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Multidisciplinary Optimization and Damage Tolerance of Stiffened

Structures
Mohamed Jrad
(ABSTRACT)

HE structural optimization of a cantilever aircraft wing with curvilinear spars and ribs and
Tstiffeners is described. For the optimization of a complex wing, a common strategy is to
divide the optimization procedure into two subsystems: the global wing optimization which opti-
mizes the geometry of spars, ribs and wing skins; and the local panel optimization which optimizes
the design variables of local panels bordered by spars and ribs. The stiffeners are placed on the
local panels to increase the stiffness and buckling resistance. During the local panel optimization,
the stress information is taken from the global model as a displacement boundary condition on the
panel edges using the so-called "Global-Local Approach”. Particle swarm optimization is used in
the integration of global/local optimization to optimize the SpaRibs. Parallel computing approach
has been developed in the Python programming language to reduce the CPU time. The license
cycle-check method and memory self-adjustment method are two approaches that have been ap-
plied in the parallel framework in order to optimize the use of the resources by reducing the license
and memory limitations and making the code robust. The integrated global-local optimization ap-
proach has been applied to subsonic NASA common research model (CRM) wing, which proves
the methodology’s application scaling with medium fidelity FEM analysis. The structural weight
of the wing has been reduced by 42% and the parallel implementation allowed a reduction in the
CPU time by 89%. The aforementioned Global-Local Approach is investigated and applied to a
composite panel with crack at its center. Because of composite laminates’ heterogeneity, an accu-
rate analysis of these requires very high time and storage space. A possible alternative to reduce
the computational complexity is the global-local analysis which involves an approximate analysis
of the whole structure followed by a detailed analysis of a significantly smaller region of interest.
Buckling analysis of a composite panel with attached longitudinal stiffeners under compressive

loads is performed using Ritz method with trigonometric functions. Results are then compared



to those from Abaqus FEA for different shell elements. The case of composite panel with one,
two, and three stiffeners is investigated. The effect of the distance between the stiffeners on the
buckling load is also studied. The variation of the buckling load and buckling modes with the
stiffeners’ height is investigated. It is shown that there is an optimum value of stiffeners’ height
beyond which the structural response of the stiffened panel is not improved and the buckling load
does not increase. Furthermore, there exist different critical values of stiffener’s height at which
the buckling mode of the structure changes. Next, buckling analysis of a composite panel with two
straight stiffeners and a crack at the center is performed. Finally, buckling analysis of a composite
panel with curvilinear stiffeners and a crack at the center is also conducted. Results show that pan-
els with a larger crack have a reduced buckling load and that the buckling load decreases slightly
when using higher order 2D shell FEM elements. A damage tolerance framework, EBF3PanelOpt,
has been developed to design and analyze curvilinearly stiffened panels. The framework is writ-
ten with the scripting language Python and it interacts with the commercial software MSC. Patran
(for geometry and mesh creation), MSC. Nastran (for finite element analysis), and MSC. Marc
(for damage tolerance analysis). The crack location is set to the location of the maximum value
of the major principal stress while its orientation is set normal to the major principal axis direc-
tion. The effective stress intensity factor is calculated using the Virtual Crack Closure Technique
and compared to the fracture toughness of the material in order to decide whether the crack will
expand or not. The ratio of these two quantities is used as a constraint, along with the buckling
factor, Kreisselmeier and Steinhauser criteria, and crippling factor. The EBF3PanelOpt framework
is integrated within a two-step Particle Swarm Optimization in order to minimize the weight of
the panel while satisfying the aforementioned constraints and using all the shape and thickness
parameters as design variables. The result of the PSO is used then as an initial guess for the Gra-
dient Based Optimization using only the thickness parameters as design variables and employing
VisualDOC. Stiffened panel with two curvilinear stiffeners is optimized for two load cases. In both

cases, significant reduction has been made for the panel’s weight.
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Chapter 1

Introduction

This work is composed of four chapters. In chapter 2, the performance of the global-local ap-
proach is evaluated on a composite panel with a thin notch at the center. In chapter 3, buckling
analysis of composite panels with straight and curvilinear stiffeners is investigated. The possible
presence of small cracks is also considered. In chapter 4, multidisciplinary optimization of the
cantilever aircraft wing is conducted. Both optimizations of the global wing and local panels are
conducted and integrated. Stiffeners are added to the skin panels in order to increase the buckling
load and help reducing the overall weight of the wing. A double level parallel computing is im-
plemented using the license cycle-check method and the memory self-adjustment method in order
to reduce the CPU time and optimize the use of the computational resources. In Chapter 5, dam-
age tolerance analysis of a curvilinearly stiffened panel is conducted. The developed framework
is integrated into a two-step Particle Swarm Optimization in order to minimize the weight of the
stiffened panel while satisfying different constraints. The shape and thickness parameters are used
as design variables in the PSO process. The Gradient Based Optimization is applied, then, to the

PSO solution in order to get an optimal design. Conclusions are, then, presented in Chapter 6.
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1.1 Global-Local Approach

Accurate analysis of a structure in the presence of discontinuities is one of the challenging
problems in structure analysis. In case of the composite structures, necessity of such an analysis is
felt more strongly because these structures are prone to have flaws like delamination, debonding,
cracks etc. ([2]). However, analysis of such structures with discontinuities involves high CPU time
and memory requirements. Any approximate method of analyzing a structure is based upon the
principle of representing the structural response as a linear combination of local or global basis
functions depending upon the solution technique. An accurate analysis of structures with discon-
tinuities needs a large number of these basis functions. Finite element method is perhaps the most
popular method among various approximate analysis techniques. To accurately analyze a structure,
with a discontinuity, using the finite element method, a large number of finite elements is needed.
This results in the use of high CPU time and storage space.

One of the possible ways to avoid this high computational complexity without compromising
the accuracy of the results is the global-local analysis. The global-local analysis is performed in
two steps. In the first step, an approximate analysis of the entire structure is performed. Next, a
smaller zone surrounding the discontinuity in the structure, which is also called the local region or
local zone, is considered and a detailed analysis is performed in the local region. The result from
the global analysis step is used to specify the boundary condition for the local region.

For last four decades, the global-local analysis has been successfully used by several researchers
in solving complex structural problems of different types. While the basic process involving a
global-analysis followed by a local analysis has remained the same, the main differences in the
work by the researchers can be observed in the approximate analysis technique (e.g. Ritz method,
finite element method etc.), the type of basis functions used, and the use of the boundary conditions
for the local region depending on the type of the problem being solved. An extensive review of the
global-local analysis technique has been provided by Kapania et al. [3] and Haryadi et al. [4].

Global-local FEM approaches are generally used in several technical applications such as man-

aging 3-D stress analysis in the case of bonded joints ([5]), computing J-Integrals in Fracture
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Mechanics problems ([6]), or obtaining Stress Intensity Factors (SIFs) in corners or fillets ([4, 7—
9.

Mote [10] is one of the first few researchers to apply the global-local method to solve the
structural problems. He developed a combined global and local dependent variable representation
which couples the traditional finite element and Ritz methods. He illustrated the method by solving
a beam and a plate vibration problem. Zienkiewicz et al. [11] and Belytschko et al. [12] used a
combination of finite element and boundary element methods for global-local analysis. Belytschko
etal. [13] developed a methodology for enhancing the accuracy of finite element solutions of prob-
lems with higher gradients by superimposing the spectral approximation on sub-domains. Many
researchers have applied the global/local computational approaches successfully for composite
structures ([3, 14—18]). In most of these works, the structural zooming was performed in order to
obtain a higher level of accuracy in the stress state at the selected regions and the characterization
of the different damage mechanisms that can lead to the structural collapse. Ransom and Knight
[14] applied the global/local technique to composite panels. In their approach, they used spline
interpolation functions to determine the boundary condition from the output of the global analysis
and use it in the local analysis. Reinoso et al. [19] applied global/local techniques to model the
response of composite structures including degradation process at the interfaces.

Jara-Almonte and Knight [20] described a new approach of modeling the subregions of interest.
They specified the stiffness and force from the whole model solution at the nodes of the boundary
of the subregion. Hirai et al. [21] found out stress concentration factor around a circular hole in
a rectangular plate under in-plane load using a finite element zooming technique. This method
involves several zooming steps. In each zooming step, the zooming area becomes smaller and dis-
placements at the boundaries are taken from the previous zooming step. Multiple zooming steps
were proposed for a better accuracy of the result. However, this model is not always satisfactory
because all the previous steps are needed to go to a new step ([3]).

Kapania et al. [3] used a simple and accurate global-local method for stress analysis of stepped,
simply supported isotropic and composite plates under the action of a static uniform transverse

pressure. In the first step, they determined the response of the plate in the absence of the hole.



Mohamed Jrad Chapter 1 4

This solution was augmented using a perturbation function to account for the presence of the hole.
In the second step, a small area around the hole was analyzed using the finite element method for
accurate analysis around the hole. Displacements and rotational boundary conditions for the local
region were obtained from the Ritz method used in the first step. Subsequently, Haryadi et al. [4]
used this approach for the analysis of a composite plate with a crack under the action of a uniform,
transverse static pressure. Islam and Kapania [22, 23] discussed the efficiency and accuracy of the
global/local finite element method applied to a curvilinearly stiffened panel with cracks.

Our study is motivated by our need to perform a progressive failure analysis of a composite
plate with a thin notch. So, we revisit the problem solved by Kapania et al. [3]. However, they
used the Ritz method in the global analysis and the finite element method for the local analysis. We
have been using the finite element package Abaqus for progressive failure analysis in our research.
So, in this work, we showed the feasibility of using Abaqus to perform the global-local analysis
of the notched plate taken as an example structure in the research work by Haryadi et al. [4]. The
notch is chosen to be rectangular with a large aspect ratio and results were compared with other
notch shapes. We showed also that the notch effect is limited to the local response of the structure.
To provide guidelines to future researchers and practicing engineers, we estimated the local region
needed for the global/local analysis and showed that a proper selection of the local region depends
on the global model mesh. Finally, we analyzed the bending response of the structure under the

transverse loading and its dependence on the placed notch length and direction.

1.2 Buckling Analysis of Stiffened Panels

Thin walled stiffened composite panels are among the most utilized structural elements in many
engineering structures, but especially in naval and aerospace structures. The composite layered
panels with fibers are increasingly being used in aerospace industry and other applications. Under
operating conditions, these structures might face different kinds of failure, such as buckling and
cracks. Haryadi et al. [4] applied global/local approach for the analysis of a composite plate with

a crack under the action of a uniform, transverse static pressure.
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Local plate buckling and stiffener crippling are localized failure modes involving local failure
of only the skin in the first case and the stiffener in the second case. A grid stiffened panel will
fail in any of these failure modes depending on the stiffener configuration, plate thickness, and the
type of applied load.

The linear elastic buckling of composite plates is very significant in studying the stiffness of
the laminated composite structures ([24]). Leissa [25] examines the characteristics and parameters
which may need to be considered, both from mathematical and physical points of view, and pro-
vides perspective and organization to the subject. Leissa [25] also deals with classical bifurcation
buckling analysis, discusses the relevant plate equations and their solutions, and considers shapes,
edge conditions and loadings which may arise. An extensive review on the shear effects and buck-
ling of the laminated beams has been presented by Kapania and Raciti [26].

Linear elastic buckling analysis composite structures are attempted by several authors. The
influence of the sectional stiffness of U-shaped ribs on the buckling modes and strengths of lami-
nated composite plates are studied by Choi et al. [27] and Park [28]. Buckling behavior of stiffened
laminated plates using a layer-wise finite element formulation is studied by Guo et al. [29]. Elas-
tic stability of skew composite laminate plates subjected to uni-axial inplane compressive forces
has been studied by Hu and Tzeng [30]. The critical buckling loads of the skew laminated plates
are carried out by the bifurcation buckling analysis implemented in finite element program Abaqus.

A parametric study of the buckling behavior of infinitely long symmetrically laminated anisotropic
plates that are subjected to linearly varying edge loads, uniform shear loads, or combinations of
these loads is presented in the work of Nemeth [31]. Topal and Uzman [32] studied optimal design
of simply supported symmetrically laminated composite plates with central circular holes. The
design objectives of their study was the maximization of the buckling load, and the design variable
was considered as the fiber orientation of the unidirectional laminate.

Buckling analysis of laminated composites are of great interest. Delamination and postbuck-
ling behavior of the laminated composite structures are found in the work of Fatahi and Shokuhy
[33], Harrero [34], Kouchakzadeh and Sekine [35]. For example Kouchakzadeh and Sekine [35]

perform buckling analysis of rectangular composite laminates with multiple embedded delamina-
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tions under in-plane compressive load using Mindlin plate elements. The buckling load and mode
shapes are obtained by solving an eigen problem. Postbuckling analysis using a higher order shear
deformation theory, for stiffened composite panels are performed by Yoda and Alturi [36].

Buckling analysis based on the energy approach for a laminated composite structures with pre-
existing cracks are presented in the work of Akbarov and Yahnioglu [37]. A numerical study of the
local buckling and fracture response of a thin composite plate with an inclined crack under tensile
load can be found in the work of Barut [38]. In the work of Shan [39], the Ritz method is used to
establish an eigenvalue problem for local buckling of composite plates elastically restrained along
their four edges and subjected to a biaxial linear load.

Free vibrations of plates with curvilinear stiffeners subjected to in-plane loading conditions are
studied in the work of Tamijani and Kapania [40]. An extensive study of the stiffened panel with
curvilinear stiffeners has been performed by Dang and Kapania [41].

In this work, buckling analysis of a composite panel with longitudinal stiffeners is performed
using the Ritz method and results are compared to finite element analysis conducted using the
commercial software Abaqus. Comparison of the buckling load obtained for different elements
is also performed. Various configurations are taken into consideration. The case of a composite
panel with a non-centered stiffener is investigated. It is then followed with the case of a centered
stiffener, two stiffeners and, finally, three stiffeners. The configuration of one stiffener is also
compared to the closed-form solution proposed by Mittelstedt [1]. In all these cases, the structure
is subjected to compressive loads parallel to the stiffener. The variation of the buckling load of
the stiffened structure with stiffeners’ height is investigated. It is shown that there exists a certain
value of stiffeners’ height beyond which the buckling load cannot be increased anymore. In ad-
dition, there are critical values of stiffeners’ height beyond which the buckling mode shape of the
structure changes. Results show also that the ultimate buckling load of a panel with two symmetric
stiffeners is maximal when the stiffeners divide the panel into three equal parts. A second, more
complex, problem which has been studied in this work consists of buckling analysis of a compos-
ite panel with two straight stiffeners and a central crack. Finally, buckling analysis of a composite

panel with two curvilinear stiffeners and a crack at the center is performed. Abaqus is used and
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results show that panels with larger crack have a reduced buckling load. Buckling loads are also
compared for different shell elements. The existence of an optimum value of stiffeners height has
also been confirmed. The problem of curvilinearly stiffened panels is interesting since curvilin-
ear stiffeners provide more flexibility in increasing the stiffness of the structure and changing the
buckling mode shape of the panel due to their curvature in addition to the location and orientation

(Kapania et al. [42] and Tamijani and Kapania [40]).

1.3 Multidisciplinary Optimization of Aircraft Wings

The structural design of aircraft wings can benefit greatly from the development of multidisci-
plinary design optimization (MDO). Minimizing the wing weight is often one of the prime impor-
tant objectives, while various constraints in multiple disciplines, such as structure, aerodynamics
and aeroelasticity, should be imposed on the aircraft. The study of MDO originates in structural
optimization, which can be traced back to Schmit’s innovative paper published in 1960 ([43]). In
his work [43—45], a numerical optimization technique was coupled with a finite element analysis
to search for the optimum design in an efficient way. Motivated by the success of structural op-
timization, the MDO approach has been widely applied in the aircraft structural design since the
1970s thanks to the improvement of the computer technology. Haftka [46—48], Sobieszczanski-
Sobieski [49] and their collaborators investigated the optimization of aircraft wing by considering
the interaction of multiple constraints, such as buckling, strength, and flutter velocity.

For the complex MDO problems, finding a proper procedure to perform the optimization and
reduce the computational cost is challenging. A complex system can be optimized using a combi-
nation of basic sub-systems through a multilevel decomposition.

In a recent review, Martines [50] classified all the MDO strategies into two categories: mono-
lithic architecture and distributed architecture. The monolithic architecture means that one solves
the MDO problem as a single optimization problem. Distributed architectures can be implemented
by decomposing the structure or design variables into multiple sub-systems, then optimizing the

sub-systems subject to local constraints. In the monolithic architectures, a widely used MDO pro-



Mohamed Jrad Chapter 1 8

cedure is the All-at-Once optimization ([50, 51]), which means the optimization is considered as
an integrated system, all design variables and all constraints of various disciplines are included in
one single optimization process. The All-at-Once optimization procedure is easier to understand
and implement. However, for the problems having complex mathematical model and interaction
between multiple disciplines, this method may be inefficient since it requires too many design vari-
ables and constraints to describe the whole problem.

For the optimization problems with a large number of design variables or constraints, one way
to improve the optimization process is by using a sequential multiple-step optimization approach
([52, 53]). Only a part of design variables or constraints are included in each step of the opti-
mization process. In the distributed MDO architectures, the complex optimization problem of
engineering system is decomposed into multiple smaller tasks to improve the overall optimization
efficiency.

Several decomposition strategies have been proposed to reduce the MDO complexity and com-
putational cost. Kroo and his collaborators investigated collaborative optimization ([54, 55]). Col-
laborative optimization is designed to allow each discipline to solve its sub-system problem in
parallel with the others. Sobieszczanski-Sobieski et. al [56, 57] divided the optimization problem
into two sub-levels: system level and subsystem level. The design variables of the entire structure
are optimized in the system level optimization. The subsystem design variables and constraints
are evaluated in the subsystem level optimization. The smaller subsystems can be executed si-
multaneously and are compatible with parallel computing using multiprocessors. For some MDO
problems with a complex structure, the global structure is usually decomposed into smaller local
structures. This kind of decomposition scheme is also named as global-local design optimization.

Some researchers have applied the global/local design optimization in the aircraft wing design
([58-61]). Ciampa and Nagel [59] investigated the global/local optimization for a cantilever wing.
They decomposed the global wing into many local panels. The thicknesses of local panels were re-
fined in local panel optimization by optimizing the stiffened local panels to minimize the structural
mass. The results of the local optimization need to be fed back to the global model for updating the

properties of local models. Hence, the global optimization and local optimization need to be in-
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tegrated into an iterative global-local optimization framework ([59, 60]). The interaction between
sub-systems increases the complexity of MDO problems. If the design variables of one sub-system
are not independent of the design variables of the other sub-systems, or the output responses of one
sub-system are needed for several other sub-systems as input variables, the optimization problem
will become more intractable. The quasi-separable decomposition, as discussed by Haftka et. al
[62], means that the subsystem has only local design variables and global system variables, but
no variables from other subsystems. The idea of solving this class of problems is to give each
subsystem a local model, and then ask each subsystem to independently search the optimum in the
constraint margins.

Managing the coupling of the multiple disciplines is challenging in MDO. In most MDO prob-
lems, the discipline analyses are mutually interdependent. The results of one analysis may depend
on the output of other analyses. Such interdisciplinary coupling increases the complexity of the
MDO problem. A large number of design variables are required for all disciplines in the MDO,
which causes more computational and organizational challenges. MDO typically cost much more
than the sum of costs of the sequential single discipline optimizations because of the interaction
of different disciplines ([51]). Optimization methods play a major role in solving the MDO prob-
lems by searching through the design space to minimize or maximize the objection function. For
the complex optimization problem with a large number of design variables, a considerably high-
dimensional design space is required, which creates an exponential challenge for the optimization.

The optimization algorithms essentially can be classified into two groups: gradient-based meth-
ods and non-gradient-based methods. The gradient-based methods determine the optimal design
using the gradient information from a first-order design sensitivity analysis. The recursive for-
mulas of gradient-based methods are derived based on the Karush-Kuhn-Tucker (KKT) necessary
conditions for an optimal design ([63]). Sequential quadratic programming (SQP) was developed
for nonlinear gradient optimization. SQP methods are used for the problems where the objective
function and the constraints are twice continuously differentiable. In order to reduce the computa-
tional cost, approximation concepts were constructed by Fleury and Schmit [64]. In combination

with other techniques, such as constraint deletion, reciprocal approximation and design variable
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linking, it has been successfully applied in structural optimization.

Canfield [65] developed a Rayleigh Quotient approximation to improve the accuracy of eigen-
value approximations. The gradient-based methods normally find the optimal point close to the
starting design point, in other words it is possible to get a local optimum but not the global opti-
mum. The non-gradient methods do not require gradient information at the design points. These
methods include nature-inspired evolutionary methods and the related swarm algorithm, such as,
particle swarm optimization (PSO) ([66—-69]) and genetic algorithm (GA) ([70]) which have re-
cently demonstrated their success as well as popularity in MDO applications. The PSO algorithm
is based on a simplified social model and mimics the behavior of a bird flock in search for food.
Both the GA ([71]) and PSO ([72]) methods have been extensively applied in transport aircraft
wing optimization. Those methods are successful applications with the decentralized decision
making for exploiting the optimal design in the global design space.

A focus of current research on optimization methods is to improve the quality of approxima-
tions and reduce the number of iterations and thus the total optimization time and cost. Surrogate
models are widely used in the computational expensive optimizations, such as response surfaces
optimization ([73]), neural networks method, and kriging ([74]). It uses computationally cheap
hierarchical surrogate models to replace the exact computationally expensive objective functions
in order to reduce the computational cost.

In recent years, novel additive manufacturing technology, such as Electron-Beam-Freeform
fabrication (EBF3), has been developed to produce arbitrary curved metallic structures, especially
using aerospace alloys like aluminum and titanium. The concept of curved stiffening members
enlarges the design space and leads to the possibility of a more efficient aircraft design.

Previous research ([75, 76]) has shown that the curvilinear stiffeners have the potential of im-
proving the buckling resistance of local panels. Locatelli et al. [77] studied the structural opti-
mization of aircraft wing using curvilinear spars and ribs (SpaRibs) and showed its advantage in
weight saving. In this work, an integrated global-local multidisciplinary optimization framework
EBF3GLWingOpt is developed for the design of aircraft wing with curvilinear stiffening mem-

bers. The optimization framework is integrated by wing optimization EBF3WingOpt and panel
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optimization EBF3PanelOpt. The optimization framework is developed using Python program-
ming to integrate the geometry and mesh generation, finite element analysis and optimization al-
gorithms. The details of the optimization framework are described in Section 4.1. The global-local
optimization is applied to a subsonic aircraft wing provided by NASA, commonly referred to as
the Common Research Model (or NASA CRM Wing), which is described in Section 4.2. Parallel
computing is used in the developed framework as a mean to reduce the computational cost. The
parallel framework implemented for the global-local optimization has been discussed in Section

4.3. The optimization results of NASA CRM are presented in Section 4.4.

1.4 Damage Tolerance Analysis of Curvilinearly Stiffened Pan-

els

Ongoing revolution of manufacturing technology, computational science, and material science
has came up with a new generation of custom-built structures that have multi-functionality and can
be tailored according to the design requirements. The fabrication of these so-called unitized struc-
tures is made by adding up material (like the Electron-Beam-Freeform Fabrication, EBF3 [78]) as
opposed to Formative (casting) or Subtractive (taking the material away). A powerful computer
environment, named EBF3PanelOpt ([42, 76, 79—-81]), has been developed in order to make use of
the design flexibility offered by the Electron-Beam-Freeform Fabrication technique and perform
the optimization of unitized structures with multiple constraints as a mean to reduce their structural
weight and reduce, therefore, the aircraft fuel consumption. In addition to the weight reduction,
there is an increasing demand for both materials as well as fabrication techniques that can yield
light-weight structures, damage tolerant, durable, and corrosion resistant ([82]). The Federal Avi-
ation Regulations (FAR 25.571) mandates that all primary structure airframe components design
must satisfy the principles of damage tolerance. Hence, including the damage tolerance require-
ments as design criterions is of a major importance in order to ensure the safety of aerospace

structures ([83]). In a damage tolerant design, initial flaws/cracks are considered to be present
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in all the critical regions of the structure. Recently, some researchers have been interested in
designing safe aerospace structures with minimal weight, i.e. by considering safety related con-
straints (damage tolerance, fatigue, buckling ...) that have to be satisfied during the optimization
process. El Abdi et al. [84] performed weight optimization of a vessel structure with instability
yield stress and static fracture strength (stress intensity factor) constraints, while other researchers
have considered fatigue life and static fracture strength constraints ([85-88]). Nees and Canfield
[89] performed safe-life structural optimization to minimize the weight of F-16 wing panels for
fatigue crack growth under a service load spectrum. Akgun et al. [90] used stress constraints in
their topology optimization. Kale et al. [91] proposed an efficient technique to perform reliability
based structural optimization and an inspection schedule for fatigue crack growth. Some efforts
have been devoted to study the damage tolerance behavior of integrally stiffened panels subjected
to uniaxial and biaxial loading ([92-94]). Furthermore, several researchers have been conduct-
ing crack tip stress intensity factors analysis of stiffened panels ([95-102]). A damage tolerance
framework for optimizing curvilinearly stiffened panels is presented in this work. The effective
stress intensity factor is calculated using the Virtual Crack Closure Technique and compared to the
fracture toughness of the material in order to decide whether the crack will expand or not. The ratio
of these two quantities is used as a constraint, along with the buckling factor, Kreisselmeier and
Steinhauser criteria, and crippling factor. Two optimization techniques are applied in the presented
framework in order to minimize the weight of the panel while satisfying the aforementioned con-
straints and using all the shape and thickness parameters as design variables: A two-step Particle
Swarm Optimization followed by a gradient based optimization. In the first step of the mentioned
approach, all the design variables are used, while in the second step, only the thickness parameters
are considered during the optimization, The result of the PSO is used then as an initial guess for the
Gradient Based Optimization using only the thickness parameters as design variables. The GBO
is applied using the commercial software VisualDOC. Two cases have been studied and optimized
in this work. The first one consists of a panel with two curvilinear stiffeners, a fixed crack at the
center, and subjected to pure tension, while the second one consists of a panel with two curvilinear

stiffeners subjected to a combined compression and shear loads. The crack location of this latter
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case was not fixed.



Chapter 2

Global-Local Analysis of Composite Plate
with Thin Notch

2.1 Description of The Problem

This chapter has been published in the Journal of Aircraft ([18]). The example structure that
we investigated in this work is a square composite plate as shown in Fig. 2.1. Each of the edges
has a length 2L = 30 inches. The composite laminate is composed of four orthotropic layers
and assumed to be specially orthotropic (D¢ = Dys = 0, B;; = 0) with a stacking sequence
(90/0/0/90), since solutions for such plates are easily obtainable [4]. Each layer has a thick-
ness t = 0.05 ¢n. and is made of G30-500/5208 Graphite-Epoxy fiber/matrix composite with
the material properties: E; = 22.04 x 10° psi, By = 1.68 x 10° psi, G = 0.81 x 10° psi,
Grr = 0.4562 x 10° psi, v = 0.286, and vpp = 0.8413. The four edges of the plate are

simply-supported and the plate is subjected to a uniform transverse pressure ¢ = 0.1 psi.

14
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Figure 2.1: Simply supported composite plate with a thin rectangular notch at its center

2.2 Traditional Finite Element Method

In this work, 2D traditional finite element analysis of the structure shown in Figure 2.1 is pre-
sented, and compared to the results obtained using the global-local technique based also on the
finite element method. The analysis is applied using the commercial software Abaqus. The plate
was modeled as a planar shell. Using the ‘Composite Layup’ option in the ‘Part’ module, mate-
rial properties, thickness and orientation of each composite lamina were defined. The notch was
modeled as a rectangular hole of length a = 2 inches and width 0.02 ¢n. The analysis was per-
formed using the shell element S4RS5 and converged for about 2,500 elements (Figure 2.2). The
simulation results of the structure in absence of notch shows a maximum transverse deflection

Uy = 0.07039 n.

2.3 Global-Local Analysis

The global analysis step is similar to the traditional finite element analysis described in the

previous section. However, unlike in the traditional FEA where we used one global model with a
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Figure 2.2: Traditional FE model

fully refined mesh, the global-local analysis consists of two different models. The first model is a
global model in which we use coarse mesh in the local area of interest. The obtained result will
be accurate away from the discontinuity and less accurate around the notch. A local region is then
selected and a second model is created: the local model, in which, only the local region is modeled.
A refined mesh is then created in the local model and the boundary condition is imported from
the global model. Since the mesh density is different for the global and local models, boundary
nodes therefore do not coincide. Hence, interpolations are performed at the boundary in order to
cover all the boundary nodes. The boundary condition required is the deflection w (w = Us) and
rotations w, and w, (Figure 2.3). Global and local models are shown in Figure 2.4 and Figure
2.5. In addition to saving the CPU time, global/local analysis allows studying the local area of the

structure independently from the global model.

Figure 2.6-a and Figure 2.6-b show, respectively, the transverse displacement, Us, and the ben-
ding moment, M., along the x-axis using the traditional FEA and the global-local technique. The
errors E of the data Q;(i = 1, .., N) with respect to the data P;(i = 1,.., N) have been calculated
using the equation £ = Ty (PiQ?
i Q3

local region is chosen to be a square of 5 in. x 5 in. These figures prove clearly the accuracy of

, where N is the total number of data points. The considered

the global/local analysis method in predicting the structural response. However, while solving the
2D problem using the traditional finite element method, the structure had to be discretized using
2,700 finite elements with each node having five degrees of freedom. So, effectively a system with

13,300 degrees of freedom had to be solved for the analysis. The 2D analysis was run on a personal
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Figure 2.3: Local model of the composite plate with thin rectangular notch

Figure 2.4: Global model Figure 2.5: Local model

computer with 2.40 GHz processor and 4 GB RAM. The required CPU time was 18 s. For global
analysis, the size of the system was 1,420 and CPU time required was 2 s. In the local analysis
step, the size of the system was 7,520 and CPU time required was 9 s. This clearly indicates that,
using the global-local analysis technique, structural response can be obtained at a smaller area of
interest in the structure with significantly less computational complexity as compared to a tradi-
tional finite element analysis technique.

The idea behind the global-local approach comes from the fact that the presence of the notch
affects only the local response of the structure. Therefore, there is no need to use an extremely fine
mesh throughout the structure. In addition, an accurate local response can be obtained by conduct-

ing a new analysis of the local model using boundary conditions extracted from the first analysis of
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Figure 2.6: Comparison of transverse displacement (a) and bending moment M, (b) obtained from
the global/local analysis and the traditional finite element analysis near the notch

the global model. We plot in Figure 2.7 the transverse displacement of the plate for various notch
lengths. It can be seen clearly that the effect of the notch decreases as we move far away from the
notch. The difference between the original response of the plate without notch and the response
of the notched plate at each point of the x-axis is therefore decreasing. This figure also shows
that larger the size of the notch, larger is the difference between the responses of the notched and
unnotched plates. At each point of the z-axis, we are calculating the difference e between both

responses as follows:

(Us)ne(z) — Us(z)
(Us)ne(z)

where (Us)ne(z) is the response of the plate in the absence of notch and Us(z) is the response

e(r) =

of the plate with notch. Using Fig 2.7, we plot, for each notch size, the distance from the center
of the notch at which the desired level of difference (e = 1%, 2%, 3%, and 5%) is reached. The
distance calculated along the x-axis corresponds to the required length of the local region (Figure

2.8-a) while the distance calculated along the y-axis correspond to the required width of the local
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Figure 2.7: Transverse displacement for various notch lengths

region (Figure 2.8-b). Notice that larger the notch size, wider is the required local region.

However, if we are using a more refined mesh around the notch, the global response of the
structure would be more accurate at the local scale. Thus, we can run the local model using a
smaller local region and get a converged local solution. We conducted local analysis using three
different local regions (see Figure 2.9) and compared results for two different meshes of the global
model. All the local analysis have been run using the same mesh density. We ran a global model
simulation using 2113 elements. Next, we ran three different local models. Figure 2.10 shows that
only Region 2 and Region 3 gave accurate results. However, the local model in which we used
Region 1 gave erroneous results. The discrepancy arises for the near boundary nodes shown with
a dashed circle. On the other hand, as shown in Figure 2.11, all the local models gave accurate
results when we used a refined mesh of 6091 elements in the global model. In fact, the global
response obtained by using 2113 elements is not accurate at the boundary of Region 1, and it turns
out to be more accurate at the boundaries of Region 2 and Region 3. This fact explains why only
the local model using Region 1 did not converge. However, the global response obtained by using

6091 elements is accurate at the boundaries of the three local regions. Therefore, the three local
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Figure 2.8: Required length (a) and width (b) of local area for various notch lengths and levels of
difference e

models converged. Hence, it can be concluded from the two figures that a proper selection of the
local region of the local model depends on the mesh density used in the global model. More refined

the mesh used in the global model, smaller is local region needed for the local detailed analysis.

2.4 Structural Analysis

In this section, we present the structural response of the plate in the presence of a rectangular
notch with a large aspect ratio. We chose a notch of length a = 1 in. Figures 2.12 show a
comparison of the bending moments M, and M, along the axes ', y, and v’ (see Figure 2.1). It
can be seen clearly that the moment )M, is generally higher than the moment A,. Therefore, the
plate is tending to bend about the notch direction. However, this is not true at the notch free edge
(at y = 0 in Figure 2.12-b) where the bending moment )M, decreases to zero and M, increases.

The plate tends, therefore, to bend perpendicular to the notch direction.

The variation of the bending moments M, and ), along the z, 2" and y-axes for various notch
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lengths and without notch is shown in Figures 2.13, 2.14 and 2.15. It can be seen clearly that
the presence of the notch creates a nonlinearity in the moment behavior which is amplified as we
increase the notch length. The notch effect is manifested with a minimum peak in the bending
moment M, and a maximum peak in the bending moment A/, around the notch. The value of
these peaks is proportional to the notch length. We notice also that the moment )/, increases at
the notch front and drops at the notch edges. These plots give also an idea of the evolution of the
bending moments of the plate in the case of a growing crack. This can be justified by Figure 2.16-a,
Figure 2.16-b, and Figure 2.16-c which show that the notch shape has no effect on the transverse

deflection while its effect on the bending moments is limited to the notch tip.
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Chapter 3

Buckling Analysis of Curvilinearly Stiffened

Composite Panels with Cracks

3.1 Description of The Problem

3.1.1 Uncracked Panel with Straight Stiffeners

Composite panels have been widely used in a variety of civil, ocean and aerospace engineering
applications. The main concern of structure engineers is to design structures that are able to sustain
and resist the applied loading. Therefore, conducting a buckling analysis of the structure would
help in a better understanding of the influence of various design parameters. This chapter has
been done in collaboration with Mr. Arafat Khan and has been presented in the American Institute
of Aeronautics and Astronautics conference 2014 ([24]). The present work deals with the case
of stiffened composite panels. In fact, stiffeners attached to composite panels may significantly
increase the overall buckling loads of a plate. The investigated structure in our case consists of
a simply supported rectangular composite panel with a longitudinal stiffener subjected to pure
compression (see Figure 3.1). The straight stiffeners are also chosen to be composite. Both the

stiffeners and the panel have a cross-ply layup [0°/90°/0°/90°] s with the layer properties assumed

27
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E1; = 138G Pa, Ey = 8.96GPa, G153 = 7.1GPa and v;5 = 0.30. The stiffeners are parallel
to the principal direction x; and their center of gravity is assumed to coincide with the middle
plane of the composite panel. The panel has a length ¢ = 300 mm, width b = 100 mm, and
thickness d = 1 mm while the stiffeners have a rectangular cross-sectional area A = 1.0 mm xh.
In what follows, the variation of the buckling load N;; as well as the buckling mode shapes with
the stiffeners height h are investigated and the cases of one, two and three stiffeners are considered.
The problem is analyzed using the Ritz method (with trigonometric functions) which is compared
to the finite element results obtained using the commercial software Abaqus. For the case of one

stiffener, the solution is also compared to the closed-form solution proposed by Mittelstedt [1].

Figure 3.1: Composite panel with one stiffener

3.1.2 Cracked Panel with Straight Stiffeners

For the second case of study, we keep the same composite panel and the same type of loading.
However, we replace the composite stiffeners with Aluminum stiffeners and we place a small
crack at the center of the panel. The properties of the stiffeners are £, = 69G Pa, vs2 = 0.33.

The central crack has a width of 0.15mm and a length [ = a/10 as shown in Figure 3.2.
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Figure 3.2: Composite panel with Straight stiffeners and a crack at the center

3.1.3 Cracked Panel with Curvilinear Stiffeners

The third problem that is investigated in this work consists of replacing the two straight stiff-
eners of the last example with two curvilinear stiffeners of the same material. A schematic of this

case of study is shown in Figure 3.3.

Figure 3.3: Composite panel with curvilinear stiffeners and a crack at the center
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3.2 Ritz Buckling Analysis for Uncracked Panel with Straight

Stiffeners using Trigonometric Functions

3.2.1 Panel with One Stiffener

In this section, the case of one stiffener is considered. The fundamental relation that character-

izes bifurcation problems can be written as
AT =0 (3.1)

where I is the total energy of the system in the buckled state, which can be written as a summation

of the strain energy U and the potential of the applied load V'
H=U+V (3.2)
The strain energy of the stiffened panel is expressed as follows,
U=U"+U? (3.3)

where the strain energy of the panel, U”, and the strain energy of the stiffener, U, are [1]

1 [ e %us\” 9%us\”
UP — 5/ / (Dll (8723> + DQQ (6723) dlL’ldlL’2+
0 0 1 2

b @ 82U3 82’&3 82U3 2
/0 . <D128_:L‘%a—x% + 2D66 (ax18$2) dlElde‘Q (34)

and

EI [*[0%us\?
C 3
Ut == 0 <_ax§> - (3.5)
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I = bh3

= 75 is the area moment of inertia of the stiffener’s cross section and zo = 7b is the location

of the stiffener. Similarly, the potential of the applied load V' is written as [1],

V=vP4+vs (3.6)

where V¥ and VV° are the contributions due to the applied loading on the panel and the stiffener,

respectively.

b a 2
yr— _Mu / / Ous N 1 dis (3.7)
2 0 0 8131

PS b 8U3 2
Vi=_—— e 3.8

2 0 ( axl) | 2=nbAT1 ( )
It is assumed that both the panel and the stiffener endure the same longitudinal strain €;;. There-

fore, the stiffener force P° is proportional to the inplane normal load N;; acting on the panel as

follows,

ps_ . PA

1Ry (3.9)

where E and A are, respectively, the Young’s modulus and cross-section of the stiffener and
d is the thickness of the panel. The buckling shape u3 is expressed in a series representation as

follows,

MxN

ug (z1,02) = Y Wi, (21, 22) (3.10)

i=1

where M and N are two arbitrarily chosen positive integers which represent the number of basis
functions in the x and y directions respectively. In our case, for any two integers m € [1, M] and

n € [1, N], the test function W, _1)n4n (71, 2) is
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./ mTT . /nTx
Ui 1)Ntn (21, 22) = X (21) Yo (22) = 3zn< " 1) sin < 2 2) (3.11)

Uy (21, 29) = sin (_7r:v1> sin <n7m2>
a b
2
Uyt (21, 22) = sin ( 7r:zc1> sin (W—xQ>
a b
2 2
Unio (21, 22) = sin ( 7rx1> sin ( 7;@)
a

It should be noted here that these test functions satisfy the essential boundary conditions of the
system. After substituting (3.10) into equations (3.4), (3.5), (3.7) and (3.8), the only remaining

unknowns are, therefore, ;. These quantities are governed by the following equation:

oIl _
A (3.12)

which yields an eigensystem of M x NN equations and M x N unknown series coefficients WW;
that leads to a standard eigenvalue problem from which the a priori unknown buckling load Vy; is

determined. The linear system is written in the following form

<£5+£5_NH <£5+£§>>EZQ (3.13)
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The components of the matrices g P £ g, g 5 and, £ f; are

Duy [ X0 (1) X, (1) dzy [y Yo (w9) Yy () ds
+Das [ Xon (1) X, (1) davy [J Y, (w2) Y, (02) das

q

7]
v (m—1)N+n,(p—1)N+q +2D12 foa X;)lm ([El) Xp (ZL’l) d.l’l fob Yn (ZL‘Q) Yq/l (ZL’Q) d.l’g

4+4Dgg foa X;n (171) X]/) (1'1) dxq fob Yﬂi (ZL’Q) YII/ (1’2) dx )

\

"

r S- o a 12;
_£U- (m-1)N+n(p-1)N+q El/o Ko (@1) X (21) dy (Vo (@2) ¥y (72)) ],

- _ a b
KP =N / X (2) X (z1)dx / Y, (29)Y, (x5) dx
=V N+n,(p—1)N+q 1 0 m (1) p( 1) dy . (2) Yy (22) ds

1 (m-1)

K5 =P /O X,, (21) X, (1) dw1 (Y (22) Yy (@),

1 (m—1)N+n,(p—1)

3.2.2 Panel with Two Stiffeners

The analysis of the panel with two stiffeners is similar to the analysis of the panel with one
stiffener. In order to count the effect of the second stiffener, the strain energy and the potential of

the applied load of the stiffeners are written in the following form

EI [* (0%’ EI [*[0%u3)\?
UsS==—"— —_— 2o b — —_— Y 3.14
2 0 ( 8$% ) | o= bAT1 + 92 o ( ax% ) ’ 2=n2bAT1 ( )

PS b 8u3 2 PS b 8U3 2
V= —— e O ) |amsd 3.15
92 0 (axl) | o=m bAT1 9 o (83:1) | 2=n2b0T1 ( )

where 1,0 and 1,0 are the location of the stiffeners along the x5 direction.

Using these updated expressions, the total energy 11 is computed from equation (3.2). Inserting
the expression (3.10) into the buckling condition (3.12) yields the following updated expressions
for the stiffness and geometric stiffness matrices of the stiffeners, g 5 and £ ‘S/ The expressions of

K 5 and K 1‘; remain as in part A.
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Y, (z2) Y, (I2)|12:mb
+ Y, (22) Yy (2)]

Yo (22) Yy (22)] 4y
+ Yn ((ﬂg) YZI ($2)|

S @ ”
=FI X X d
[:U] (m—1)N+n,(p—1)N+q /o m (21) X, (1) doy b
T2=1)2

S S ¢ ’
=P X X d
[:V] (m—1)N+n,(p—1)N+q /0 m (1) X, (1) day

x2="2b
3.2.3 Panel with Three Stiffeners

The case of three stiffeners is similar also to the case of one and two stiffeners. The effect of

the third stiffener is added to the following quantities

EI [ [0%u3\? EI [ [(0%u3\? EI [ [0%u3\?
Us = == ( 3) |:c2:771bdl‘1 + = (%;) |x2:772bdx1 + = ( 3) |962:773bdx1
0 0 1

2 8—1’% 2 2 Jo \ Oz}
PS [ [ Ous\? PS (Y [ Ous\? PS5 (Y (Qus\” 1o
Ve = —7 ; (8_5(11> |a:2:mbd$1 - 7 ] <8_x1) |z2=nzbd$1 - 7 : <8_:101) ’:fcz:nsbdxl
(3.17)

where 730 is the location of the third stiffener along the x5 direction.

Using these updated expressions, the total energy II is computed from equation (3.2). Inserting
the expression (3.10) into the buckling condition (3.12) yields the following updated expressions
for the stiffness and geometric stiffness matrices of the stiffeners, g g and g ‘S/ The expressions of

K g and K ‘S/ remain as in part A.
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Yo (22) Yy (22)]

za=mb

n( 2) q( )‘332:772b
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Y, Y,
[:U] (m—1)N+n,(p—1)N+q " ! "

. Yo (22) Yy (22)] 4y
S - S ’ ’
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3.3 Results Comparing Ritz Method and FEM

We compare the Ritz method and Abaqus results in this section. Shell elements (S4) have been
used. The composite structure is defined using the ”composite layup” feature in Abaqus software
package. The composite material stacking sequence is defined as stacked shells. The dimensions
and configurations of the panel and stiffener are used as mentioned in Mittelstedt [1]. The location
of the stiffener on the panel plays a significant role in the buckling load. The Abaqus simulations

are performed on different heights of the stiffener with different loading conditions.

3.3.1 Panel with Centered Stiffener Under Compressive Load

Figure 3.4 shows the composite panel with stiffener at the middle of the plate. The buckling

loads are compared for the different heights of the stiffeners.
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Figure 3.4: Composite panel under compressive load with centered stiffener

Figure 3.5 shows the variation of the buckling loads with different stiffener heights. Comparison
between the solutions obtained using Ritz method, Mittelstedt [1] closed-form solution, and from
Abaqus are shown in Figure 3.5. It can be shown that the results from all the three methods are
in a good agreement. The existence of a maximum value of stiffener’s height beyond which the
buckling load cannot be increased is shown. Let us call the corresponding buckling load to be
the ultimate buckling load. It can be noticed also from Figure 3.5 that there are critical values of
stiffener’s height for which the buckling mode shape of the structure changes. For example, using
Ritz method, the critical height values are h; = 2.09mm, hy = 8.63mm and hy = 10.37mm as
shown in Figure 3.6. A comparison of the obtained buckling mode using Ritz method and Abaqus
for the case of h = 8.73mm is shown in Figure 3.7 and the first four buckling modes obtained

from Abaqus, all for the same case are shown in Figure 3.8.
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(a)
(b)
Abaqus Ritz method

Figure 3.7: First buckling mode shape of a concentric stiffened panel obtained with (a) Abaqus
and (b) Ritz method for a stiffener’s height h = 8.73 mm

Mode 1

Mode 3

Figure 3.8: Mode shapes, obtained with Abaqus, corresponding to first four eigenvalues for panel
with centered stiffener of height h = 8.73 mm

3.3.2 Panel with Non-centered Stiffener under Compressive Load

Figure 3.9 shows the composite panel with stiffener at the quarter width of the panel. The

buckling loads are compared for the different heights of the stiffener. Similar behavior to the
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centered stiffener is obtained and the Ritz method is in a good agreement with both Abaqus results
and Mittelstedt [1] closed-form solution. Figure 3.11 shows the variation of the first buckling
mode with the stiffener’s height for the case of non-centered stiffener. The existence of an ultimate
buckling load and critical height values that characterize the change in the buckling mode shape
are observed. This case gives different mode shapes than those obtained with the centered stiffener.

In fact, since the stiffener is placed away from the center, it virtually divided the panel into two

sub-panels where the largest one buckled more than the smallest one.

N11 \\

Figure 3.9: Composite panel under compressive load with non-centered stiffener
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3.3.3 Panel with Two Stiffeners under Compressive Load

Figure 3.12 shows the composite panel with two stiffeners under compressive loading condition.

The stiffeners are placed at zo = 0.25b and x5 = 0.750.

Figure 3.12: Composite panel under compressive load with two stiffeners

Figure 3.13 shows the variations of the buckling loads for the panel with two stiffeners using
both Ritz method and Abaqus simulations. Figure 3.14 shows the first four mode shapes corre-

sponding to the first four eigenvalues obtained from Abaqus for A = 8.73 mm.
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Figure 3.13: Variation of buckling loads with different stiffener heights for the panel with two

stiffeners (comparing Ritz solution with Abaqus implementation)
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Figure 3.14: Mode shapes, obtained with Abaqus, corresponding to first four eigenvalues for panel
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Figure 3.15: Variation of the buckling load with the stiffeners’” height for different stiffeners loca-
tion

Figure 3.15 shows the variation of the buckling load with stiffeners height for different sym-
metric stiffeners configuration. For every configuration, the total weight of the structure (using the
optimum stiffeners’ height) is shown in terms of the weight of the panel, //,. It can be noticed that
the minimum stiffeners’ height (the minimum value that gives the ultimate buckling load) and the
ultimate buckling load for stiffeners that are 0.5b apart are higher than those obtained for stiffeners
distant with 0.7b. In addition, they increase further by reducing the distance between the stiffeners
from 0.50 to 0.3b. However, their value increases when the distance separating the stiffeners is
reduced further from 0.3b to 0.1b. This behavior proves the existence of an optimum value of the
distance between stiffeners that gives a maximum buckling load and a minimum stiffeners’ height.
It can noticed also in Figure 3.16 which shows the variation of the ultimate buckling load with the
distance between stiffeners. The maximum value of the ultimate buckling load is obtained for the

configuration where the stiffeners divide the panel into three equal parts.
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Figure 3.16: Effect of the distance between the symmetric stiffeners on the buckling load

3.3.4 Panel with Three Stiffeners under Compressive Load

Figure 3.17 shows the composite panel with two stiffeners under compressive loading condition.

The stiffeners are placed at zo = 0.25b, x5 = 0.5b and x5 = 0.750.

Figure 3.17: Composite panel under compressive load with three stiffeners

Figure 3.18 shows the variations of the buckling loads for the panel with three stiffeners using
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both Ritz method and Abaqus simulations. Figure 3.19 shows the first four mode shapes cor-
responding to the first four eigenvalues obtained from Abaqus for A = 8.73 mm. Figure 3.20
shows the variation of the buckling load with stiffeners’ height for different stiffener configura-
tions. For every configuration, the total weight of the structure (using the optimum stiffeners’
height) is shown in terms of the weight of the panel, M,,. It can be noticed that the ultimate buck-
ling load increases significantly with increasing number of stiffeners. In addition, it can be shown

also that a centered stiffener gives a higher ultimate buckling load than a non-centered stiffener.
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Figure 3.18: Variation of buckling loads with different stiffener heights for the panel with three
stiffeners (comparing Ritz solution with Abaqus implementation)
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Figure 3.19: Mode shapes, obtained with Abaqus, corresponding to first four eigenvalues for panel
with three stiffeners, each with of height, h = 8.73 mm
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Figure 3.20: First buckling load with stiffeners” height for different stiffeners configuration
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3.4 Buckling Analysis for Cracked Panel with Straight Stiffen-

ers

Buckling analysis has been performed here using the commercial software Abaqus. The inves-

tigated model is shown in Figure 3.21.

Figure 3.21: Cracked Composite panel with two straight stiffeners under compressive load

3.4.1 Variation of Buckling Load with Stiffeners’ Height

The buckling analysis of cracked stiffened composite panel is simulated in Abaqus using dif-
ferent heights for the straight stiffeners. Figure 3.22 shows the variation of the buckling loads
with the stiffener’s height, 4. The same phenomena that has been observed in the first example of
non-cracked panel is also observed here. The existence of an optimum value of stiffeners’ height is
confirmed. Beyond this optimum value (12 mm), there is no further increase in the buckling load.

The mode shapes obtained using Abaqus are shown in Figure 3.23.
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Figure 3.22: Variation of buckling loads with stiffeners’ height for a crack length of 30 mm.
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Mode 3

Figure 3.23: The first six mode shapes for a panel with crack length of 30 mm and stiffener’s height
of 8 mm.

3.4.2 Dependencies of the Buckling Load with the Crack Length

The considered cracked stiffened panel is simulated with a crack at the center. Figure 3.24
shows the variation of the buckling load with the crack length. It can be seen clearly that the crack
size reduces the buckling load of the structure. This type of information of the effect of cracks is
important for the designer. It gives an idea, in each maintenance cycle, on how much load can the

structure support.
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Figure 3.24: Variation of buckling loads with crack height for the stiffener’s height of 8 mm

3.5 Buckling Analysis for Cracked Panel with Curvilinear Stiff-

eners

Buckling analysis has been also performed here using the commercial software Abaqus. The

investigated model is shown in Figure 3.25.
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Figure 3.25: Composite panel under compressive load with centered stiffener

3.5.1 Variation of the Buckling Load with the Stiffeners’ Height

The buckling analysis of cracked stiffened composite panel is simulated in Abaqus using differ-
ent height for the curvilinear stiffeners. Figure 3.26 shows the variation of the buckling loads with
the stiffeners’ height, 4. The same phenomena that has been observed in the previous examples is
also seen here. The existence of an optimum value of stiffeners’ height is confirmed. Beyond this
optimum value (10 mm), there is no further increase in the buckling load. Figure 3.27 shows the

mode shapes obtained using Abaqus.



Mohamed Jrad Chapter 3

26

N N N
o N N
L L L

Buckling Load, N/mm

[any
[ee]
I

16 A

Plate under Compressive Load

14 T T T T T T
0 2 4 6 8 10 12 14
Stiffener Height, mm

Figure 3.26: Variation of buckling loads with stiffener’s height for a crack length of 30 mm.



Mohamed Jrad Chapter 3 53

Figure 3.27: The first six mode shapes for the panel with a crack length of 30 mm and a stiffener’s
height of 8 mm.

3.5.2 Dependencies of the Buckling Load with the Crack Length

The curvilinearly stiffened panel is simulated with a crack at the center. Figure 3.28 shows the
variation of the buckling load with the crack length. It is also shown that the crack size reduces the

buckling load of the structure.
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Figure 3.28: Variation of the buckling load with crack length for a stiffener’s height of 8 mm

3.5.3 Dependencies of the Buckling Load with the Element Type

Shell elements are used to model structures in which one dimension, the thickness, is sig-
nificantly smaller than the other dimensions. Conventional shell elements use this condition to
discretize a body by defining the geometry at a reference surface. In this case the thickness is de-
fined through the section property definition. Conventional shell elements have displacement and
rotational degrees of freedom. The buckling loads shown in Table 3.1 are for the curvilinear stiff-
eners with height of 8 mm. For shell elements for the current analysis, the buckling load decreases
with the higher order elements. In fact, higher order elements have more flexibility. Therefore,
their buckling load is lower. It can also be observed from Table 3.1 for higher order elements the

buckling load converges.
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Table 3.1: Variation of buckling loads with different shell finite elements

Elements Used Characteristics of the Elements Buckling Loads in N/mm

S4R Four nodded linear shell element with 25.75
reduced integration
S4 Four nodded shell element 25.257

S8 Eight nodded shell element 24.20

S9R5 Thick shell element 24.01




Chapter 4

Integrated Global Wing and Local Panel
Optimization of Aircraft Wing

4.1 Integrated Global-Local Optimization Framework

Portions of this chapter have been done in collaboration with Dr. Qiang Liu and have also been
described in some detail in his thesis. The key contributions of this thesis have been to develop
algorithms, including that for the Particle Swarm Optimization using Python, for robust implemen-
tation on a cluster of workstations where the number of available processors might be more than
the available licenses and memory. The details related to the optimization approach are described
in detail in Liu’s thesis [103]. Only key aspects are mentioned here for completeness. The work has
been also presented in the AIAA SciTech conference 2015 ([61]) and is being reprinted by permis-
sion of the American Institute of Aeronautics and Astronautics, Inc. In this work, the aircraft wing
is parameterized by size and shape design variables. The objective of multidisciplinary optimiza-
tion is to minimize the wing structural weight subjected to constraints from several disciplines.

The optimization problem can be defined mathematically as follows,

56
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min, f(z) 4.1
Subject to  gi(x1,x9,....x,) < g 1=1,2,....m

ngl'jgbj j:1,2,...,n

where a; and b; are the lower and upper bounds on each of the design variables. The pa-
rameterized aircraft wing is divided into two coupled subsystems: the global wing model and
local panel models. For the global wing model, the geometry parametrization of SpaRibs, aeroe-
lasticity analysis and topology/sizing optimization have been integrated into a framework, termed
EBF3WingOpt. A framework EBF3PanelOpt is developed for the optimization of local panels con-
sidering buckling and stress constraints. A global-local multidisciplinary optimization framework,
named EBF3GLWingOpt, has been developed to incorporate EBF3WingOpt and EBF3PanelOpt
for the optimization of aircraft wing. The commercial software MSC.Patran is used to build the
geometric and finite element model of the wing structure, while MSC.Nastran is used to carry out
the finite element analysis by incorporating the static aeroelasticity, buckling and dynamic flutter

modules.

4.1.1 Parameterization of Global Wing

In the global wing optimization software package EBF3WingOpt, multidisciplinary constraints,
such as maximum displacement, von Mises stress, buckling eigenvalue, and flutter speed are ap-
plied for the global wing design. An aircraft wing is often divided into several quadrilateral wing
boxes. The geometry of curvilinear SpaRibs in each wing box is parameterized using the linked
shape method developed by Locatelli et al. [77]. As shown in Figure 4.1, one set of third order
B-splines in the normal space is defined using six parameters. A set of SpaRibs is generated by

transferring the curves into the wing box in physical space.
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Figure 4.1: Geometry Generation of SpaRibs.
4.1.2 Local Panel Optimization

The aircraft wing can be decomposed into local panels that are bordered by the spars and ribs.
As illustrated in Figure 4.2, the finite element models of local panels are extracted from the global
wing model. The stiffened panel with straight or curvilinear stiffeners has been studied to improve
the buckling performance of local panels. EBF3PanelOpt parameterizes the geometry of stiffeners
in a local panel as shown in Figure 4.3. Similar to the parametrization of SpaRibs, the curves of
stiffeners are defined using the third order B-splines. As presented in Table 4.1, six parameters are
needed to define the start, control, and end points; the height and the thickness of each stiffener.
The stiffened panel is meshed using a fine grid instead of the coarse grid used in the global wing

model. The local panels are connected with spars and ribs at the panel edges.

In the local panel optimization, the weight of local panel is minimized to obtain a more precise
structural design by optimizing the parameters of each panel. Static and linear buckling analyses
are carried out for local panels using MSC-Nastran that gives the fundamental buckling eigenvalue
as well as the von Mises stress distribution in each panel. The size and shape design variables of
local panels are optimized considering stress and buckling constraints. The applied loads in static

and buckling analysis of local panel are defined using enforced displacements applied at the edges
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Figure 4.2: Cantilever Wing with Stiffened Panels

N2 /o

Figure 4.3: Parametrization of Stiffened Panel
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Table 4.1: Parameters of Curvilinear Stiffener

Parameter Description
P1 Start Point &;
P2 T
P3 712
P4 End Point &
P5 Height of Stiffener
P6 Thickness of Stiffener

Panel Skin\

skin ‘ /‘

Bskin Stiffener

St >

Figure 4.4: Description of Stiffened Panel

of each panel. The displacements are computed by interpolating the displacements of grid points

in the global model onto the panel grid points.

The prediction of critical buckling stresses for the stiffened panels with a large number of stiff-
eners is difficult and relies mostly on energy and semi-empirical methods ([104]). Ratzersdorfer
[105] investigated the buckling of a rectangular plate with simply supported edges. The plate
is reinforced by longitudinal stiffeners at equal spacing and is subjected to uniformly distributed
compressive loads. The critical buckling stress of a thin stiffened panel with evenly distributed

stiffeners, and compressive loads applied on the two opposite edges, is given by the following

formula ([105]),

km*E Uskin ?
= - 4.2
ocR 12(1 - V2) (bskin) ( )

where £ is a constant depends upon the particular shape of the panel being investigated. As
shown in Figure 4.4, t.;, is the panel thickness, and by, is the length of the panel between

two stiffeners that is perpendicular to the compressive loads. Equation (4.2) presents the relation
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Figure 4.5: Local Panel Optimization Procedure

between the critical buckling stress of a thin plate and the panel thickness. The maximum von
Mises stress o,,, and the first buckling eigenvalue )\, are computed in the static and buckling
analysis of local panel. As presented in equation (4.3), the panel thickness is optimized with
considering the strength and buckling constraints. Figure 4.5 describes the iterative process of
local panel optimization. In each optimization cycle, the global wing model is updated using the
optimized thicknesses of local panels. The new displacements are computed, then, and applied on

the local panels as boundary conditions for the next iteration.

tOPtl = tO (UUm)mam /Uy
toptz = to (1/2p)"/?

topt = max (toptla toth) (43)
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4.1.3 Integration of Global Wing and Local Panel Optimization

The local panels are optimized using the EBF3PanelOpt module and the global wing model is
updated using these optimal design variables of local panels. However, the global wing topology,
such as the number and shape of spars and ribs, is not optimized in the local panel optimization. In
order to find the best combination of global wing design variables and local panel design variables,
both global wing optimization and local panel optimization should be incorporated into an inte-
grated optimization framework. The design variables in the global-local optimization framework
can be decomposed into topology variables of global wing and local panel design variables. The
global wing topology variables include the design variables that determine the number of spars
and ribs (termed numeric variables), and the design variables, which define the shape of spars and
ribs (termed shape variables). The local panel variables are optimized in local panel optimization
with a set of fixed global wing design variables. Figure 4.6 illustrates the integrated global-local
optimization framework. A two-step strategy is used to organize the optimization process. In the
first step optimization, the number of the spars and ribs are optimized with a set of fixed global
shape variables. In this optimization stage, the ribs are distributed evenly in each wing box. The
local panel variables of the aircraft wing are optimized in the stiffened panel optimization so as to
minimize the structural weight. The optimal wing weight is sent to the optimizer. The number of
spars and ribs are optimized using particle swarm optimization to find the aircraft wing design with
minimum weight. In the second optimization step, the shape variables of spars and ribs are opti-
mized with a fixed number for spars and ribs, which were obtained in the first step optimization. As
similar as in the first step, the wing structure with curvilinear spars and ribs, which is constructed
using the EBF3WingOpt module, is optimized using EBF3PanelOpt to output the optimal weight
of that wing design to the optimizer. Compared to the numeric variables of global wing, the wing
shape variables have a much more complex design space. Hence, the computational cost of shape
optimization of spars and ribs is very expensive. Parallel computing has been implemented for the
local panel optimization using the scripting language Python in order to reduce the CPU time. An

optimal wing design with straight stiffeners can be obtained through the first and second step opti-
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Figure 4.6: Integrated Global-Local Optimization Framework

mization. Then, the stiffened panels are optimized using curvilinear stiffeners in order to improve

the buckling performance and minimize the structural weight.

4.2 Application: NASA Common Research Model

In this chapter, the global-local optimization is performed for a subsonic fixed wing called
NASA common research model (CRM). CRM is a fixed cantilever wing with a cruise Mach num-
ber of Mach 0.85. An example of CRM wing layout with curvilinear spars and ribs is shown in
Figure 4.7. The CRM wing has a full span of 2,313 inch, aspect ratio of AR = 9.0, and a taper-
ratio of 0.275. The wing is composed of two wing sections: the inner wing and the outer wing,
which are connected at the junction located at about 37 % semi-span. The front spar and rear spar
are located at 9% chord and 70% chord respectively. The spars and ribs are placed in the region

between the front and rear spars.



Mohamed Jrad Chapter 4 64

Figure 4.7: NASA Common Research Model

The topology of the stiffening members and the thicknesses of the wing panels are optimized,
however the outer mold line (OML) is not changed in this current optimization research. Curvi-
linear SpaRibs are defined in each section and the CO continuity is enforced on the junction of the
each two adjacent sections. The internal structure of the CRM wing is generated using 22 design
variables with the linked shape method ([77]). The details of those number and shape design vari-
ables of the spars and ribs are given in Table 4.2. The CRM wing is modeled using aluminum alloy
2024-T3 and its material properties are given in Table 4.3.

Blade stiffeners are added to the panels along the span-wise direction to resist the in-plane
compression in the CRM wing skins. The panel buckling performance can be improved by adding
more stiffeners. However, the stiffened panel weight consists of the weight of plate and the weight
of stiffeners. Adding too many stiffeners may increase the weight of the stiffened panel. In this
research, the number of stiffeners in stiffened panel is determined using the following requirement:
the average distance between adjacent stiffeners is about 12 inches. This requirement is determined
based on our experience of searching the best number of stiffeners for local panels, also by consid-
ering the manufacturing cost.

In the optimization of the CRM wing, the aerodynamic loads and the structural deforma-

tions are calculated by integrating MSC.Nastran solution 144 into the optimization framework.
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MSC.Nastran provides the doublet lattice method for the computation of the aerodynamic loads
at subsonic regime. Two flight conditions are considered in this research: an angle of attack of
-2 degrees and 6 degrees. MSC.Nastran implements several flutter analysis methods, such as the
K-Method (also called the ”American” method) and the PK-Method (also called the “British”
method). The K-method computes eigenvalues and eigenvectors for user specified reduced fre-
quencies. PK-method solves the eigenvalue problem for user specified velocities. In both of the
two methods, flutter velocity can be determined using the velocity-damping (the so-called V-g)
diagram. The PKNL method is the PK-method without looping over all combinations of den-
sity, Mach number, and velocities. Thus, only the matched points are analyzed. Here, the PKNL
method was selected in MSC.Nastran solution sequence SOL 145 to solve the flutter problem and

predict the onset of flutter.

Table 4.2: Design Variables of Global Wing

SpaRibs Numeric Variables | ShapeVariables
Spars in Inner Wing DVl DV2 ~ DV6
Ribs in Inner Wing DV7 DV8 ~ DVI12
Spars in Outer Wing DV13 DV14 ~ DV16
Ribs in Outer Wing DVI13 DVI18 ~ DV22

Table 4.3: Aluminum Alloy 2024 — 7'3 Mechanical Properties

Density (Ib/in?) 0.1
Modulus of Elasticity(ksz) | 10,600
Poisson’s Ratio 0.33
Yield Stress (ksi) 40

4.3 Parallel Computing

The aerospace industry is under pressure to become more efficient and to produce aircrafts
with ever-increasing quality while reducing the cost per unit. A significant part of the information

technology budget is spent on CAE analyses using compute servers. Aerospace companies are
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therefore looking at alternative and more (cost) effective ways of carrying out numerically intensive
calculations.

The code developed in this work (EBF3GLWingOpt), using the programming language Python,
is an optimization framework that optimizes the structure of an aircraft wing through global and
local optimizations in order to reduce its weight while satisfying the different constraints (buckling,
strength, flutter velocity etc.). At the global level, the code defines the global parameters and builds
the global model spars and ribs. It is followed then with a local optimization of the local panels.
This latter part consists of analyzing and optimizing all (or part of) the local panels of the wing and
allows finding out the optimal thickness and stiffeners location. The fact that these local panels are
independent makes it possible to run the local optimization using parallel processing, thanks to the
free Python licenses and the open—mpi library. This is shown to reduce significantly the CPU time
of the whole analysis.

However, the limitations encountered for the parallel part are the number of licenses of MSC
software and memory size. Nevertheless, besides running MSC.Patran and MSC.Nastran, the
local optimization (of one panel) contains also functions that do only processing. This time spent
on data processing can be also used in running MSC.Patran or MSC.Nastran during the local
optimization of another panel. By following this concept, the limitation of the number of licenses
of MSC software is reduced and the CPU time is enhanced. For example, Virginia Tech has 100
MSC licenses. However, we are able to run local optimization of 270 panels with 270 processes.

Optimizing the use of MSC licenses is made possible by creating licenses check cycles.

4.3.1 License Cycle-Check Method

The objective of this method is to overcome the limitation of the number of licenses and make
the code able to re-adjust and organize the running jobs in order to reduce the CPU time and use
more processes in the parallel framework. For example, Figure 4.8 shows a typical case of running
5 jobs in parallel using only 2 MSC licenses. It is obvious here that the maximum number of pro-

cesses that can be used is 2 processes (number of licenses). Otherwise, one of the jobs fails once
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it does not find a license and, therefore, the whole analysis fails. This failure is unwanted in our
current framework especially after too many hours of simulations. Furthermore, even if we use in
this case 2 processes, the jobs fail if another user asks for a license while the code is running.

In the current case, the blue arrows represent data processing while the green arrows represent
of MSC.Patran or MSC.Nastran jobs. The idea of the license cycle-check, as shown in Figure 4.9,
consists of running the blue arrows in parallel using a higher number of processes (since there is
no limitation at this level) and running the green processes by groups. The capacity of the group
is determined automatically when a job fails to get a license and enters therefore into a license
cycle-check. By following this method, the CPU time is lowered and the limitation on the number
of parallel processes is reduced. A summary of the advantages of the method is presented in Table

4.4, where

Number of licenses: L=2
Number of processes: P=2
Number of jobs: J=5
Table 4.4: Summary of the License Cycle-check Method

Without License cycle-check | With License cycle-check
If a job fails due
to absence of license The whole analysis fails Self-adjustment
Maximum possible number
of processes L >L

Number of processes

used (in this example) 2 5
CPU time (time-steps) RoundUp(J/L) =3 < RoundUp(J/L)

4.3.2 Memory Self-Adjustment Method

Running the code using multiple processes reduces the CPU time. However, when it comes to
running multiple Nastran jobs simultaneously using a shared memory, a memory saturation might

happen and many jobs might fail. This, actually, depends on the number of parallel processes and
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Figure 4.8: Simple Task Running 5 Jobs with 2 Processes and 2 MSC Licenses
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Figure 4.9: Simple Task Running 5 Jobs using the License Cycle-check Method
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Figure 4.10: Simple Task Running Multiple Nastran jobs with 10 Processes in Two Computers

the state of the memory at the time of the simulation. Consider for example the case presented
in Figure 4.10, which consists of processing data (blue arrows) and running Nastran jobs (green
arrows) using 10 parallel processes in 2 hosts (5 processes in each). Note here that every host
have one shared memory. If the memory of Host2 is loaded such that it does not support more
than 3 Nastran jobs at a time, only the first three jobs are able to find memory space (in this case,
processes 7, 8, and 9), while the two other jobs (in processes 5 and 6) fail. This capacity of the
machine (3 jobs) is instantaneous and depends on the amount of memory allocation needed in
every job. Therefore, the user cannot know it in advance. In order to avoid failure, the user is
required, then, to limit the number of parallel processes. However, in order to solve this problem,

we have implemented a method that we called the "Memory self-adjustment” method.

The memory self-adjustment method (See Figure 4.11) consists of creating a communication
between the parallel processes in order to organize the running jobs. Two parameters are shared
between the processes of each machine: the capacity of the machine and the number of running

jobs. The processes are calling for Nastran using the logic of "first in-first serve”. In the presented
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Figure 4.11: Simple Task Running Multiple Nastran Jobs Using the Memory Self-adjustment
Method

case, processes 7, 8, and 9 start Nastran jobs successively. The first process (number 7) sets the
parameter “capacity of the machine” to a high number when it starts its job (1000 for example).
When process number 6 starts its job, it does not find enough memory space to allocate. Therefore,
it checks the number of running jobs (3 jobs) and sets the parameter “capacity of the machine” to
3 jobs. Every process becomes, therefore, unable to start a job until the number of running jobs
become less than the capacity of the machine. Hence, processes 6 and 5 are put on hold. Once
process 9 is done, process 6 starts its job. Then, process 5 starts its job when process 8 is done.
After the last process finishes its job (number 5 in this case), it sets the capacity of the machine
back to its default value. This allows other users to use also the shared memory without affecting
the whole process. In other words, if some memory space is released after time ¢, and a new set
of jobs starts, the new capacity becomes higher. The opposite is also true: if the memory is loaded

after t. and a new set of jobs starts, the new capacity becomes lower.

By following this method, the CPU time is, therefore, lowered and the limitation on the number

of parallel processes is reduced. A summary of the advantages of the method is presented in Table



Mohamed Jrad Chapter 4 71

4.5, where

Capacity of the machine (maximum number of jobs): C=3 (unknown in reality)
Number of processes in machine Host2: P=5
Number of jobs: J=5
Table 4.5: Summary of the Memory Self-adjustment Method

— Without Self-Adjustment | With Self-Adjustment
If a job fails due
to memory saturation The whole analysis fails Self-adjustment
Maximum possible number of
processes in machine Host2 C >C
Capacity of the machine
(maximum number of jobs) Unknown Computed
Number of processes used
in machine Host2 (in this example) 3 5
CPU time (time-steps) RoundUp(J/C) =3 < RoundUp(J/C)

Thanks to the license cycle-check and memory self-adjustment methods, a high number of
parallel processes could be used in this analysis. Figure 4.12 shows the example of local panel
optimization for one iteration using different number of processes. It can be seen clearly that the
curve of the CPU time is nonlinear and that the gradient is much higher in the range [0, 30] than
the rest of the domain. In fact, for a higher number of processes, the communication between
the processes and the copying of files from one machine to another will require more time. The
optimal number of processes in this task is 150 processes and the CPU time was reduced by 96%
from 1 hour and 50 minutes to only 4 minutes. It should be noted here that the optimal number of

processes is higher than the available number of MSC licenses (100 licenses).

However, running the whole global/local optimization of one wing design using different num-
ber of parallel processes (Figure 4.13) shows that the optimal number of processes is 100 processes
and the CPU time is reduced by 77% from 7 hours and 8 minutes to 1 hour and 38 minutes. It
should be noted here that 87% of this CPU time is spent in the global optimization and mainly in

running Nastran solution 144 for aeroelasticity for the whole wing (which is not parallel). There-
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Figure 4.12: Variation of CPU Time with the Number of Processes for the Local Optimization of
270 Local Panels in One Iteration

fore, here comes the need to implement a double level of parallel computing when using the par-

ticle swarm optimization in order to save computational resources by running multiple designs

simultaneously.

The double level parallel computing in the PSO scheme was applied in this work (Figure 4.14).

Using 15 particles in the population, the method converged after 3 iterations. Table 4.6 shows the

CPU time for different configurations. Thanks to the double level parallel computing scheme, the

CPU time was reduced from 6 days and 18 hours to 17 hours and 33 minutes. The total number of

designs (duplications are not counted) that has been analyzed in this case is 18 designs.

Table 4.6: CPU time of a full PSO with 15 particles, which converged in 3 iterations

CPU time Reduction in CPU time
Single process in the whole analysis 6 days and 18 hours —
1 process in PSO and 15 processes
in the global/local optimization 3 days 55%
15 processes in the PSO and 15 processes
in each global/local optimization 17 hours and 33 minutes 89%
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Figure 4.13: Variation of CPU Time with the Number of Processes for the Full Wing
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Figure 4.14: Example of an Iteration of a PSO Scheme with a Population of 3 Particles
Implemented using Double Level Parallel
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4.4 Results

The integrated global-local optimization is applied to the CRM wing in order to minimize its
weight while satisfying the stress and buckling constraints. In this optimization case, the number
of spars of the CRM wing is fixed to three spars. The number of ribs in the inner wing and outer
wing boxes is optimized. Reducing the number of ribs can reduce the wing weight. However,
considering the relatively poor buckling performance of large size local panels, the number of ribs

should satisfy the following constraints:

4 < Number of Ribs in Inner Wing < 12

10 < Number of Ribs in Outer Wing < 30 4.4)

The finite element models of CRM designs are created in the EBF3WingOpt module using the
design variables of SpaRibs, and are optimized by the stiffened panel optimization to evaluate the
optimal weight of the stiffened CRM wing. The panel thicknesses of stiffened panels are optimized
in the EBF3PanelOpt module. The first step of integrated global-local optimization, as presented
in Figure 4.6, is performed using the particle swarm optimization method. Fifteen particles are
analyzed in each optimization cycle. Every analyzed particle is saved in the optimization history.
This avoids double calculations if the particle is visited more than once, and saves therefore the
computational resources. The convergence of the particle swarm optimization is reached when the
change of optimal wing weight in two consecutive iterations is less than 1%. A converged optimal
design is obtained in the fourth iteration as shown in Figure 4.15. The optimal wing weights of 21
CRM designs with different number of inner wing and outer wing ribs are shown in Figure 4.16.
The minimum wing weight 11,234 Ibs is observed in the CRM wing with 4 inner wing ribs and 21
outer wing ribs. Figure 4.17 presents the optimal panel thicknesses of the wing skins, spars and
ribs of that CRM design. The thicknesses of the panels close to wing tip have approached the lower

bound of 0.05 inch while the panel that is closest to the wing root has the highest panel thickness.
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Figure 4.15: Wing weight optimization history

Figure 4.16: Optimal Weight of CRM Wing

with Stiffened Panels

The buckling and flutter analyses are performed for the optimal CRM design to check the buck-

ling and dynamic flutter constraints for the global wing structure. The static aeroelastic stress is

evaluated using Kreisselmeier- Steinhauser (KS) criteria [106, 107]. The flutter dynamic pressure

is calculated and presented in Table 4.7. The optimal CRM wing satisfies all the constraints in the

multidisciplinary design optimization. Compared to the baseline un-stiffened CRM design, which

has been optimized in the previous work [106] of our research group, the wing weight has been

reduced more by 42% in the global-local optimization with stiffened panels.

Table 4.7: Constraints of Optimal CRM Design with 4 Inner Wing Ribs and 21 Outer Wing Ribs

Constraints Baseline Design [106] | Optimal Design | Low Bound | Up Bound
Structural Weight (1bs) 19,269 11,234 NA NA
MO0.85 AOA -2 Degree KS 0.164 0.35 NA
MO0.85 AOA 6 Degree KS 0.627 0.92 NA
15" Buckling Eigenvalue
AOA -2 Degree 1.017 1.072 1.0 NA
15" Buckling Eigenvalue
AOA 6 Degree 1.053 1.03 1.0 NA
Flutter Dynamic Pressure (psi) NA 6.7 2.1 NA
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Figure 4.17: Optimal Thickness of CRM Wing with 4 Inner Wing Ribs and 21 Outer Wing Ribs



Chapter 5

Damage Tolerance and Optimization of
Curvilinearly Stiffened Panels:

EBF3PanelOpt Framework

5.1 Damage Tolerance Analysis of Curvilinearly Stiffened Pan-

els

5.1.1 EBF3PanelOpt Framework

The damage tolerance framework described in this work, EBF3PanelOpt, has as objective the
structural optimization of curvilinearly stiffened panels by considering a number of constraints that
have to be satisfied (damage tolerance, buckling, von Mises stress, and crippling constraints). The
framework is written with the scripting language Python and it interacts with the commercial soft-
wares MSC. Patran (for geometry and mesh creation), MSC. Nastran (for finite element analysis),
and MSC. Marc (for damage tolerance analysis). The process starts by giving the input parame-

ters and the design variables to the script. The script creates then the appropriate session file and

7
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[ Parametric Input File ]—»[ Create Geometry ]—-[ FE Mesh ]—>[ FEA Nastran

Design
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Buckling Factor
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Crippling Stress
Constraint

Stress Intensity Factor
Constraint

Figure 5.1: EBF3PanelOpt Framework

submits it to MSC. Patran in order to create the geometry and mesh of the uncracked panel with
stiffeners. After that, the bdf file is created and MSC. Nastran is asked to run it for the FE analysis.
The crack location is set to the location of the maximum value of the major principal stress while
its orientation is set normal to the major principal axis direction ([108]). If the crack location is
fixed by the user, then these steps will be skipped. Now that the crack information is known, the
geometry is modified and the model is re-meshed. After that, MSC. Nastran is asked to run the
FE analysis and compute the mass, buckling factor, von Mises stress factor, and crippling factor.
The model is, next, imported into MSC. Marc in order to evaluate the stress intensity factor using
the Virtual Crack Closure Technique ([109, 110]) which is based on the calculation of the work

necessary to open a crack during an infinitesimal displacement of the crack tip.

The example problem studied in this chapter consists of a simply supported panel with two
curvilinear stiffeners and subjected to biaxial normal and shear loads (Figure 5.2). The panel
dimensions are 0.812m x 1.016m and it contains a small crack of length 10mm. The normal
loads are parallel to the longest direction of the panel. The mechanical properties of the material

AlT7050 — T'7451 used in this work are described in Table 5.1 ([111, 112]).

A key feature of EBF3PanelOpt is the ability to specify the geometry of the stiffened panel in

a parametric fashion such that the framework fully determines the structure’s shape and size. The
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Figure 5.2: Cracked Curivilinearly Stiffened Panel under combined shear and normal loads

Table 5.1: Material properties of the model

Modulus of Elasticity 73 GPa

Density 2795 Kg/m?
Poisson’s Ratio 0.33
Yield stress 427.4 M Pa

Fracture toughness | 27.47 M Pa~/m

design variables used in this framework are the stiffeners shape and position parameters, stiffeners
height, stiffeners thickness, and panel thickness, as shown in Figure 5.4. These design variables
will be used later for the optimization process. The shape and position of every stiffener are
defined using 4 design variables (Figure 5.3). The stiffener’s curve is represented using third order
uniform rational B-spline using two end-points (defined by x; and x4) and a control point (z3,73).
This guarantees that the stiffener always remains in the panel area. The two stiffener end-points

lie both on the panel’s perimeter. Hence, they can be represented each with a single value (z; for
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the starting point and x4 for the ending point) that lies always between zero and one. A single
perimeter curve is created in Patran and used to localize the end-points of the stiffeners using
parametric extraction. The values of x5 and x5 lie also between zero and one and are used to
determine the x and y coordinates of the control point using interpolation of the panel surface.
This way, a panel with arbitrary geometry, along with the stiffeners, can be represented using the

parametrization.

x, 00 023
x, 00 10 [ Stiffener|
x; 00 1.0 | Geometry
x, 05 073~
x; 0.0 0.237)
x, 0.0 1.0 (Stiffenerll

x; 00 1.0 |Geometry
x;, 05 073

B I O'OS}Stiffeners Heights
X, 0.01 0.05
x,; 0.001 0.008
x,, 0.001 0.008
X;3 0.001 0.004— Panel Thickness

Panel—+—

N

Stiffeners Thickness

7

0 Figure 5.4: Definition and range of the design
variables during the optimization process

Figure 5.3: Design variables of the stiffener

5.1.2 Virtual Crack Closure Technique (VCCT)

The optimization of stiffened panels is based on the examination of the conditions under which
the crack growth occurs and the evaluation of an important parameter called stress intensity factor
(K). This parameter characterizes the stress state caused by a remote load or residual stresses near
the crack tip. It permits to specify weather the existing crack will propagate or not. The threshold
of the stress intensity factor for which the crack begins to grow is a property of the material called

fracture toughness (/). It describes the ability of a material containing a crack to resist fracture,
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Figure 5.5: The three basic crack propagation modes

and is one of the most important properties of any material for many design applications.

In the linear elastic fracture mechanics, there are three possible modes of crack propagation: the
opening mode (Mode 1), sliding mode (Mode II), and tearing mode (Mode III) (Figure 5.5). The
opening mode is characterized by the symmetric separation of the crack surfaces with respect to
the plane of the crack. In the sliding mode, the crack surfaces slide over one another perpendicular
to the leading edge of the crack. The tearing mode is characterized by displacements in which
the crack surfaces slide with respect to one another parallel to the leading edge of the crack. In
this work, the stress intensity factor for the three modes I, II, and III as well as the effective
stress intensity factor are calculated automatically by MSC. Marc using the Virtual Crack Closure
Technique (VCCT). This evaluation is done using analytical functions for the stress field near the
crack tip. The VCCT option offers a simpler but more general way for obtaining the energy release
rate. There exists a direct relation that links the stress intensity factors to the energy release rates.
The implementation of the VCCT follows the description in Krueger [110] (See MSC. Marc (2013)
manual).

According to the linear elastic fracture mechanics, there is an energy balance between the work
needed to create a new crack surface and the strain energy in the structure. Indeed, for crack
propagation, the rate of elastic energy release should at least equal the rate of energy needed for
the creation of a new crack surface associated with the energy of plastic dissipation due to the

development of a plastic zone around the tip of the crack. Consider Equation (5.1).
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dIl

G=——
da

(5.1)

It states that GG (energy release rate) is the change in potential energy (II) by a change in crack
length (a). A stress intensity factor and an energy release rate are associated for each of the three
separation modes ((K;,Gr), (Kr1,Grr), and (Ky77,Grr)). There is also a toughness associated
with each mode: K., Kjj., and Kj77.. Mode 1 is usually the most critical mode and in many cases
the other modes are not considered. The connection between the energy release rates and the stress

intensity factors is given by Equations 5.2 ([110])

K;=+GrE (5.2a)
Kir =G E (5.2b)
Kirr =\ 2uGrrr (5.2¢)

where

= E for plane stress
N E

=) for plane strain

Where E is the Young modulus, p is the shear modulus and v is the Poisson’s ratio. The effective

stress intensity factor and the total energy release rate are expressed as:

E/
KZ ;= K; + Kj; + EKIQH (5.3a)

Grot = Gr + Grr + Grr (5.3b)

The condition at which the crack will not expend is, therefore,
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Figure 5.6: Mesh of two successive steps during a crack propagation

Keff < K[c (54)

Consider the simple finite element model in Figure 5.6 ([113]). It represents the mesh of two
successive steps during a crack propagation. The only difference between model 1 and model 2
is that the crack has expended by one element edge of length a in model 2. Suppose we do one

analysis for each one of the two models. the energy release rate, G' can be calculated as:

_Fu
- 2a

G (5.5)

The force F' (Model 1) is the force that keeps the crack together, while u (Model 2) is the crack
opening. Obtaining the values of these two quantities requires two analysis. This method is called
the Crack Closure Technique (CCT). However, in the Virtual Crack Closure Technique (VCCT),
we perform only one analysis with a closed crack (Model 1) and we use the opening displacement
at the closest nodes to the crack tip. The case of pure mode I is shown in Figure 5.7. The other

modes are treated separately and similarly.

Hence, we get,
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where X, y, and z denote the coordinate directions in the local crack tip system. For higher-order

elements, the contributions from the midside nodes has to be included. The total energy release

rate is calculated using Equation 5.3-b. The stress intensity factors are then obtained using the

equations 5.2 and 5.3. More information about the VCCT method in MSC. Marc can be obtained

from the MSC. Marc manual [113].

The stress intensity factor of a finite plate with a through the thickness side crack (Figure 5.8)
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can be expressed as ([114])

K; = oy/ra® (%) (5.7)

Where ¢ (%) is a dimensionless constant that depends on the geometry and the mode of the
loading. Several empirical formulas have been developed for this dimensionless constant. The

summary of some empirical formulas for ¢ (%) of the side crack plate is presented in Table 5.2

([22)).

Table 5.2: Empirical formulas for the dimensionless constant ¢ (%) of the side crack specimen

Formula Accuracy
a a)2
®(3) = b2 0'23:3} (3) + 105 SB) Error is 0.5% for a/b < 0.6
—21.71 (%)" +30.382 ()
a B ma 3
®(2) = {0‘752+2-02(bc)0t(57(1—sm 5 ) } 20 tan (3%)  Error is less than 0.5% for any a/b

2b

The height and width of the model are, respectively, h = 2m and b = 1m while the material
properties are &2 = 200GPa and v = 0.3 and the normal traction is ¢ = 400MPa. The difference
between the analytical (Equation 5.7) and numerical models is evaluated using Equation 5.8 and is
shown in Table 5.3. It can be seen clearly that the numerical results for this model are close to the

analytical results.

Analytical num

Dz’ff—‘ !

x 100 (5.8)
KAnalytical

Two different options for the crack shape are developed in this framework. The first one consists
of a crack with a diamond shape, and contains therefore a small crack opening (Figure 5.9). In this
case, the crack is created by subtracting the diamond shape from the panel surface. The second

option consists of a line-shaped crack (Figure 5.10). The crack opening in this case is zero. The
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Table 5.3: Analytical and numerical evaluation of the stress intensity factor

Crack length, a (mm) | K7*™ (MPay/m) | I; """ (MPay/m) | Dif f(%)
5 170 179 4.92
10 242 265 8.7
20 408 435 6.23

creation of the crack starts by making a line partition in the uncracked panel and meshing the
geometry. The next step consists of modifying the bdf file which contains the grid and elements
information. The nodes located in the crack line are duplicated and new nodes with new IDs are
created in the file and appended to the grid. The following step consists of modifying the elements
connectivity matrix. The elements that have a node located in the crack line are selected. Part of
these elements are located on one side of the crack and the rest are located on the other side. Only
one of the two sides is selected and its elements are modified by changing the IDs of the old crack

line nodes with the corresponding newly created IDs.

Figure 5.9: Diamond-shaped crack Figure 5.10: Line-shaped crack

5.1.3 Curvilinearly Stiffened Panel with a Center Crack Under Pure Ten-

sion

In this section, we analyze the case of a curvilinearly stiffened panel under pure tension (| N1 | =
462,200 N/m). We run the case for predefined horizontal crack in the center of the panel. The
design variables are given in Table 5.4. The VCCT method requires the use of a very high mesh
density around the crack in order to obtain accurate results. The comparison of the stress intensity
factors using different crack openings is presented in Figure 5.11. The SIF value for a zero crack
opening is calculated using a line-shaped crack (Figure 5.10) while the other points are calculated

using the diamond-shaped crack (Figure 5.9). It can be seen clearly that both shapes give close
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results. It is noticed also in this case that Mode I is the dominant mode. The mode I stress intensity

factor increases significantly with the crack length as shown in Figure 5.12.

Table 5.4: Design variables of the studied case

T T9 T3 T4 Ty Te L7
7.244e-02 0.626 0.368 0.651 0.139 0.988 0.8
xsg ) Z10 T11 Z12 x13
0.585 3.79e-02 | 2.14e-02 | 1.86e-03 | 2.54e-03 | 3.06e-03
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Figure 5.11: Variation of the stress intensity
factors with the crack opening

Figure 5.12: Variation of the Mode I stress in-
tensity factor with the half crack length

The ability to analyze a panel configuration and decide whether this panel is still resistive to
the crack or not is important. In case the crack will expand, it is possible then to increase the
thickness of the panel or that of the stiffeners in order to reduce the stress intensity factor. The rest
of the design variables also have effect on the stress intensity factor and the ability of the panel to
resist the crack. Therefore, performing an optimization for the panel using the mentioned design
variables is important to reduce the structure’s weight while all the required constraints are still

satisfied. The optimization process is explained in the next section.
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5.2 Damage Tolerance-Based Optimization of Curvilinearly Stiff-

ened Panels

The framework created for the damage tolerance-based optimization is based on the program-
ming language Python and its interaction with the MSC. commercial softwares Patran (geometry
creation and meshing), Nastran (FE analysis), and Marc (damage tolerance). The framework de-
veloped here creates an automated process of reading the input parameters and design variables,
creating and running the geometry and FE model as well as the damage tolerance analysis, as-
suring communication among all the three software, and provides as an output the total weight of
the structure, the buckling factor, the von Mises stress factor, the crippling factor, and the stress
intensity factor. The EBF3PanelOpt framework ([42, 76, 79-81]) has been developed using Object
Oriented Programming. It is now extended to use MSC. Marc for studying fracture behavior of
unitized structures using the finite element method. The optimization process of the EBF3PanelOpt
optimization framework consists of a Two-Step-Particle Swarm Optimization followed by a Gra-

dient Based Optimization.

The optimization problem having continuous design variables and constraints is defined math-

ematically as:

min f(x)
gi(z) <1, i=1,...m (5.9)

ajnggb]7 j:l,...,n

The design variables are usually discrete in traditional manufacturing. However, in Solid
FreeForm manufacturing (SFF) like EBF?, all sizing design variables are continuous. This allowed
using continuous design variables during optimization in this work. The quantity f(z) corresponds
to the objective function in the optimization problem described in Equation 5.9. This function is
minimized with respect to the design variables x (a; < z; < b;, 7 = 1,...,n), while satisfying the

constraints, g;(x).
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Xo :Particle’s Current Position
Xy :Particle’s New Position
V) :Particle’s New Velocity
Xs :Swarm’s Best Position
Xp :Particle’s Best Position

Figure 5.13: PSO Algorithm

The optimization of stiffened panels has multiple minima, especially when considering the stiff-
eners’ size, orientation, and location as part of the design variables ([115—-117]). Kapania et al. [42]
and Mulani et al. [118] have shown that the design space of a flat stiffened panel with curvilinear
stiffeners has multiple minima. A two-step-Particle Swarm Optimization (PSO) is used in this
work to minimize the structural weight of a panel with two curvilinear stiffeners in the presence of
a small crack in the panel. The traditional PSO algorithm is described in [68].

In every iteration of the PSO process, random particles (designs) are distributed and evalu-
ated. The particles’ positions are updated based upon individual and social corrections (Figure
5.13). The individual and social corrections correspond to updating the whole random particles
group (swarm) direction as well as individual particles’s direction during the minimization using
Equations 5.10 and 5.11. Variables z, are the design variables and are called the positions of the
particles, v,i is the velocity of the particle, r; and r, are the uniform random numbers, c¢; and ¢,
are the thrust parameters, w is the inertia weighting parameter of velocity, and p* and p{ are the
best particle position and the best swarm position, respectively. The inertia weight parameter, w,
decides the influence of the particle’s velocity as compared to the personal and social influences.

In addition, it decides the optimization convergence rate. The parameter At is called time step.

; - ; — T -z
Vi, = wul + cyry 2 o+ Cora Ve (5.10)
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Thq = T} + vj At (5.11)

The objective of the optimization process is to minimize the total mass of the cracked stiffened
panel whereas constraints are imposed on global buckling, von Mises stress, crippling or local

failure of the stiffeners, and stress intensity factor. The buckling constraint is expressed as:

1
Brp=—X<1 (5.12)
Ao
where )\ is the fundamental eigenvalue. The von Mises stress constraint based on Kreisselmeier

and Steinhauser (KS) criteria ([107]) is given as:

N
KS(0) = 2 (g 3 Aetmomilmv) < 1 (5.13)

N
P Zi:l A; i=1
where p = 150 in this implementation. A; and o,,,, are the area and the von Mises stress at
element 1, respectively. o, is the yield stress. The weighted average is used in this expression in
order to avoid the stress concentrations localized in very small areas. The crippling constraint is

expressed as

<1 (5.14)

where o, is the maximum negative principal stress in the stiffener and F,. is the maximum

allowable stress for blade stiffener and is calculated by

by/oy/E > 1

oy, 0.61525 ( 2°
—0.78387
b,/ay/E> <1

Fo. = (5.15)
b

—0.78387
0.615250y( ‘ ) , 0.61525
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where F is Young’s modulus of the stiffener material, b is the stiffener’s height, ¢ is the stiffener
thickness. More details about these first three constraints (global buckling, von Mises stress, and
crippling) can be found in Mulani et al. [76]. The stress intensity factor constraint, added in this

work, is expressed as

Keyy
Keps = — <1 5.16
K. (5.16)

Hence, the optimization problem for a cracked stiffened panel can be written as

min mass(x)
xX

(5.17)

The upper and lower bounds of the design variables are described in Figure 5.4. In optimization,
a design variables vector x is called feasible point if it satisfies the problem constraints. In our
constrained optimization problem using PSO, many particles give a response for which at least
one of the four aforementioned constraints is not satisfied. Therefore, we decided that instead of
ignoring this non-feasible particle, we dig more into its direction by putting the first ten design
variables as constants and updating only the panel and stiffeners’ thickness (z11, =12, and x13)
until we get a feasible particle. This reduces, in fact, the CPU time by reducing the number of
non-feasible particles and reducing the dimension of the problem in some parts of the optimization
process. We call this a Two-Step Particle Swarm Optimization. The diagram of the modified PSO

is shown in Figure 5.14.

The Particle Swarm Optimization (PSO) method is a good approach in handling an optimization

problem with large dimension ([66]), and it gives good results. However, to guarantee that the
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Figure 5.14: Two-step optimization process using Particle Swarm Optimization
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result from using PSO is near the global optimum, the PSO needs to run for a very long time in
order to cover the whole design space. Generally, the stopping condition for the PSO consists of
comparing the value of the best design in the last two or three iterations. If no improvement is
made in this value, then the algorithm stops. However, in the current optimum design framework,
the number of iterations for convergence check is not limited to two or three, but is provided
as an input parameter, which allows for a better convergence of the method. The PSO process
does not involve any gradient calculation. Hence, we call the obtained design with PSO “the best
obtained design” and not “optimal design”. As will be shown in the next sections, these obtained
results are close to the boundary of the feasible region. For that reason, we use, as a second step,
a Gradient Based Optimization using the PSO result as an initial point and by setting as design
variables the panel and stiffeners’ thicknesses only (211, 212, and x13). All the other values are fixed
(x1,...,x10). The GBO consists, here, in utilizing the Modified Method of Feasible Directions using
the commercial software VisualDOC. The gradients are calculated using the ”Forward Difference”.
The parameters used for the PSO and GBO optimizations are given in Table 5.5 and Table 5.6,
respectively. During the optimization, there will always be some geometries for which MSC.

Patran cannot mesh properly. The framework EBF3PanelOpt is able to recognize these cases and
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inform the optimizer that a response was not returned. These cases correspond to following failure
types: the design variables do not make physical sense such as when a stiffener begins and ends
at the same point, the Patran session file did not finish playing (because of difficulty in meshing),
and the mesh paver failed. We also ignore, in this study, the cases where the crack is situated in the
stiffener, because it will make the stiffener fail earlier and might cause, therefore, buckling of the

whole structure.

Table 5.5: PSO parameters

Inertia weigh parameter, w 0.7298
Local optimum trust parameter, c; 2
Global optimum trust parameter, ¢y 2

Relative objective convergence 1E —02

Table 5.6: VisualDOC optimization parameters for Gradient Based Optimization

Absolute objective convergence | 1E — 06
Relative objective convergence | 15 — 03

5.2.1 Curvilinearly Stiffened Panel with Center Crack

The problem of a simply supported panel with two curvilinear stiffeners, a center crack, and sub-
jected to pure tension (| Ny;| = 462,200 N/m) is optimized in this section. The design variables
and responses of the baseline model (Figure 5.15) are presented in Tables 5.7 and 5.8, respectively.
The PSO process converged after 10 iterations (Figure 5.16-a). In every iteration, a population of
15 particles was analyzed. The design variables of the PSO best particle and its mass and con-
straints are shown in Table 5.9 and Table 5.10, respectively. Although the mass of the structure
was reduced, it can be seen clearly from Table 5.10 that none of the constraints is on the boundary
limit (constraint = 1). We apply, therefore, the GBO after taking this design as initial guess and
as design variables x1;, 12, and x13 only while the other design variables were fixed to the initial
guess values. The convergence of the GBO is shown in Figure 5.16-b and Figure 5.17. It is clear
from Figure 5.17 that the boundary limit of the KS and SIF constraints is reached. The design vari-

ables and responses of the optimal case obtained with PSO+GBO process are shown in Table 5.11
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Figure 5.15: Baseline Model

and Table 5.12, respectively. Knowing that the mass of the baseline design was 8.1kg, the mass
of the structure was reduced, therefore, during optimization by 58.4%. The stress intensity factors
and the energy release rates for this optimal case (Tables 5.13 and 5.14) show that the dominant
mode of fracture is Mode 1. The displacements and the von Mises stresses are shown in Figure

5.18 and Figure 5.19, respectively.

Table 5.7: Design variables of the baseline model

€ X2 Zs3 Ty Zs Te X7
0 0.4 0.6 0.7 0.23 0.194 | 0.2
xrg Zg Z10 T11 X12 Z13

0.5 ] 0.012 | 0.012 | 0.0004 | 0.0004 | 0.0035

Table 5.8: Mass and constraints of the baseline model with a centered crack

Table 5.9: Design variables of the best obtained design with PSO for a centered crack

Mass (kg)

KS

Crippling

SIF

8.1

0.32

0.563

0.43

15 T2 x3 Ty L5 Te T
0.216 | 0.419 | 8.167e-02 0.543 9.39¢-02 0.58 0.78
xs X9 Z10 T11 Z12 x13
0.522 | 0.01 1.2e-02 | 7.16e-03 | 6.83e-03 | 1.76e-03
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Figure 5.16: Optimization history of the Objective Function (Weight) for the Curvilinearly Stiff-

ened Panel with a centered crack under pure tension

Table 5.10: Mass and constraints of the best obtained design with PSO for a centered crack

Table 5.11: Design variables of the optimal design obtained with the PSO+GBO process for a

centered crack

Mass (kg)

KS | Crippling

SIF

4.57

0.78 | 5.6e-02

0.678

T T9 T3 Ty Ty Tg Iy

0.216 | 0.419 | 8.167e-02 0.543 9.39¢-02 0.58 0.78
xs T9 Z10 T11 T12 x13

0.522 | 0.01 1.2e-02 6.344673e-03 2e-03 1.33e-03

Table 5.12: Mass and constraints of the optimal design obtained with the PSO+GBO process for a

centered crack

Table 5.13: Stress intensity factors of the optimal design obtained with the PSO+GBO process for

a centered crack

Mass (kg)

KS Crippling

SIF

3.37

1.00215 0.1

0.9974

Effective SIF (K.fy) | Mode I (K7)

Mode 11 (K[])

Mode III (K][])

SIF (M Pay/m)

274

24.19

3.19

0.02
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Figure 5.17: GBO Optimization history of the KS and SIF constraints for the Curvilinearly Stiff-
ened Panel with a centered crack under pure tension

Table 5.14: Energy release rate of the optimal design obtained with the PSO+GBO process for a
centered crack

Total ERR (G'1) | Mode I (Gf) | Mode II (Gy) | Mode IIT (G'11)
ERR (N/m) 8148 8008.7 139.36 7.69e-03

5.2.2 Curvilinearly Stiffened Panel with Non-Fixed Crack Location

The problem of a simply supported panel with two curvilinear stiffeners, a crack with non-
prescribed location, and subjected to a combined compression and shear in-plane loads (| Ny;| =
462,200 N/m and |Ny2| = 106,100 N/m, Figure 5.2-a) is optimized in this section. The design
variables and responses of the baseline model (Figure 5.15) are presented in Tables 5.7 and 5.15,
respectively. The PSO process converged after 8 iterations (Figure 5.20-a). In every iteration, a
population of 15 particles was analyzed. The design variables of the PSO best particle and its
mass and constraints are shown in Table 5.16 and Table 5.17, respectively. Although the mass
of the structure was reduced, it can be seen clearly from Table 5.17 that none of the constraints
is on the boundary limit (constraint = 1). This case still can be improved in order to reach an

optimum. We apply, therefore, the GBO after taking this obtained design as initial guess and as
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Magnitude, (NON-LAYEREL)

Figure 5.18: Displacement field of the optimal design obtained with the PSO+GBO process for a
centered crack

design variables x11, x12, and x13 only, while the other design variables were fixed to the initial
guess values. The convergence of the GBO is shown in Figure 5.20-b and Figure 5.21. It is clear
from Figure 5.21 that the boundary limit of the SIF constraint is reached. The design variables
and responses of the optimal case obtained with PSO+GBO process are shown in Table 5.18 and
Table 5.19, respectively. Knowing that the mass of the baseline design was 8.1kg, the mass of
the structure was reduced, therefore, during optimization by 49.4%. The stress intensity factors
and the energy release rates for this optimal case (Tables 5.20 and 5.21) show that there is a small
contribution from Mode III although the dominant mode of fracture is Mode I. The displacements
and the von Mises stresses are shown in Figure 5.22 and Figure 5.23, respectively. The effect of the
damage tolerance constraint on the optimization process is shown by comparing Tables 5.19 and
5.22, where in Table 5.22 the stiffened panel presented in this section (Table 5.16) is optimized
using GBO by omitting the damage tolerance constraint and assuming there is no crack in the

panel. The comparison shows that the optimal mass was reduced by 22.4% in this latter case.

Table 5.15: Mass and constraints of the baseline model with a combined shear and compression
loads

Mass (kg) | Buckling | KS | Crippling | SIF
8.1 0.13 0.32 0.563 —
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Figure 5.19: von Mises Stress field of the optimal design obtained with the PSO+GBO process for
a centered crack

Table 5.16: Design variables of the best obtained design for a non-fixed crack location

T X9 I3 X4 Ts Tg T7

0.045 | 0.315 | 0.244 0.64 0.23 0.5 0.0
xs X9 210 T11 Z12 Z13

0.517 | 0.01 0.05 | 6.89¢-03 | 3.9e-03 | 1.38e-03

Table 5.17: Mass and constraints of the best obtained design for a non-fixed crack location

Mass (kg)

Buckling

KS

Crippling

SIF

4.1

0.12

0.926

0.427

0.466

Table 5.18: Design variables of the optimal design obtained with the PSO+GBO process for a
non-fixed crack location

T X9 T3 T4 Ts Te Ty

0.045 | 0.315 | 0.244 0.64 0.23 0.5 0.0
Tg Ty T10 T11 T12 Z13

0.517 | 0.01 0.05 | 5.89¢-03 | 3.897e-03 | 1.35e-03

Table 5.19: Mass and constraints of the optimal design obtained with the PSO+GBO process for a
non-fixed crack location

Mass (kg)
3.99

KS
0.953

SIF
1.00084

Buckling
0.124

Crippling
0.45
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Figure 5.20: Optimization history of the Objective Function (Weight) for the Curvilinearly Stiff-
ened Panel with a non-fixed crack under combined compression and shear loads

Table 5.20: Stress intensity factors of the optimal design obtained with the PSO+GBO process for
a non-fixed crack location

Effective SIF (K. f¢)

Mode I (K7)

Mode II (K]])

Mode III (K]][)

SIF (M Pay/m)

27.493

22.25

0.97

4.28

Table 5.21: Energy release rate of the optimal design obtained with the PSO+GBO process for a

centered crack

Total ERR (G7or)

Mode I (G)

Mode II (G[[)

Mode III (G[[[)

ERR (N/m)

7118.7

6773.1

12.814

332.8

Table 5.22: Mass and constraints of the optimal design obtained with the PSO+GBO process
without damage tolerance

Mass (kg)

Buckling KS

Cripling

3.26

0.274 | 0.9991

0.9998
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Figure 5.21: GBO Optimization history of the stress intensity factor constraint for the Curvilinearly
Stiffened Panel with a non-fixed crack under combined compression and shear loads

Magnitude, (NON-LAYERED)

Figure 5.22: Displacement field of the optimal design obtained with the PSO+GBO process for a
curvilinearly stiffened panel with non-fixed crack under combined shear and compression loads
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Figure 5.23: von Mises Stress field of the optimal design obtained with the PSO+GBO process for
a non-fixed crack location



Chapter 6

Conclusions and Future Work

The research performed in this Dissertation has been mainly motivated by developing mul-
tidisciplinary optimization framework that builds and optimizes the geometric and FEM model of
an aircraft wing. To do so, the global-local approach was first investigated. The buckling analysis
of curvilinearly stiffened and cracked panels was then conducted. Then, the MDO framework was
described. Finally, a damage tolerance-based optimization of curvilinearly stiffened panels was

performed.

6.1 Global-Local Approach

The example of a thin composite plate with a thin rectangular notch in its center has been
studied using both the traditional FEM and the global-local technique based also on FEM. Both
methods have been applied using the commercial software Abaqus. Comparison of the results
shows that the global-local technique is capable of providing an accurate result with a reduced
computational cost. Results have also shown that in the presence of the thin notch, the plate is
tending to bend about the notch direction, except near the notch free edge where it tends to bend

about its perpendicular axis. The effect of the notch length on distribution of the bending moments

102
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M, and M, has also been investigated. It has also been noticed that the presence of the thin notch
affects only the local response of the structure, and that the size of the affected area depends on
the notch length. In addition, another result that has been concluded from this work is that an
appropriate selection of the local region for the local analysis depends on the mesh density used in
the global model. Finally, comparison of the response of the structure for different notch shapes
showed that the shape of the notch affects only the local response at the notch tip. As a future work,
we will conduct a 2D analysis at the global scale followed with a 3D analysis near crack in order
to compute the interlaminar stresses in the local region and to be able to capture delamination and

other failure mechanisms.

6.2 Buckling Analysis of Stiffened Panels

Buckling analysis of a composite panel with longitudinal stiffeners was performed using the
Ritz method and results were compared to finite element analysis conducted using the commer-
cial software Abaqus. Comparison of the buckling load obtained for different elements were also
performed. Various configurations were taken into consideration. The case of a composite panel
with a non-centered stiffener were investigated. It was then followed with the case of a centered
stiffener, two stiffeners and, finally, three stiffeners. The configuration of one stiffener was also
compared to the closed-form solution proposed by Mittelstedt [1] which showed a good agreement
with the Ritz method and Abaqus results.

In all these cases, the structure is subjected to compressive loads parallel to the stiffener. The
variation of the buckling load of the stiffened structure with the stiffeners’ height has been investi-
gated. Results have shown that the addition of stiffeners to the composite panel helps in increasing
the buckling load of the structure. It has been shown that the improvement obtained by the addition
of a third stiffener is much higher than the improvement obtained by the addition of a second stiff-
ener. This can be explained by the fact that the distance between the stiffeners is reduced because
of the presence of the third stiffener, which makes the buckling load of the structure higher. Such

behavior has also been noticed for a two stiffeners panel by varying the distance between the sym-
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metric stiffeners. In fact, there exists an optimum distance between the symmetric stiffeners which
give an optimum buckling load. It has also been shown that, for every configuration, there exists
a certain value of stiffeners’ height beyond which the buckling load cannot be increased further.
Moreover, there are critical values of stiffeners’ height beyond which the buckling mode shape of
the structure changes. A second and a third, more complex, problems which have been studied in
this work are the buckling analysis of a composite panel with two straight or curvilinear stiffeners
in the presence of a central crack. Abaqus is used for these cases and results show that panels
with larger crack have a reduced buckling load. The existence of an optimum value of stiffeners
height has also been confirmed. Comparison of the FEM obtained buckling load for different shell
elements has been performed. Results have shown that the buckling load decreases slightly with

higher order elements.

6.3 Multidisciplinary Optimization of Aircraft Wings

A global-local optimization framework, EBF3GLWingOpt, has been developed to integrate the
global wing optimization EBF3WingOpt and local panel optimization EBF3PanelOpt. Multiple
disciplines like buckling, static aeroelasticity, and dynamic flutter have been considered in the op-
timization process. This is the first time a global-local optimization is implemented with medium
fidelity tools for both wing and stiffened panels. The geometry of curvilinear spars, ribs, and
stiffeners are parameterized and constructed automatically by the global-local optimization frame-
work. The optimization package is not only developed for a particular aircraft wing and can be
easily modified for the design of other aircraft wings by changing the geometry parameters. The
interaction between the global wing design variables and local panel design variables is studied
in this research. The optimization framework has been applied for the CRM wing to optimize the
number of ribs as well as the stiffened panels. Compared to the un-stiffened CRM wing, a signifi-
cant weight saving of about 42% is obtained by the global-local optimization with stiffened panels.
The complex design space of shape variables forces the computational cost of the global-local op-

timization to be very expensive. A parallel computing framework has been developed to reduce the
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CPU time dramatically. The license cycle-check method and the memory self-adjustment method
have been applied to optimize the use of the resources. Consequently, the CPU time has been
reduced by 89%. In future, the shape optimization of curvilinear spars and ribs will be performed.
Furthermore, the current optimization framework will be extended to composite materials in or-
der to make use of the benefits of composite structures and produce high-performance lightweight

wings.

6.4 Damage Tolerance and Optimization of Stiffened Panels

Minimizing the weight of aircraft has been always the focus of aerospace industry to reduce
the high fuel consumption. However, after reducing their weight, these structures must still satisfy
the different safety constraints such as buckling, maximum stress, crippling, etc. In addition, they
should be still operative even in the presence of small cracks. A damage tolerance framework,
EBF3PanelOpt, has been developed to design panels with curvilinear stiffeners. A damage toler-
ance framework, EBF3PanelOpt, has been developed to design and analyze curvilinearly stiffened
panels. The crack location is set to the location of the maximum value of the major principal stress
while its orientation is set normal to the major principal axis direction. The Virtual Crack Closure
Technique is used to calculate the effective stress intensity factor of the cracked panel and compare
it with the fracture toughness of the material in order to decide whether the crack will expand or
not. The ratio of these two quantities is used as a constraint, along with the buckling factor, Kreis-
selmeier and Steinhauser criteria, and crippling factor. A two-step Particle Swarm Optimization
has been applied to EBF3PanelOpt using all shape and thickness parameters as design variables.
The objective of the optimization is to reduce the weight of the structure while satisfying the afore-
mentioned constraints. The result of the PSO is used then as an initial guess for the Gradient Based
Optimization using only the thickness parameters as design variables. A panel with two curvilin-
ear stiffeners, a fixed crack at the center, and subjected to pure tension, has been optimized and its
weight was reduced by 58.4%. Mode I is observed as the dominant fracture mode of the obtained

design. The case of a panel with two curvilinear stiffeners subjected to a combined compression
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and shear loads is also optimized and its weight is reduced by 49.4%. The crack location of this
latter case was not fixed. Additional mass reduction of 22.4% could be obtained in this case if
the damage tolerance constraint was omitted. The developed damage tolerance framework will
be integrated, in the future, in the global/local framework EBF3GLWingOpt in order to design an

aircraft wing which supports the presence of small cracks.
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