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(ABSTRACT)

Finite Element (FE) analysis is a powerful numerical technique widely utilized to simulate

the real-world response of complex engineering structures. With the advancements in adap-

tive optimization frameworks, multi-fidelity (coupled shell-solid) FE models are increasingly

sought during the early design stages where a large design space is being explored. This

is because multi-fidelity models have the potential to provide accurate solutions at a much

lower computational cost. However, the time and effort required to create accurate and

optimal multi-fidelity models with acceptable meshes for highly complex structures is still

significant and is a major bottleneck in the FE modeling process. Additionally, there is a

significant level of subjectivity involved in the decision-making about the multi-fidelity ele-

ment topology due to a high dependence on the analyst’s experience and expertise, which

often leads to disagreements between analysts regarding the optimal modeling approach and

heavy losses due to schedule delays. Moreover, this analyst-to-analyst variability can also

result in significantly different final engineering designs. Thus, there is a greater need to

accelerate the FE modeling process by automating the development of robust and adaptable

multi-fidelity models as well as eliminating the subjectivity and art involved in the devel-

opment of multi-fidelity models. This dissertation presents techniques and frameworks for

accelerating the finite element modeling process of multi-fidelity models. A framework for

the automated development of multi-fidelity models with adaptable 2-D/3-D topology us-

ing the parameterized full-fidelity and structural fidelity models is presented. Additionally,



issues related to the automated meshing of highly complex assemblies is discussed and a

strategic volume decomposition technique blueprint is proposed for achieving robust hexa-

hedral meshes in complicated assembly models. A comparison of the full-solid, full-shell,

and different multi-fidelity models of a highly complex stiffened thin-walled pressure vessel

under external and internal tank pressure is presented. Results reveal that automation of

multi-fidelity model generation in an integrated fashion including the geometry creation,

meshing and post-processing can result in considerable reduction in cost and efforts. Sec-

ondly, the issue of analyst-to-analyst variability is addressed using a Decision Tree (DT)

based Fuzzy Inference System (FIS) for recommending optimal 2D-3D element topology for

a multi-fidelity model. Specifically, the FIS takes the structural geometry and desired accu-

racy as inputs (for a range of load cases) and infers the optimal 2D-3D topology distribution.

Once developed, the FIS can provide real-time optimal choices along with interpretability

that provides confidence to the analyst regarding the modeling choices. The proposed tech-

niques and frameworks can be generalized to more complex problems including non-linear

finite element models and as well as adaptable mesh generation schemes.
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(GENERAL AUDIENCE ABSTRACT)

Structural analysis is the process of determining the response (mainly, deformation and

stresses) of a structure under specified loads and external conditions. This is often performed

using computational modeling of the structure to approximate its response in real-life condi-

tions. The Finite Element Method (FEM) is a powerful and widely used numerical technique

utilized in engineering applications to evaluate the physical performance of structures in sev-

eral engineering disciplines, including aerospace and ocean engineering. As optimum designs

are increasing sought in industries, the need to develop computationally efficient models

becomes necessary to explore a large design space. As such, optimal multi-fidelity models

are preferred that utilize higher fidelity computational domain in the critical areas and a

lower fidelity domain in less critical areas to provide an optimal trade-off between accuracy

and efficiency. However, the development of such optimal models involves a high level of

expertise in making a-priori and a-posteriori optimal modeling decisions. Such experience

based variability between analysts is often a major cause of schedule delays and considerable

differences in final engineering designs. A combination of automated model development and

optimization along with an expert system that relieves the analyst of the need for experience

and expertise in making software and theoretical assumptions for the model can result in

a powerful and cost-effective computational modeling process that accelerates technological

advancements. This dissertation proposes techniques for automating robust development



of complex multi-fidelity models. Along with these techniques, a data-driven expert sys-

tem framework is proposed that makes optimal multi-fidelity modeling choices based on the

structural configuration and desired accuracy level.
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2 CHAPTER 1. INTRODUCTION

1.1 Background

“You’re starting to see the era of digital... for the first time ever we have full-up, from the

start, digital ship designs.” [1]

Hon. James F. Geurts

Assistant Secretary of the Navy (Research, Development, & Acquisition)

WEST Conference, San Diego Convention Center, San Diego, CA, February 2018

Figure 1.1: A part of digital engineering vision of Department of Defense as presented in the
work by Voth et al. [1]
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Figure 1.2: Illustration of a large and complex real-life structure: Columbia Class Submarine
[2].

Aerospace and marine industries are making technological advancements at an exponential

rate with the rise in computational power. A range of industries are implementing a digital

transformation in order to ‘meet new threats, maintain overmatch, and leverage technology

advancements’. Work by Zimmerman [3] presents insights into the shift in progress within

the DOD towards achieving transformation of traditional engineering practices into digital

engineering. As such, there is a growing need to rapidly develop total structural model

developments and analysis software suites. Figure 1.1 shows an example of the envisioned

platform and framework that highlights the digital transformation being a core strategic

initiative of the U.S. Department of Defense Digital Engineering Strategy.
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As industries are increasingly turning towards qualifying their new structural configurations

through computational analyses, the popularity of the Finite Element Method (FEM) has

escalated during the last few decades and is a preferred option for analyzing complex struc-

tural geometries. In simple terms, FEM makes a priori assumption about the approximation

to be utilized for the solution, divides the problem domain into discrete regions, called ‘el-

ements’ which are chosen appropriate to the problem. These elements are then assembled

together and solved using linear algebra methods [4]. This technique has demonstrated its

superiority in solving complicated problem domains for which analytical solutions do not

exist.

Developing full computational models of real-life large and complex structures using a single

model allows engineers to capture the global as well as critical local structural responses in a

single analysis step. An example of such a real-life structure is a complex submarine hull as

shown in Fig. 1.2. However, FE models of such large and complex structures quickly become

computationally expensive if only solid FE elements are used. As adaptive optimized designs

are being sought by the industry, there is still a need for computationally efficient models at

the conceptual design stages. During these preliminary stages, several designs are explored

and a smaller set is finalized for detailed analyses. In such cases, it is often more desirable to

use reduced order models which capture crucial structural responses while maintaining lower

computational costs. This way, large design spaces can be analyzed and effective designs can

be selected in the initial stage itself.
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Figure 1.3: Illustration of the stiffened thin-walled cylindrical shell structure of an aircraft
fuselage [5].

Real-life thin-walled structures like submarines, aircraft fuselages (Fig. 1.3) and spacecraft

can be adequately modeled using reduced-order multi-fidelity models that utilize a combi-

nation of 2-D shell and 3-D solid finite elements. Such models prove to be efficient where

critical local regions require a relatively fine through-the-thickness solid mesh and a coarser

shell mesh away from the high-priority regions. Generally, thin-walled regions like the hull

and stiffeners are modeled using shell elements based on thin-shell theory, which have been

shown to accurately predict the stresses in thin-walled structures. These elements can be

easily modeled with less computational cost. The more complicated regions like intersec-

tions and tapers between the thick and thin portions of the pressure vessel need 3-D solid

elements to accurately capture the three-dimensional response. A shell-solid finite element
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coupling is utilized to ensure correct transfer of loads and displacements at the intersection

of two different domain topologies. A typical example of a shell-to-solid coupling is shown

in Fig. 1.4).

Figure 1.4: Example of a multi-fidelity model, solid elements at the intersection and shell
elements away from the joint [6].

Figure 1.5 demonstrates an example of a full-fidelity submarine pressure vessel FE model

(Fig. 1.5(a)) converted into a multi-fidelity model (Fig. 1.5(b)) using shell elements away

from the intersections (shown in blue) and the stiffeners modeled as 1-D beam elements

(shown in magenta) for computational savings.



1.1. BACKGROUND 7

(a) (b)

Figure 1.5: Computational models of a submarine hull structure: (a) full fidelity model; (b)
multi-fidelity model.

Development of an appropriate multi-fidelity model is vital to making sure the structural

response is predicted with sufficient accuracy. As several different structural configurations

are evaluated, these different modeling techniques need to be adapted to the geometry and

loading changes to avoid missing critical structural responses. The decision about the use

of a particular approximation in a region becomes increasing vague as the complexity of

the structural geometry increases. Often, the decision about selecting an optimal element

topology in a mixed model is subjective and relies heavily on the analyst’s experience. An

analyst usually makes modeling decisions like the choice of the finite element type, analysis

type, mesh density based on their experience and expertise. This leads to considerable

variability in the modeling choices which eventually gets propagated in the final engineering

designs. Furthermore, this variability leads to disagreements between analysts regarding the

technical adequacy of a FE model. Generally, multiple modeling configurations are explored

and an optimal one is selected. Such an on-going adjustment is a major bottleneck in the
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industry. The delays caused in the schedule due to this on-going modeling process forms a

significant portion of the non-recurring budget of industries.

As the world enters an era of high speed computing and data-driven decision making systems,

there is a growing trend in the field of engineering applications to relieve the end user of

the need to have expert knowledge necessary (and thereby the involved subjectivity) for the

use of FE modeling and analysis. In order to achieve this goal, an expert system along with

automated data generation and optimal model development can make the entire analysis

process powerful, efficient and effective for diagnosis of complicated structures [7]. For this

purpose, this dissertation explores solutions to eliminate the bottlenecks in the FE modeling

process of coupled shell-solid multi-fidelity models and presents solutions to accelerate the

utilization of these advanced FE techniques.

1.2 Summary of Contributions

The major contributions of this dissertation can be summarized as follows:

1) Techniques related to automatic creation and post-processing of adaptable multi-fidelity

FE models using parameterization and scripting within FE packages.

2) A blueprint for strategic volume decomposition of complex assembly models for robust

hexahedral mesh generation.

3) Assessment of the multi-fidelity modeling and automation technique for a realistic, highly

complex stiffened tank structure subjected to static external hydrostatic pressure as well as

internal tank pressure with a parametric study of variations in geometric and multi-fidelity

parameters.

4) Discussion of major issues and insights gained related to the development of automation

scripts of multi-fidelity models.
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5) Utilization and assessment of domain-based local error metrics for comparing FE models

with different fidelities

6) Utilization of interpretable machine learning (Decision Trees) to extract and generate

data-driven rules for modeling recommendations which lead to an automated knowledge

base generation related to structural behavior.

7) Novel application of Decision Trees (DT) combined with Fuzzy Inference System (FIS)

in the field of expert systems for providing optimal modeling recommendations related to

multi-fidelity modeling element topology.

8) Consideration for imprecise data for modeling recommendations using fuzzy logic.

1.3 Dissertation Structure

This dissertation is structured as follows:

Chapter 1 outlines the motivation, background and the major contributions of the disser-

tation in the field of multi-fidelity modeling for structural analyses. It introduces the major

concepts and approaches utilized in the dissertation.

Chapter 2 presents background on finite elements, and a detailed literature review of the

existing state-of-art techniques for developing automated multi-fidelity models and expert

system frameworks for FE modeling decisions. The need for an integrated design process

with automated model generation, meshing and post-processing along with an expert sys-

tem framework for making optimal multi-fidelity modeling choices is proposed. The frame-

works presented in this work are demonstrated using two different application geometries, a

component-level T-joint structure and a global submarine pressure vessel with a tank under

internal pressure.
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Chapter 3 presents a journal manuscript that will be submitted to the Computers and

Structures Journal after approval for public disclosure from the US NAVY. The Journal

manuscript entitled as ‘Automated FE Analysis of a Stiffened Tank Pressure Vessel using

Shell-Solid Multi-Fidelity Modeling’, presents techniques and discusses insights related to

the automation of multi-fidelity models using parameterization and scripting. Additionally,

a strategic volume decomposition scheme for robust hex-mesh generation is proposed. The

proposed approaches are demonstrated using a highly complex stiffened thin-walled pressure

vessel under external and internal pressure loads.

Chapter 4 presents the parametric studies performed on the submarine stiffened thin-walled

pressure vessel under different multi-fidelity element topologies. This chapter assesses the

coupled shell-solid multi-fidelity models for different structural and mixed-fidelity parametric

variations for the global model of the complex submarine tank structure.

Chapter 5 summarizes a manuscript that is submitted for publication in the AIAA Journal

entitled ‘Making Finite Element Modeling Choices using Decision Tree based Fuzzy Inference

System’. This study presents a Decision Tree (DT) based Fuzzy Inference System (FIS) for

making optimal element topology distribution in the development of multi-fidelity Finite

Element (FE) models. The proposed approach is presented using a T-joint structure as an

application problem.

Chapter 6 summarizes the major conclusions and contributions of this dissertation.

Chapter 7 concludes the dissertation with a discussion about potential directions for future

research.
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1.4 Publications and Conference Proceedings

This section lists papers that have or will be submitted for publication. Content from these

manuscripts has been used throughout this dissertation.

1) Palwankar, M., Kapania, R.K., Hammerand,D., “Automated FE Analysis of a

Stiffened Tank Pressure Vessel using Shell-Solid Multi-Fidelity Modeling,” To be submitted

to Computers and Structures Journal, 2022 (submitted to US Navy for approval for public

disclosure).

2) Palwankar, M., Kapania, R.K., Hammerand,D., “Making Finite Element Modeling

Choices using Decision Tree based Fuzzy Inference System,” AIAA Journal, 2022

(submitted).

3) Palwankar, M., Kapania, R.K., Hammerand,D., “Intelligent Support System for

Mixed Fidelity Finite Element Modeling Error Prediction using Decision Trees and Fuzzy

Logic Classifier,” 2022 AIAA SCITECH Forum, 2022, p. 0101. doi:10.2514/6.2022-0101

4) Singh K., Palwankar, M., Kapania, R.K., Hammerand, D., “Machine Learning

Approaches for Finite Element Modeling Recommendations,” To be submitted to Advances

in Computational Design Journal(manuscript nearly complete)

*Presented at ASME V&V Verification and Validation Symposium, 2019.
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2.1 Multi-Fidelity Modeling in FEM

2.1.1 Element Types

(a) (b)

Figure 2.1: Illustration of two and three dimensional element types in FEM.: (a) a linear
3-D hexahedral 8-node element; (b) a 4-node 2-D shell element .

In general, 3-D solid finite elements (Fig. 2.1 (a)) have no a priori assumptions about the

structural response and hence provide higher accuracy with adequate discretization.

However, using them can quickly become computationally expensive. When the thickness

of structures is very small as compared to the other two dimensions, a complete 3-D

analysis is very expensive and often leads to serious numerical ill-conditioning of the

problem. In order to avoid such issues, several assumptions are made regarding thin-walled

structures. For these structures, shell elements (Fig. 2.1 (b)) can be utilized. Typically,

shell elements work very well in predicting the bending behavior of a structure, but they

are not capable of accurately predicting the localized 3-D response in the presence of

discontinuities or other complexities. Shell elements are defined using certain kinematic

assumptions about the through thickness behavior a priori. It is to be noted that shell

elements specifically formulated for thick shells can capture through thickness responses

still under kinematic assumptions made a priori. Shell elements have multiple integration
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points through the thickness along with rotational degrees of freedom to include bending

effects, whereas solid elements only have translational degrees of freedom. Hence, under

bending loads, multiple solid elements are needed through the thickness of the structure to

capture the bending response. In situations like these, it is more convenient to utilize 2-D

surface elements like shells, which neglect both normal and transverse shear stresses in the

thickness direction. However, utilization of only shell elements in the presence of complex

structures (having connections, joints etc.) is problematic [8].

2.2 Coupled Shell-Solid Models

Figure 2.2: Example of a shell/3D model utilized by Krueger et al. [9] for debond specimens.

Many real world engineering structures utilize thin-walled stiffened pressure vessels, e.g.,

aircraft fuselages, ship vessels, submarines etc. Thus, a large part of these structures can

be modeled using reduced dimensional elements like beams, plates and shells. However, the
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real-life structures are more complicated and have regions with complexities in geometry,

loading and material behavior ([10]). In order to combine the benefits of reduced order

elements along with the accuracy of higher order elements in a single model, a careful

consideration of the 3D-2D coupling is required to avoid errors in the complex regions of

interest. The shell elements and solid elements are coupled together by enforcing a set of

distributing constraint equations between the shell edge nodes and the corresponding solid

surface. An illustration of a solid surface connected to a shell edge is shown in Fig. 2.3.

Because solid elements only have translational degrees of freedom (DOFs), the rotational

DOFs of the shell elements need to be transferred correctly to the solid surface. This work

utilized the multi-point constraint functions available in Abaqus/Standard to achieve the

coupling between shell and solid elements [11] .

Figure 2.3: Shell-Solid-Coupling using a set of multi-point constraints that maintain the
displacement and rotation compatibility between the two element types.

Multiple studies in the past have focused on improving coupling techniques for appropriate

constraints at solid-shell transition of multi-fidelity models [10, 12]. The successful

demonstration of the benefit of utilizing coupled shell-solid models have made these models

popular in recent times. Such multi-fidelity models are common in the initial design stages

rather than during the final steps, wherein full fidelity models are employed for highest
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Figure 2.4: Multiple multi-fidelity models investigated by Ikushima et al. [16] for understand-
ing the effect of solid region dimension Bs on the analysis accuracy; (a) full solid model; (b)
200 mm solid region at the joint; (c) 100 mm solid region at the joint; (d) 50 mm solid region
at the joint.

accuracy. As compared to a sub-model, which requires a two step analysis, including an

initial global analysis followed by a sub-model analysis, the coupled shell-solid model uses a

single step analysis. The use of such models is also gaining interest in the modeling of

complex composite structures. Krueger et al. [13] presented a shell/solid modeling

technique for analyzing delaminated composite laminates. Other works by Krueger et

al. [9, 14], used shell/3D modeling technique for analyzing skin-stiffener debond specimens

and performing debonding. Figure 2.2 shows a typical multi-fidelity shell/3D model

developed by Krueger and Minguet [9] to analyze a debond-panel specimen. Another

recent work by Salerno et al. [15] assessed the potential of a coupled shell-solid model for

composite laminates undergoing low-velocity impact loadings, where delamination is

expected to take place.
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Work by Ikushima et al. [16] studied the nonlinear behavior of thin-plate complex

structures using a shell-solid mixed-dimensional finite element model. Although,

mixed-fidelity models have shown to be useful, a number of models are typically evaluated

before a final model is selected as shown in Fig. 2.4. In another work, Reinosa et al. [17]

assessed the potential of a shell-solid coupling to model the response of a composite

specimen with stringers. Their work demonstrated importance of the local 3-D region

being large enough to cover the damage/critical regions completely.

2.3 State-of-the-Art Techniques for Automation of

Multi-fidelity FE Models

As complex computational simulations with adaptive optimization are on the rise, it is

becoming crucial to automate the finite element model development [18]. For instance,

studies [19] in the past have demonstrated the dramatic variations during a

multi-disciplinary design process in the planform shape of a supersonic aircraft design

depending on the fidelity level of optimization. Figure 2.5 shows the (a) highly swept wing

configuration yielded by a low-fidelity optimization as compared to (b) a trapezoidal wing

shape yielded by a higher fidelity optimization process. This demonstrates the importance

of using higher fidelity simulations during optimization processes and the need for an

integrated automated tool for building different finite element models at a faster rate.

Additionally, recent work by Xie et al. [20] presents a certification-driven platform for

air-frame preliminary design which emphasizes on the need to perform a large design space

exploration when numerous tradeoffs between conflicting objectives are involved. In such

situations, an automated development of multi-fidelity models, intended to be used in a

multi-disciplinary optimization process can provide the high-fidelity design concepts at a
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significantly lower computational cost. Such an automated process could also help in rapid

design space exploration and development of accurate data-driven surrogate models.

(a) (b)

Figure 2.5: Varying design concept results for an efficient supersonic air vehicle based on
different levels of optimization fidelity; (a) low-fidelity optimization and (b) higher fidelity
optimization [19].

In the past, medial axis transforms [21, 22] and prominent cross-sections [23] have been

utilized to automatically generate mixed dimensional models. However, the methods

utilized in all these works are still under research and not applicable for highly complex

geometries. More recently, parameterization coupled with in-built scripting capabilities of

the commercial FE packages has been utilized to automate generation of FE models. Work

done by Sohaib [24] presented a parameterization based model development of a generic

wing model using CATIA V5 software. Lai et al. [25] performed parametric studies on

different types of composite and cylindrical shells using parameterized FE models coded by

Patran Command Language (PCL). In another work, Zhang et al. [26] performed

optimization of aircraft mid-fuselage structure based on parametric modeling design.
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Benaouli et al. [27] automated the integration of CAD/CAE systems for efficient

parametric designs of aircraft wing structures using the built-in programming languages

and model exchange capacity of modern computer aided tools. Work by Love et al. [28]

focused on integrating aircraft parametric structural and the outer mold line geometry

modeling to enhance the design process at the critical early conceptual design. In another

recent work, Liu et al. [29] utilized a parameterized approach to establish a high fidelity

3-D finite element model of involute helical gears by performing all the procedures in finite

element software. This greatly simplified the software environment and avoided data loss

due to model delivery.

2.4 Robust Hexahedral Mesh Generation-A Major

Bottleneck

Mesh generation is a major task in the FE model development procedure that needs to be

automated to achieve a smooth design exploration process. Most of the times, developing

an optimal mesh is considered an art that comes with experience and expertise. Out of the

many available mesh types, hexahedral meshing is the most popular type due to its superior

performance owing to the additional shape functions in the hexahedral meshes [8]. This is

also supported by studies performed in the past [30, 31] on assessing the performance of

hexahedral meshes versus tetrahedral meshes showing that tetrahedral meshes can be

mathematically stiffer for high deformation analysis with linear elements. Additionally, the

use of a hexahedral mesh decreases the overall element count as compared to a tetrahedral

mesh. However, there are limitations in achieving a fully automated hexahedral mesh for

complicated parts due to additional constraints that come into play due to the hexahedral

shape. One of the critical limitations of hex-mesh generation is that for any face of the hex,
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there must be an opposite face. The mesh can be viewed as an interlaced stack of elements

(Fig. 2.6) such that each stack must begin and end at a boundary or be a closed loop of

elements [32]. As it follows, any refinement of one element continues to propagate to its

neighbors. This makes the auto-generation of a conformal hex mesh challenging.

Figure 2.6: Schematic of an hex-mesh as an interlaced stack of elements [33].

Often times, such requirements are overcome by using a combination of hexahedral and

tetrahedral with tie constraints at the interface. This technique, although it makes the

meshing possible, it increases the local error and rigidity at least locally [32]. It is also

found that such non-conformal meshes usually fail at the interface during mesh seed

propagation for highly complex structures. Additionally, the order in which the regions are

being meshed also affect the final success or failure of mesh generation. Due to the many

complexities and factors involved, the generation of an all-hex mesh is still in research

stages, and at present, no universal algorithm exists for automatic hex-mesh generation

that works robustly for all finite volumes. Currently, a ‘divide and conquer’ approach to

hex meshing is widely utilized, where a part is decomposed into smaller pieces, each of

which is easier to mesh than the original part. Since most hex-mesh algorithms are still

limited in scope, decomposition of the geometry such that it conforms to the requirements
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of the available meshing tools remains a fundamental step.

Bohm et al. [34] propose a 5-step strategy modular hex meshing strategy that involves:

identification subassemblies in a model, classification of subassemblies in terms of their

potential for automation, simplification of features of the geometry, decomposition of the

geometry and then hex-meshing. This strategy relies on human expertise and automation

of simpler steps like mesh seeding on relevant geometry entities. However, once determined

by an human expert, the geometry simplification, volume decomposition scheme can be

automated for a particular complex structural geometry. Their work fails to describe an

efficient strategy for performing volume decomposition of geometries as well as its

automation. Lu et al. [35] proposed an approach for classifying edges of the model into

different loops (Fig. 2.7) in order to determine cutting surfaces. These loops, although

advantageous, cannot guarantee the best decomposition [8]. In another work, Tam et

al. [36] utilized mid-surface calculation to decompose a target 3-D domain into several

types of simple sub-regions. Work by Sun et al. [8] describes an automatic identification of

thin-sheet regions and cutting faces based on interrogation of face pairs which sets of

opposing faces bounding a thin-walled region. This work although reduces the effort

significantly, it is still partially automated and needs development for robustness. This

problem gets more challenging when multiple parts are connected to form a large

complicated assembly. This is because the shared surfaces now need to have a conformal

mesh on both sides [33].

The computational modeling efforts are increasingly moving towards significant use of

computational analyses and there is an urgent need to accelerate the design process. Thus,

an integrated design process is needed which constructs parameterized FE models and

allows modifications to the underlying geometric models without requiring a completely

new effort to generate a quality mesh [33]. This work presents a blueprint for a robust
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Figure 2.7: Example of decomposed primitives using different loops [35].

hexahedral mesh generation using strategic volume partitioning for complex assembly

models. This partitioning scheme can be utilized to developed a fully-functional algorithm

to automatically identify partitions and decompose complex geometries.

2.5 Expert Systems for Finite Element Modeling

Development of an optimal multi-fidelity model also requires crucial a-priori modeling

choices to be made regarding its domain-wise fidelity. A theoretical reasoning is needed to

develop accurate and cost-effective models. Since the cost of a FE analysis is dependent on

the continuity requirements and the total degrees of freedom, an intelligent decision about

whether 3-D, 2-D or 1-D elements are appropriate is needed [7]. Many times, these

modeling decisions can be quite subjective in nature and lead to significant

analyst-to-analyst variability in critical modeling choices, which in turn leads to
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considerable differences in obtaining reliable engineering solutions. Glickman and Romero

[37] demonstrated the significant effect of analyst-to-analyst variations in the development

of computational models, and the need for efficient ways to eliminate these variations. This

is especially important in complex structures with multiple connections, where a shell

model would be insufficient but a full solid model is computationally expensive. The ideal

procedure is to only use 3-D solid elements where it is critical to capture the details of the

transverse structural response and to model the remaining thin-walled areas (often the

largest portion) with shell elements [38]. However, the problem of determining element

topologies in a multi-fidelity model is itself fuzzy in nature and depends strongly on the

context of the problem [39]. Moreover, this choice becomes additionally vague during the

preliminary design of complex engineering structures[40]. This leads to considerable

iterations and adjustment of model development in industry and is still a major bottleneck.

In the review work by Naganarayana and Prathap [7], the need for an expert system in

modeling complex structures is emphasized. A decision support system that recommends

optimal modeling choices can aid in removing this subjectivity and thereby help analysts

make confident choices.

The need for an expert system to make finite element modeling decisions has been

identified in the literature. Novak et al. [41] presented a summary of the state-of-the-art

structural analysis based design improvements into a collective advisory intelligent support

system. This work demonstrated the usefulness of such expert systems in the design of new

products or as an educational tool. Breitfeld et al. [42] developed an expert system using a

knowledge base and object oriented programming for the verification of finite element

analysis. In another work, Dolsak et al. [43], proposed an intelligent decision support for

structural design analysis and emphasised the usefulness of such an intelligent advisory

tool. Another advisory system was developed by Hetey et al. [44], for reliable FEM
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modeling in aerospace. This tool involved global as well as specific knowledge rules in the

form of dialogue boxes for selecting element types, boundary conditions etc. A knowledge

database was prepared by subject matter experts for these works. For complicated

geometries, it is not straightforward to develop a knowledge base.

Some researchers have focused on building data-driven expert systems using machine

learning techniques like Artificial Neural Networks (ANNs). Yeh et al. [45], presented an

expert system for debugging FEM input data using ANNs and showed that ANNs can

work sufficiently as a knowledge acquisition tool. However, a major limitation of Yeh et

al.’s work was that the ANNs that they employed lack the ability to explain their

reasoning, which is critical for establishing user confidence. Another work by Li et al. [46]

presented a hybrid expert system for finite element modeling of fuselage frames. Although

they utilized ANNs for classifying different frame structure types, the knowledge base was

developed manually using expert knowledge.

There is a significant demand for an expert system framework which can learn rules

automatically and also be consistent with physics of the problem to provide intelligent

support for complex FE multi-fidelity modeling decision making. This work presents an

expert system framework using Fuzzy Logic and Decision Trees (DTs) for recommending

the optimal modeling choices for developing multi-fidelity models. Fuzzy logic, first

introduced by Zadeh [47], has gained popularity due to its successful implementation in

application areas of automatic control, expert systems, fault diagnostics, decision analysis

etc. Fuzzy systems have shown success with treating imprecise and subjective information

into the decision making of engineering systems[40, 48]. There are several instances when

the available information for structural analysis using FEM is uncertain. Examples include

vagueness regarding structural dimensions, loading conditions, external environments, and

strength of an inter-laminar bond in composites [7]. Work by Manetviz et al. [49] on
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utilizing soft computing for automating FEM is worth mentioning. The authors argued

that the overall intelligent FEM package is a ‘test-bed’ for many fuzzy computing

techniques.

2.6 Fuzzy Logic

Fuzzy logic, as opposed to binary logic, deals with approximate reasoning, which is the

most common mode of human thinking. In classical theory, a crisp set A is defined as a

collection of objects x ∈ X that is finite and each object can either belong to or not belong

to the crisp set A. On the other hand, a fuzzy set Ã in X, where X is a collection of

objects can be denoted as

Ã = (x, µÃ(x)|x ∈ X)

where µÃ(x) is the membership grade of x in Ã ([50]).

Thus, using a notion of degree, fuzzy logic provides flexibility in terms of making decisions

by taking into account uncertainties and vagueness. For example, as shown in Fig. 2.8., a

temperature point can belong to multiple sets, ‘cold’, ‘warm’, and ‘hot’ in varying degrees

between 0 and 1. Thus, the variables are assigned membership to different sets and utilize

a linguistic style which makes it easier to interpret and follow human thinking.

2.6.1 Fuzzy Inference System

Fuzzy logic converts the fuzzy sets into linguistic variables such that the rule base can be

represented in the form of ‘IF..THEN..’ rules. This enables the development of a Fuzzy
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(a) (b)

Figure 2.8: Example of fuzzy logic: (a) a temperature point can simultaneously be cold,
warm or hot in varying degrees; (b) comparison of Boolean logic versus Fuzzy logic.

Figure 2.9: Schematic representation of a Fuzzy Inference System (FIS).

Inference System (FIS) that has been shown to demonstrate success in the field of expert

systems. Fuzzy Inference systems are one of the most popular applications of fuzzy logic in

the field of decision support tools, control systems etc. These systems are powerful because

of their ability to handle linguistic and fuzzy rules as well as their efficiency in performing

complex mapping between inputs and outputs. Out of the different FIS types available,

Mamdani Fuzzy Inference System (FIS) is a control system that can make conclusions

blending together a set of linguistic control rules obtained from human experts. These

systems become very popular in dealing with uncertain and imprecise data which is

commonly encountered in real-life engineering applications. Imprecision herein implies
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vagueness instead of the lack of knowledge about the value of a parameter. The

applications range from industrial processes to consumer products to decision support

systems. In this work, a Mamdani fuzzy inference system is utilized. Development of fuzzy

inference system has three main features: (a) input/output membership functions and (b)

rule-base and (c) fuzzy logic operations. A schematic of the inference process for a

Mamdani-type is shown in Fig. 2.9.

The inference process of a Mamdani FIS consists of the following steps:

(a) The crisp input values are fuzzified using the membership functions of each linguistic

label.

(b) Identify the rules in the knowledge base that are activated based on the input value

and its strength of membership in each membership function.

(c) Activate the corresponding rules and determine the consequence of each rules.

(d) Aggregate the qualified consequent to produce a crisp output.

Rao et al. [51] developed a fuzzy logic-based expert system to predict the results of finite

element analysis by using element size and shape ratio as inputs. Their work showed that

fuzzy logic can predict FE results within reasonable accuracy. Their approaches utilized

manual knowledge base construction as well as Genetic Algorithm (GA) based rule

extraction. The GA knowledge base although data-driven, is both dependent on the

encoding of the rules and is computationally expensive. Another work by Sangiovanni et

al. [52] presents a fuzzy logic based finite element mesh design. The authors emphasized

the benefit of learning using learning algorithms such that the rules can be adapted to

different problems, as compared to the classical mesh adaptive methods which are sensitive

to changes in the geometry.



28 CHAPTER 2. THEORY AND REVIEW OF LITERATURE

2.7 Decision Trees

Decision Trees (DTs) are a supervised Machine Learning (ML) technique that have gained

popularity for classification tasks, i.e., assigning labels to unlabeled data instances. This

classification technique predicts a label for a new data point by following a series of

‘IF-ELSE’ statements about the values of the features of the instances. These statements

split the design space iteratively into smaller units until a satisfactory decision can be

made. Such a simple approach of dividing the design space successively is very powerful in

representing linear as well as non-linear decision boundaries. Because of the inherent

algorithm of DTs, there is transparency in the decision-making process as opposed to the

‘black-box’ nature of most other ML techniques. More importantly, this transparent

tree-like structure can be readily converted into interpretable data-driven rules in the form

of ‘IF-ELSE’ statements by following the tree-like structure from top to bottom. These

resulting rules follow human-like thinking which makes the decision process easy to

visualize as well as interpret. Moreover, decision trees also aid in identifying the dominant

features in a prediction problem based on the sequence in which the features appear in the

tree.

2.7.1 Training a Decision Tree

Consider a simple design space as shown in Fig. 2.10(a) with two attributes x1 and x2,

which needs to be classified into ‘red’ and ‘blue’ labels. An example of a trained decision

tree for this data-set is shown in Fig. 2.10(b). A decision tree has three different types of

nodes: a)Root node: at which an attribute split is made; b) Internal nodes: which are

derived from the splits made at previous/top nodes; c) Leaf/Terminal nodes: which

perform the final classification task. The tree performs the splits at the numerical values,
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namely at x1 = 3.35 and x2 = 3.2. The decision about where to make a split is based on an

impurity measure which is discussed in the subsequent paragraphs. It can be observed that

the tree arrived at a prediction by dividing the design space using cascading ‘IF-ELSE’

block conditions from the root node to a terminal node. Note that the tree makes the

predictions based on the most dominant class and ignores the less frequent values as shown

in Fig. 2.10(c).

2.7.2 Attribute Splitting Criteria

A decision tree algorithm divides the decision space successively into purer subsets. This is

done by making a split at an attribute value to create divisions in the design space. The

choice of the best criterion to split on is made by using the concept of impurity measures,

which provide the goodness of a split.

Gini Index

Gini index is a popular impurity measure, which is calculated as follows:

Gini(t) = 1−
c−1∑
i=0

[p(i|t)]2 (2.1)

where, c is the number of labels or classes and p(i|t) is the fraction of records belonging to

class i at a given node t.

From Fig. 2.10(b), we can see that at the root node, the fraction of the blue class is 17/29

and that of the red class is 12/29. Thus, Gini index at the root node is

Gini(t) = 1− 17

29

2

− 12

29

2

= 0.485 (2.2)
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(a)

(b)

(c)

Figure 2.10: Example of two dimensional design space classified into labels using DTs: (a)
two-label design space; (b) trained DT; (c) final outcome using DT.

A value of 0.5 implies that the class distribution is very much impure and a value of 0 and

1 implies a pure class. The goal of the decision tree algorithm is to perform splits that
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result in purer sets. After the split, the Gini index becomes 0.23 and 0.41 for the new nodes

formed. This process is continued until all/most the instances belong to the same class.

Interaction-Curvature Test

The standard Classification and Regression Tree (CART) algorithm uses the Gini index.

However, it has a tendency to develop bias in the presence of numerical/continuous

variables. As such, other important predictors could be missed. In order to reduce this

bias, Matlab [53] recommends using ‘Interaction-curvature’ based split predictor selection

technique in the presence of continuous or a combination of continuous and categorical

features exist. The ‘Interaction-curvature’ test performs Chi-square test of independence

between each predictor and the response. If the p-value of this test is less than a threshold,

the feature is considered to have an effect on the response and is selected to be split

further. The most important feature interacting with the response variable is split first.

This technique has the capability to reduce the bias and enhance the tree interpretation by

also providing the level of predictor importance. In this work, the ‘Interaction-Curvature’

based split criterion is used, as there are continuous-valued and categorical features to be

used and tree interpretation is important.

Advantages and Disadvantages

Decision tree classifiers are computationally inexpensive as well as easy to interpret and

visualize for small sized trees. This converts a classification problem into a simple graph

and is particularly useful where interpretation of a decision is important. DTs can also

handle a combination of categorical as well as numerical features. These tools are also

robust to outliers and usually make decisions based on dominant features in the design
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space.

Decision trees are, however, prone to over-fitting if allowed to grow very deep. it can be

mitigated using different available techniques like pruning etc. Moreover, if the tree grows

very deep, it becomes very hard to interpret and thus loses its usefulness. Typical decision

trees create decision boundaries involving only a single attribute. However, there are

advanced decision trees like oblique decision trees that can perform splits involving

multiple attributes.

2.8 Proposed Methodologies

2.8.1 Expert System Framework: DT-based FIS

Figure 2.11: Schematic representation the proposed DT based FIS for making optimal multi-
fidelity modeling recommendations.

Decision trees have been widely used for extracting rules and performing classification for

different applications. As compared to black-box classification and prediction models like

ANNs and Support Vector Machines (SVMs), decision trees have the advantage of being
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easy to interpret and also visualize in a tree structure. More importantly, decision trees

directly learn rules from data in the form IF-THEN blocks which can then be easily

utilized to develop a fuzzy inference system. The learning ability of decision trees to

provide rules for fuzzy systems, which utilize high-level human-like reasoning, has been

proved to be effective and easier to interpret.

The concept of utilizing DTs for generating a knowledge base for a FIS has been proposed

and effectively used in the past [54, 55, 56, 57] for different applications. Until now,

significant work has not been performed to develop an expert system that provides optimal

element topology recommendations for multi-fidelity models. A schematic of the decision

tree based fuzzy inference system for making optimal modeling domain-fidelity

recommendations is demonstrated in Fig. 2.11.

2.8.2 Proposed Overall Framework

An integrated design process with generation of adaptable multi-fidelity topology creation,

meshing and post-processing using parameterization and FE package scripting is proposed

for automated data generation. Recognizing that complex models need strategic volume

decomposition to enable a conformal mesh possible, a foundational blueprint based on

heuristic rules is presented. Furthermore, a data-driven expert system based on Decision

Trees (DT) and Fuzzy Inference System (FIS) is proposed as a tool to automatically

generate an interpretable knowledge base that provides optimal modeling choices as

recommendations. A broad summary chart of the proposed techniques is shown in

Fig. 2.12. During the preliminary stages, a preliminary dataset for multi-fidelity models

can be developed in an automated sense using the presented techniques in this dissertation.

The generated data can be utilized for training the proposed expert system. This expert
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system can then be implemented to develop optimal multi-fidelity models that could then

be employed for accelerated design space explorations.

Figure 2.12: Block diagram representation of the proposed framework for accelerated anal-
yses of preliminary design spaces using multi-fidelity FE modeling.
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SHELL-SOLID MULTI-FIDELITY MODELING

3.1 Abstract

Stiffened thin-walled pressure vessels are widely used in the industry, especially in

aerospace, marine, automobile and chemical industry. Accurate structural analysis of such

complex structures under external and internal pressure loads is key to making critical

design decisions during the conceptual and preliminary stages. With advancements in

adaptive optimization frameworks, multi-fidelity finite element (FE) models (coupled

shell-solid) are increasingly sought in the early stages of design development for accurate

and efficient analysis. However, the time and effort required to create such multi-fidelity

FE models with acceptable meshes for highly complex structures is still significant and is a

major bottleneck in the FE modelling. Thus, automation of FE model creation and mesh

generation is critical for advancements in technology. A major hurdle in automating highly

complex structural FE models is the generation of robust meshing. This paper presents a

framework for the automation of multi-fidelity model development from the solid and shell

models using parameterization and scripting within the commercial FE packages.

Additionally, issues related to the automated meshing of highly complex assemblies is

discussed, and a volume decomposition scheme is proposed based on face partitions. A

comparison of the all-solid, all-shell and different multi-fidelity models of a highly complex

stiffened thin-walled pressure vessel under external sea pressure and internal tank pressure

is presented. Results reveal that automated generation of mixed models in an integrated

fashion including the geometry creation, meshing and post-processing is capable of

significant computational savings and reducing considerable interactive effort involved in

analyzing complex structures.
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(a)

(b)

Figure 3.1: Examples of multi-fidelity models: (a) a shell/3D model utilized by Krueger
et al. [9] for analyzing debond specimens.; (b) a typical offshore platform tubular structure
model with 3D elements near the critical joint regions and beam elements elsewhere [21].
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3.2 Introduction

Real world engineering structures often utilize thin-walled stiffened pressure vessels, e.g.,

aircraft fuselages, ship vessels, submarines etc. These structures are often analyzed using

the Finite Element Method (FEM), which has become an indispensable tool in the

aerospace and ocean industry. Due to advancements in computational speeds over the last

decade and with the growing need for adaptive optimization, FEM is being increasingly

sought during the preliminary and conceptual design phases. Generally, at these stages, a

variety of configurations are studied and the goal is to come up with a smaller set of best

possible designs which can be studied in some detail to finalize the design. In such cases, it

is beneficial to utilize reduced-order models that provide high computational efficiency

along with sufficient accuracy. For instance, multi-fidelity finite element models (coupled

shell-solid), a form of a reduced-order model, can be employed to utilize the accuracy of

solid elements in the regions of interest and efficiency of shells everywhere else in the

model. This way, accurate solutions can be obtained at a lower computational cost.

Alternate techniques like sub-modeling or a global-local approach need the conversion of

rotation/moments from the global analysis to the local sub-model analysis. This

necessitates a two-step process which can get difficult and time consuming during the

design stages where several configurations need to be studied. On the other hand, a

shell-solid coupling method requires a single step analysis and is thus often suitable at the

design stages. In particular, large structures, such as underwater submarine hulls, are

simultaneously acted upon by external sea pressure and internal loads which make the

determination of boundary conditions for the local FE model difficult. This makes

single-step solid-shell models preferable [12]. Hence, the use of multi-fidelity modeling is
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being increasing sought in recent times for different structural applications.

Multiple studies in the past have focused on proposing coupling techniques for appropriate

constraints at solid-shell transition of multi-fidelity models [10, 12]. Ikushima et al. [16],

utilized a shell-solid mixed finite element model to study the nonlinear mechanical

behavior of thin-plate complex structures. Krueger et al. [9, 14] proposed a mixed finite

element model (Fig. 3.1(a)) for the analysis of composite skin-stiffener debond specimens.

Lee et al. [21] demonstrated an example (see Fig. 3.1(b)) of a multi-fidelity model for a

tubular joint structure commonly modeled using a combination of 1-D and 3-D elements.

In other works, Krueger et al. [13] showed the effectiveness of a shell/3-D technique for the

analysis of delaminated composite laminates. Peric et al. [58] investigated residual stresses

and distortions due to welded T-joints using shell/3-D modeling. These works proposed

novel shell-solid coupling techniques and/or assessed mixed-fidelity models for a particular

application which involved relatively simpler models. Often, the decision about selecting

the element topology in a mixed model is subjective and relies heavily on the analyst’s

experience. Many times, the analyst makes multiple mixed model configurations to choose

the most optimal mixed model. This in turn leads to significant on-going adjustment of

model development in industry and is still a major bottleneck. Figure 3.2 shows an

example of the development process of a multi-fidelity model where the effect of the solid

region was investigated.

Such trial and error investigation of multi-fidelity modeling topology is time consuming

and is one of the leading reasons for schedule delays in the industry. As complex

computational simulations with adaptive optimization are on the rise, it is becoming

crucial to automate the finite element model development [18]. For instance, studies [19] in

the past have demonstrated the dramatic variations during a multi-disciplinary design

process in the planform shape of a supersonic aircraft design depending on the fidelity level
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(a) (b)

(c) (d)

Figure 3.2: Multiple multi-fidelity models investigated by Ikushima et al. [16] for understand-
ing the effect of solid region dimension Bs on the analysis accuracy; (a) full solid model; (b)
200 mm solid region at the joint; (c) 100 mm solid region at the joint; (d) 50 mm solid region
at the joint.

of optimization. Fig. 3.3 shows the (a) highly swept wing configuration yielded by a

low-fidelity optimization as compared to (b) a trapezoidal wing shape yielded by a higher

fidelity optimization process. This emphasizes the importance of using higher fidelity

simulations during optimization processes and the need for an integrated and automated

tool for building different finite element models. Additionally, recent work by Xie et al. [20]

presents a certification-driven platform for air frame early preliminary design which

emphasizes on the need to perform a large design space exploration when numerous

tradeoffs between conflicting objectives are involved. In such situations, an automated
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development of multi-fidelity models, intended to be used in a multi-disciplinary

optimization process can provide the high-fidelity design concepts at a significantly lower

computational cost. Such an automated process could also help in rapid design space

exploration and development of accurate data-driven surrogate models.

(a) (b)

Figure 3.3: Varying design concept results for an efficient supersonic air vehicle based on
different levels of optimization fidelity; (a) low-fidelity optimization and (b) higher fidelity
optimization [19].

In the past, medial axis transforms [21, 22] and prominent cross-sections [23] have been

utilized to automatically generate mixed dimensional models. However, the methods

utilized in all these works are still under research and not applicable for highly complex

geometries. More recently, parameterization coupled with in-built scripting capabilities of

the commercial FE packages has been utilized to automate generation of FE models. Work

done by Sohaib [24] presented a parameterization based model development of a generic

wing model using CATIA V5 software. Lai et al. [25] performed parametric studies on

different types of composite and cylindrical shells using parameterized FE models coded by
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Patran Command Language (PCL). In another work, Zhang et al. [26] performed

optimization of aircraft mid-fuselage structure based on parametric modeling design.

Benaouli et al. [27] automated the integration of CAD/CAE systems for efficient

parametric designs of aircraft wing structures using the built-in programming languages

and model exchange capacity of modern computer aided tools. Work by Love et al. [28]

focused on integrating aircraft parametric structural and outer mold line geometry

modeling to enhance the design process at the critical early conceptual design. In another

recent work, Liu et al. [29] utilized a parameterized approach to establish a high fidelity

3-D finite element model of involute helical gears by performing all the procedures in finite

element software. This greatly simplified the software environment and avoided data loss

due to model delivery.

In addition to the geometry creation, mesh generation is a major task in the FE model

development procedure that needs to be automated to achieve a smooth design exploration

process. Hexahedral meshing remains widely accepted due to its superior performance [8].

This is because hexahedral meshes provide shape functions with additional terms that may

increase the accuracy. Studies performed in the past [30, 31] on assessing the performance

of hexahedral meshes versus tetrahedral meshes showed that tetrahedral meshes can be

mathematically stiffer for high deformation analysis with linear elements. Additionally, the

use of a hexahedral mesh decreases the overall element count as compared to a tetrahedral

mesh. However, there are limitations in achieving a fully automated hexahedral mesh for

complicated parts due to additional constraints that come into play due to the hexahedral

shape. One of the critical limitations of hex-mesh generation is that for any face of the hex,

there must be an opposite face. The mesh can be viewed as an interlaced stack of elements

(Fig. 3.4) such that each stack must begin and end at a boundary or be a closed loop of

elements [32]. This makes the auto-generation of a conformal hex mesh challenging. As it



3.2. INTRODUCTION 43

follows, any refinement of one element continues to propagate to its neighbors.

Figure 3.4: Hex-mesh is an interlaced stack of elements [33].

Alternatives exist to overcome this challenge by using a mixed mesh (a combination of

hexahedral and tetrahedral mesh), or definition of tie constraints in the regions. However,

although such non-conformal mesh interfaces may decrease the meshing complexity, they

increase the error and rigidity at least locally [32]. Moreover, such non-conformal meshing

often fails at the interface during mesh seeds propagation for highly complex structures.

Additionally, the success and failure of a region in terms of meshing also depends on the

order of meshing regions. The generation of an all-hex mesh is still in research stages, and

at present, no universal algorithm exists for automatic hex-mesh generation that works

robustly for all finite volumes. Currently, a divide and conquer approach to hex meshing is

widely utilized, where a part is decomposed into smaller pieces, each of which is easier to

mesh than the original part. Since most hex-mesh algorithms are still limited in scope,

decomposition of the geometry such that it conforms to the requirements of the available

meshing tools remains a fundamental step. Bohm et al. [34] propose a 5-step strategy to

semi-automate the meshign process: (1) identify subassemblies in a model, (2) classify

them in terms of their potential for automation, (3) simplify features of the geometry, (4)

perform decomposition and then (5) perform hex-meshing. This strategy relies on human

expertise and automation of simpler steps like mesh seeding on relevant geometry entities.
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However, once determined by an human expert, the geometry simplification, volume

decomposition scheme can be automated for a particular complex structural geometry.

Their work fails to describe an efficient strategy for performing volume decomposition of

geometries as well as its automation. et al. [35] proposed an approach for classifying edges

of the model into different loops (Fig. 3.5) in order to determine cutting surfaces. These

loops, although advantageous, cannot guarantee the best decomposition [8]. In another

work, Tam et al. [36] utilized mid-surface calculation to decompose a target 3D into several

types of simple sub regions. Work by Sun et al. [8] describes an automatic identification of

thin-sheet regions and cutting faces based on interrogation of face pairs which sets of

opposing faces bounding a thin-walled region. This work although reduces the effort

significantly, it is still partially automated and needs development for robustness. This

problem gets more challenging when multiple parts are connected to form a large

complicated assembly. This is because the shared surfaces now need to have a conformal

mesh on both sides [33].

Figure 3.5: Example of decomposed primitives using different loops [35].

The computational modeling efforts are increasingly moving towards significant use of

analyses and there is an urgent need to accelerate the design process. Thus, an integrated

design process is needed which constructs parameterized FE models and allows
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modifications to the underlying geometric models without requiring a completely new

effort to generate a quality mesh [33]. However, to the authors knowledge, there is limited

work in the literature demonstrating the automation of a complex structure with different

fidelity models, especially a multi-fidelity model with variable element topology, including

integrated model generation, meshing and post-processing of the results. Recognizing that

complex models need strategic volume decomposition to enable a conformal mesh possible,

a foundational blueprint based on heuristics-based rules is presented. This flowchart is

presented with the aim to provide a useful base for what are some effective versus

ineffective types of volume decompositions to perform. This could then be used to

complement a general partitioning scheme, such as the CLoops to obtain a robust volume

decomposition scheme.

The paper demonstrates the automated development of full solid, full shell and mixed

(coupled shell-solid) models with variable topology. A highly complex assembly of a tank

structure within a stiffened hull is chosen as an example, assessed for the use of mixed

fidelity model and various insights gained through the automation of this complex

assembly are discussed.

In particular, the paper makes the following contributions:

1) Automatic creation and post-processing of multi-fidelity models using parameterization

and scripting within FE packages.

2) A blueprint for strategic volume decomposition of assembly models for robust

hexahedral mesh generation.

3) Assessment of the multi-fidelity modeling technique for a realistic, highly complex

stiffened tank structure subjected to static external hydrostatic pressure as well as internal

tank pressure.

4) Discussion of major issues arising and insights gained related to development of
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automation scripts.

3.3 Problem Description

(a) (b)

Figure 3.6: Stiffened pressure hull tank with internal stiffeners; (a) assembly, (b) zoomed-in
view of the internal stiffener connections inside the tank.

A large stiffened tank pressure vessel (Fig. 3.6) with internal tank stiffeners is considered

for this work as a reference. A standard steel material commonly employed for submarine

structures is utilized. The properties are given in Table 3.1. It is to be noted that all the

material response was considered linear elastic and below yielding. Secondly, all the welds

in the component connections were assumed to be perfect.

This structure is subjected to an external sea pressure and an internal tank pressure

(Fig. 3.7). A sea depth of 240 m and an internal tank pressure of 689, 500 Pa (100 psi) is

applied. Since the submarine hull is truncated axially, the longitudinal stress in the hull is
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Table 3.1: Generic steel material properties.

Item Value
E 200 GPa
ν 0.30
ρ 7,850 kg/m3

(a) (b) (c)

Figure 3.7: Applied loading conditions on the tank geometry: (a) external Sea Pressure; (b)
internal tank pressure; (c) axial load to account for sea pressure on unmodeled submarine
ends.

applied using a reference point that controls the relative axial displacement between the

two Z-face ends in the model (Fig. 3.7) (c). The magnitude of the axial load in units of

force is given by:

Faxial = −1

2
paxialπR

2
o (3.1)

where Ro is the outer radii of the hull and paxial is the axial pressure

Taking advantage of symmetry, two symmetry conditions are applied to the tank model. A

symmetry condition corresponding to the X = 0 plane is applied to the tank half model
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(a) (b) (c)

Figure 3.8: Applied boundary conditions on the tank geometry: (a) x-symmetry; (b) peri-
odic boundary condition in Z; (c) no displacement in Y and Z direction for model verification
(reveals non-equilibrium).

(Equation 3.2).

Ux = 0

Φy = 0

Φz = 0

(3.2)

Secondly, periodic boundary conditions to the axial ends of the model coupled with the

axial load from Eq. 3.3 is applied as shown in Fig. 3.8(b). Application of a periodic

boundary condition avoids stress singularities resulting from the free edges of the section

model. The equation constraining displacements in the Z-direction contains a term with

the reference point. This enables the application of the axial load corresponding to the sea

gauge pressure.
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x

ΦZ+
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y

ΦZ+

z = ΦZ−

z

(3.3)

An additional boundary condition is applied to verify the correct application of loads

(Fig. 3.8 (c)). A non-equilibrium of loads would result in an unusual corner behavior when

one node at the hull corner is constrained in the Y and Z direction (Equation 3.4). This

corner boundary condition also removes any rigid body motion and has the side effect of

revealing any improper load specification.

Uy = 0

Uz = 0

(3.4)

The tank structure is a complex structure with multiple connections and components,

which when modeled with solid elements, can quickly become computationally expensive.

Hence, such structures are often modeled as multi-fidelity models with the critical regions

near the tank as 3-D elements and shell elements everywhere. Figure 3.9 shows a

representative tank problem geometry and the corresponding High-Fidelity and and

Multi-Fidelity models.
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(a) (b) (c)

Figure 3.9: Representative tank models (shell regions shown in blue color and solid regions
shown in orange color): (a) full solid; (b) multi-fidelity with smaller solid region; (c) multi-
fidelity with larger solid region.

3.4 Automation using Python Scripting

The following sections present the methodology utilized in automating the stiffened tank

model development. Major steps as well as insights gained in the development of robust

automation scripts from this experience are presented.

3.4.1 Geometric Parameterization

The parameterization of the geometry is performed such that there are minimum number

of independent parameters needed for the assembly construction. Other dependent

parameters are defined in terms of the independent ones. The overbar denotes the

non-dimensional quantities which are expressed in terms of the hull radius, R, or other

independent parameters, and the hat denotes the dependent variables that are derived

using other variables.
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Hull and Stiffener Frame Parameters

For scripting purposes, the number of frame bays is fixed to twelve, while the frame

spacing and number of tank bays is variable based on user-preference. Fig. 3.10 (a)

illustrates the number of tank bays (Nb) and the spacing between bays l. The radius and

thickness of the hull is defined as shown in Fig. 3.10 (b). The frames are defined using the

cross-sectional parameters as shown in Fig. 3.10 (c). The parameters are

non-dimensionalized as given below:

(a) (b) (c)

Figure 3.10: Essential geometry parameters defining the hull and its frames: (a) hull bays;
(b) hull radius and thickness; (c) frame cross-section.

l̄ =
l

R
, t̄ =

t

R
, f̄1 =

f1
R
, f̄2 =

f2
R
, f̄3 =

f3
f2
, f̄4 =

f4
f1

Chock Parameters

The chock is the small part connected to the two frames at the end of the tank top wall

(Fig. 3.6 which transfers load from frame flanges to tank walls. The parameters for the

chock are as defined in Fig.3.11 and given explicitly as:
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Figure 3.11: Chock parameters.

c̄1 =
c1
ĉ4
, c̄2 =

c2
c5
, ĉ3 =

√
(R− f2)2 − (R− w2 − t1)2−

√
(R− f2 − f4)2 − (R− w2 − t1)2, c̄5 =

c5
ĉ4

Tank Wall Parameters

The tank side walls, top walls and the middle stiffener in the tank component hold internal

pressure inside the tank. The parameters for the tank walls are as defined in Fig. 3.12 and

given explicitly as:

m̂2 = t̂3 = Nbl, m̂3 = w2 + t1, ŵ1 = t1, m̄1 =
m1

m̂2

, w̄2 =
w2

R
, t̄1 =

t1

t̂3

Internal Stiffener Parameters

The placement of the longitudinal stiffener is defined to be as general as possible. The

placement variable along the x-direction is defined as xl. Using the geometric information

of the assembly (radius of the hull and the intersection of the tank top, and the location xl

of the longitudinal stiffener, other parameters are derived, such as the height of the

stiffener (ŝ1), and height of the foot of the stiffener (ŝ6).
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Figure 3.12: Tank wall parameters.

ŝ1 =
√

R2 − xl
2 −R + w2, ŝ2 = lNb − ŵ1, ŝ5 = ŝ2 − 2l + ŵ1 + f3

ŝ6 =
√

R2 − xl
2 −

√
(R− f2)2 − xl

2

s̄3 =
s3
ŝ1
, s̄4 =

s4
ŝ1
, s̄7 =

s7
ŝ1
, s̄8 =

s8
ŝ1
, s̄9 =

s9
ŝ1
, x̄l =

xl

R

b̂3 = s3, b̂4 = ŝ9, b̂1 =
b1

b̂3
, b̄2 =

b2

b̂3

d̄1 = xl −m1, d̂2 = ŝ2, d̂3 = s3, d̂4 = s4, d̂5 = ŝ2 − 2s3, d̂7 = s7, d̂8 = s8, d̂9 = ŝ9



54
CHAPTER 3. AUTOMATED FE ANALYSIS OF A STIFFENED TANK PRESSURE VESSEL USING

SHELL-SOLID MULTI-FIDELITY MODELING

Figure 3.13: Essential geometry parameters defining the internal longitudinal stiffener in the
tank.

3.4.2 Geometry Creation

Python scripting for Abaqus/CAE is used to construct parameterized models

automatically. In order for the scripts to be robust, the sequence of geometry creation and

model development needs to be done in a very structured manner. For instance, all the

parts for the assembly are created first. Next, partitioning of the part is performed, if

needed. Following that, the sets and surfaces are defined, where loads and boundary

conditions are to be applied. Finally, materials and sections for the parts are assigned. The

reason for a standard sequence for geometry generation is that as the geometric entities are

being created, Abaqus/CAE and Abaqus/Standard assigns IDs to them in real time and
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Figure 3.14: Essential geometry parameters defining the internal top lateral stiffener’s cross-
section inside the tank.

Figure 3.15: Essential geometry parameters defining the internal side lateral stiffener inside
the tank.

these IDs can be used to identify the geometric entities later.
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Parts and Sets Creation

(a) (b) (c)

Figure 3.16: Examples of sets defined at the part level to be used later for assemble genera-
tion or application of loads and boundary conditions: (a) internal tank pressure application;
(b) x-symmetry region; (c) periodic boundary condition region.

Separate programming functions are created for each base parts. These scripts include

generalized location of specific points based on the defined parameters such that they could

be joined into lines to create a part. Once the part is generated, different sets (a collection

of faces and edges) in the part are identified. These sets, once defined, can be recalled in

the script multiple times. For instance, the end edge faces of the hull are saved into a set

for the application of periodic boundary conditions (Fig. 3.16(c)). Similarly, faces on the

hull where is the tank is located is defined into a set for easier selection of faces for the

internal tank pressure application. Since the goal is to make the automation script as

general as possible, all different cases and scenarios are considered before defining part

level sets and partitions. For instance, in order for the tank structure to be able to adapt

from two bays to even six bays, the hull structure is partitioned into twelve uniform bays.

Partitions are created on the hull at the part level using parameterized datum planes
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(shown in dotted yellow) in Fig. 3.16(a).

Each bay is defined into a separate set and a IF-ELSE loop is developed to vary the

selection of sets as per the change in number of bays over which the tank exists. Partitions

are made for the easier placement of frames that run longitudinally along the hull.

Additionally, partitions are made in the Z-direction where the tank top wall is supposed to

be present. All of these partitions are performed using parameterized datum planes.

Next, sets are defined for the regions where the X-symmetry boundary conditions are

applied on the hull (Fig. 3.16(b)). Similarly, other parts including frames, tank walls, chock

and internal stiffeners are generated and sets are defined as appropriate. Note that if

different sets from different parts have the same set names, these sets are merged in the

assembly as a one whole set when geometry merging is performed. This feature is utilized

to name all the sets in different parts. For example hull, frames and tank middle wall have

to be defined with X-symmetry condition. These different regions are named the same,

‘X-symm’ in the different parts and are merged in the assembly to obtain a single set called

‘X-symm’. Moreover, in order to place different parts correctly into the single assembly, it

is important to set certain part edges and points coincident, parallel or coaxial to each

other. These specific edges and points are determined at the corresponding part level to be

defined into complete assembly. Once the sets are defined, these can be used to make

assembly placements for different parts.

Assembly Creation

Once all the parts and sets have been created, the assembly can be generated by placing

the parts appropriately. Assembly tools and constraints available in the FE package like

translate, pattern, coincident point, parallel edges, etc. are employed to place all the
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different parts at expected locations (Fig. 3.17).

(a) (b) (c)

Figure 3.17: Assembly building: (a) hull with stiffeners; (b) internal tank stiffeners; and (c)
tank walls and middle stiffeners

3.4.3 Corresponding Shell Model Creation

A corresponding full shell model is developed as shown in Fig. 3.18(a). For this model, it is

important to carefully make corrections to the parameters used in the full solid model such

that the full shell surfaces refer to the mid-surface in the solid model, unless shell offset

modeling is utilized. Geometry parameters like the hull radius, tank walls, tank top and

internal tank stiffeners had geometric corrections applied to place the shell in the middle of

the corresponding solid wall. Additionally, heights of the frame webs, mid-lateral tank

stiffeners and tank-top lateral stiffener web are adjusted appropriately.

However, because the model has a curved topology (hull) intersecting with a horizontal one

(tank top), certain entities cannot be adjusted to ensure shell matching at the solid

mid-surface. In these situations, these differences are retained in the shell model. For
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Figure 3.18: Full Shell Model; (a) global view; (b) zoomed in view of the chock and tank
top interface in the full solid model; (c) corresponding shell-mid-surfaces in the shell model
shown as red lines).

Figure 3.19: Longitudinal stiffener to frame connection; (a) solid model, (b) shell model:
flat chamfer connected to frames using tie constraint).

example, Fig. 3.18(b) and Fig. 3.18(c) show a close-up view of the chock to tank top

connection in the full solid model and a corresponding shell mid-surface in the all shell

model. Another example includes the connection at the longitudinal stiffener foot and the

frame as shown in Fig. 3.19. In this case, a flat chamfer with tied contact and adequate
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node selection tolerance is used in the full shell model. It is to be noted that although

there exists a mid-surface extraction capability in Abaqus/CAE to generate shell models

from 3-D geometry, it is not robust for complicated assemblies and hence, a separate script

is developed to generate a full shell model.

(a) (b) (c)

Figure 3.20: Full Shell model: (a) shell normals shown in brown and purple, (b) shell
normals inside the tank, (c) sets defined for defining shell normal directions.

Moreover, the shell normal direction in the full shell model needs to be verified such that it

is consistent with the pressure load application in the corresponding model. In order to

automate the surface selections and normal direction definitions, geometry sets are defined

such that these can be used in the scripts multiple times. An example of such sets used for

consistent shell normals is shown in Fig. 3.20.
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3.4.4 Corresponding Multi-fidelity Shell-Solid Model

Figure 3.21: Multi-fidelity parameters: Angular approximate solid region above the tank
(AngT) and solid side bays (NbTank).

After investigating different mixed-fidelity topologies, a practical model considering solid

region near the entire tank (with internal stiffeners) and the remaining hull structure as

shell is selected as shown shown in Fig. 3.9. The parameters of the multi-fidelity topology

are defined so that the multi-fidelity topology, i.e., the level of fidelity of the model can be

changed in an automated and parameterized way. Figures 3.21 demonstrate the two

multi-fidelity parameters, AngT and NbTank which correspond to the angular solid region

above the tank and solid region in number of bays next to the tank respectively. A

side-view of the definition of AngT that subtends above the tank top measured from the

submarine center-line is shown in Fig. 3.22. Note that the parameterization was performed
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such that the value of the angle subtended above the tank top from the submarine

center-line achieves the value of AngT approximately.

Figure 3.22: Multi-fidelity parameter (side view): Angular approximate solid region (AngT )
subtended above the tank from the submarine center-line.

Figure 3.23: Flowchart depicting the methodology used for automatic generation of para-
metric mixed-fidelity FE model.
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A multi-fidelity model leads to interface regions where the solid element’s surface needs to

be numerically compatible with the shell edges. In this work, Abaqus/Standard was

utilized that employs coupling constraint equations to ensure that the bending rotations

and moments are correctly transferred between the two domains in a self-equilibrating

manner. Scripting a multi-fidelity model with variable shell-solid topology can get very

challenging and hard to generalize, especially when further geometric parameters are

introduced (e.g., parameters for the size of the different mixed fidelity shell and solid

regions). A novel approach is proposed that uses Abaqus/CAE’s cutting tools to combine

and merge the already developed solid and shell models (or separately scripted shell

regions). This is an efficient method since it uses part names and no geometric IDs which

are typically encountered while scripting geometry creation for the solid and shell models,

thereby reducing considerable effort. The creation of these cutters is automated using

scripts and is found to be an effective method in the lieu of developing a separate script for

the creation of a mixed model similar to the full solid and full shell models. Figure 3.23

presents a flowchart depicting the cutter methodology utilized to generate adaptable

fidelity models. These cutters are parameterized such that the 3-D topology can be

changed based on user-preference. The cutting tool methodology is shown in Fig. 3.24 and

Fig. 3.25. These cutting tools act as negative spaces to remove geometry from overlapped

regions when placed on top of the baseline structural model. These cutting tools are

parameterized based on the desired mixed fidelity parameters (Fig. 3.21).
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(a)

(b)

Figure 3.24: Multi-fidelity model creation using complementary cutting tools: (a) creation
of a solid cutter; (b) creation of the solid region in the multi-fidelity model using the solid
cutter.

Once the cut solid and shell parts are obtained, these need to be constrained at the

interface for accurate transfer of forces and moments in the model. It is found that

Abaqus/Standard automatically detects the shell-solid interfaces when a geometry merge is

performed on these parts. However, this implicit specification leads to a mesh that must be

congruent at the interface. Moreover, the shell edge creates a partition on the solid surface

which leads to additional constraints in the mesh development of the model. An example

of such a congruent mesh at the interface is shown in Fig. 3.26(a). On the contrary, it is

possible to generate an incongruent mesh at the shell-solid interface when the separate

solid and shell parts are assembled without merging the entire assembly. Such an explicit
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shell-solid coupling at the assembly level does not partition the solid part and enables a

computationally efficient mesh generation (Fig. 3.26(b)). In order to apply explicit

shell-solid coupling in an automated way, the shell surface edges and solid surfaces are

selected in a parameterized way. This is performed by assigning a parameterized reference

point for each solid surface and shell edge. This point (and consequently the surface) is

then selected in the model generation scripting using geometric tolerancing based entity

selection. Commands like findAt() are used for selecting the points available in

Abaqus/CAE software. The reference points and the surfaces in the shell-solid coupling for

the tank problem are shown in Fig. 3.27. The final assembly is developed using explicit

shell-solid coupling (Fig. 3.28) at the interface.

(a)

(b)

Figure 3.25: Multi-fidelity model creation using complementary cutting tools: (a)creation
of shell region in the multi-fidelity model using shell a cutter; (b) assembling the solid and
shell regions to create the multi-fidelity model assembly.
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(a) (b)

Figure 3.26: Solid/shell coupling mesh development: (a) implicit coupling from geometry
merging resulting in a congruent mesh at the solid/shell boundary; (b) explicitly specified
coupling allowing non-congruent meshing at the boundary.

Figure 3.27: Explicit Shell-Solid constraints defined for the tank model.
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(a) (b)

Figure 3.28: Multi-fidelity tank model: (a) element topology; (b) computationally efficient
meshing scheme.

3.4.5 Load and Boundary Condition Application

Application of Loads

The load and boundary condition application is performed using the previously defined

part-level geometric sets which are propagated to the assembly-level. It is also worth

mentioning that set names which are exactly the same, used in different parts get merged

into a single set at the assembly level, when geometry merging is used. This property of

the geometry sets makes it possible to define part level geometry sets which can then be

selected as one whole set in the assembly for boundary condition or load application. It was

found that many times using scripting commands based on geometric tolerancing available

in Abaqus/CAE to make edge and surface selection can become very time consuming for a

complicated geometry. In such cases, it can be quite easy to write IF-ELSE blocks to
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(a) (b)

Figure 3.29: Sea Pressure Application: (a) solid surfaces (tank and surrounding tank re-
gions) in the mixed model; (b) shell surfaces (away from the tank) in the mixed model.

consider different cases of the expected variation and store the IDs generated by

Abaqus/CAE in the correct sequence. For instance, the number of surfaces required to be

selected for the internal tank pressure change only for certain cases where the number of

tank bays changes. Thus, an IF-ELSE block considering the surface selection for these

cases proved to be useful with the utilization of Abaqus/CAE generated IDs. The load

application for the solid model is straightforward as shown in Fig. 3.7. When mixed models

are used, it is important to apply a correction factor to the sea pressure application. The

outer solid surface can use sea pressure value directly. However, the shell surface at

mid-plane needs the applied pressure to be adjusted slightly by a factor of ratio of the

hull’s outer radius to its mid-surface (Fig. 3.29) to account for its surface area difference.

Application of Boundary Conditions

Application of the boundary conditions is performed using the pre-defined sets at the part

level. Special consideration is needed for the application of the periodic boundary
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conditions in an automated way. The application of periodic boundary condition needs to

be done once the assembly has been meshed. The matching sides in the periodic boundary

condition have to be seeded consistently. A separate Python function is written to perform

the periodic boundary application on the models depending on the fidelity levels. This

subroutine first ensures that the number of nodes on the Z+ and Z- face/edge of the

models and their corresponding position is consistent. Following the confirmation, the

co-ordinates (x, y, z) of these nodes are saved in different arrays. Once saved, these arrays

are sorted using a single coordinate at a time and then saved in a single text file. This

procedure is repeated for the second side. The equations are created in the input files using

the x, y and z co-ordinates along with the node number of the reference point (if

applicable). Once sorted, the corresponding nodes on the Z+ side and Z- side are then

constrained in *Equation card in the input file of the FE model.

3.4.6 Automated Mesh Generation

Challenges Associated with Hex-Meshing Complex Assemblies

Commercial FE packages like Abaqus/CAE allow for the creation of a complex assembly

by geometric merging and cutting of multiple parts. It is observed that the assembly of

multiple parts necessitates conformal meshing on faces of the neighboring components.

This amplifies the complexity involved in meshing complicated geometries with hexahedral

meshes, especially solid regions. The realistic tank geometry is complicated with several

connections of radial and rectangular regions. Fig. 3.30 demonstrates the challenges

encountered in meshing the geometry. It can be seen that the problematic regions are

occurring at the regions of interactions between radial hull/frame with the rectangular

tank walls and stiffeners. Fig. 3.30 (a) shows the regions which fail to be meshed unless the
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assembly is partitioned into simpler parts or tetrahedral elements are used. However, the

alternative of using tetrahedral mesh is not feasible since some regions still fail, shown in

magenta color in Fig. 3.30 (b). Another mitigation step of using a combination of

tetrahedral and hexahedral meshes leads to tied contact at the incompatible surfaces. This

option, although not preferred, also breaks down for complex geometries (Fig. 3.30 (c)).

(a) (b) (c)

Figure 3.30: Meshing the tank model: (a) regions shown in magenta cannot be meshed au-
tomatically unless partitioned or assigned Tet elements; (b) regions shown in magenta failed
to mesh even with tetrahedral element type; (c) alternative of a combination of structured
(hull region) and tetrahedral mesh (tank region) also fails to generate a mesh automatically.

More specifically, these component interactions create partitions on the faces at the

connection location. These contact trace edges, although seemingly trivial, need careful

consideration during meshing. An example of such a face partition in the tank model due

to the connection of the internal longitudinal stiffener and the internal frames, is shown in

Fig. 3.31. The tank model contains several connections similar to this and have to be

addressed strategically to obtain a conformal mesh. Volume decomposition is an

indispensable technique that has been used to divide complicated geometries into simpler

regions such that the available meshing algorithms are able to produce a mesh
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Figure 3.31: Retained boundaries on the assembled components leading to meshing com-
plexities.

automatically. This is also effective in avoiding less accurate alternate methods like tie

constraints and tetrahedral elements. Moreover, a well partitioned volume ensures high

quality hexahedral meshes. Hence, it is convenient to partition the geometry such that a

structured scheme can be utilized. The following section presents a heuristics-based

blueprint that has proved to be effective in decomposing the tank model to ensure

hex-dominant meshes.

Framework for Effective Partitions

The problematic region in the tank assembly at the foot of the longitudinal stiffener in

connection with the frames is resolved using this face propagation technique. The face

partitions induced due to the connection (Fig. 3.32) are propagated around the longitudinal

stiffener such that the elements are conformal throughout the assembly (Fig. 3.33). Based

on the interactions between the frames with tank walls and internal stiffeners connected to

the side tank walls, partitions were made along the connection edges as shown in Fig. 3.34.

Consequently, most parts of the model are flagged as structured mesh by Abaqus/CAE.
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Figure 3.32: Retained boundary at the longitudinal stiffener flange due to component as-
semblies that need to be propagated throughout the assembly.

(a) (b)

Figure 3.33: Face propagation technique applied to the tank model: (a) zoomed-in view of
the face partition present at the foot of the longitudinal stiffener connected to the frames;
(b) face partitions propagated along the longitudinal stiffener flange until a closed loop is
achieved.
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(a) (b) (c)

Figure 3.34: Partitions conforming to the geometry lead to better quality meshes: (a) radial
cut on hull avoids skewed meshes; (b) conformal partitions utilized on the tank assembly
(side view); (c) conformal partitions utilized on the tank assembly (isometric view).

Figure 3.35: Foundational framework for a volume decomposition algorithm for generating
hex-mesh dominant regions.

Using the insights gained from effectively parameterizing the tank model, a face partition

propagation based volume decomposition technique is proposed. This algorithm is
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presented at a foundational level with the aim to provide insights for future research in this

area. The flowchart is presented in Fig. 3.35. The decomposition technique aims at

propagating a face partition, caused by connections in the assembly, until a free surface is

reached or until a curvature loop is closed in an assembly. This way, the trace feature is

propagated all the way throughout the assembly, and it becomes easier for the existing

algorithms to create a hexahedral mesh. In particular, making partitions in the assembly

guided by the the face partitions (created by the connections) is sought. This approach to

volume decomposition directly aligns with the idea that the hexahedral elements are like

an interlaced stack such that each stack must begin and end at a boundary or be a closed

loop of elements, as mentioned by Blacker et al. [32].

As a starting point for the algorithm shown in Fig. 3.35, all the faces in the assembly can

be identified. Next, face partitions can be recognized by identifying the common edge

between two adjacent faces using the existing algorithms like the CLoops identification.

Once this face partition has been identified, the next step would be to determine the cell

associated with this face partition. This cell needs the face partition to be propagated

throughout its volume until the opposite face of the cell has been reached. This can be

done by sweeping/extrude the face partition along with direction in which the opposite

face exists. The extrude tool is useful when the two opposite faces of a cell are parallel. If

the cell has a curved shape, then the sweep tool is appropriate to propagate the face

partition. Once this partition is propagated on the other side, a check could be performed

to determine if a free end has been reached or the face partition already exists (case where

it is a closed loop). If not, the procedure can be repeated until a free end or a close loop is

achieved as shown in Fig. 3.33.
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Creating Parameterized Partitions and Automated Meshing

Once a scheme leading to the successful generation of hex-dominant mesh is achieved,

partitions are parameterized using the geometry parameters of the tank model and scripted

using Abaqus/Python interface. Specifically, partitions are performed using datum planes

or face extensions. The creation of a datum plane or face extension is performed by picking

vertices based on parameterized coordinates, ID tracking or by estimated geometric

information. Once the partitioning tool is defined, the faces and cells to be partitioned are

also picked using estimated geometric information or geometric ID tracking using

commands like findAt(), getByBoundingBox(), getClosest() in Abaqus/CAE. It is worth

mentioning that this process of utilizing geometric parameters for entity selection is tedious

but enables robust scripts for large design exploration. Partitions are created using the

several volume decomposition tools available in Abaqus/CAE. Most of the partitions are

performed at the part level in Abaqus/CAE before creating the assembly. This makes it

easier to locate the geometric identities required to perform partitions at a local level.

The next step is to determine if certain regions need specific meshing seeds in the model.

The defined geometric sets are utilized to perform mesh seeding. For instance, the

thickness edges for the hull, tank walls and frame flanges are constrained to have at least

three elements through the thickness. This is done to capture the accurate bending

response of these walls due to the applied external and internal pressure loads. The solid

structures are analyzed using 3-D continuum elements (Abaqus/Standard C3D8R element

with reduced integration and hourglass control). In order to select the correct mesh size for

comparison, a mesh convergence study was performed for the solid and shell model based

on the maximum displacement and the maximum principal stress at the location of the

maximum displacement. For the all solid modeling, three elements through the thickness of

the hull and through the thickness of the frame flanges near the tank top, are utilized. The
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full shell model was meshed using S4R shell elements which employ reduced integration

with hourglass control. The mixed model utilized a combination of C3D8R and S4R

elements with shell-solid coupling at the interface. The developed automation scripts can

develop parameterized full solid and mixed models. Figure 3.36 shows some instances of

the solid models generated using the automation script.

(a) (b)

(c) (d)

Figure 3.36: The automation script is capable to changing all the different parameters of
the tank model (green indicates regions selected automatically for structured meshing, while
yellow indicates regions selected automatically for swept meshing). Some examples include
(a) baseline geometry; (b) variable longitudinal stiffener location; (c) variable tank length
(d) variable hull radius.
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3.5 Comparing Modeling Fidelities and Results

Post-Processing

A comparison between different modeling fidelities is performed for a reference geometry

with the following parameters (defined in section IV. A.): R = 6.7m, l = 1.0m,

t = 0.0762m, Nb = 4, w2 = 4.97m, t1 = 0.0635m, m1 = 0.03m, f1 = 0.3m, f3 = 0.03m,

f2 = 0.61m, f4 = 0.05m, c1 = 0.01m, c2 = 0.16m, c5 = 0.4m, s3 = 0.5m, s4 = 0.28m,

s7 = 0.0381m, s8 = 0.1016m, xl = −3.6m, b1 = 0.03m, b2 = 0.3m. The material property

used is as follows: E = 200GPa, ν = 0.3, ρ = 7850 kg/m3.

Five different fidelity levels are compared starting with (a) a full shell model, (b)-(d)

variations in multi-fidelity topology, (e) a full solid model, as shown in Fig. 3.37. The mesh

for models corresponding to each of the five fidelity levels is shown in Fig. 3.38.

Displacement and maximum principal stress contours are compared in Fig. 3.39 and

Fig. 3.40 respectively. It can be observed qualitatively, that the shell model varies

significantly in the tank wall stress contours. On the other hand, all the three mixed

models perform well in comparison with the full fidelity solid model. Since there is no

one-to-one mesh correspondence between the meshes in different fidelity models, an error

metric is developed to compare the peak stress values and strain energies in local

user-defined domains.

Figure 3.41 shows the identified critical domains for the tank model. The domains are

chosen at the crucial regions of the tank and hull intersections such that the possible

singularity regions are avoided. Maximum principal stresses in six local domains (A-F) on

the tank top and tank side walls are compared for different models. Additionally, the local

volumetric strain energy values in critical components, namely, the chocks, tank side walls

and tank top walls are also compared. The solid model is considered as the full fidelity
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model and all the values are compared relative to the full solid model. The comparison of

results from different multi-fidelity models with the full solid model is also automated

using python scripting. The local domain regions were parameterized using the geometric

information and saved as node sets in the models.
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(a) (b)

(c) (d)

(e)

Figure 3.37: Baseline model with different fidelities compared (a) full shell; (b) multi-fidelity
configuration 1 (NbTank = 0.5, AngT = 50); (c) multi-fidelity configuration 2 (NbTank =
1.5, AngT = 300); (d) multi-fidelity configuration 3 (NbTank = 2.5, AngT = 600); (e) full
solid.



80
CHAPTER 3. AUTOMATED FE ANALYSIS OF A STIFFENED TANK PRESSURE VESSEL USING

SHELL-SOLID MULTI-FIDELITY MODELING

(a) (b)

(c) (d)

(e)

Figure 3.38: Baseline model meshes (a) full shell; (b) multi-fidelity configuration 1 (NbTank
= 0.5, AngT = 50); (c) multi-fidelity configuration 2 (NbTank = 1.5, AngT = 400); (d) multi-
fidelity configuration 3 (NbTank = 2.5, AngT = 600); (e) full solid.

The relative percentage errors at the local domains for the different models is shown in

Fig. 3.42. The local errors in the full shell model are high as it fails to capture the 3-D

stress components at the tank wall joints. In particular, the chock-frame-tank top
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intersection region is critical and the full shell model shows a significant error for the strain

energy of the chock. This also verifies the need for a 3-D region near the hull-tank walls

connection. All the mixed models have been modeled with 3-D elements in the tank walls

and internal tank stiffeners with a varying topology in the hull. The use of a multi-fidelity

model drastically reduces the errors for all the local domains and components.

(a) (b)

(c) (d)

(e)

Figure 3.39: Baseline model displacement contours (a) full shell; (b) multi-fidelity config-
uration 1 (NbTank = 0.5, AngT = 50); (c) multi-fidelity configuration 2 (NbTank = 1.5,
AngT = 400); (d) multi-fidelity configuration 3 (NbTank = 2.5, AngT = 600); (e) full solid.
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(a) (b)

(c) (d)

(e)

Figure 3.40: Baseline model maximum principal stress contours (a) full shell; (b) multi-
fidelity configuration 1 (NbTank = 0.5, AngT = 50); (c) multi-fidelity configuration 2
(NbTank = 1.5, AngT = 400); (d) multi-fidelity configuration 3 (NbTank = 2.5, AngT
= 600); (e) full solid.
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Figure 3.41: Error metric defined as a combination of peak stresses in user-defined local do-
mains and component based strain energy values for comparison between models of different
fidelities.

Additionally, an average of the local errors is combined into a single value and is plotted as

shown in Fig. 3.43. A post-processing subroutine is developed that would open the output

files in Abaqus/Standard and extract the needed values and also derive the relative error as

compared to the corresponding full solid model. A comparison of the degrees of freedom

relative to the average errors demonstrates that a multi-fidelity model with a minimal solid

topology is sufficient to achieve accurate critical stresses with much less computational

resources, as compared to the full solid model. Hence a multi-fidelity model can be

considered useful in such large and complex structures. Of course, this specific

multi-fidelity model is only sufficient for the geometric parameters of the baseline model. A

variation in the tank assembly can lead to a different optimal mixed modeling topology

and this is where an automated process for the development of such models could be
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greatly advantageous.

In this work, similar mesh sizes are chosen for the solid regions in the mixed models and

the full fidelity models. If different mesh sizes are used for the solid regions in the full solid

and mixed models, there could be a coupled effect of the mesh size and element topology in

the models on the optimal mixed modeling topology. It should be noted that in this work,

the effect of element topology, in particular, shell-solid topology is studied. In future, a

combined effect of the mesh size and element type would need to be considered to evaluate

the overall effect of modeling fidelity variations.

Table 3.2: Comparison of computational efficiency of different fidelities.

Model(NbTank, AngT) Solid Elements Shell Elements Total Nodes DOFs

Full Shell 0 77, 598 77, 598 77, 397 464, 377

Mixed Fidelity (5o, 0.5) 184, 013 9, 357 193, 370 234, 386 732, 611

Mixed Fidelity (40o, 1.5) 235, 872 7, 314 243, 186 304, 188 936, 309

Mixed Fidelity (60o, 2.5) 282, 203 5, 313 287, 516 367, 084 1, 119, 279

Full Solid 302, 539 0 302, 539 422, 122 1, 266, 367

Figure 3.42: Domain-wise relative percentage errors for varying modeling fidelities.
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Figure 3.43: Relative mean error from modeling fidelities versus degrees of freedom (DOFs)
of the models.

3.6 Conclusion

A framework for automated development of multi-fidelity models with variable elemental

topology from full fidelity and structural fidelity models using parameterization was

detailed. Additionally, insights gained from the automation of the tank model were

discussed. An effective volume decomposition blueprint for obtaining robust hex-dominant

meshes for complex multi-fidelity (coupled shell-solid) and full fidelity assembly models was

presented. The advantage of using explicit shell-solid coupling to assemble shell and solid

parts of the assembly, to allow for non-congruent meshing (for more computational savings)

at the boundary was also presented. Moreover, automated post-processing and comparison

techniques for evaluating models with different fidelities was also demonstrated. As

industries are moving towards systems level multi-disciplinary optimizations [59], there is a

need for sufficiently accurate and adaptable multi-fidelity models. The techniques
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presented in the paper can be extended to be used for developing mixed models of other

complex stiffened pressure vessel problems including, but not limited to, optimization of

aircraft fuselage, stiffened launch vehicles with cryogenic propellant tank structures,

multi-stage launch vehicles with thick stiffeners, and optimization of ring-stiffened ocean

structures with composite laminates.

An application submarine tank structure with multi-fidelity elements was generated and

analyzed to demonstrate the capabilities of the framework presented. It was shown that a

multi-fidelity model can provide results with sufficient accuracy with substantial cost

savings as compared to full fidelity and structural fidelity models. These models show that

the integrated automation of the entire FE modeling and analysis have the potential to

provide faster and accurate design concepts. It can be concluded that once developed, the

generation of mixed models can be automated and utilized by industry for their design or

optimization phases for quick and accurate analyses. The need for robust automation of

mixed dimensional models is increasing and this work is a step towards achieving faster

and accurate design decisions.
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4.1 Identification of Critical Regions using Adaptive

Meshing

Adaptive re-meshing is a procedure that is utilized to generate refined or coarser meshes in

a model based on the distribution of discretization error estimators. Although the goal of

an adaptive resmeshing procedure is to improve the solution accuracy by increasing fidelity

levels in regions with a higher discretization error indicator, this process could also be

employed to identify locations of interest a priori in a finite element model.

The submarine tank structure is a complex structural configuration with several connecting

components and internal tank stiffeners subjected to external as well as internal pressure

loads. The regions near the tank walls; especially, the region of the radial connecting hull

with the rectangular tank-top wall, and the connection between the tank walls are critical

regions which need careful consideration for design purposes. Based on these insights, the

multi-fidelity modeling of the submarine tank structure utilized solid regions around the

tank and shell elements everywhere else as shown in Fig. 3.21. In order to confirm these

identified critical regions, a mesh adaptivity study using Abaqus/Standard is performed for

the full solid and full shell models. For this study, the default C3D10, a 10-node

tetrahedral element with quadratic interpolating functions is used for the solid model and

the default S3R, 3-node triangular element is utilized for the shell model. A simpler model

without periodic boundary conditions is utilized since the mesh keeps changing in every

iteration of Abaqus/Standard. A combined loading of sea and tank pressure is applied with

a fixed boundary conditions on the two hull ends. Adaptivity re-meshing rules based on a

combination of strain energy and von Mises stress are utilized.

A bug in Abaqus/CAE was found where it incorrectly switches shell normal directions

between adaptivity iterations. As such, the application of pressure loads cannot be applied
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correctly to the full shell model. In order to mitigate this issue, surface traction loads with

explicit direction definition as available in Abaqus/Standard are utilized to perform

adaptivity of the full shell model. The displacement contours from adaptivity re-meshing

results for the full shell model are shown in Fig. 4.1.

(a) (b) (c)

Figure 4.1: Displacement contours using adaptive re-meshing performed in Abaqus/Stan-
dard for a full shell model: (a) iteration 1; (b) iteration 5; (c) iteration 10.

(a) (b) (c)

Figure 4.2: Full shell model adaptive mesh refinement at the frames, tank top, and internal
stiffener connections (a) iteration 1; (b) iteration 5; (c) iteration 10.
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The connections at the tank top wall and frames are zoomed in Fig. 4.2 for clarity. The

adaptivity results for the full solid model are shown in Fig. 4.3. It can be observed that the

mesh adaptivity procedure for both models re-meshes the connection regions near the

frames, tank top and the internal stiffeners as well as other connection regions during every

iteration. This signifies a need for a higher mesh fidelity in these regions, and thus, a need

for a higher modeling fidelity using solid elements.

(a) (b) (c)

Figure 4.3: Full solid model adaptive mesh refinement at the frames, tank top, and internal
stiffener connections (a) iteration 1; (b) iteration 4; (c) iteration 7.

This, in turn, also indicates that the tank walls intersection and the internal stiffener

locations are one of the critical regions for the tank model. Thus, the previously defined

multi-fidelity topology choices for the tank, i.e., solid elements near the tank connections

and internal stiffeners, and shell elements away from the tank are confirmed.
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4.2 Effect of Variation in External Loading

Parameters

(a) (b)

Figure 4.4: Computational model of a submarine hull structure under a combined load of
hydrostatic pressure at 240 m below sea level (2.35 MPa) and an internal tank pressure of
689.5 kPa: (a) with tank walls; (b) some tank walls not shown.

The considered submarine tank model is a deep-diving structure that typically experiences

underwater depth range of 240 m to 540 m. Hence, in order to understand the effect of the

external hydrostatic loads on the mechanical response of the tank structure, a parametric

investigation is performed. The maximum principal stress contour plots for the baseline

tank structure at a depth of 240 m (an external hydrostatic pressure of 2.35 MPa) and an

internal tank pressure of 689.5 kPa is shown in Fig. 4.4.

The model is subjected to a range of external pressure loads for three different depth levels,

namely, 240 m, 440 m and 540 m. Figures 4.5, 4.6, 4.7 show the comparison of the contour

plots of different fidelity models near the intersection of the tank-top wall with the middle
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frames (other components are not shown for clarity). It can be observed that there is no

significant change in the patterns of the stress contours for different underwater depth

loads. Because the goal is to understand the effect of the multi-fidelity parameters which is

dependent on the contour pattern variations at identified critical locations, the tank

models are subjected to a constant load case of water pressure at 240 m below sea level and

an internal tank pressure of 689.5 kPa for the further geometric trade studies presented.

(a) (b) (c)

Figure 4.5: Computational models (parts removed for clarity) of a submarine hull structure
under a combined load of hydrostatic pressure at 240m below sea level and an internal tank
pressure of 689.5 kPa: (a) shell Model; (b) multi-Fidelity model; (c) solid Model.
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(a) (b) (c)

Figure 4.6: Computational models of a submarine hull structure under a combined load of
hydrostatic pressure at 440m below sea level (4.32 MPa) and an internal tank pressure of
689.5 kPa: (a) shell model; (b) ; multi-Fidelity model(c) solid Model.

(a) (b) (c)

Figure 4.7: Computational models of a submarine hull structure under a combined load of
hydrostatic pressure at 540 m below sea level (5.30 MPa) and an internal tank pressure of
689.5 kPa: (a) shell model; (b) multi-Fidelity model; (c) solid Model.
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4.3 Tank Model Trade Studies using DAKOTA

Figure 4.8: Schematic of the information flow between Dakota toolkit and Abaqus/Standard
for parameter studies.[60].

The Dakota toolkit [60] developed by Sandia National Labs is utilized to perform a number

of trade studies. Figure 4.8 demonstrates the flow of information between Dakota and the

user-simulation code (Abaqus/Standard). The dotted-lines indicate the

exchange/modification of information that must be scripted by the user. Once the data

pre-processing and post-processing scripts are defined by the user, Dakota starts running

the list of defined trade studies by submitting the parameter combinations to the

simulation code in order to generate the simulation input file (in our case, ‘model.inp’). It

then reads the response from the simulation results file (in our case, ‘model.odb’) and adds

it to a file that contains all the trade study results. A wrapper script is utilized to connect

the pre-processing and post-processing codes between Dakota and Abaqus/Standard.
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Table 4.1: Tank geometric and multi-fidelity modeling parameter bounds.

Bound R l Nb w2 f2 NbTank AngT

Lower 5.7 0.80 4 0.5 ∗R 0.5 0.5 5.0

Upper 7.0 1.10 6 1.0 ∗R 0.6 2.5 60.0

(a) (b) (c) (d)

Figure 4.9: Representative geometries: (a) geometry A ; (b) geometry B; (c) geometry C;
(d) geometry D.

(a) (b) (c) (d)

Figure 4.10: Representative multi-fidelity topologies for different geometries: (a) Geometry
A ; (b) Geometry B; (c) Geometry C; (d) Geometry D.

The number of potential parameters for the submarine tank problem is very large and only

the most important variables are emphasized to develop the Design-of-Experiments (DOE)
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for this parametric study. The critical parameters and their bounds are shown in Table 4.1.

Dependent parameters, like the width of the longitudinal stiffener, s3 and location of the

longitudinal stiffener, xloc, are determined based on the parametric values of the bay

spacing and radius using the geometry parametric equations. The other non-critical

parameters, namely, t, t1, m1, c1, c2, c5, s7, s8, b1, b2, f1, f3 and f4 are kept constant. A

range of multi-fidelity topology parameters, NbTank and AngT , as shown in Table 4.1 are

studied for every each structural configuration of the tank. Instances of representative

multi-fidelity models investigated are shown in Fig. 4.10. Fifteen geometries with a total of

300 multi-fidelity combinations are investigated.

4.4 Component-wise Strain Energy Error Measures

For this study, the aforementioned domain-wise volumetric strain energy and global strain

energy relative error values are studied. These values are automatically computed using

the python-based post-processing scripts developed to extract the values of interest from

the component-wise ‘element sets’ defined for full-fidelity and multi-fidelity models. The

critical components identified include chock, tank-top and tank side walls.

A comparison of all the local and global error measures individually for models with

different fidelities was previously shown in Fig.3.42. These error error metrics show a

drastic decrease in error levels from the use of full shell model versus the use of

multi-fidelity models. However, once a sufficient practical solid region is used in the

multi-fidelity models, errors become insignificant. Figure 4.11 shows the trends for all the

geometries considered with respect to the change in the solid angular region, NbTank, for

different number of solid side bays, AngT .
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(a) (b)

(c)

Figure 4.11: Domain-wise fractional relative errors in strain energy for all data-points: (a)
chock; (b) tank-top component; (c) tank-side wall component.

It can be observed that all the different parametric multi-fidelity modeling topologies result

in error values as small as close to 5% and there is no significant trend in the

component-based strain energy errors with the rise in the fidelity levels. All the errors,

however, are in the same levels of magnitude, indicating the confidence in using
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multi-fidelity models to predict local strain energy values. The absence of significant trends

in the local strain energy domains can be attributed to inherent scatter in the models,

including mesh discretization and statistical variability due to presence of small values. On

the other hand, the global strain energy absolute relative error measure, does show

meaningful trends, albeit with small variations.

(a) (b)

(c)

Figure 4.12: Representative multi-fidelity geometries: (a) multi-fidelity combination 1 ; (b)
multi-fidelity combination 2; (c) multi-fidelity combination 3.
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Figure 4.13: Effect of AngT on the absolute relative error in the global strain energy value
for all data points.

As shown in Fig. 4.12, the relative errors in the global strain energy for different tank

structural and multi-fidelity configurations tend to decrease with an increase in the

multi-fidelity parameter AngT , which represents the solid radial region above tank. This is

understandable since the critical regions are the frames and tank top connections, and the

size of solid region above the tank directly impacts the response. This trend is also

captured in the overall graph as shown in Fig.4.13. This could be attributed to the ability

of the overall strain energy values to take into account the complete variations in the

element-wise (shell versus solid) topology in the multi-fidelity models.

The component-based domains are selected based on the pre-identified critical regions like

the chock, tank-top and tank walls which are defined as solid regions irrespective of the

modeling fidelity level. Once a sufficient level of fidelity is reached, the difference in the
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component strain energies between the full solid and multi-fidelity models is almost

negligible. This is because the chosen components are modeled as solid elements in the

full-fidelity model as well as mixed-fidelity models, with similar mesh discretization. On

the other hand, the global strain energy measure takes into account the whole model which

includes the variations in the coupled shell-solid topologies and thus shows a meaningful

trend, although with small numerical variations.

4.5 Domain-wise Maximum Principal Stress Error

Measures

(a) (b)

Figure 4.14: Comparison of maximum principal stresses in different models using local
domain-based comparison: (a) proposed domains along with the entire tank structure; (b)
only proposed domains shown with other parts removed for clarity.
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Finite element models with different dimensional fidelities often do not have a one-to-one

correspondence with respect to meshes. In order to compare stress values, local

domain-based stress comparison is proposed as shown in Fig. 4.14. These domains, as

shown in Fig. 4.14(a), are selected based on the previously identified critical regions.

Figure 4.14(b) shows the domains with other parts of the tank structure removed for

clarity. Location A, B and C are defined at the tank top wall and location D, E and F are

defined at the tank-side wall. The comparison is performed by obtaining nodal stresses

that are extrapolated and averaged from the integration points in the models. As

mentioned in Chapter 3, the linear C3D8R elements with reduced integration and

hourglass control are utilized for the solid regions and the S4R elements are utilized for the

shell regions. These regions are parameterized using geometry information such that the

automation scripts can identify these local regions and define them as element and node

sets. Once the element sets and node sets are defined, the maximum stresses in a the

localized domains between different models can be compared. The parameterization

bounds for all the different domains, A, B, C, D, E, and F are shown in Tables. 4.2, 4.3

and 4.4 respectively. The constant terms in the bounding equations are chosen such that

the potential singularity-causing regions are avoided.

Table 4.2: Parameterized bounding boxes for selection of domains A and B.

Bounds A B

Xmin −R + 2.2 ∗ (f2 + f4) xloc + 6 ∗ t1

Xmax xloc − 6 ∗ t1 −16 ∗m1

Ymin −R + w2 −R + w2

Ymax −R + w2 + t1 −R + w2 + t1

Zmin 4.5 ∗ l + 6 ∗ t1 4.5 ∗ l + 0.5 ∗Nb ∗ l + 5 ∗ t1

Zmax 4.5 ∗ l +Nb ∗ l − 7 ∗ t1 4.5 ∗ l +Nb ∗ l − 8 ∗ t1
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Table 4.3: Parametric bounding boxes for selection of domains C and D.

Bounds C D

Xmin xloc + 6 ∗ t1 xloc + 6 ∗ t1

Xmax −16 ∗m1 −22 ∗m1

Ymin −R + w2 −R + 0.2 ∗R

Ymax −R + w2 + t1 −R + 0.5 ∗ w2

Zmin 4.5 ∗ l + 6 ∗ t1 4.5 ∗ l +Nb ∗ l − 0.5 ∗ t1

Zmax 4.5 ∗ l + 0.5 ∗Nb ∗ l − 5 ∗ t1 4.5 ∗ l +Nb ∗ l + 0.5 ∗ t1

Table 4.4: Parametric bounding boxes for selection of domains E and F.

Bounds E F

Xmin −R + 2.2 ∗ (f2 + f4) xloc + 7 ∗ t1

Xmax xloc − 6 ∗ t1 −22 ∗m1

Ymin −R + 0.45 ∗R −R + 0.65 ∗ w2

Ymax −R + 0.9 ∗ w2 −R + 0.95 ∗ w2

Zmin 4.5 ∗ l +Nb ∗ l − 0.5 ∗ t1 4.5 ∗ l +Nb ∗ l − 0.5 ∗ t1

Zmax 4.5 ∗ l +Nb ∗ l + 0.5 ∗ t1 4.5 ∗ l +Nb ∗ l + 0.5 ∗ t1

Figure 4.15(a) shows the trends in fractional relative error values of maximum stresses in

domain A, as the angular solid region (AngT ) in the tank model is increased for the

baseline geometry for different solid side bay regions (NbTank). It can be observed that

although there seems to be no significant trend in the errors due to variations in the

number of solid side bays, NbTank, there is a tendency for errors to decrease as the

angular solid region (AngT ) is increased. This pattern is consistent with the trend seen in
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the global strain energy error metrics discussed in the previous section.

For the other local domain-based stress error measures as shown in Figs. 4.16 and 4.17, the

error values remain more or less constant with slight ups and downs (which could be due to

different underlying reasons including mesh discretization, inherent numerical

extrapolation effect etc. and fuzziness in the system). Thus, the errors in maximum

principal stresses in the local domains do not significantly vary and are scattered with

noise and fuzziness due to previously mentioned reasons. This could be due to the fact that

these domains are all solid regions with similar mesh discretizations in both the full-fidelity

models and the multi-fidelity models. Moreover, as soon as a minimum required solid

regions are used away from the tank walls, i.e. minimum practical values of NbTank and

AngT , there is very negligible difference between the corresponding domains. This is

further coupled with the inherent scatter and noise in the system.

(a) (b)

Figure 4.15: Effect of multi-fidelity parameters on the domain-wise maximum principal
stresses of baseline geometry: (a) local domain A ; (b) local domain B.
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(a) (b)

Figure 4.16: Effect of multi-fidelity parameters on the domain-wise maximum principal
stresses of baseline geometry: (a) local domain C ; (b) local domain D.

(a) (b)

Figure 4.17: Effect of multi-fidelity parameters on the domain-wise maximum principal
stresses of baseline geometry: (a) local domain E ; (b) local domain F.

The domain-wise and global volumetric strain energy relative errors are between the

full-fidelity and multi-fidelity models are bounded around 7% for all the multi-fidelity
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combinations investigated. Thus, there is an excellent agreement between the full-fidelity

models and multi-fidelity models, and the presented coupled shell-solid models can be

utilized with confidence for a range of large submarine tank structures. A comparison of

the computational costs of different modeling fidelities was presented in Fig. 3.43 for the

baseline tank model, which demonstrated the efficacy of utilizing multi-fidelity models for

the complicated tank structure.

4.6 Multi-Fidelity Modeling Recommendations for

the Tank Structure

Table 4.5: Modeling recommendations for the complex submarine tank structure.

Bound NbTank AngT

Practical 0.5 5.0

Conservative 1.5 30.0

Based on the parametric investigation performed, a minimum practical solid region in the

critical areas is sufficient to provide excellent accuracy with significant computational

savings. It was also observed that the effect of increasing solid region above the tank-top

has a higher effect on improving the accuracy in the regions of interest. Hence, it would be

useful to fix the number of solid side bays (NbTank) to a minimum practical value and

increase the amount of angular solid region (AngT ) above the tank-top wall. Table.4.5

provides some practical and prudent bounds that can be applied when developing

multi-fidelity coupled shell-solid tank problems as discussed in this work.
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4.7 Discussion: Effect of Multi-fidelity Parameters on

Proposed Error Measures

Based on the parametric investigation performed, it was found that for tank geometry

ranges considered and for the critical regions of interest, a solid tank region and a

minimum solid region above and sideways of the tank is sufficient to obtain very high

accuracy. Thus, the applicability of coupled shell-solid finite element models for a realistic

and global submarine tank structure by performing parametric studies of different

geometries, loads and modeling topolgies is confirmed.

With regards to the proposed error measures, it was found that because all the component

and local domains were modeled using solid elements in all the different modeling fidelities

involved and a minimum solid region away from the tank was enough, the errors were

negligible without any meaningful trends. However, the trend and the effect of variation of

the multi-fidelity parameters is clearly visible on the global strain energy measure, which

could be attributed to the fact that this value is affected by both the solid and shell regions

of the model.

Application to more complex problems would confirm the benefits of using localized error

metrics for providing reliable comparison between different modeling fidelities.

Additionally, there will always be slight uncertainties involved in FE modeling of complex

structures due to fuzziness in mesh discretization, inherent numerical uncertainties etc. and

thus, a tool that takes into account the fuzziness and provides optimal modeling

recommendations is highly desirable.

Chapter 5 presents a framework for decision tree based fuzzy inference system, to provide

reliable modeling recommendations regarding the optimal modeling fidelity choices for a
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coupled shell-solid models. The proof-of-concept for this expert system is demonstrated

with a component level T-joint structure.



Chapter 5

Making Finite Element Modeling

Choices using Decision Tree based

Fuzzy Inference System

This chapter presents a manuscript that is submitted to the AIAA Journal and is currently

under review.

1

1Palwankar, M., Kapania, R.K., Hammerand, D., “Making Finite Element Modeling Choices using
Decision Trees based Fuzzy Inference Systems,” AIAA Journal (submitted and under review).
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5.1 Abstract

This work presents a Decision Tree (DT) based Fuzzy Inference System (FIS) for making

optimal choices in the development of reduced-order Finite Element (FE) models; in our

case, coupled shell-solid multi-fidelity models. FE analysis is widely used to simulate the

real-world response of complex engineering structures and requires a high-level of expertise

for making a-priori modeling decisions. Many times, these decisions are quite subjective in

nature and lead to significant analyst-to-analyst variability, which in turn leads to

considerable differences in engineering solutions. An expert system that recommends

optimal modeling choices would notably reduce such variability. Expert systems utilize a

knowledge base, developed by a subject matter expert, which is not always easy for

complex structures. This work assesses the potential of interpretable machine learning

(DTs) to create data-driven rules that could be utilized by a FIS to make modeling choices

for a multi-fidelity T-joint model. Specifically, the FIS takes the structural geometry and

desired accuracy as inputs, and infers the optimal 2D-3D topology distribution. Once

developed, the FIS is able to provide real-time optimal choices along with interpretability

that fosters analyst’s confidence. The utilized framework can be generalized to complex

non-linear finite element modeling and adaptable mesh generation.

5.2 Introduction

Finite element analysis (FEA) is widely used to numerically simulate the real-world

response of complex engineering structures. It attempts to approximate the solution of a

partial differential equation by discretizing complex continuum domains into finite

elements and by using these elements to develop a set of linear or non-linear algebraic
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equations [4]. There are various element types available that can be utilized, and a

structural analyst usually makes choices based on their experience and expertise to select

the most appropriate element configuration.

In general, 3-D solid finite elements have no a priori assumptions about the structural

response and hence provide higher accuracy with adequate discretization. However, using

them quickly becomes computationally expensive. Shell elements, on the other hand, are

relatively economical for thin structures, but have certain restrictions in terms of structural

response in the shell’s transverse direction. In aerospace and automotive industry,

thin-walled structures are commonly employed which can be analyzed using shell finite

elements to represent the mid-surface mesh of the structure. Shell elements have multiple

integration points through the thickness along with rotational degrees of freedom to include

bending effects, whereas solid elements only have translational degrees of freedom. Hence,

under bending loads, multiple solid elements are needed through the thickness of the

structure to capture the bending response. In situations like these, it is more convenient to

utilize 2-D surface elements like shells, which neglect both normal and transverse shear

stresses in the thickness direction. However, utilization of only shell elements in the

presence of complex structures (having connections, joints etc.) is problematic [8].

As a way to combine the benefits of different element types, mixed solid/shell models are

utilized [10, 13, 14, 16, 58] to capture the critical features of a complicated structure with

significant reduction in the global degrees of freedom as compared to a full 3-D solid

model. Note that careful consideration of the 3D-2D coupling is required to avoid errors in

the complex regions of interest. Such multi-fidelity models are common in the initial design

stages rather than during the final steps, wherein full fidelity models are employed for

highest accuracy. As compared to a sub-model, which requires a two step analysis,

including an initial global analysis followed by a sub-model analysis, the coupled shell-solid
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model uses a single step analysis. Krueger et al. [13] presented a shell/solid modeling

technique for analyzing delaminated composite laminates. Other works by Krueger et

al. [9, 14], used shell/3D modeling technique for analyzing skin-stiffener debond specimens

and performing debonding. Figure 5.1 shows a typical multi-fidelity shell/3D model

developed by Krueger and Minguet [9] to analyze a debond-panel specimen. Peric et

al. [58] utilized a shell/3D model to perform a numerical and experimental investigation of

residual stresses and distortions due to a welded T-joint using a shell/solid modeling.

Figure 5.1: Example of a shell/3D model utilized by Krueger et al. [9] for debond specimens.

Complex computational simulations with adaptive optimizations are clearly on the rise and

multi-fidelity models are being increasingly sought. Development of such a multi-fidelity

model, however, requires crucial a-priori modeling choices to be made regarding its

geometric fidelity. Many times, these modeling decisions can be quite subjective in nature

and lead to significant analyst-to-analyst variability in critical modeling choices, which in

turn leads to considerable differences in obtaining reliable engineering solutions. Glickman

and Romero [37] demonstrated the significant effect of analyst-to-analyst variations in the

development of computational models, and the need for efficient ways to eliminate them.

This is especially important in complex structures with multiple connections, where a shell
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model would be insufficient but a full solid model is computationally expensive. The ideal

procedure is to only use 3-D solid elements where it is critical to capture the details of the

transverse structural response and to model the remaining thin-walled areas (often the

largest portion) with shell elements [38]. However, the problem of determining element

topologies in a multi-fidelity model is itself fuzzy in nature and depends strongly on the

context of the problem [39]. Moreover, this choice becomes additionally vague during the

preliminary design of complex engineering structures or analysis of aging structures where

the effect of geometry, loading and environment conditions is not precisely known [40].

This leads to significant on-going adjustment of model development in industry and is still

a major bottleneck. In the review work by Naganarayana and Prathap [7], the need for an

expert system in modeling complex structures is emphasized. A decision support system

that recommends optimal modeling choices can aid in removing this subjectivity and

thereby help analysts make confident choices.

Many researchers have focused on developing an intelligent system for structural analysis.

Novak et al. [41] summarized the state-of-the-art of structural analysis based design

improvements into a collective advisory intelligent support system. This work

demonstrated the usefulness of such expert systems in the design of new products or as an

educational tool. Breitfeld et al. [42] presented an expert system using a knowledge base

and object oriented programming for the verification of finite element analysis. In another

work, Dolsak et al. [43] proposed an intelligent decision support for structural design

analysis and emphasised the useful of such an intelligent advisory tool. Another advisory

system was developed by Hetey et al. [44] for reliable FEM modeling in aerospace. This

tool involved global as well as specific knowledge rules in the form of dialogue boxes for

selecting element types, boundary conditions etc. These works, however, utilized knowledge

bases which were prepared by subject matter experts. For complex structural models, there
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is hardly a binary decision regarding different modeling choices and hence, the development

of a rule base is not straightforward.

Some researchers have focused on building expert systems using machine learning

techniques like Artificial Neural Networks (ANNs). Yeh et al. [45] presented an expert

system for debugging FEM input data using ANNs and showed that ANNs can work

sufficiently as a knowledge acquisition tool. However, a major limitation of Yeh et al.’s

work was that the ANNs that they employed lack the ability to explain their reasoning,

which is critical for establishing user confidence. Another work by Li et al. [46] presented a

hybrid expert system for finite element modeling of fuselage frames. Although they utilized

ANNs for classifying different frame structure types, the knowledge base was developed

manually using expert knowledge.

There is a significant demand for an expert system framework which can learn rules

automatically and also be consistent with physics of the problem to provide intelligent

support for complex FE multi-fidelity modeling decision making. This work presents an

expert system using fuzzy logic and Decision Trees (DTs) for recommending the optimal

modeling choices for developing multi-fidelity models. Fuzzy logic, first introduced by

Zadeh [47], has gained popularity due to its successful implementation in application areas

of automatic control, expert systems, fault diagnostics, decision analysis etc. Fuzzy systems

have shown success with treating imprecise and subjective information into the decision

making of engineering systems[40, 48]. Work by Manetviz et al. [49] on utilizing soft

computing for automating FEM is worth mentioning. The authors argued that the overall

intelligent FEM package is a ‘test-bed’ for many fuzzy computing techniques.

Mamdani Fuzzy Inference System (FIS) is a control system that can make conclusions

blending together a set of linguistic control rules obtained from human experts. It has been

widely utilized to develop expert systems for a variety of problems where fuzzy diagnostics
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is useful. An important input to the fuzzy systems are the system rules, which have been

developed using experience of human experts. Rao et al. [51] developed a fuzzy logic-based

expert system to predict the results of finite element analysis by using element size and

shape ratio as inputs. Their work showed that fuzzy logic can predict FE results within

reasonable accuracy. Their approaches utilized manual knowledge base construction as well

as Genetic Algorithm (GA) based rule extraction. The GA knowledge base although

data-driven, is both dependent on the encoding of the rules and is computationally

expensive. Another work by Sangiovanni et al. [52] presents a fuzzy logic based finite

element mesh design. The authors emphasized the benefit of learning using learning

algorithms such that the rules can be adapted to different problems, as compared to the

classical mesh adaptive methods which are sensitive to changes in the geometry.

This is where decision trees prove can be especially attractive, since they automatically

learn decision-making rules from the data and can be extracted by simply traversing paths

from the root to nodes in a trained model. This concept has been proposed and effectively

used in the past [54, 55, 56, 57] for different applications. Decision trees have been widely

used for extracting rules and performing classification for different applications. As

compared to black-box classification and prediction models like ANNs and Support Vector

Machines (SVMs), decision trees have the advantage of being easy to interpret and also

visualize in a tree structure. More importantly, decision trees directly learn rules from data

in the form IF-THEN blocks which can then be easily utilized to develop a fuzzy inference

system. The learning ability of decision trees to provide rules for fuzzy systems, which

utilize high-level human-like reasoning has been proved to be effective and easier to

interpret. Until now, significant work has not been performed to develop an expert system

that provides optimal element topology recommendations for multi-fidelity models. This

paper focuses on the implementation of an expert system framework using decision trees
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and fuzzy logic for making modeling recommendations for developing optimal multi-fidelity

models (coupled shell-solid).

Although the capability of the proposed framework is demonstrated using a T-joint

structure, this methodology can be readily transferred to more complex structural

configurations. The paper makes the following contributions:

1) Implementation of a decision support system for modeling choices for the development

of multi-fidelity models.

2) Consideration for imprecise data for modeling recommendations using fuzzy logic.

3) Utilization of decision trees to extract fuzzy rules for modeling recommendations which

lead to an automated knowledge base related to structural behavior.

The paper is structured as follows: Section II contains the methodology used for designing

numerical experiments and generating data for the static analysis of a T-joint. Section III

contains a theoretical background on fuzzy logic-based Mamdani inference system and

decision trees, along with the developed expert system framework. Finally, conclusions and

future work have been discussed in the section IV.

5.3 Methodology

5.3.1 Hierarchical Qualification Approach for Multi-Fidelity FE

Modeling

A hierarchical qualification/validation approach is implemented as a preliminary step

towards comparing models with different fidelities in Fig. 5.2. Note that Fig. 5.2 is adapted

from the ASME guide on verification and validation [61] and enhanced with the notion of

hierarchical qualification which will be explained subsequently. Although, a final
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assessment of computational models must include experimental results, it is not always

possible to perform physical experiments or often, such data is not available until later

years in an overall development program. In such cases, a hierarchical qualification scheme

can be utilized to compare lower and multi-fidelity models against the ones with higher

fidelity and gain confidence in modeling results. Note that a higher fidelity model is not

intended to be restricted to verification refinements (e.g., refined meshes) but rather, they

can involve additional physics in their modeling. Here, a higher fidelity model involved

detailed geometric representation with higher element fidelity (e.g., 3-D continuum solid

versus 2-D shell). This paper is solely focused on multi-fidelity models involving solid

versus shell modeling. In particular, the C3D8 and the shell S4R elements of

Abaqus/Standard are utilized as representatives of three-dimensional and shell elements

respectively. However, our approach can be applied to any set of solid and shell elements.

A multi-fidelity model leads to situations where the solid element’s surface needs to be

numerically compatible with the shell edge as shown in Fig. 5.3. In this work,

Abaqus/Standard is utilized to employ coupling constraint equations to ensure that the

bending rotations and moments are correctly transferred between the two domains in a

self-equilibrating manner [11]. Note that shell-solid coupling is a source of error in the

immediate vicinity of the coupling region and care is taken to place the shell-solid coupling

regions away from the regions of interest.
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Figure 5.2: A hierarchical qualification approach used for comparing different fidelities.

Figure 5.3: Shell regions (shown in blue) are connected to solid regions (shown in orange)
at the shell-to-solid interface using a set of internal coupling constraints.
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5.3.2 Design of Experiments: T-joint Structure

A T-Joint component is representative of many structural connections in engineering

applications. Although using a multi-fidelity model for a T-joint might not result in

significant savings for static analyses, studies [58] have shown the importance of

multi-fidelity T-joint models for nonlinear analyses. The T-joint structure needs solid

elements near the joints to capture local 3-D stresses, but for regions relatively far away

from the joint, shell elements can be used. Thus, utilizing a combination of both

approaches is ideal for achieving efficiency and accuracy. Hence, for this work, a T-joint

static analysis was chosen as a demonstration structure to assess the potential of using

decision trees rules-based fuzzy inference system for providing modeling recommendations.

Figure 5.4: T-joint multi-fidelity model: (a) geometry parameterization; (b) side view of the
solid section’s geometric parameters.
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Geometry Parameters

The geometry of the T-joint is parameterized for comprehensive study as shown in Fig.5.4.

The overbar denotes the non-dimensional quantities which are expressed in terms of the

length of the horizontal and vertical members l1 and l2, respectively, as given below.

l̄1 =
l1
l2
, l̄3 =

l3
l2
, c̄1 =

c1
l2
, t̄1 =

t1
l1
, t̄2 =

t2
l2
, d̄1 =

d1
l1
, d̄2 =

d2
l2

Here, l̄1, l̄3, c̄1, t̄1, and t̄2 are the non-dimensional geometric input parameters defining the

structure, whereas, d̄1 and d̄2 are the relative 3-D region sizes near the T-corner. The

following constraints have been applied on the parameters for the multi-fidelity geometry

to be valid:

l̄1, l̄3, c̄1, t̄1, t̄2, d̄1, d̄2 > 0

0 < c̄1 < 1, 0 < d̄1 ≤ 1

0 < d̄2 ≤ min[1, 2c̄1, 2− 2c̄1]

The bounds for the geometric input parameters are chosen such that no dimension becomes

too large as compared to the other dimensions. For the mid-fidelity parameters, a practical

value of 0.2 (20 percent) is considered to be minimum. Figure 5.5 shows some

representative geometries created using the sampling process with the geometry upper and

lower bounds given in Table 5.1.

Table 5.1: T-joint parameter upper and lower bounds.

Bounds l̄1 l̄3 t̄1 t̄2 d̄1 d̄2
Lower Bound 0.50 0.50 0.02 0.05 0.2 0.2
Upper Bound 1.50 1.00 0.04 0.10 0.95 0.95
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Figure 5.5: Representative geometries created using LHS.

Load Combinations

The methodology utilized for generating Latin Hypercube Sampling (LHS) data points for

multi-fidelity models with several geometric realizations and various load combinations is

shown in Fig. 5.6. Three LHS samplings are used to select each aspect of the model. A

unit-load approach is adopted where the baseline results for each type of load with a unit

magnitude are obtained and then are linearly combined together to give the outcome for

any arbitrary load combination as shown in Eq.5.1. Such a superposition technique can be

applied for linear elastic material models with linear boundary conditions and small

deformations. The individual displacement, stress and strain components add linearly,

whereas combined results like max and min principal stresses, von Mises stress, and strain

energy density do not. These values can be calculated after linear superposition has been

performed on the corresponding stress and strain components.

f(ax+ by) = af(x) + bf(y) (5.1)

Two unit-load cases corresponding to edge loadings of the horizontal member have been
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Figure 5.6: Multi-level DOE scheme employing LHS sampling of geometry, modeling fidelity,
and loads.

utilized (Eq. 5.2). Because the modeling recommendations for linear analysis will only

depend on the ratio of the various load components and not their individual magnitudes,

the LHS selection is performed using polar or spherical coordinates to express the ratio in

terms of the angular measures. Using such angular measures to define load ratios is

illustrated in Fig. 5.7.

F̄combo =
1

wall

(w1Fy + w2My) (5.2)

Principal stresses and strains are calculated using the eigenvalues of the stress and strain

tensors, respectively. Comparison between different fidelities was performed using the

critical max principal stress over the entire structure. Finally, an overall load scaling by

choosing wall such that it gives a unit maximum principal stress for the high fidelity model

and comparisons are made between models of different fidelities. All model representations
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Figure 5.7: Load combinations using Latin Hyper Cube sampling: (a) design space for loads
in 2 dimensional loading; (b) design space for 3 dimensional loading.

of a single geometry realization are analyzed under the same load combinations. For any

given model, the results post-processing involved the following steps:

1. Extract results from unit load analyses

2. Scale and superimpose unit load results to give combined loading results

3. Extract quantities of interest from combined loading results

4. Determine differences in quantities of interest between hi-fidelity and multi-fidelity

models

Figure 5.6 shows the multilevel design of experiments scheme for data generation for

predicting modeling errors. The average error in the results for the range of load cases

considered is calculated for each multi-fidelity realization of a particularly sized structure.

For each data point in the design space, discrete values of d̄1 and d̄2 are used to create

multi-fidelity models using Abaqus/Standard [62]. The unit load results include a
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transverse load (Fy) and a bending moment about the transverse-axis (My), as shown in

Figure 5.8. The unit load cases are run as independent linear steps in a single

Abaqus/Standard simulation for a given geometry realization. Loads are applied to the

right horizontal surface using a reference point definition. Although, the use of a reference

point makes the load application region slightly rigid, it ensures appropriate equivalent

load application on the solid surface in the full fidelity model and shell edge in the

multi-fidelity model. The T-joint structure is studied under a fixed boundary condition as

shown in Fig. 5.8. Note that as shown in Fig. 5.9, results from regions near the applied

boundary conditions (5% of l3) and near the free edges (10% of d1), are not considered to

avoid errors due to boundary effects.

Figure 5.8: T-joint multi-fidelity model: (a) loads applied at the free end; (b) boundary
conditions applied at the ends.
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Figure 5.9: Results region of interest shown in orange and discarded regions in gray color.

Mesh Parameters

The solid models are meshed using 3-D continuum elements C3D8 (full integration) while

the multi-fidelity models utilize a combination of C3D8 full integration and S4R shell

elements, where s4R is a 4-node shell element with reduced integration and hourglass

control. The solid meshes are created by fixing a minimum of 3 elements through the

thickness and increasing it depending on the thickness of the horizontal and vertical

members. In order to make sure that there is minimal effect of noise due to the mesh size

used, a very refined global mesh size was employed by using the h-convergence scheme for

all the geometries. Figure 5.10 shows a typical mesh for a sample geometry. The mesh

resolution used in the full solid and the mixed-fidelity models was kept the same for

consistent comparison. A database is developed for several T-Joint configurations and their

corresponding mixed-fidelity model combinations. A total dataset of 3000 data points with

30 geometric parameter sets, each with set 100 multi-fidelity model representations, is

constructed. The average error for each mid-fi model is calculated using 100 load
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combinations. The entire data generation process including parametric geometry creation,

model definitions and results extraction is performed using Abaqus/CAE and

Abaqus/Standard scripting in Python.

Figure 5.10: Typical refined mesh for a sample geometry: (a) color-coded T-joint members;
(b) zoomed-in view of the mesh.

Figure 5.11 shows the maximum principal stress contours for a sample full solid and a

multi-fidelity model for a particular load combination of Fy and My with a ratio of 1:2 (θ =

63.4◦). As can be observed from Fig. 5.11, the maximum principal stress occurs near the

T-joint transition and occurs nearly at the same location for the full solid and multi-fidelity

model. Hence, an error metric based on the maximum principal stress in the structure is

utilized to compare the models with different fidelities for various load combinations and

then averaged to provide an average error for a particular mixed fidelity topology.
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Figure 5.11: Maximum principal stress contours for a combined Fy and My loading (ratio:
1:2) (a) full solid, (b) multi-fidelity model.

5.3.3 Data Pre-processing

During the data generation process, data points with d̄1 and d̄2 less than 0.2 are generated.

However, it is decided that for practical purposes, it is appropriate to consider a relative

minimum 3-D region of 20 percent. Hence, these data points are eliminated from training

dataset utilized for the machine learning model development. A comparison of the full solid

and the several multi-fidelity T-joint models results in error values below 6 percent.

Although the errors were not extremely critical, the error trends still highlight the effect of

increasing 3-D topology in the critical regions to reduce errors, and thus are still useful in

assessing and demonstrating the proposed approach. Of course, higher errors are expected

in more complex problems.

Figures 5.12, 5.13, and 5.14 show the effect of d̄1 and d̄2 on the error values of maximum

principal stress for different sample geometries. It is observed that for some geometries, the

effect of an increase in d̄2 shows a monotonic decrease in error levels, while for other

geometries, the effect of d̄1 is dominant, or their interaction is important. A bi-linear
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regression was performed to confirm the interaction effect of multi-fidelity parameters on

the error values and the p-values of this interaction effect were observed to be significant

for some geometries, while for others, that of individual d̄1 and d̄2 were dominant.

However, it was also observed that for most geometries, increase in d̄2 leads to consistent

downward trend in error values.

Figure 5.12: Effect of mixed-fidelity parameters on error values for sample geometry 1: (a)
effect of d̄1; (b) effect of d̄2; (c) interaction effect of d̄1 and d̄2.

Figure 5.13: Effect of mixed-fidelity parameters on error values for sample geometry 2: (a)
effect of d̄1; (b) effect of d̄2; (c) interaction effect of d̄1 and d̄2.
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Figure 5.14: Effect of mixed-fidelity parameters on error values for sample geometry 3: (a)
effect of d̄1; (b) effect of d̄2; (c) (c) interaction effect of d̄1 and d̄2.

5.3.4 Conversion of Numerical Values into Categories using

Fuzzy C-means clustering

The error values from the data collection are converted into five linguistic categories using

fuzzy c-means clustering. This clustering technique starts with an initial guess for the

number of clusters intended and then iteratively updates the cluster centers based on an

optimization function. This function is based on the distance of a data point from its

cluster center weighted by its membership grade (incorporating fuzziness). Figure 5.15

shows the five linguistic labels and the scales at which the labels were segregated. The

numerical error ranges for the linguistic labels are presented in Table 5.2. Note that data

imbalance is observed in the dataset as a relatively high number of data points are

categorized into 0 to 0.7% (class A) and 0.7 to 1.4% (class B) error categories. As such, in

addition to ensuring high accuracy of the prediction model, the correct classification of

individual classes also needs to be verified. This can be done by computing the confusion

matrix of the classifier which is demonstrated in Section III.B.
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Figure 5.15: Categorizing error values using fuzzy C-means clustering (FCM).

Table 5.2: Linguistic error terms in numerical error ranges.

Linguistic Term Error Range
A 0− 0.7%
B 0.7− 1.4%
C 1.4− 2.2%
D 2.2− 3.4%
E 3.4− 5%
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5.4 Decision Tree Rules based Fuzzy Logic Classifier

5.4.1 Fuzzy Logic

Fuzzy logic was first introduced by Zadeh [47] in 1973. Since then it has become very

popular in dealing with uncertain and imprecise data which is commonly encountered in

real-life engineering applications. The applications range from industrial processes to

consumer products to decision support systems. A fuzzy logic based inference system

makes decisions based on a set of rules. Development of fuzzy inference system has three

main features: (a) input/output membership functions and (b) rule-base and (c) fuzzy

logic operations. A fuzzy membership function is a mathematical function which defines an

element’s degree of membership in a set. An element can belong to multiple sets with

varying degrees of membership as compared to a Boolean set. Thus, the standard logical

set operations like A AND B, A OR B , NOT B etc. are replaced with min (Ã, B̃),

max(Ã, B̃), and 1− Ã where Ã and B̃ are fuzzy sets [56]. Fuzzy logic converts the fuzzy

sets into linguistic variables such that the rule base can be represented in the form of

‘IF..THEN..’ rules.

Real world data does not have crisp defined values (e.g., statistical variation of material

properties) and hence obtaining crisp error assessment may not be critical. Instead, an

approximate error estimate of a multi-fidelity model could be more helpful. Hence, this

problem can be modeled appropriately using fuzzy logic. In this work, the Fuzzy Inference

System (FIS) toolbox as available in MATLAB based on Mamdani type is utilized. A

rule-based is developed using decision trees. Such an approach makes use of the benefits

offered by decision trees as well as fuzzy logic. The goal of this framework is not to make

perfect guesses of the error values or precise topology distributions, but to make

predictions with the correct trends. Hence, in this regard, using the fuzzy inference system
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is appropriate for developing an expert system for modeling predictions. The following

section provides a brief introduction to decision trees.

5.4.2 Decision Trees

A simple example of a decision tree (DT) for a design space with two features x1 and x2, is

presented in Fig. 5.16(a). This design space needs to be classified into red and blue labels.

Figure 5.16(b) demonstrates the color-coded design space as predicted by DT. The

structure of the tree is shown in Fig.5.17. A decision tree has a three types of nodes: (a)

the root node at which an attribute split is made, (b) the internal node which are derived

from the splits made at the top nodes, (c) leaf nodes which perform the final prediction.

Since, the input parameters, x1 and x2 are numerical, the tree performs splits at the

numerical values of the input attributes, namely at x1 = 3.35 and then at x2 = 3.2. It can

be observed that the tree makes predictions by dividing the design space and using if-block

conditions from the root node to a terminal node. Also, it can be noted that in this

example, the design space is slightly mixed and that the decision tree predicts the most

dominant class in a region and ignores the less frequent values. The choice of the best

criterion to split on is made by using the concept of impurity measures, which assesses the

goodness of a split. There are a number of splitting rules available including the Gini

index, Class Probability, Twoing rule and Entropy. The standard Classification and

Regression Tree (CART) algorithm uses the Gini index and is sometimes biased in a way

that it could make multiple splits on an input variable with continuous values as compared

to an input variable with categories,i.e., having discrete values. This could mask more

important predictors and miss significant interactions between inputs and response.

MATLAB [53] recommends using a ‘Interaction-Curvature’ based split predictor selection

technique when a combination of continuous valued and categorical valued input features
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exist. This has the capability to reduce the bias and enhance the tree interpretation. This

is because it performs Chi-square tests of independence between each predictor and the

response. If the p-value of this test is less than a threshold, the null hypothesis is rejected

and the feature is selected to be split on. Thus, the most important feature interacting

with the response variable will be split first, thereby also providing the level of predictor

importance related to the problem. Moreover, it also considers the interaction between a

pair of predictors and response. In this work, the ‘Interaction-Curvature’ based split

criterion is used, as there are continuous-valued and categorical features to be used and

tree interpretation is important. The main features that make decision trees an attractive

approach are that they can model complex relationships without a priori assumptions and

can handle numerical, as well as categorical attributes. Along with this, DTs offer easy

interpretation and visualization that mimics human decision making process.

Figure 5.16: A simple classifier for numerical input parameters:(a) design space; (b) visual-
ization of the design space.

5.4.3 Decision Tree for predicting T-joint Mixed Modeling Error

Figure 5.18 shows the crisp decision tree developed for the prediction of error in the mixed

FE model. The splits made by decision tree also demonstrate the features that contribute
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Figure 5.17: Trained decision tree from the simple design space.

the most for classification (based on the appearance of the features from top to bottom).

This property of decision tree is used to make feature selection and all the input variables

are used for the initial tree development. It can be observed that l̄1 is the most dominant

feature that is used by the decision tree for grouping different geometries. It is important,

when training a decision tree, to keep it simple to make the most of its interpretability.

Also, as the tree depth increases, the tree tends to over-fit the data. Hence, a study of the

variation in the cross-validation error with an increase in the number of splits is performed,

and a tree depth of around 20 splits is considered sufficient. The confusion matrix of the

tree is shown in Fig. 5.19. This matrix allows the visualization of the performance of an

algorithm, where the rows labels correspond to the actual class label and the column labels

denote the predictions made by the trained model and the numerical values give the DT

classification. As can be observed in Fig. 5.19, the diagonal values show significantly higher

values indicating the adequate performance of the classifier. A modified accuracy of the

classifier can be calculated using the confusion matrix to include the number of correct

predictions to the total number of predictions for each class label.
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Figure 5.18: Decision Tree predicting error levels arising from multi-fidelity T-joint models.

Figure 5.19: Confusion matrix of the decision tree predicting error levels (DT-I).
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5.4.4 Decision Tree for predicting optimal modeling choices

Generation of Optimization Data

The first decision tree predicting errors arising from the variation of multi-fidelity

parameters could be used by an analyst to make modeling decisions that lead to sufficient

accuracy. However, in order to consider both accuracy and efficiency, it is important to

make nearly optimal choices. Thus, rather than utilizing the first decision tree to predict

error, it would be beneficial to utilize this decision tree in an optimization loop to generate

a new dataset that involves the optimal choices for different geometry and error

combinations. This dataset can then be employed to develop another decision tree (DT-II)

that predicts optimal modeling recommendations. This procedure is also known as

’predict-then-optimize’ approach which is widely used for combining optimization using

machine learning approaches. The objective function for this problem can be stated as

maximization of the 2-D topology in the multi-fidelity model such that sufficient accuracy

is achieved based on the acceptable error level. This can be written as a minimization

problem of the form,

f(x) =
1

Ω2

(5.3)

The 2-D region can be defined as the volume of the 2-D part in the T-joint structure as

shown here 5.4.

Ω2 = (l1 − d1)t1l3 + (l2 − d2)t2l3 (5.4)

The error levels can be added as constraints to the objective function. Each constraint can
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be written as

gi = DTi/U
max
i − 1 ≤ 0 (5.5)

where DTi is the error from the multi-fidelity model as predicted by DT-I and Ui is the

accepted error level. This constrained optimization problem can then be converted into a

unconstrained one using the penalty approach.

h(x) = f(x) +K
(∑

max(gi, 0)2
)

(5.6)

where K is 1, 000, a very large number.

Using this optimization formulation, a new dataset with 20, 000 points is generated which

includes optimal discrete values of d̄1 and d̄2, for different error levels and geometric

configurations. In particular, five different error levels ranging from below A,B,C,D and E

were considered. For each acceptable error level, the optimal modeling recommendations

(d̄1) and (d̄2) are selected using grid-based optimization for a particular structural

configuration. A pre-processing step of the new data revealed that a minimal d̄1 value of

20% is always sufficient. Hence, only the effect of increasing d2 on accuracy can be

considered significant. The optimal values of d2 are found to be varying from 0.2 to 0.7 and

are clustered into three categories for simplicity and easier interpretability. The optimal

values ranging from 0 to 0.3 represent ‘Small’ category, values from 0.3 to 0.5, ‘Moderate’

category, and values greater than 0.5, ‘Large’ category.

Decision Tree Predicting Optimal Multi-fidelity Levels

Utilizing the optimization dataset developed, a second decision tree (DT-II) is trained that

can predict the optimal values of d̄2. The decision tree is trained with a maximum of 22
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(a)

(b)

Figure 5.20: DT-II parameter selection; (a) maximum number of 22 splits gives the best
cross-validation error; (b) decision Tree predicting optimal modeling choices for developing
multi-fidelity T-joint models.
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node splits based on the trend of the cross-validation error performance as shown in

Fig. 5.20. The obtained decision tree is further pruned by 3 levels (Fig. 5.21) to avoid

over-fitting and with a motivation to obtain easier rules that make sense with respect to

the physics of the structure. The levels pruned involved node splits of the input variable l̄1

at very close values (0.902, 1.037) which signify over-fitting in the design space and can be

merged under a single split value of the input variable l̄1 at the root node. Moreover,

pruning these levels do not significantly affect the performance of the model based on the

confusion matrices. In fact, pruning these levels makes the interpretation based on l1 easier

as this input variable is now only split into two membership functions, ‘Small’ and ‘Large’.

The confusion matrix of the pruned tree given in Fig. 5.22 shows that it can be reliably

used to make predictions for different class labels. The goal of this framework is not to

make perfect guesses of the error values or precise topology distributions, but to make

predictions with the correct trends. As compared to a trained Artificial Neural Network

(ANN) which generally is black-box model, decision trees combined with fuzzy logic

provides reliable predictions with interpretability that increases the confidence in the

model predictions.

5.4.5 Fuzzy Inference System

Once the decision tree for optimal modeling recommendations is trained, the crisp decision

rules are utilized to develop membership functions for the inputs and output of the fuzzy

inference system. Figure 5.23 shows the process of a Mamdani-type fuzzy inference system.

Real valued geometry inputs and mid-fi modeling parameters are fuzzified and fed to the

inference system. This system then utilizes the stored rule-base to infer a fuzzified output

which is then defuzzified to give out a crisp output. This work uses the fuzzy logic

application as available in MATLAB®[53].
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Figure 5.21: Further pruning of the decision tree by 3 levels to avoid over-fitting and achieve
easier interpretability.

Figure 5.22: Confusion matrix for DT-II.
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Figure 5.23: Mamdani type fuzzy logic based inference using data-driven rules from the
decision tree.

Input and Output Membership functions

The membership functions for the fuzzy system variables are defined according to the node

split thresholds on the branches of the decision tree. The input variables, l̄2, l̄3, t̄1, t̄2 and

d̄2 are utilized to develop the antecedent part of the fuzzy inference system. The

membership functions are selected to be of the form of trapezoidal functions because of

these functions’ simplicity and thus speed. From the structure of the decision tree, it can

be observed that l̄1 is branched once at the root node in the tree structure. Hence, for this

variable, two membership functions are defined. Similarly, membership functions for the

other variables are defined as shown in Figs. 5.24, 5.25, 5.26, 5.27, 5.28 and 5.29.

5.4.6 Rule-base from Traversing Decision Trees

Once the input and output parameters are fuzzified using the membership functions and

the fuzzy boundaries based on the information from the decision tree, the rules can be

written in the form of IF-THEN statements. For simplicity, all the rules are given equal



5.4. DECISION TREE RULES BASED FUZZY LOGIC CLASSIFIER 141

Figure 5.24: Fuzzy membership function for the input variable l̄1.

Figure 5.25: Fuzzy membership function for the input variable l̄3.

Figure 5.26: Fuzzy membership function for the input variable t̄1.

weights in the fuzzy inference system, and are evaluated in parallel in the system. Rules

obtained from a decision tree can be verified using domain knowledge as a sanity check.

Rule 1: If l̄1 is (Small) & Error is (NOT A), then d̄2 is (Small).

Rule 2: If l̄1 is (Small) & l̄3 is (NOT Large) & Error is (A), then d̄2 is (Small).
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Figure 5.27: Fuzzy membership function for the input variable t̄2.

Figure 5.28: Fuzzy membership function for the input variable error.

Figure 5.29: Fuzzy membership function for the output variable d̄2.

Rule 3: If l̄1 is (Small) & l̄3 is (Large) & t̄2 is (Small) & Error is (A), then d̄2 is (Moderate).

Rule 4: If l̄1 is (Small) & l̄3 is (Large) & t̄2 is (Large) & Error is (A), then d̄2 is (Large).

Rule 5: If l̄1 is (Large) & t̄1 is (Small), then d̄2 is (Small).

Rule 6: If l̄1 is (Large) & l̄3 is (Small) & t̄1 is (Large) and Error is (A), then d̄2 is

(Moderate).

Rule 7: If l̄1 is (Large) & l̄3 is (Small) & t̄1 is (Large) and Error is (B), then d̄2 is
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(Moderate).

Rule 8:If l̄1 is (Large) & l̄3 is (NOT Small) & t̄1 is (Large) and Error is (A), then d̄2 is

(Large).

Rule 9: If l̄1 is (Large) & l̄3 is (NOT Small) & t̄1 is (Large) and Error is (B), then d̄2 is

(Large).

Rule 10: If l̄1 is (Large) & l̄3 is (NOT Small) & t̄1 is (Large) and Error is (C), then d̄2 is

(Small).

Rule 11: If l̄1 is (Large) & l̄3 is (NOT Small) & t̄1 is (Large) and Error is (C), then d̄2 is

(Small).

Rule 12: If l̄1 is (Large) & l̄3 is (Small) & t̄1 is (Large) and Error is (D), then d̄2 is

(Moderate).

Rule 13: If l̄1 is (Large) & l̄3 is (Small) & t̄1 is (Large) and Error is (C), then d̄2 is (Small).

It can be observed that the decision tree divides the dataset into two major clusters; (a)

geometries having longer horizontal plate relative to the vertical plate; (b) geometries that

have shorter horizontal plate relative to the vertical plate. This makes sense as the loads

are applied on the free end of the horizontal plate. Moreover, because transverse loads and

a moments about the y-axis in varying combinations are applied on the free end of the

horizontal plate, the overall bending moment from Fy increases with a larger l̄1, and hence

the effect of the thickness of the horizontal member, t̄1, becomes important in this case. On

the other hand, for a shorter l̄1, the overall effect of the moment applied about the Y-axis

dominates, which tries to twist the vertical member and hence the thickness, t̄2 is

important for this case. This effect is also captured by the decision tree and the rules

derived from the right-hand side of the tree (larger l̄1) have node splits at t̄1, whereas the

rules on the left-hand side have node splits at t̄2. Additionally, one of the rules indicates

that for a very long horizontal plate with small thickness, the small 3-D region in the
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horizontal and vertical members is sufficient to get small to very small errors. This is in

agreement with the general terms of using shell elements in long and thin plates. The effect

of width, l̄3, interacting with other variables is also captured. It can be seen that for lower

errors, a longer and wider vertical plate needs slightly larger 3-D region in the vertical

member, whereas a moderate 3-D region is sufficient for shorter widths. For shorter l̄1

(length of horizontal plate), a wider (l̄3), and thicker (t̄2) vertical plate needs relatively

higher 3-D region in the vertical member. Also, it can be observed that with the increase

in the 3-D region in the vertical members, the error is reduced. Note that d̄1 has been kept

to a minimum value of 20 percent. The extracted rule base was then fed into the MATLAB

based interactive fuzzy inference system to make optimal modeling recommendations for a

mixed-fidelity T-joint model. The inference system predicts continuous d̄2 values within the

recommendation categories. The range of output membership function is defined from 0 to

1. The fuzzy membership values from 0 to 0.3 represent ‘Small’ category, values from 0.3 to

0.5 ‘Moderate’, and values greater than 0.5, ‘Large’ category. A benefit of including

fuzziness is that the FIS employs all the rules that could affect the inference with varying

degrees at once to result in a final decision. The analyst can utilized the final defuzzified

value in an approximate fashion and also make sense of how much this value lies within a

category.
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5.4.7 Tuning of Fuzzy Inference System’s Membership Functions

using Pattern Search Algorithm

(a)

(b)

Figure 5.30: Fuzzy inference system architecture: (a) before tuning input & output mem-
bership functions; (b) after tuning input & output membership functions.

Once the basic fuzzy inference system is defined using the membership functions for inputs

and outputs, it is optimized for improved performance. The original membership functions

are tuned using pattern search algorithm, a local optimization method, for faster
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convergence of the parameter values using MATLAB. This optimization technique searches

a set of points around the current point by utilizing an adaptive mesh size to search

directions where the value of the objective function is lower than the current point. The

parameters of the trapezoidal membership functions of the input and outputs were

constrained to be within reasonable ranges such that the cross-over point between adjacent

membership functions as derived from the decision tree stays more or less the same. In

other words, the variation of the membership functions is constrained to be within a small

range. A custom cost function was defined for the tuning process, which post-processed the

crisp defuzzified values from the fuzzy inference system to categories. A root mean squared

value (RMSE) was calculated for the difference in the predicted categories and true

categories. Figure 5.30 shows the architecture of the original FIS (Fig. 5.30(a)) and the

tuned FIS (Fig. 5.30(b)). It can be observed that the membership functions of the inputs

has been slightly changed with the cost function decreasing from 0.6 to 0.51. The process

of generating an output fuzzy set with the rule base with tuned membership functions is

shown in Fig. 5.31. The first five columns indicate rules and the activated membership

functions for the geometry inputs and the accepted error limit. The last column indicates

the decision leading to the prediction for optimal d2bar. Based on the geometry and error

inputs, the corresponding membership functions, and hence the consequent rules are

activated. The vertical red lines show the location of the respective input values in the

membership functions. All the relevant rules are initiated based on the membership

function location result in a fuzzy output which then gets defuzzified by using the ‘centroid’

method. This method takes an aggregate of all the output membership functions in varying

degrees and outputs the centroid value of the total area of all the membership functions.

The time taken by the FIS to make predictions is only a few seconds and can be utilized

readily by the analysts to make optimal modeling choices in real time during the FE
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modeling process.

Figure 5.31: Interactive rule viewer (available in MATLAB) to view the inference process
based on the input values.

5.5 Conclusions

The paper contributes a novel application of decision trees (DT) and fuzzy inference system

(FIS) in the field of expert systems for providing optimal modeling recommendations

related to multi-fidelity finite element models. A predict-then-optimize approach was

utilized where a decision tree (DT-I) is first trained to predict the errors resulting from the

implementation of various multi-fidelity parameters. The error predictions are then utilized

within an optimization loop to generate a dataset that contains optimal multi-fidelity

choices for various geometry and error configurations. A second decision tree (DT-II) is

trained on the generated optimization dataset to recommend modeling choices given a

geometry configuration and acceptable error level. The extracted fuzzy rules from the
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second decision tree (DT-II) are fed to a fuzzy inference system. The results indicate that

such a system has the ability to extract useful and interpretable rules for decision making

which follow a human-like thinking process. Additionally, fuzzification using a FIS provides

robustness to the system. This, in turn, has the potential for significant savings, as the

time required for making recommendations is very low and is suitable for online

implementation. Moreover, it has the potential to remove the subjective nature of such

modeling decisions which leads to differences in critical modeling decisions.

A limitation of this approach is that not all data-driven rules can be useful. This can be

attributed to multiple factors such as the presence of noise in the data and algorithm used

for training the model. However, the interpretability of these rules makes it possible for the

analyst to make a choice regarding whether to accept or discard a particular rule in the

final expert system. On the other hand, it is also possible to add manual rules to the FIS

and combine extracted rules from multiple sources to improve the capabilities of FIS. This,

thus, provides control as well as guidance to the analyst.

Another limitation is that this approach may not be appropriate for cases where designs

with high variations are expected, such that cases in which a fuzzy logic based model

would not make sense. An example of such high-variance situations could be determination

of spacecraft trajectories which needs to be very precise. Another limitation is that with

increasing variables and the number of adjectives used for their description, the number of

fuzzy rules can become numerous and difficult to handle and may require computer

implementation. Hence, the number of features and their sets should be reduced as much

as possible. Alternatively, it is possible to obtain reduction of redundant fuzzy rules by

using optimization algorithms [63] if the learned rules are large. This could be done by

tuning the FIS for rule parameters along with membership functions. In this work, the

number of rules after pruning the decision tree were found to be reasonable and also made
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sense from physical aspects. Another approach would be to utilize a connected small tree

of fuzzy inference systems to break down a complex problem into small parts. This

approach can be further improved with an error metric that provides a combined

global-local error information from the interest regions and global regions between different

models. Additionally, the effect of h-refinement was not considered in this study. Future

studies could consider the coupled effect of element topology and mesh refinement on the

response from mixed fidelity models for an accurate error estimate.

The presented approach has been demonstrated using the multi-fidelity finite element

model development of a common engineering component, T-joint structure. This approach

could be further generalized for developing interpretable expert systems for other complex

problems to reduce the variability in computational modeling decisions present in such

problems.
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The need for robust automation of mixed-dimensional models along with optimal modeling

decisions that reduce the dependency on the expertise and experience of the analyst is

notably increasing for achieving faster and optimal designs. This dissertation made novel

contributions in accelerating the FE modeling process by developing techniques for

eliminating bottlenecks and subjectivity in the pre-processing and post-processing of

mixed-dimensional FE models of complex structures.

A framework for automated development of mixed-dimensional models with variable

elemental topology from full fidelity and structural fidelity models using parameterization,

cutting tools and scripting is detailed. Insights gained from the automation of a complex

mixed-dimensional models are discussed. Techniques like using explicit shell-solid coupling

to assemble shell and solid parts of the assembly at the boundary are proposed for

additional computational savings. A blueprint for strategic volume decomposition for

achieving robust hexahedral meshes in complicated assemblies is proposed.

An application submarine tank structure with multi-fidelity element topology was

generated and analyzed to demonstrate the capabilities of the framework presented. It was

shown that a multi-fidelity model can provide results with sufficient accuracy with

substantial cost savings as compared to full fidelity and structural fidelity models. These

models show that the integrated automation of the entire FE modeling and analysis has

the potential to provide faster and accurate solutions with significant computational

savings. It can be concluded that once scripted, the generation of mixed models can be

automated and utilized by industry for their design or optimization phases for quick and

accurate designs and analyses. Moreover, domain-based error metrics for robust

comparisons between models of different fidelities is proposed. These domains are selected

based on the critical regions away from potential singularity-causing areas. The maximum

principal stresses and strain energy totals in the local and global regions proved to be
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useful metrics for quantitative comparison between models with different fidelities.

A parametric study was performed using the automation scripts to study the volumetric

component-wise and global strain energy errors. The domains are selected based on critical

components in the model, namely, chock, tank-top and tank-walls; and are defined as

element sets in the FE models. The creation of these element sets is scripted for automated

extraction and comparison of post-processing results. It was observed that the global strain

energy error metric tends towards decreasing values as the multi-fidelity levels are

increased. It is anticipated that the domain-wise stress metrics and component-based

strain error metrics will be more useful for other complicated problems that show larger

errors between full-fidelity and multi-fidelity models. A further study on a complex model

that shows larger differences between strain and stress values for different levels of fidelities

is needed confirm the benefit of using such domain-wise error metrics.

Additionally, this dissertation contributes a novel application of interpretable machine

learning (decision trees) and fuzzy inference system (FIS) in the field of expert systems for

providing optimal modeling recommendations for developing multi-fidelity FE models. The

automation scripts developed for multi-fidelity models are utilized to generate datasets for

training this software tool. The results indicate that such a system has the ability to

extract useful and interpretable rules for decision making which follow a human-like

thinking process. Moreover, fuzzification using a FIS provides robustness to small

parameter uncertainties. The transparency and the fuzzy form of the extracted rules

produces interpretable rules that could be selected/discarded based on prior knowledge or

physics-based sanity checks by the analyst. This feature provides confidence to the analyst

in terms of utilizing the predictions of the data-driven tool along with excellent

computational efficiency. This, in turn, has the potential for significant time, effort and

cost savings.



153

Parametric studies on the effect of multi-fidelity parameters on the modeling accuracy

confirmed that a multi-fidelity model can predict structural response with sufficient

accuracy along with substantial cost savings as compared to full fidelity and structural

fidelity models. The excellent accuracy of mixed-fidelity models with minimum practical

solid regions provides confidence to the industry about the benefit of utilizing coupled

shell-solid models for computational efficiency. Moreover, it was confirmed that a minimum

practical solid region is sufficient for static analyses of different T-joint and stiffened

pressure vessels with tank configurations.

Due to the excellent agreement between the full-fidelity models and multi-fidelity models

with minimum practical solid regions, making further error reductions in the already

insignificant errors does not seem useful for the presented application geometries

(submarine tank and T-joint structure) under static loading conditions. Nonetheless, the

proposed expert system framework was assessed using the T-joint structure which

exhibited noteworthy capability in terms of useful rule-base extraction, fuzzy consideration

and computational efficiency along with and benefits for implementation to more complex

problems.

Chapter 7 identifies some potential directions for future research as well as more complex

application problems that could be more fitting for the proposed expert system

implementation.
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The proposed techniques and frameworks can be improved to further boost the speed of

finite element modeling and analysis process. This chapter discusses some limitations of

the proposed techniques in the dissertation and provides future research directions.

7.1 Automated Identification of Strategic Volume

Partitions

Even though the proposed blueprint of the volume partitioning procedure proved to be a

robust methodology for making strategic partitions to a wide range of complex tank

assembly structural configurations, the partitions to be made were pre-identified manually.

The needed cells and partitioning edges were parameterized and scripted in order to

achieve robust hex-meshable models. This blueprint of the volume partitioning procedure

can be further developed into robust algorithm for decomposing complicated assemblies

into hex meshable regions. This would mean automatically detecting the assembly interface

lines (trace features) and decomposing the volume based on the assembly topology and

curvature without needing any human intervention. Potential techniques could include use

of image-based machine learning techniques. Additionally, this blueprint can be augmented

with existing volume decomposition methods to develop a robust methodology. This would

greatly accelerate the FE modeling process and expand the design exploration space.

7.2 Improvements in the Expert System Framework

The fuzzy knowledge rules’ interpretability makes it possible for the analyst to make a

choice regarding whether to accept or discard a particular rule in the final inference
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system. The architecture of the fuzzy inference system facilitates manual addition of

experience based rules along with data-driven rules. Thus, knowledge from multiple sources

can be combined to develop a hybrid knowledge which can further improve the

performance of the decision-making tool.

One limitation of the proposed fuzzy inference system is that with increasing variables and

the corresponding number of membership functions, the number of fuzzy rules can become

enormous and difficult to handle. Hence, the number of features and their sets should be

reduced as much as possible. This could be done by utilizing a connected small tree of

fuzzy inference systems to break down a complex problem into small parts. Additionally, a

parametric study is needed to understand the coupled effect of mesh size as well as mesh

elemental topology on the accuracy of multi-fidelity models. The expert system can then

be augmented with the optimal recommendations for both, mesh size and mesh type with

optimal combination. Finally, the fuzzy inference system can be expanded to include a

feedback loop for making decisions regarding elemental and mesh topology in an adaptive

sense for time-dependent and non-linear structural problems.

7.3 Improved Sampling Methods for Reduced

Data-sets

One important drawback of implementation of any machine learning is the need for a large

dataset. For engineering problems, especially, one with non-linearity or composite

laminates, the cost of developing large number of data points for a reliable trade study can

quickly become exponentially high. In these situations, it would be beneficial to utilize

active learning (also known as ‘query learning’ techniques) to achieve high accuracy using
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Figure 7.1: Example of a composite debond specimen modeled as a multi-fidelity model for
computational savings [13].

as few data points as possible, thereby minimizing the cost of acquiring training data. The

idea is to train the machine learning model using a small dataset. Later, the model is

allowed to interactively query selected data points which seem to have high uncertainty.

This way, only data points which improve the performance are queried and greatly reduce

the number of redundant data points.

7.4 Potential Applications of Proposed Techniques for

Substantial Benefits

Applications for developing automated multi-fidelity models of other complex stiffened

pressure vessel problems including, but not limited to, optimization of aircraft fuselage,

stiffened launch vehicles with cryogenic propellant tank structures, multi-stage launch

vehicles with thick stiffeners, and optimization of ring-stiffened ocean structures with

composite laminates. Additionally, the expert system framework can be applied to more

complicated problems where the effect of 3-D stresses is pronounced. For instance,
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composite components in aerospace structures are typically made of curved or flat panels

with co-cured or adhesively-bonded frames and stiffeners. Such structures are traditionally

analyzed using plate and shell elements. However, shell elements do not account for the

correct section stiffness, kinematics, and strain energy release rates in the vicinity of

delaminations and debonds. This can be modeled with sufficient accuracy using solid

elements. However, several solid elements are needed through the thickness to model the

individual composite plies, which can make the FE model computationally expensive [9].

An example of a shell/3D multi-fidelity model developed to analyze such a problem is

shown in Fig. 7.1.

Another example would be a thick composite laminate with a bolted hole joint where 3-D

stresses are prominent depending on the loading, laminate sequence, bolt pre-load and

boundary conditions. Figure 7.2 shows an example of a full-fidelity model of a composite

bolted joint with a countersunk hole under bearing failure to due contact with the bolt.

Figure 7.4: Schematic representing utilization of the proposed expert system in an adaptive
loop for time-dependent problems.
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(a)

(b)

Figure 7.2: : Composite bolted joint under a single shear test; (a) high transverse shear
stress near the hole; (b) high transverse normal stresses near the hole [64].

Aforementioned numerical investigation work by Salerno et al. [15] to assess the accuracy

and efficiency of thin composite laminates under a uniform distributed loads found the

coupled models (Fig. 7.3) results within 10−15% of the reference solutions with a

significant speed up. The authors stated that coupled shell-solid models can offer excellent

reduction in computational costs provided the 3-D regions are sufficiently large to cover the

possible delaminations. Since the locations and size of delamination depend on the layup,

loading and other geometry parameters, the authors suggest the use of a mesh updating
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Figure 7.3: Example of a bent composite plate modeled using a coupled shell-solid approach
[15].

procedure that switches from a 2-D shell topology to 3-D solid every time a delamination

stress threshold is reached. This is where the proposed expert system framework would be

especially useful to predict the optimal 3-D regions as an open-loop or within an adaptive

mesh updating framework as shown in Fig. 7.4. Additionally, highly nonlinear finite

element models, particularly with composites can greatly benefit with the utilization of this

framework.

Finally, this framework could also be adopted by other domain-discretization numerical

techniques like computational fluid dynamics analysts for deciding the different meshing

and boundary layer parameters for complex flows. Thus, the proposed framework of

data-driven expert system has broad applications in highly complex computational

modeling applications.
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