failure Criterion (PCFC). For the PCFC 

approach only SANN was used for both tests. Only quasi-static and room temperature (QS-

RT) curves are used as input. The post peak curve is obtained by calibration to match 

simulation results with the experimental results. Cohesive zone elements were modeled 

with MAT_138. Table 5.5 shows the input parameters for MAT_213.   
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Table 5.5: MAT_213 Input Parameters. 
Failure 
Model Residual Strength Erosion strain 

GTFC 10% with damage (except no damage 
in compression curves) 

SPVCT: 0.0085 
SPVTT: 0.05 

TWFC 10% (except no damage in 
compression curves) 

SPVCT: 0.02 
SPVTT: 0.04 PCFC 

(SANN-AD) 

Results and Discussions: The load versus time graph is used to compare FE and 

experimental results for both models – SPVCT (Figure 5.4) and SPVTT (Figure 5.6). Nodal 

reactions at the support face along the loading direction were added to obtain the load 

value. Figure 5.5 and Figure 5.7 show the eroded elements in different colors for each layer. 

SPVCT Results: The load-displacement response from the FE model closely matches the 

experiment result. With all three failure criteria, the peak load is approximately 8% less 

than the experimental value. After 150 seconds, the force value is constant for the TWFC 

and PCFC models while the GTFC model shows oscillating behavior due to the initiation 

of 2-direction damage in the 0-degree ply at 150sect = . Notably, 2-direction damage in the 

0-degree ply was observed with PCFC before the loss of load capacity. In the experiment, 

the damage initiation starts at the center of the 0-degree plies and progresses to one end of 

the 90 degree and +/- 45-degree plies as the load increases. The PCFC failure prediction is 

the closest to the failure pattern seen in the experiment (Figure 5.5(a)). The elements in the 

0-degree ply erode at the center, followed by other layers eroding at one end of the model 

(Figure 5.5(b)). Most of the elements in TWFC model erode at one end of the model (Figure 

5.5(c)). In the GTFC model (Figure 5.5(d)), elements in the 90- and +45-degree layers were 

eroded at the center and most of the elements at one end eroded from all the layers. 
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Figure 5.4: SPVCT Load vs Time Plot. 

 

 

 
 

(a) (b) 

  
(c) (d) 

Figure 5.5: Failure Pattern for SPVCT - (a) Experiment, (b) PCFC (SANN-AD), 
(c) TWFC, and (d) GTFC. 
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SPVTT Results: The FE response shows slightly stiffer behavior compared to the 

experimental result. The peak load predicted by TWFC, GTFC and PCFC are all very close 

to experimental results. In the experiment, the specimen failed at the center. The best model 

is the PCFC model (Figure 5.7(b)) where most of the eroded elements are at the center of 

the model. Both the TWFC and GTFC models comparatively smaller number of eroded 

elements with; element erosion in the TWFC model occurs at one end (Figure 5.7(c)), and 

in the GTFC model, element erosion occurs at the two ends of the specimen (Figure 5.7(d)). 

While all the three models predict the peak load within 10%±  of the experimental value, 

the PCFC model predicts a failure pattern that is comparatively closer to the tested 

specimen.  

 
Figure 5.6: SPVTT Load vs Time Plot. 
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(a) (b) 

  
(c) (d) 

Figure 5.7: Failure Pattern for SPVTT - (a) Experiment, (b) PCFC, (c) TWFC, 
and (d) GTFC. 

Table 5.6 presents a summary of the runtime comparison for all stacked-ply tests. 
Table 5.6: Run Time Comparison for Stacked-ply Tests. 

Model FTYPE # of 
Elements 

Computing 
Platform  
(# Nodes) 

Wall-Clock 
Time 

Min:Sec 
Compression GTFC 1600 Shell 

+ 1400 
CZE 

 

Platform 1 
(4) 

1:17 
TWFC 1:30 

PCFC (SANN-
AD) 

1:36 

Tension GTFC 2400 Shell 
+ 2100 
CZE 

13:41 
TWFC 8:14 

PCFC (SANN-
AD) 

8:42 
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5.2.1.2 Impact Tests (Maurya et al., 2024a; Maurya and Rajan, 2024) 

A series of impact tests were conducted at the NASA Glenn Research Center Impact 

Dynamics Laboratory using a single stage gas gun shown in Figure 5.8. The test utilizes a 

cup-shaped aluminum 2024 projectile with a complex radiused nose and a mass of 1.77 oz 

(50 g) as per ASTM D8101. A cross-section of the projectile is shown in Figure 5.9. The 

specimen (12 in x 12 in flat panel, 16-ply [(0/90/45/-45)2]s layup) is clamped with 28 bolts 

between two thick metal plates with a 10-inch (25.4 cm) diameter circular aperture, as 

shown in Figure 5.10.  The ASTM standard is designed for measuring the response of 

composite materials under free-flight impact conditions when impacted in a normal 

direction. Two pairs of high-speed cameras were used to capture digital image correlation 

(DIC) images from the speckled composite panel both on the impacted side and backside 

of the panel. The DIC data was analyzed to obtain full-field displacements and surface 

strains. 

 
Figure 5.8: Single Stage Gas Gun Set-Up at NASA-Glenn Research Center. 
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Figure 5.9: Cross Section of 

Standard Projectile ASTM D8101 
(Dimensions in inches). 

 

 
Figure 5.10: Schematic of 

Fixturing for Test Method ASTM D8101. 
In addition, two pairs of cameras were placed in front of and behind the panel to measure 

the projectile velocity and orientation before and after impact using photogrammetry 

software. Further details can be found in an earlier publications (Shyamsunder et al., 2022b, 

2022a). Three of those impact tests were selected as validation tests covering a wide range 

of impact velocities – from low velocity (LVG906) to much higher velocities (LVG1074 

and LVG1075) that straddle the ballistic limit. Table 5.7 summarizes the test data. A 

negative final velocity implies that the projectile rebounded and did not penetrate the panel. 

Table 5.7: Impact Test Details. 

Test Lay-up Details 

Projectile 

Projectile Impact 
Velocity, ft/s 

(m/s) 

Final Recorded 
Velocity, ft/s 

(m/s) 
LVG906 Unidirectional 27.4 (8.35) -18.1 (5.52) Contained 
LVG1075 ( )20/90/ 45/ 45

S
 −   385.0 (117.3) -46.4 (14.1) Contained 

LVG1074 ( )20/90/ 45/ 45
S

 −   417.0 (127.1) 25.4 (7.74) Uncontained 
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FE Model: The structural model consists only of the composite panel and the projectile. 

Figure 5.11 shows details of the 16 layers in the panel, the 28 bolt holes, and the projectile. 

A matching layer of cohesive zone elements (CZE) are placed between two plies. 185,536 

4-noded fully integrated thin shell elements (ELFORM=16) are used to model the 

composite panel, 173,940 8-noded hexahedral solid elements (ELFORM=20) form the 

CZE elements while there are 17,040 solid elements in the projectile. To replicate the test 

setup, the nodes on the circumference of the bolt holes were restrained in-plane, while the 

nodes at location of the bolt hole clamps at the top and bottom layers were restrained in the 

out-of-plane direction. During the LVG906 impact test, the bullet’s point of impact was 

0.7 inches (1.8 cm) below the center of the panel, while the point-of-impact of the projectile 

is precisely at the center for LVG1075 and LVG1074 impact tests.  

 
(a) 

 
(b) 
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(c)  

 
(d)  

Figure 5.11: FE Model Details - (a) Panel, Projectile, and In-Plane and Out-Of-
Plane Fixity Conditions, (b) Close-Up of Typical Inter-Ply Regions Showing CZE 

Elements (Layer 1 is the Strike Face), Mesh Layout in (c) the Panel (12033 Nodes And 
11596 Shell Elements with a Thickness of 0.007625" Per Layer), and (d) The Projectile 

(22566 Nodes and 17040 Solid Elements). 
Material Data: The composite panels were modeled using MAT_213, with three failure 

criteria activated: the Generalized Tabulated Failure Criterion (GTFC), the Tsai-Wu 

Failure Criterion (TWFC), and the Point Cloud Failure Criterion (PCFC). For the PCFC 

approach, the Neural Network (NN) method was used exclusively for the LVG1074 impact 

test, while the Simplified ANN (SANN) method was used for all three LVG tests. The 

projectile is modeled using MAT_024 incorporating strain-rate dependent elastoplastic 

behavior with the data obtained from publicly available data (Nicholas, 1980). Table 5.8 

shows the input parameters for MAT_213 that control post-peak behavior.  
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Table 5.8:  MAT_213 Input Parameters. 
Failure Model Residual strength Erosion strain 

GTFC 6.5% (T1, T2, S12) 
100% (C1, C2) 0.8f

IPε =   
PCFC (SANN -
AD & NN (only 
with LVG1074)) 

6.5% (T1, T2, S12) 
100% (C1, C2) 0.65f

IPε =  

PCFC (SANN -
IDW (only with 

LVG1074) 

7.05% (T1, T2, S12) 
100% (C1, C2) 0.65f

IPε =  

TWFC 10% (T1, T2, S12) 
100% (C1, C2) 0.09f

IPε =   

Results and Discussions: The validation test was completed by simulating the models – 

LVG906, LVG1074 and LVG1075 with material data shown in Table 5.8. 

LVG906: The results of this low-velocity impact model are presented in Figure 5.12. The 

GTFC and PCFC models over predict the peak displacement value at center while 

displacement predictions of TWFC model at the center are close to the experimental values 

with a small phase discrepancy. The edge displacement predictions agree with the 

experimental values from 0 to 0.75 ms. The GTFC and PCFC models predict the final 

rebound velocity closer to the experiment, while the TWFC model overestimates the final 

rebound velocity. 
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(a) (b) 

    
(c) (d) 

Figure 5.12: LVG906 Results - (a) Points on the Panel Backside Where Out-of-
Plane Displacements Were Monitored, (b) Out-of-Plane Displacements at Center, (c) 

Out-of-Plane Displacements at Edge, and (d) Projectile Velocity. 
LVG1075: This is a contained test where the projectile velocity is slightly below threshold 

penetration velocity. The results are shown in Figure 5.13. The first positive peak at Point 

2 is very well captured by the GTFC model while it is under predicted by the TWFC model 

and over-predicted by the PCFC model. The GTFC and PCFC models do not predict any 

negative peak, whereas TWFC predicts a negative peak with noticeable out-of-phase 

displacements. The displacement at Point 3, which is significantly smaller than 

displacement at Point 2, exhibits a varied pattern. Initially, the simulation predictions are 
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close to the experimental results but are quite different for the rest of the simulation. 

Finally, the PCFC and GTFC models closely predict the final rebound velocity while 

TWFC model overpredicts the final velocity. 

 
  

(a) (b) 

    
(c) (d) 

Figure 5.13: LVG1075 Results - (a) Points on the Panel Backside Where Out-of-
Plane Displacements Were Monitored, (b) Out-of-Plane Displacements at Point 2, (c) 

Out-of-Plane Displacements at Point 3, and (d) Projectile Velocity. 

PP
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(a) (b) 

 
 

(c) (d) 
Figure 5.14: LVG1074 Results - (a) Points on the Panel Backside Where Out-of-

Plane Displacements Were Monitored, (b) Out-of-Plane Displacements at Point 2, (c) 
Out-of-Plane Displacements at Point 3, and (d) Projectile Velocity. 

LVG1074: This is an uncontained test where the final velocity is slightly more than the 

threshold penetration velocity. The results are shown in Figure 5.14. The experimental 

(DIC) displacement plots are discontinuous due to data loss. Like the LVG1075 model, the 

first positive peak displacement at Point 2 is under-predicted with the TWFC model, over-

predicted with both PCFC methods compared to the GTFC predictions. All three PCFC 

methods do not show any negative peak, while the GTFC model shows a very small 

negative peak, and the TWFC model predicts a negative peak with noticeable out-of-phase 

PP
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displacements. The significantly smaller displacement at Point 3 is predicted well by the 

three models at the first positive and first negative peaks, but notably diverges from 

experimental values for the remainder of the simulation. The final (exit) velocity in the 

PCFC_SANN model is the closest to the experimental value, while PCFC_NN, GTFC and 

TWFC models overestimate the velocity. 

The simulation results versus experimental results are summarized in Table 5.9.  

  



156 

 

Table 5.9: Summary of the Simulation (FE) versus Experimental Data (Exp). 

LVG Model  
(Failure 
Model) 

Impact 
Velocity,

IMPV  
(ft/s) 

Final Velocity, 
fV  (ft/s) 

Normalized Absorbed Energy 
2 2

2

1 1
2 2

1
2

IMP f

IMP

mV mV

mV

 − 
 
 
 

 

Exp FE Exp (%) FE (%) Diff. (%) 
(FE – Exp) 

906 (TWFC) 27.4 -18.4 -20.1 54.9 46.2 -8.7 
906 (GTFC) 27.4 -18.4 -17.8 54.9 57.8 2.9 
906 (PCFC 

(SANN-AD)) 27.4 -18.4 -17.8 54.9 57.8 2.9 

1075 (TWFC) 385 -46.4 -220.8 98.5 67.1 -31.4 
1075 (GTFC) 385 -46.4 -54.3 98.5 98.0 -0.5 
1075 (PCFC 
(SANN-AD)) 385 -46.4 -59.0 98.5 97.6 -0.9 

1074 (TWFC) 417 +25.4 52.2 99.6 98.4 -1.2 
1074 (GTFC) 417 +25.4 37.5 99.6 99.2 -0.4 
1074 (PCFC 
(SANN-AD)) 417 +25.4 20.0 99.6 99.8 0.14 

1074 (PCFC 
(SANN-
IDW)) 

417 +25.4 17.1 99.6 99.8 0.2 

1074 (PCFC-
NN) 471 +25.4 35.2 99.6 99.3 -0.3 

Overall Observations: The first positive peak out-of-plane displacement at the center/point 

2 has been predicted reasonably well by all three failure models. With reference to 

LVG1074 and LVG1075, the TWFC models were able to predict both positive and 

negative peaks quite accurately. However, the displacement values were out-of-phase after 

the first positive peak. On the other hand, the GTFC and PCFC models were unable to 

predict negative peak displacements. The predictions of the peak out-of-plane displacement 

at edge/Point 3 appear to show poor predictions. However, these magnitudes are 

significantly lower compared to the displacements at center/Point 2. The exit/rebound 
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projectile velocities of the projectile obtained from the FE simulations are reasonably close 

to the experimental data. As shown in Table 5.9, the difference involved in the prediction 

of the energy absorbed is within 3% of the experimental value except for the LVG906 

model and TWFC models.  

The post-impact crack patterns on the back side of the panels are qualitatively 

compared for LVG1075 and LVG1074 tests in Figure 5.15 and Figure 5.16, respectively 

when the projectile reaches a constant final velocity, corresponding to 0.8 ms for LVG1075 

and 0.6 ms for LVG1074. All three failure models show significant damage at the center. 

Figure 5.15(a) and Figure 5.16(a) show localized damage at the point of impact with cracks 

from the center to the outer edge of the panel in the LVG1074 test. For the LVG1075 test, 

the TWFC model shows no clear hole at the center with some element erosion, whereas 

the GTFC and PCFC models both predict a clear hole at center. The hole is larger in the 

GTFC model and smaller in the PCFC model. For the LVG1074 test, all three failure 

models predict a clear hole at the center of the panel. The TWFC model predicts holes 

closely matching the projectile dimensions with no visible cracks. In contrast, the PCFC 

models show smaller central holes at the center and much longer surface cracks compared 

to GTFC models. 
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(a) 

 
(b) 

 

 
(c) 

 
(d) 

 

Figure 5.15: LVG1075 Crack Pattern at Time 0.8t ms=  - (a) Experiment, 
(b) TWFC, (c) GTFC, and (d) PCFC. 
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(a)  

(b) 

 

 
(c) 

 
(d) 

 

 
(e) 

 
(f) 

Figure 5.16: LVG1074 Crack Pattern at Time 0.6t ms=  - (a) Experiment, (b) 
TWFC, (c) GTFC, (d) PCFC_SANN (AD), (e) PCFC_SANN (IDW), and (f) 

PCFC_NN. 
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The delamination patterns for LVG1075 and LVG1074 are shown in Figure 5.17 and 

Figure 5.18, respectively. Delamination in FE simulation is measured by the number of 

eroded CZE elements whereas Ultrasonic Testing (UT) scans of the panel yielded the 

experimental images. The black regions at the center of the UT scan image (Figure 5.17(a) 

and Figure 5.18(a)) do not represent a through hole. Instead, the black color is due to loss 

of data caused by a combination of small through cracks and severe damage (Shyamsunder 

et al., 2022b). The grey area represents the delamination region. The TWFC model shows 

a diagonal delamination pattern at the point of impact like the delamination observed in the 

UT scan. On the other hand, the GTFC and PCFC models show delamination in both 

vertical and horizontal directions. The PCFC models exhibit less delamination indicating 

a stiffer composite panel compared to the other models. 
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(a) 

 
(b) 

 

 
(c) 

 
(d) 

 

Figure 5.17: LVG1075 Delamination Pattern at Time 2t ms=  - (a) 
Experiment, (b) TWFC, (c) GTFC, and (d) PCFC. 
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(a) 

 
(b) 

 

 
(c) 

 
(d) 

 

 
(e) 

 
(f) 

Figure 5.18: LVG1074 Delamination Pattern at Time 2t ms=  - (a) 
Experiment, (b) TWFC, (c) GTFC, (d) PCFC_SANN (AD), (e) PCFC_SANN 

(IDW), and (f) PCFC_NN. 
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When six distinct output metrics (displacements at center and edge of the panels, projectile 

final velocity, absorbed energy, crack pattern, and delamination) are used to assess the 

reliability of the three failure models, overall, PCFC_SANN and PCFC_NN models 

demonstrate better accuracy in predicting the final velocity of the projectile, absorbed 

energy, and crack/damage pattern compared to the other two failure models. Table 5.10 

presents a summary of the runtime comparison for all impact tests. 

Table 5.10: Run Time Comparison for Impact Tests. 

LVG Model  
 

FTYPE # of Elements Computing 
Platform  
(# Nodes) 

Wall-Clock 
Time 

Hour:Min 

906  GTFC 185536 Shell + 
17040 Solid + 
173940 CZE 

 

Platform 1 
(4) 

2:22 

906  TWFC Platform 1 
(4) 

1:18 

906 PCFC (SANN-
AD) 

Platform 1 
(4) 

2:44 

1075 GTFC Platform 1 
(4) 

1:58 

1075 TWFC Platform 1 
(4) 

1:36 

1075 PCFC (SANN-
AD) 

Platform 1 
(4) 

2:44 

1074 GTFC Platform 1 
(4) 

1:59 

1074 TWFC Platform 1 
(4) 

1:34 

1074 PCFC (SANN-
AD) 

Platform 1 
(4) 

3:52 

1074 PCFC (SANN-
IDW) 

Platform 2 
(1) 

3:37 

1074 PCFC (SANN-
NN) 

Platform 1 
(4) 

3:36 
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5.2.2 3D-printed Additively Manufactured Aluminum Alloys (Mauersberger et al., 2024) 

Additively manufactured (AM) materials play an important role in designing lightweight 

structures especially in the aerospace industry. Despite their growing adoption, a 

comprehensive understanding of their unique mechanical properties remains limited. This 

study addresses the gap by presenting a methodology to characterize the material properties 

of two AM aluminum alloys: Al2139 and AlSi10Mg through macro-mechanical 

experimental investigations. The study focuses on capturing two critical behaviors of AM 

materials: 

1. A distinct yield point with softening and re-hardening as with Al2139, and 

2. Directionally dependent plastification that cannot be classified as isotropic or 

kinematic hardening as with AlSi10Mg. 

Three validation tests were conducted to analyze the mechanical behavior of the two alloys. 

The first test was a 2-direction tension test using Al2139 material. The second and third 

tests were 2- and 3-direction tension tests, respectively, using AlSi10Mg material. 

FE Model: The specimen geometries are shown in Figure 5.19. Eight-noded hexahedral 

solid elements (ELFORM=1) were used.  Details of the finite element model are presented 

in Figure 5.20. The boundary conditions are shown in Figure 5.20(c) and (d). To replicate 

the experimental setup, the nodes along the circumference of both specimen edges were 

constrained in the X and Z directions. Nodal velocities were applied to one edge of the 

specimen while the opposite edge was restrained in the Y direction. The black arrows in 

Figure 5.20(c) indicate the direction of the applied velocity. The gage section, shown in 

Figure 5.20(d), was used to extract the stress-strain results. 
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(a) 

 
(b) 

Figure 5.19: Geometries of Tensile Test Specimens According to DIN EN ISO 
6892-1 - (a) Al2139, and (b) AlSi10Mg. 
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(c)  

(d) 
Figure 5.20: Typical Tension Test Model - (a) FE Mesh, (b) Boundary 

Conditions, (c) Loading Condition (Velocity), and (d) Gage Section (Highlighted 
Elements). 

Material Data: MAT_213 was used to model both Al2139 and AlSi10Mg alloys, by 

activating deformation and failure models with the Generalized Tabulated Failure Criterion 

(GTFC) for element erosion. Tension tests in all three principal material directions 

provided data to build material cards. Figure 5.21 shows the Model Curve. Details to 

generate the input parameter from these tension tests can be found in a recent work 

(Mauersberger et al., 2024). Table 5.11 shows the calibrated equivalent failure strains. 

 
(a) 

 
(b) 

Figure 5.21: Tension Stress-Strain Curves for As-Built Material - (a) Al2139, and 
(b) AlSi10Mg. 
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Table 5.11: MAT_213 Element Erosion Parameters. 

Material 
Equivalent failure strain 

( )ε ε=12 3
f f

  
Al2139 0.13 

AlSi10Mg (y, z) (0.086, 0.061) 

Results and Discussions: The results from the simulations are presented and analyzed.  

Al2139 Material: Figure 5.22 provides a comparison between the load-displacement and 

stress-strain curves obtained from the FE analysis and the corresponding experimental 

results. The load-displacement and stress-strain behavior can be broadly divided into two 

regions: the linear elastic region, and the plastic region where a long softening plateau is 

followed by a re-hardening plateau before the test article fractures. 

Figure 5.22(a) shows the load-displacement curve where the FE model provides 

reasonably accurate predictions in the linear elastic region when compared to the three 

experimental replicates (ZP8_Y, ZP10_Y, ZP12_Y). The FE model predicts a higher initial 

stiffness that is likely due to the initial slippage of the test article in the grip. The first peak 

load prediction is close with the load drop-off in the FE model closely matching the 

experimental results followed by a long plateau. Subsequently, the load increases in the re-

hardening region with the final FE peak load being slightly higher than the experimental 

data.  

Figure 5.22(b) presents the stress-strain curve. The FE model predicts the same 

modulus as the experiment in the elastic region though with a slightly lower peak stress. In 

the plastic region, the FE model underestimates the stresses in both softening region and 

re-hardening region. It should be noted that stress wave propagation was observed in the 
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FE model in the plastic region. A low-pass filter was used to smoothen the stress-strain 

response with peak stress values approximately 5% lower than the experimental data. 

Figure 5.23(a) shows the specimen prior to failure with the erosion parameter   

highlighted. The erosion parameter is used to identify regions within the model that are 

approaching failure. Red indicates the maximum value as 1.0 representing elements prone 

to erosion, while blue corresponds to the minimum value as 0.0. As the loading increases, 

elements in the red color will likely be eroded from the analysis simulating the progression 

of material failure. Figure 5.23(b) shows the resultant fracture surface of the Al2139 

material. The fracture of an experimentally tested Al2139 specimen is shown in Figure 

5.24 for comparison where the fracture surface is slightly inclined possibly due to the 

varying microstructure of the material which is not part of the simulation model. 

 
(a) 

 
(b) 

Figure 5.22: Validation Test Results with Al2139 Material - (a) Load vs 
Displacement, and (b) Stress vs Strain. 
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(a) 

 
(b) 

Figure 5.23: Failure Pattern for Al2139 Material - (a) Specimen Before Failure 
Showing Erosion Parameter d , and (b) Fracture Surface. 

 
Figure 5.24: Failure Pattern for Real Specimens from Al2139 Material (ZP12_Y). 

AlSi10Mg Material: Figure 5.25 compares the load-displacement and stress-strain curves 

for the 2 and 3-direction tension tests with AlSi10Mg material. Like the Al2139 model, the 

load-displacement and stress-strain behavior of AlSi10Mg can also be divided into a linear 

elastic region and a plastic region. However, unlike Al2139, the plastic region of AlSi10Mg 

exhibits only a hardening plateau which makes the use of MAT_213 attractive for modeling 

this material. 

2-direction test: In the linear elastic region, the FE model predicts similar stiffness for 

AlSi10Mg as observed in the experiment though it slightly under predicts the peak load. In 
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the plastic region, the FE model predicts an ultimate peak load that is about 6% lower than 

the average experimental value. The total energy absorbed during deformation, derived 

from the area under the load-displacement curve, is underestimated by about 7% in the FE 

simulation compared to the experiment. The stress-strain curve shows that the FE model 

predicts a similar modulus and peak stress in the elastic region. The stress in the plastic 

region is underestimated with the ultimate stress value that is about 5% lower than the 

experimental value. 

3-direction test: Similar to the 2-direction test, the FE model predicts slightly lower 

stiffness than observed experimentally. In the plastic region, the model predicts an ultimate 

peak load that is approximately 10% below the average experimental value. The total 

energy absorbed is about 14% lower in the FE simulation compared to experimental results. 

The stress-strain curve shows that while the FE model accurately predicts the modulus and 

peak stress in the elastic region, it underestimates the stress in the plastic region, with the 

ultimate stress about 9% lower than the experimental results. 

Figure 5.26(a) displays the specimen just before failure with the erosion parameter 

d highlighted and the fractured surface from the FE model. Three distinct regions with the 

maximum d values are clearly visible, indicating areas of localized stress concentration 

within the model. Similarly, Figure 5.26(b) presents the specimen just before failure for z-

direction specimen with the erosion parameter highlighted.  

Figure 5.27 presents the fracture of a real AlSi10Mg specimen. The fracture surface 

is not planar as in the simulation but exhibits a zig-zag pattern. Differences may be 

explained by the microstructure of the material which is not part of the simulation model. 
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(a) 

 
(b) 

Figure 5.25: Validation Test Results with AlSi10Mg Material - (a) Load vs 
Displacement, and (b) Stress vs Strain. 

  
(a) 

 
 

(b) 
Figure 5.26: Failure Pattern for AlSi10Mg Material with Erosion Parameter d , 

and Fracture Surface - (a) Y-Direction, and (b) Z-Direction. 
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Figure 5.27: Failure Pattern for Real Specimens from Alsi10mg Material 

(ZP9_Y). 
Table 5.12 to Table 5.14 present a summary of the finite element (FE) results for the two 

materials. 

Table 5.12: Summary of the Simulation (FE) versus Experimental Results (Exp) 
for Al2139. 

Parameter Experiment 
(Average) FE 

Exp-FEDiff=
Exp  

(%) 
Stiffness (load-displacement) 

(N/mm) 26164 33142 -26.7 

First peak (load-displacement) 
(N) 5707 5718 -0.2 

Ultimate Peak (load-
displacement) (N) 6072 6208 -2.2 

Area under load-displacement 
curve (N-mm) 14880 14952 -0.5 

First peak stress (stress-strain) 
(GPa) 0.321 0.311 3.2 

Ultimate peak stress (stress-
strain) (GPa) 0.365 0.348 -4.7 
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Table 5.13: Summary of the Simulation (FE) versus Experimental Results (Exp) 
for AlSi10Mg (y-direction). 

Parameter Experiment 
(Average) FE 

Exp-FEDiff=
Exp  

(%) 

Stiffness (load-displacement) (N/mm) 51280 47902 6.6 

First peak (load-displacement) (N) 7838 8078 -3.1 

Ultimate Peak (load-displacement) (N) 12426 11580 6.8 

Area under load-displacement curve 
(N-mm) 20567 19001 7.6 

First peak stress (stress-strain) (GPa) 0.268 0.268 0.0 

Ultimate peak stress (stress-strain) 
(GPa) 0.365 0.348 -4.7 

For all the metrics used to validate the FE model, a vast majority of the FE model results 

are within 10% of the experimental data. It should be noted that only one experimental test 

data (tension tests in the PMDs) was used to generate the MAT_213 input with all other 

input curves estimated analytically.  
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Table 5.14: Summary of the Simulation (FE) versus Experimental Results (Exp) 
for AlSi10Mg (z-direction). 

Parameter Experiment 
(Average) FE 

Exp-FEDiff=
Exp  

(%) 

Stiffness (load-displacement) (N/mm) 49378 44450 10.0 

First peak (load-displacement) (N) 7280 7151 1.8 

Ultimate Peak (load-displacement) (N) 12858 11503 10.5 

Area under load-displacement curve 
(N-mm) 15135 12926 14.6 

First peak stress (stress-strain) (GPa) 0.248 0.248 0.0 

Ultimate peak stress (stress-strain) 
(GPa) 0.47 0.427 9.3 
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5.2.3 A Framework for Soft Body Armor Design (Maurya et al., 2024b) 

The design of soft body armor for law enforcement involves balancing conflicting 

requirements of cost, thickness, and weight. Traditional trial-and-error methods may 

achieve certification standards but rarely yield optimal solutions addressing all three 

competing factors. However, advancements in experimental techniques and numerical 

modeling have opened new possibilities to design current and future design work. 

This section builds upon an earlier work (Pittie et al., 2023) where experimental 

methods, machine learning, and FE analysis were combined to create a predictive 

numerical model for soft armor design. In this study the newly developed constitutive 

material model, the SMM, is used to model the shoot pack. By integrating solid finite 

elements, the model replicates behavior observed in laboratory ballistics tests with minimal 

numerical calibration. Material parameters that cannot be directly measured in experiments 

are tuned using regression analysis to enhance the model's predictive capabilities. 

Additional details of the methodology and results are provided in the following 

publications (Maurya et al., 2024b; Pechetti, 2024).  

FE Model: Figure 5.28 shows the 14SS FE model consisting of (a) the shoot pack 

composite layers, (b) Plastilina clay block, (c) elastic straps to hold the shoot pack against 

the clay backing, and (d) 44-magnum bullet that is the projectile impacting against the 

shoot pack. In a laboratory ballistics test, the entire assembly is placed inside a wooden 

box and placed vertically before the shots(s) are fired. However, to reduce the FE execution 

time, a smaller number of layers is used in the FE model, i.e., the 28-layer shoot pack is 

modeled using 14 FE layers. 
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The shoot pack details are shown in Figure 5.29. S1-S3 are the approximate locations of 

the three shots. For this study, only the first shot (S1) is modeled and analyzed in detail. 1-

2 shows the principal material directions used in the FE analysis. The layer next to the clay 

block is designated Layer 1 while the rest of the layers that are stacked upon each other are 

numbered in numerically increasing order such that the strike face is numbered Layer 14. 

In the current study, perimeter stitching (dashed line) is not a part of the FE model. Eight-

noded hexahedral solid elements (ELFORM=-1) were used for shoot pack material. The 

straps are modeled using ELFORM = -16 which is a fully integrated shell element modified 

with three integration points through the thickness for higher accuracy. The bullet and the 

clay are modeled using ELFORM = 1 which is a reduced integration formulation for solid 

elements.  

Material Data: The orthotropic behavior of shoot pack material necessitated the use of 

MAT_213 for modeling. Table 5.15 lists all the required input material parameters and 

their sources. Most in-plane parameters were obtained through laboratory experiments 

while the remaining in-plane and out-of-plane parameters were determined via numerical 

calibration and regression analysis (Maurya et al., 2024b; Pechetti, 2024). 
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(a) 

 
(b) 

Figure 5.28: Geometric Assembly of 14-Layer FE Model - (a) Isometric View, 
and (b) Elevation. All Dimensions are in mm. 

 

 
(a) 

 
 
 

 
(b) 

Figure 5.29: Schematic Diagram of the Shoot Pack Showing Overall Dimensions 
and Locations of the Three Shots as Well as How the 14 Layers are Designated - (a) Plan 

View, and (b) Elevation View. 
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The backing clay material was modeled with MAT_015 (Johnson-Cook) along with an 

equation-of-state (EOS) to account for strain rate and temperature softening effects. The 

bullet was modeled using MAT_098 (Simplified Johnson-Cook Model), with material 

parameters sourced from published data (Varmint Al’s Engineering Page, 2023). The 

effective plastic strain at failure was the sole calibrated parameter to ensure that the bullet’s 

mushrooming effect would be replicated in the FE model. The straps were modeled using 

*MAT_ELASTIC.  

Table 5.15: List of Shoot Pack Material Parameters. 
Parameter Remarks Value(s) (Source)1 
( )1

tE  Tensile Young’s modulus in 1-direction 35 GPa (Lab) 
( )2

tE  Tensile Young’s modulus in 2-direction  35 GPa (Lab) 

12ν   Poisson’s ratio in 1-2 plane 0.03 (Lab) 
( )3

tE  Tensile Young’s modulus in 3-direction 35 GPa  (Est) 

23ν   Poisson’s ratio in 2-3 plane 0.03  (Est) 
ν13  Poisson’s ratio in 1-3 plane 0.03  (Est) 
( )1

cE  Compressive Young’s modulus in 1-direction 35 GPa  (Est) 
( )2

cE  Compressive Young’s modulus in 2-direction 35 GPa  (Est) 
( )3

cE  Compressive Young’s modulus in 3-direction 35 GPa  (Est) 

( )1

tpeakσ  Peak tensile stress in 1-direction 0.7 GPa  (Lab) 

( )2

tpeakσ  Peak tensile stress in 2-direction 0.7 GPa  (Lab) 

( )1
t

RSσ   Tensile residual strength in 1-direction 0.7 GPa  (Est) 

( )σ
2

t
RS  Tensile residual strength in 2-direction 0.035 GPa  (Est) 

 

 

 

1 Lab denotes experimental value obtained from laboratory tests and range established the lower and 
upper bounds for a more comprehensive study using regression analysis. 
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( )1

cpeakσ  Peak compressive stress in 1-direction 0.035 GPa  (Est) 

( )2

cpeakσ  Peak compressive stress in 2-direction 0.035 GPa  (Est) 

( )σ
1

c
RS  Compressive residual strength in 1-direction 0.035 GPa  (Est) 

( )σ
2

c
RS  Compressive residual strength in 2-direction 0.035 GPa  (Est) 

12
peakτ  Peak shear stress in 1-2 plane 0.001 GPa  (Lab) 

( )12 RS
τ   Shear residual strength in 1-2 plane 0.00005 GPa  (Est) 

( )3

tpeakσ  Peak tensile stress in 3-direction 1.0 GPa  (Est) 

( )3

cpeakσ  Peak compressive stress in 3-direction 1.0 GPa  (Est) 

( )3

t
RSσ   Tensile residual strength in 3-direction 1.0 GPa  (Est) 

( )σ
3

c
RS   Compressive residual strength in 3-direction 1.0 GPa  (Est) 

23
peakτ  Peak shear stress in 2-3 plane 0.125 GPa  (Est) 

13
peakτ  Peak shear stress in 1-3 plane 0.125 GPa  (Est) 

( )13 RS
τ   Shear residual strength in 1-3 plane 0.125 GPa  (Est) 
( )23 RS
τ   Shear residual strength in 2-3 plane 0.125 GPa  (Est) 

eq
IPε  Equivalent failure strain for in-plane mode 1.5  (Est) 

 
eq
OOPε  Equivalent failure strain for out-of-plane mode  1.5  (Est) 

Results: Two key metrics from ballistic testing are used to assess the accuracy of the finite 

element (FE) model: 

1. Back-Face Signature (BFS): The deformation on the back side of the shoot pack. 

2. Number of Penetrated Layers: The count of layers fully penetrated on the strike 

face side. 

Table 5.16 compares the results from the FE models with the ballistic test data. The 

predicted number of penetrated layers (12) closely matches the observed value (11). 

Similarly, the BFS value predicted by the FE model (40.1 mm) aligns well with the 

experimental measurement (41.4 mm). 
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Figure 5.30 shows the final state of the shoot pack after the simulation. The strike 

face layer displays a hole consistent with punch shear closely resembling the physical 

damage observed in ballistics tests.  

Table 5.16: Comparison between Ballistics Test and FE Model 

Source BFS 
(mm) 

No. of 
Penetrated 

Layers 
Ballistics Test: Shot 1 41.4 11 

FE Model 40.1 12 

 
(a) 

 
(b) 

Figure 5.30: FE Model Results Showing the Final State of the Shoot Pack - (a) 
Strike Face (Layer 14), and (b) Last Penetrated Layer (Layer 9). 
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5.2.4 Modeling of Mechanical Behavior of 3D-printed Concrete (Tripathi et al., 2024a) 

Traditionally, concrete construction has relied on mold and formworks, prioritizing ease of 

casting over the efficient use of materials for optimal structural performance. However, the 

emergence of additive manufacturing in concrete construction has revolutionized the field 

bringing significant changes. Formwork-free construction offers unprecedented 

architectural, structural, and functional flexibility, enabling designers and builders to create 

more efficient and innovative structural systems. 

Unlike traditional methods, 3D printing of concrete involves a layer-by-layer 

deposition of a time-dependent material, introducing unique challenges such as interlayer 

bonding and curing dynamics that do not arise in mold-cast structures. These complexities, 

coupled with a limited understanding of the behavior of printed materials, contribute to 

inherent unpredictability in their performance. Addressing this knowledge gap necessitates 

the development of refined analytical and design methods tailored specifically for 3D-

printed concrete structures, ensuring their reliability and broader applicability in modern 

construction. Recent work (Tripathi et al., 2024a) focuses on developing a constitutive 

material model capable of capturing both isotropic and orthotropic behaviors of 3D-printed 

concrete structures, with and without steel fiber reinforcement. This model integrates 

laboratory test data to accurately simulate the mechanical properties and structural 

performance of these advanced materials, bridging critical knowledge gaps and advancing 

the practical application of 3D-printed concrete in construction.  
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This section discusses the modeling and analysis of four-point bend tests (4PBT) 

conducted on ultra-high-performance concrete (UHPC) reinforced with steel fibers. The 

test specimens were designed with a layer width (LW) of 20 mm and a layer height (LH) 

of 10 mm (Figure 5.31). A critical aspect of these tests is the alignment of steel fibers 

predominantly along the print direction, a characteristic intrinsic to the 3D printing process 

(Tripathi, 2024). This fiber alignment significantly influences the mechanical behavior of 

the material, enhancing its strength and stiffness along the printed direction. As a result, 

the UHPC reinforced with steel fibers exhibits orthotropic behavior, with distinct material 

properties in the principal directions (Figure 5.32). 

 
Figure 5.31: Representative Single Filament and Representation of Coordinate 

Axes; Layer Height (LH), the Layer Width (Tripathi et al., 2024b). 

LW

LH

1
2

3
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(a) (b) (c) 

Figure 5.32: Principal Material Directions - (a) Direction-1 (D1), (b) Direction-2 
(D2), and (c) Direction-3 (D3) (Tripathi et al., 2024b). 

UHPC Behavior in 4PBT: Figure 5.33 shows typical load vs central deflection plots from 

4PBTs conducted on UHPC specimens with and without fibers (Tripathi, 2024). UHPC 

without fibers exhibits brittle failure upon reaching the cracking load, characterized by a 

linear elastic response (Zone I), similar to conventional concrete under 4PBT. In contrast, 

UHPC with steel fibers shows a more complex response, including hardening and softening 

behavior after the initial linear elastic region. The hardening phase represents flexural 

hardening, not tensile hardening, occurring after the tensile cracking load is reached. 

During this phase (Zone II), the load is sustained by mechanisms involving load 

redistribution at the bottommost steel fibers. The fibers enable the material to carry 

increasing loads (hardening behavior) until a peak stress (ultimate load) is reached. 

Following this, a softening behavior is observed (Zone III), attributed to 

mechanisms such as failure of fibers, fiber pull-out, and fiber/matrix de-bonding (ACI, 

2018). The inclusion of fibers significantly enhances the material's ability to absorb 

Loading platens
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additional deformation energy making it far more ductile compared to conventional 

concrete or UHPC without fibers.  

 
Figure 5.33: Load vs Central Deflection of UHPC with and Without Fiber (Tripathi, 

2024). 
FE Model: A four-point bend test (4PBT) was simulated for beams with dimensions of 60 

× 60 × 300 mm and a span of 240 mm closely replicating the setup of the corresponding 

experimental tests. To optimize computational efficiency, a quarter-symmetric model was 

utilized for the analysis, as shown in Figure 5.34(a). Symmetry boundary conditions were 

applied along the y-z and x-z planes to represent the full geometry with reduced 

computational effort, as shown in Figure 5.34(b). To replicate the experimental boundary 

conditions, the translational degree of freedom was restrained in the z-direction at the 

bottom surface. Loading was applied via nodal displacements at the designated locations, 

consistent with the experimental setup. These conditions ensured that the simulation 

accurately mimicked the physical test. 
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To address potential oscillations in the load-displacement curve, a lower TSSFAC 

value was combined with a mass scaling technique. This approach was implemented by 

activating a negative DT2MS parameter in the LS-DYNA time step control card. The mass 

scaling method works by artificially increasing the mass of elements with time steps 

smaller than a specified threshold. This adjustment enables a larger critical time step, 

thereby reducing computation time while maintaining stability in the numerical model.  

 
(a) 

 
(b) 

Figure 5.34: (a) FE Model, and (b) Boundary Conditions. 
Material Data: UHPC with steel fibers exhibit orthotropic behavior and tension-

compression asymmetry, necessitating an appropriate model for accurate representation. 

For this study, the Simplified Material Model (SMM) of MAT_213 was used. The UHPC 

test data has a long flexural softening region, where the load-displacement curves 

terminated due to large deformations rather than complete specimen failure. Consequently, 

only the deformation and damage modeling capabilities of MAT_213 were activated. The 

majority of input parameters for MAT_213, such as elastic moduli, shear moduli, Poisson’s 
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ratios, and peak compressive and tensile stresses, were derived directly from the following 

experimental data: 

1. Uniaxial Compression Test with Fiber (UCTWF) 

2. 4-Point Bend Test (4PBT) 

However, certain parameters, particularly those controlling post-peak damage were 

calibrated. Table 5.17 summarizes all the parameter values used in the model, along with 

their sources, categorizing them as experimentally determined, or calibrated. 
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Table 5.17: List of MAT_213 Parameters to Define Printed Filaments. 
Parameter  Remarks 4PBTSF 

(Source) 
ρ   Mass density (kg/m3) 2616 

1E   Young’s modulus in 1-direction 
(GPa) 

45 
(UCTWF) 

2E  Young’s modulus in 2-direction 
(GPa) 

40 
(UCTWF) 

3E
 

Young’s modulus in 3-direction 
(GPa) 

40 
(UCTWF) 

12ν   Poisson’s ratio in 1-2 plane 0.18 
(UCTWF) 

23ν  Poisson’s ratio in 2-3 plane 0.18 
(UCTWF) 

31ν  Poisson’s ratio in 1-3 plane 0.2 
(UCTWF) 

( )1

tpeakσ  Peak tensile stress in 1-direction 
(MPa) 

Calibrated 

( )2

tpeakσ  Peak tensile stress in 2-direction 
(MPa) 

3.67 
(4PBT) 

( )3

tpeakσ  Peak tensile stress in 3-direction 
(MPa) 

3.67 
(4PBT) 

( )1
t

RSσ  Tensile residual strength in 1-
direction 
(MPa) 

Calibrated 

( )2
t

RSσ  Tensile residual strength in 2-
direction 
(MPa) 

3.67 
(4PBT) 

( )3
t

RSσ  Tensile residual strength in 3-
direction 
(MPa) 

3.67 
(4PBT) 

( )1

cpeakσ  Peak compressive stress in 1-
direction 
(MPa) 

121 
(UCTWF) 

( )2

cpeakσ  Peak compressive stress in 2-
direction 
(MPa) 

121 
(UCTWF) 

( )3

cpeakσ  Peak compressive stress in 3-
direction 
(MPa) 

121 
(UCTWF) 

( )1
c

RSσ  Compressive residual strength in 1-
direction 

121 
(UCTWF) 
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(MPa) 
( )2

c

RSσ  Compressive residual strength in 2-
direction 
(MPa) 

121 
(UCTWF) 

( )3
c

RSσ  Compressive residual strength in 3-
direction 
(MPa) 

121 
(UCTWF) 

12
peakτ  Peak shear stress in 1-2 plane 

(MPa) 
( )11.45

tpeakσ  (Gooch et al., 
2023) 

23
peakτ  Peak shear stress in 2-3 plane 

(MPa) 
( )21.45

tpeakσ (Gooch et al., 2023) 

13
peakτ  Peak shear stress in 1-3 plane 

(MPa) 
( )11.45

tpeakσ  (Gooch et al., 
2023) 

( )12 RSτ  Shear residual strength in 1-2 plane 
(MPa) 12

peakτ  
( )23 RSτ  Shear residual strength in 2-3 plane 

(MPa) 23
peakτ  

( )13 RSτ  Shear residual strength in 1-3 plane 
(MPa) 13

peakτ
 

Calibration and Results: Figure 5.35 shows the final calibrated stress-strain and damage-

strain curves in the D1 direction. Guidance was taken from (ACI, 2018) which provides 

recommendations for designing with fiber-reinforced concrete. The standard suggests that 

flexural hardening and softening behaviors can be modeled through tension softening 

which was incorporated into the tensile stress-strain curve (Figure 5.35) in three distinct 

regions: a linear elastic zone and two softening zones. 
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(a) 

 
(b) 

Figure 5.35: Tension Properties in D1 (Print) Direction - (a) Stress vs Strain, and 
(b) Damage vs Strain. 

Linear Elastic and First Softening Zone: The initial part of the curve (A-B) represents the 

linear elastic behavior (Zone I) followed by the first softening zone (B-C-D) where tensile 
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cracking and the hardening branch are observed (Zone II) in the load-displacement 

response. The parameters for the linear elastic and first softening zones were derived from 

back-calculations of the 4PBT test results for UHPC with fibers. Initially, this approach 

resulted in an overestimation of the peak load in the hardening branch. To overcome this, 

the peak stresses were reduced by 15%, which resulted in a more accurate alignment of the 

peak load with the experimental data. 

Second Softening Zone: The second softening zone (Zone III) was determined through 

numerical calibration to better match the observed load-deflection response. This bilinear 

softening curve (D-E-F) was adjusted iteratively until the simulation results matched the 

experimental softening behavior. 

Load-deflection results from the developed FE model are compared with the 

experimental data in Figure 5.36. The model accurately captures the flexure hardening and 

softening behavior providing a reliable representation of the UHPC with fiber material's 

response under flexural loading.  
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Figure 5.36: Comparison of Load vs Central Deflection. 
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CHAPTER 6 

6 CONCLUDING REMARKS 

The increasing demand for accurate modeling of composite structures under quasi-static 

and dynamic loading requires more sophisticated material models than the ones currently 

available in commercial finite element programs.  To meet these requirements, the 

following research objectives were established at the outset of this dissertation. 

1. Develop multiscale modeling of unidirectional carbon fiber-reinforced composites, 

i.e., Toray’s T800/F3900 UDC. Subject these models to uniaxial and multiaxial 

loading conditions to determine the stress/strain state when the first element in the 

RVE would satisfy the failure criterion for the material and erode. Generate 

sufficient number of these points so as to have a sufficiently dense point cloud data 

approximating the failure surface. 

2. Enhance the capabilities of MAT_213 by implementing a new failure model, the 

Point Cloud Failure Criterion that uses the generated point cloud data from (1). 

3. Develop a new deformation sub-model, the Simplified Material Model (SMM), that 

can be used for modeling materials exhibiting little or no elasto-plastic behavior 

4. Develop a traction-separation law for unidirectional carbon fiber-reinforced 

composites using inverse analysis. 

5. Verify and validate the enhanced capabilities using statically loaded structural test 

data from Arizona State University (ASU) and impact test results from NASA 

Glenn Research Center (NASA-GRC). Reduce the number of material parameters 
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that cannot be determined experimentally and hence, need to be calibrated, to as 

small a number as possible. 

6. Demonstrate the versatility of MAT_213 across diverse material systems beyond 

traditional aerospace and automotive composites. 

These primary and secondary objectives have been largely met. A summary of the 

achievements is presented below. 

1. A novel failure criterion, the Point Cloud Failure Criterion (PCFC), was developed 

to improve the modeling of orthotropic structural composites under quasi-static and 

impact loading. Multi-scale micromechanical modeling and virtual testing were 

used to construct a discrete failure surface in both stress and strain space. The 

framework balances computational efficiency with accuracy, providing a robust 

failure onset prediction methodology. It should be noted that this framework 

generated point cloud data suitable for use with think shell finite elements. 

2. The study also demonstrated that a sufficiently large Representative Volume 

Element (RVE) enables accurate homogenization of composite behavior under 

multiaxial stress states. The RVE approach successfully captures deformation, 

damage, and failure onset through volumetric averaging, offering a viable 

alternative to experimental multiaxial testing.  

3. Two PCFC failure prediction methodologies — Nearest Neighbor and Neural 

Networks — were developed and compared in terms of efficiency and accuracy. 

Both approaches yielded promising results, with the inverse distance weightage 

method Simplified Approximate Nearest Neighbor (SANN-IDW) and a pruned 
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deep neural network (NN-DP) providing the best balance between accuracy and 

computational cost.  

4.  Several validation tests were conducted – stacked-ply specimens with quasi-static 

loading, and dynamic loading on stacked-ply flat panels with low and high velocity 

impacts using aluminum impactors.  

5.  A Simplified Material Model was added as a new deformation sub-model for 

materials primarily exhibiting only elastic (no plastic) orthotropic behavior with 

damage and failure. To assess the effectiveness of the implementation, two 

validation tests were conducted. First, a FE analysis framework was developed for 

soft body armor systems incorporating thin orthotropic composite shoot pack 

layers, clay backing, and the bullet. The SMM implementation significantly 

improved the ability to capture punch shear effects using solid finite elements with 

the predicted damage and failure very close to the laboratory tests. Second, the 

developed SMM was used to simulate mechanical behavior under compression and 

flexural loading of 3D-printed concrete. The model successfully captured the 

anisotropic nature of printed layers with deformation, damage and failure 

predictions closely matching experimental results.  

6. To demonstrate the versatility of MAT_213, finite element modeling of additively 

manufactured (AM) aluminum alloys Al2139 and AlSi10Mg was performed. 

Stress-strain behavior was captured without simplifying assumptions. Validation 

tests replicated key experimental observations, including softening and re-

hardening in Al2139 and directionally dependent plastification in AlSi10Mg. While 
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overall performance was satisfactory, minor discrepancies in the plastic region 

were observed, likely due to the limited experimental data used in MAT_213 input 

parameter development.  

7. Lastly, a systematic process was established for characterizing fracture properties 

of composite materials by integrating experiment and inverse analysis. 

Experimental test data were analyzed to derive material properties, while inverse 

analysis was used to determine traction-separation laws for delamination modeling. 

The developed framework provides a reliable methodology for constructing 

cohesive zone models focusing on optimizing parameter selection to improve 

accuracy in damage and failure simulations. 

From a design engineer’s perspective, the bane of building predictive FE models arises 

from having to calibrate or tune material parameters that either have no physical 

significance or are difficult to obtain experimentally. In this study, the validation tests 

require only two tunable parameters with both parameters in the post-peak part of the 

material behavior where it is currently difficult to obtain experimental data. The first 

parameter deals with the residual strength, while the second parameter deals with element 

erosion criteria. 

To further enhance the robustness and applicability of the developed modeling framework, 

the following follow on work is recommended. 

1. Investigating the influence of element size on the generation of point cloud failure 

data to improve numerical stability and predictive accuracy across varying mesh 

resolutions. 
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2. Developing methodologies to extract post-peak damage behavior beyond failure 

onset, thereby reducing the calibration process and enhancing model robustness. 

3. Including strain rate effects improves the predictability of the model, rate-

dependent data for the composite will be used to generate rate-dependent failure 

surface. 

4. Extending point cloud failure data to thick-shell and solid finite elements, 

expanding the applicability of the model to a broader range of structural 

configurations. 

5. Enhancing numerical efficiency by revisiting the overall algorithm, identifying 

computational bottlenecks, and optimizing implementation strategies to reduce 

computational time. 

6. Extending the framework to support implicit solvers for quasi-static problems 

where dynamic effects are minimal. 

By addressing these areas, the developed constitutive model will continue to evolve into a 

more versatile and predictive tool for composite materials under a wide range of loading 

conditions. Future research will focus on further refining these enhancements and 

expanding the model’s applicability to emerging materials and structural systems. 
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