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ABSTRACT

POST-BUCKLING BEHAVIOUR OF METALLIC SKIN -STRINGER
ASSEMBLIES AND BUCKLING OF COMPOSITE FLAT PANELS

Ay d, Enes
M.S., Department of Aerospace Engineering

Supervisor: Prof. Dr. Altan Kayran

March2018 246 pages

Stiffened thin panels are very common and important structural elements in aerospace
structures because of the weight and stiffness advaritagegprovide. The stiffener
section is important to determine the support condition that the stiffener provides on
the unloaded edges of the panel. In the first phase of the thesis study, the effect of the
boundary conditions on the buckling coefficienfsstiffened metal flat panels is
investigated utilizing finite element and empirical apprescEmpirical approaches

are limited for panels with classical boundary conditions. On contrary, finite element
analysis ismore accurate however costly. A databas prepared for the buckling
coefficients of the selected skatringer combinations by finite element analysis to set

up an artificial neural network and response surface for fast calculation of the buckling
coefficients of stiffened panels. In the sedgphase of the study, a comparative study

is presented on the pestickling load redistribution in stiffened panels modeled with
and without material nonlinearity. The effective widths of the panel are calculated right
before the collapse difie panel usig the load distributions determinby thefinite

element analyses of thganel models with and without material nonlinearity and

comparisons are made with tbective width calculated by the classical effective



width formulation. In the final phase tiie study, composite flat plate buckling is
investigated utilizing finite element and analytical approach. A comparison study is
done for composite buckling coefficients using various geometric properties of flat
panels, boundary conditions, ply thicknessed orientations. At the end, buckling
charts for each ply orientation and boundary conditions are generated utilizing finite
element analysis results.

Keywords: Metal Buckling, Stiffened Panels, Composite Buckling, Effective Width,
Artificial Neural Nawork, Finite Element Analysis
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CHAPTER 1

INTRODUCTION

1.1. Motivation of the Study

Stiffened thin paels are very common and vital structural elements in aerospace
structures because of the weight and stiffness advantages that they provide. Stiffened
panels, as shown frigurel.1, are built by thin walled panetsipported by stiffeners.

Up to 1980s, stiffened panels are only made from Aluminum material. The reason is
the construction of aluminum based structure is feasible by verified design methods,
validated analysis tools with an enormous measure of test suiputddition,

al umi num b a steedgthpropenties &nd faileire €cenaraosstudied since

the end of the eighteenth century. However, in recent decades, advanced materials like
fibrous carbon composites have attracted great interest for asedspace industry
owing to their favorable properties, such as high specific strength and stiffness. For
the last thirty years, through the onset of composite materials, many studies have been
performed to replace the conventional aluminum based shadtate with composite

materials.



Figurel.1l: Thin fuselage stiffened panel

However, independent of the material strength, stiffened panel configurations in the
aviation industry tends to buckle becao$¢he thin panels. The main reason of panel
buckling is the compressive stresses in the stiffened thin panels. Due to the
compressive stresses, thin panels may buckle long before the limit load of the panel.
Therefore, local buckling is usually allowedthre design of the aerospace structures.
Once the critical buckling load is reached, the panel is incapable of supporting any
further load, and stiffeners carry the additional loads which the buckled panel cannot
resist. Hence in the aerospace industiifesiers are designed to support panels when
panel buckling is encountered. Therefore, determination of buckling load of panels and
the postbuckling behaviour of skistringer assemblies have become important topics
to design an aircraft vehicle.

The stifener section is also important to determine the support condition that the
stiffener provides on the unloaded edges of the p&weln though, a lot of similar
studies about linear metal buckling have been performed in aircraft industry, this
research iglone because of the lack of the investigation about the stringer section
effed on the linear metal bucklingn the literature, analytical solutions obtained using
classical boundary conditions allowed for the preparation of buckling coefficient
charts wih various loading conditions. However, in reality, neither simply supported
nor clamped conditions are sufficient to describe the behavior of the true edge
condition of stiffened panels, because the actual stiffener provides a condition which

is in betwea these two. Therefore, buckling coefficient graphs provided in the



literature are not sufficient to use effectively in aerospace structures which
predominantly have stiffened thin walled panels. To have an optimunsiskiger

assembly design, the struot must be modelled with the correct boundary conditions.

Post buckling behaviour of skstringer assemblies is also very crucial in aerospace
structures since local buckling of panels may be allowed in some design practices. As
mentioned before, oncedtcritical buckling load is reached, the skin of a stiffened
panel loses its load carrying capacity and stiffeners carry the additional loads which
the buckled skin cannot carry. Besides the stiffeners, the effective section of the skin
panel also carriesmall proportion of the load applied, but depending on the skin
stringer assembly the load carried by the skin varies. Load carrying capacity of a
stiffened panel is significantly affected by the design of the-skinger assembly.

Until the local bucklng of the skin, botimiddle portion ofskin andskin part at the
stringer locatiorhave the same stress level. After the local buckling of the skin panel,
which is referred to as the pdstickling stage, stress distribution over gk panel

is nonlinear Because of the buckled skin, that is no longer effective to carry the
additional compressive load, the additional load is redistributed to the adjacent stiffer
structural members which are stringers and frames in-s@mocoque structures.
Figurel.2 shows the actual load distribution over the panel before, after buckling and
equivalent load distribution over the panel after buckling. In the classical approach, in
order to handle the nemmiform load over the skipanel after buckling, equivalent
width concept has been used commonly. Equivalent width pertains to the part of the
skin that is assumed to carry the uniform load. However, in this method, effect of
material nonlinearity is not taken into consideratioam® as the linear buckling
method, classical boundary condition assumption is made in the literature in
conjunction with the effective width method. However, in reality, classical boundary
conditions are not sufficient to describe the behavior of thedadge condition of
stiffened panels, because the actual stiffener provides a condition which is in between
these two. Therefore, effective width formulation provided in the literature is not
sufficient to use effectively in aerospace structures. To metsitaue load capacity

of the skinstringer assembly design, the structure must be modelled with the correct

boundary conditions in the pesuckling stage.
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Figurel.2: Load distribution in the skistringe assembly before and after buckliiig

Furthermore, for composite panels, buckling charts are required to for faster evaluation
of buckling response of composite panels. To save the time in the aviation industry,
parametric studies has to be done foc#pmeconfigurations which are commonly used

in this industry.



1.2. Scope of the Study

In this studythe two parts of this researitcuses on the buckling and pdmitckling
behaviour of the unstiffened and stiffened panels applied to uniaxial compressive
loadings. In the first part of the research, a database is prepared for the buckling
coefficients of the selected skatringer combinations. Then, the differences between

the buckling coefficients of the real skstringer geometries and the analytically
deermined buckling coefficients which rely on classical boundary conditions are
identified. Created database is processed with the ANN and RS methods to reach the
result quickly compare to finite element analysis. In the second part of the research,
load didribution of the skimstringer assembly in the pedstckling stage is
investigated Stringer section effect on the load distribution and load capacity of the
skin-stringer assembly is the main objective of the second part of the thesis study. In
the thirdpart of the thesis, buckling coefficient charts for unstiffened composite panels
are obtained. To restrict the panel edges, classical boundary conditions are used in the
modelling of the unstiffened panel. In this part, each chart has a specific laminate
orientation. These charts are obtained with 3 different methods. These methods are the
classical laminate plate theof@LPT), first order shear deformation theqFSDT)

and finite element analysis. Anal ytical

element results in this part.



1.3. Content of the Study

T

In Chapter2, brief information about buckling formulation and buckling
procedure in finite element analysis are given. Buckling phenomenon for
unstiffened pmaels is explained and the buckling coefficient graphs are
described. Determination of buckling coefficients of unstiffened panels with
classical boundary conditions by finite element analysis is described. After the
verification of unstiffened panel boungaconditions with analytical solution,
stiffened panel modelling is explained. Using this modelling technique, 2000
analysis are done for each stringer section type. At the end of the chapter,
artificial neural network and response surface for fast datation of

buckling coefficients are constructed.

In Chapter3, firstly, brief information about pogiuckling stage is given. In
addition, determination of the baseline skinnger assembly is explained.
Then postbuckling analysis of skustringer assemblies using linear and
nonlinear material models is studied. Methodology of effective width
calculation by the finite element solution and empirical solution is presented.
At the end of the chapter, resultsr fdifferent stringer section types are

presented.

In the Chapted, firstly, brief information and formulation about the classical
laminated plate theory (CLPT) and the first order shear deformation theory
(FSDT) is given. Buckling analysis of specially orthotropic plates under the
compressive load using CLPT and FSDT is explained. Finite element model of
the composite plates is described. Using the finite element model results,
buckling coefftient charts arelaained for each ply orientation and thickness
of composite plates. Finally, buckling results obtained by the CLPT and FSDT

theories are presented and comparisons are made with finite element results.

In the Chapteb, the results are discussed. In addition, sumraadythe future

work of the study are given this part



1.4. Literature Survey

Stiffened thin panel configuration is considered to be very efficient way to carry the
loads in aerospace structures becanfsthe weight and stiffness advantages they
provide. Accurate analysis of buckling and pbstkling behaviour of skistringer
assemblies used in aerospace structures is very crucial, because local buckling is

permitted in some designs practices of gegioe structures.

In the first and second phases of the thesis study, buckling and post buckling behaviour
of the stiffened thin panel with metallic material properties are investigated. In the
literature, there are many studies about buckling and poklitigiphenomena. A few

of them are mentioned in this sabapter.

In theory, buckling refers to the loss of stability of a component and it is commonly
independent from the material strength. In practically, due to compressive stresses in
the stiffened tm panel, thin panel may be buckled long before the limit load of the
panel. Therefore, local panel buckling is usually allowed in the design of the aerospace

structures.

Study about the plate buckling started in the early of the 19th century. @laude
Navier derived the stability equation for a rectangtiém plate This derivation is
based on Gustav Robert Kirchhoff assumptions in 1J@2In 1891,the critical
buckling stress equation for a rectangullain plate with simply supported edge
condition under uniaxial compression loadf@mulatedby Bryan[2]. In his study,
energy method is used to determine the critical IQak of the known detailed study
about the buckling is writteim the NACA Handbook of Structural Stability document

[3]. Thishandbook presents a ratltemprehensiveeview and compilation of theories

and experimental data relating to the buckling phenomena. The various factors
governing the buckling of flat plates are reviewed and results are summarized in
comprehensive serieg charts and tables in this handbook. In 1925, Timoshefjko |
also solved the same problem using another method. He assumed the plate to be
buckled into several sinusoidal half waves in the direction of compression. He also

explored the buckling of unifarly compressed rectangular plates that are simply
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supported along the edges perpendicular to the direction of applied load and other two
edges subjected to various end conditions. Results have been reported in standard texts
[4, 5, 4.

In the aerospace indtry, stiffeners are designed to support panels when panel
buckling is encountered. The stiffener section is important to determine the support
condition that the stiffener provides on the unloaded edges of the panel. In the
literature, analytical solutits obtained using classical boundary conditions allowed
for the preparation of buckling coefficient charts with various loading conditigns [
These charts also show the change in buckled shape as the boundary conditions are
altered on the unloaded eddesn free to fully restraint condition. Classical boundary
conditions are commonly known as free, simply supported and clamped. In reality,
neither simply supported nor clamped conditions are sufficient to describe the behavior
of the true edge conditiorf stiffened panels, because the actual stiffener provides a
condition which is in between these two.

In airframe structural design data bod#, [various wing design loads are given as
shears, bending moments and torsion which results from air pressdraésesdia
loadings. In addition to these types of loads, buckling coefficients are given for each
boundary conditions and geometric panel description.

In the study of théaulet al. P], a standard transport aircraft wing is considered and
buckling anasis is carried out. The initial design is found to buckle. So, several
design modifications were made to make the design safe against buckling. In this
study, FE analysis and theoretical study are performed to get realistic nresghks

wing buckling amlysis.Yu [7] has studied the buckling behavior of rectangular plates
subjected to intermediate and end loads. He considered both elastic buckling and
plastic buckling behavior of plates. Plate considered is simply supported along two
opposite edges thare parallel to the direction of applied loads. The two edges may
take any other combination of clamped, simply supported and free edge boundary
conditions. Study also investigates the effect of various plate aspect ratios,
intermediate load positions, badary conditions on buckling factors [7]. In the study

of the Muameleci [8], linear and nonlinear buckling analyses of plates with and without
8



cutout using finite element method are investigated. Various classical boundary
conditions and loading conditisrare used to model the shear web beam structures.
The main point of this study is the investigate the buckling behaviour of plates but also
the capabilities of the MSC Nastran al8BAQUS finite element tools for performing
linear and nonlinear buckling alyses. Riks [9] has applied finite strip method for the
calculation of the buckling load of stiffened panels in wing box structures. This article
describes the implementation of the finite strip method. The finite strip method extends
the scope of the ahlyis of the determination of the post buckling stiffness of the
panels. Finite strip model (one dimensional) is the simplification of finite element
model (two dimensional). Some of the computer implementations of the finite strip
method are BUCLASP [1@)nd VIPASA [11]. In the study of Riks, the method used
for the analysis of the finite strip model is PANBUCK which has the ability to analyze
the initial post buckling behavior too.

In the literature, there have been many studies on thépokling behaiour of skin
stringer assemblies. The paper of Murphy [12] reports on the development of a
modeling approach to increase the accuracy of the global model, accounting variations
in stiffness due to nonlinear structure behavior. In the study of Lync anith&{é3],

a finite element methodology has been presented for the compresshrigksig.

In this study, test data are compared to results of four different finite element modelling
approaches for the skstringer assembly. Moreover, in the studyWééimin et al.

[14], experimental and analytical study results of post buckling simulation of an
integral aluminum fuselage stiffened pahal/ebeen presented. In this study, load is
applied as axial compression load and the panel is a curved panel. RbBldes
examined some of the research on the elastic and plastibymding behaviour of
plates and plate like structures. In this study, post buckling behaviour of individual
thin plates is governed by ndinear differential equations set up by Von Kam In

the study of the Eirik Byklum et al. [16], a computational model for the analysis of
global buckling and podtuckling of stiffened panels has been derived. The model
was developed as part of a tool for buckling phenomenon of stiffened panels. It is
formulated using large deflection plate theory and energy principles. Deflections are

assumed in the form of trigonometric function series. In addition, the principle of

9



stationary potential energy is used for deriving the equilibrium equations. For the
loading case, lateral pressure is accounted for by taking the deflection as a combination
of a clamped and a simply supported deflection mode. The global buckling model is
based on Marguerreds nonlinear plase theory,
coefficients to account for the plate stiffening. Local buckling is treated in a separate
local model developed. The anisotropic stiffness coefficients used in the global model
are derived from the local analysis. Together, the two models provide #otool
buckling phenomena of stiffened panels. Any combination of biaxigilane
compression or tension, shear, and lateral pressure are analyzed in this study. The
procedure is seranalytical in the sense that all energy formulations are derived
analytially, while a numerical method is used for solving the resulting set of
equations, and for incrementing the solution. The load deflection curves produced by
the proposed model are compared with results from nonlinear FEM. In the study of the
Kopecki et al[17], the results of experiments and numerical analyses cirhlied

shells used as components of aircraft structures are preskenthi. study, integral

rigs are used to stiffened the structukecomparative analysis has been carried out
between tk suggested design solution and the reference structure. In the experimental
part of the study, an optical scanner with digital image correlation has been used.
Nonlinear numerical analyses have been carried out with the use of software based on
the finiteelement method. The suggested method for verifying the results-tiean
numerical analysis by applying the principle of equivalent solutions seems to be
effective, and the obtained results are sufficiently credible. This constituted the
foundation f@ carrying out an initial comparative analysis of the physical properties

of the loadbearing structures in question. In the light of this analysis, the solution
based on the use of integral ribs seems to be very promising from the point of view of

its appication in loadbearing aircraft structures.

The study of theGraciano et al. [18] is aimed at studying the influence of initial
geometric imperfections on the pdmsickling behavior of longitudinally stiffened
plate girder webs subjected to patch loadkgensitivity analysis is conducted herein
using two approaches (deterministic and probabilistic) in order to investigate the effect
of imperfection shape and amplitude on both, the-poskling response and ultimate

10



strength of plate girders under gattbading. According to the results from the
deterministic approach, the amplitude of the imperfections in most cases leads to a
reduction in patch loading resistance. This sensitivity analysis is performed by means
of nonlinear finite element analysis. Aitst, the initial shape imperfections are
modeled using the buckling mode shapes resulting from an eigenvalue buckling
analysis. Afterwards, the amplitude of the buckling shapes for the various modes is
varied, and then introduced in the nonlinear anslyhe results also showed a more
complex interaction between the imperfection shapes and the computed resistances.
Nevertheless, the shape of the initial imperfection that results in the lowest strength
for a girder differs for each size of imperfectiand stiffener location. It is also
important to point out that initial imperfection for patch loaded girder webs can be

modeled using a shape resembling either the first eigen mode or -avavels

Load carrying capacity of a stiffened panel is vital tagnd significantly affected by

the design of the skistringer assembly. Until the local buckling of the skin, both skin
and stringers have the same stress level. After the local buckling of the skin panel,
which is referred to as the pdstickling stagestress distribution over the stiffened
panel is nonlinear. Because of the buckled skin, that is no longer effective to carry the
additional compressive load, the additional load is redistributed to the adjacent stiffer
structural members which are thesggers and frames in semonocoque structures.
Figure 1.3 shows the top view of skigtringer assembly under compressive loading.
Figure1.4 andFigure 1.5 show the load distribution over the panel before and after
buckling, respectively. As shown iRigure 1.5, the section of skin panels, at the
stiffener attachment lines, do not buckle. This means thattiffiener and skin still

have the same strain level at the attachment line. However, at taned skin panel

can no longer carry the additional load after the panel buckling [19]. In the classical
approach, in order to handle the namform load ovethe skin panel after buckling,
equivalent width concept has been used commadijlyHquivalent width pertains to

the part of the skin that is assumed to carry uniform load. In the classical approach,
effective width concept has been widely used in th&-packling analysis of skin

stringer assemblied ] §.
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Mert [19] has offered a methodology to calculate the effective width of skin panels
and internal loads through the #éve application of the linear static finite element

analysis. In the study of the Bedair [20], the effective width concept has been

12



investigated since it is widely used in engineering practice for the computation of
ultimate strength of slender memberfie paper of Osama [20] presents analytical
closed form expressions for the computation of effective width of thin plates under
nornthomogeneous tplane loading. The longitudinal edges are assumed to be straight
and free to translate in the plane of that@l In this study, it is considered that the
proposed expressions are very useful for limit state design of slesdetidns of

beam columns or channel sections under this general type of loading. The unloaded
edges were assumed to be straight andtfreeanslate in the plane of the plate. The
compatibility differential equation is first solved analytically to obtain a closed form
solution for the stress function. The equilibrium differential equation is then solved
approximately using the Galerkin rhetl. Based on the characteristics of the {post
buckling stress field, analytical expressions for the effective width were proposed. The
sensitivity and mechanics of the effective width to the stress gradient parameter was
shown. The resulting analytical essions have simple forms, suitable for kand
calculation and avoid the cost and effort that any numericalinear analysis may
require. In the study of the Dannemann [21], the author presents a complementary
criterion for effective width which is basemh tests performed on thin trapezoidal
sheets, when flanges buckle in the elastic range. This method compares well with the
observed behavior and ultimate strength of test specimens. The author's suggestion is
that for inelastic buckling the AISI and celated design codes are valid but when
sheets are very slender and they buckle elastically, a modified effective width criterion
has to be applied. This proposed method not only shows excellent correlation with
tests, but also facilitates a rational agreatbetween stiffened and unstiffened flange
behavior when plates are very thin, fulfilling physical requirements not accomplished
by the classical effective width method. In addition, this method allows the calculation
of the post buckling strength of Aiges and webs by using physically measurable
values instead of empirical parameters. The effective width concept is a classical
resource for representing local buckling effects on stiffened flat flanges. There has
been a great deal of testing and invesiiges on this matterThe most important
contribution to the adoption of this method vaeposed in Wintej22] included by

Al SI in their Specification of Light Gag:¢
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effective width concept is based on Von Karrmegoroposition of 1932 where the
uneven stress distribution of buckled flanges was replaced by evenly stressed fictitious
strips along the corners of the flanges. This structural artifice has shown excellent
results in design practice of metal structuresgrAat number of tests in different
countries confirm the accuracy of this method mainly in plates buckling in the inelastic
range, but from time to time some discrepancies have been detected and published for

flanges buckling elastically.

Finite element radelling and analysis of the actual skiminger assembly takes very
long time in the design optimization process. One of the efficient method to optimize
the structure is the artificial neural network (ANN). In the literature, there are a few

studies abot the prediction of the failure modes using ANN.

A study of optimization of a compression member conductedShgidaii and
Bahraminejad23] is an example of the use of ANN in optimization. In the study-load
displacement relation of different types adlumns was obtained using analytical
methods. The results were utilized to form a data set to train an 8Nhar tothe

study of Sheidaii et al., ANN is used to predict bolt reaction force and average
equivalent flange stress without using finite elemenmo d e | i n the study of
[24]. In this study, a bolted flange design tool is created by using ANN. As the general
sense, a data set was created with finite element model parameters and corresponding
analysis results. The data set was used in trginialidating and testing of ANN. At

the end, the ANN results were compared with FEA and analytical methods.
Comparison results are sufficient to use the ANN tool in the further design of bolted
flanges. Another optimization study which is written by Genet al. [25] was
conducted on anisotropic laminated composites. In this study a genetic algorithm and
two ANNs were used to optimize the design of a laminated composite. It was stated
that the use of these methods leads to accurate enough solutionsraadelthe time
required for the design process. Gajewski et al. [26] studied the use of the ANN for
the optimization of a thiwalled structure. FEA results of the structure were used to
train the ANN. This study is another example that the ANN is arogppte tool in

design and analysis of airframe structures.
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Buckling and collapse loads of panels have also been studied to create analysis tools
based on ANN. SadovskIl -bucking Stergth efsa thin 2 7 ]
rectangular plate by creatjmn ANN as a function of initial imperfections. The created
ANN was found to be able to provide reasonable collapse load results. The post
buckling optimization by using ANN was utilized for stiffened panels in a stddy
Lanzi and Giavotto [Z8 The stug used different optimization methods including
ANN to optimize composite stiffened panels subjected to axial compression. The
results were verified by tests and it was seen that accurate results can be obtained for
both the buckling load and the collapsad. Mallela and Upadhyay [29] also used the
ANN to calculate the buckling load. The study was focused on buckling load
prediction of composite stiffened panels working under shear loads. FEA results for
different composite structures were collected ohatabase to train an ANN tool. An
efficient tool that can be used in optimization was created in the study. In the study of
Cankur [30], an ANN based structural analysis tool to predict the buckling and collapse
loads of the stiffened panels is createde ANN is trained by using a database created
with the input parameters and the FEA results of 1440 metallic-sskiger
assemblies subjected to uniaxial compression. The first buckling load and the collapse
load are extracted from the nonlinear FEA ressaf the assembly. Using the results of

the same analysis for the buckling and the collapse load, the time required for the
generation of the training database is significantly reduced. Also, the first buckling
load is obtained with an enhanced accuragybing nonlinear analysis instead of

linear buckling analysis.

In the final phase of the thesis study, buckling behaviour of the unstiffened thin
composite panels is studied. In the last three decades hidnezbeen many studies
performed on compositaibkling. Same as the metallic part, some of the studies about

the composite buckling in the literature are presented in thistsater.

In the study of the Yang [31], CLPT and FSDT analysis methods are investigated for
composite plate buckling. These imadls are developed for plates subjected to uniaxial
compression loading and both simply supported and clamped edge plates have been

studied. Analysis methods for plates subjected to biaxial compression loading, in
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plane shear loading and combined loadingh simply supported edges have been
studied. To validate the analysis methods, FE analyses is performed using ANSYS.
The methods based on FSDT give a better estimation than CLPT. According to Qiao,
these methods are suitable for thin and moderately fiatks. Furthermore, in this
study, the considered methods are limited to linear case. In the study of the Masood et
al. [32], a composite skistringer panel was designed for compression testing under
axial compression loads beyond initial skin bucklihge panel was fabricated using
Carbon/Epoxy prepreg through autoclave moulding process. A finite element model
was developed to predict the buckling and finstkling response of the panel. Digital
Image Correlation captured the onset of skin bucklirgdeformations/mode shapes

in the postbuckled regime. Experimental observations were then correlated with
numerical simulations. In the post buckled regime, severe bending and twisting of the
skin and stringerarereobserved, resulting in complete losgtdbal axial stiffness of

the panel. It is investigated that stress at the post buckled regime in the panel could
lead to delamination, debonding or fiber failures. Local skin buckling is also confirmed
through strain measurements using a number of geajas bonded on the panel skin.

In the study of the Abramovich and Weller [33], an extensive test series on circular
cylindrical laminated composite stringstiffened panels subjected to axial
compression, shear loading. The test program was an espartt@ian ongoing effort
undertaken aiming at the design of low cost, low weight airborne structures that was
initiated. Test results on curved composite panels stiffened-diyingers were
presented and discussed. Test results were compared withtipredabtained by an
in-house developed code and the commercial FE code ABAQUS. Accompanying
supporting calculations were presented as well; they were performed with a fast
calculation tool developed and based on the effective width method modified te hand
laminated circular cylindrical stringestiffened composite panels. In the study of

M cker et al. [ 34] , It i ABAQUScanheubedfor t he f i ni
an accurate and reliable prediction of the fimstkling behaviour. When performing
finite element simulations, a large amount of time is often needed to build up the finite
element model, in particular if the model consists of several parts with complex

geometries. For this reason, the preprocessing ABAQUS/CAE provides an
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interface wich allows the user to automate repetitive tasks. The main focus of this
paper is on discussing several modelling techniques that are used to enable a realistic
idealization of the physical problem and on presenting simulation results for an
exemplary strature. Based on this example, the influence of modelling details like
mesh density and geometric imperfections on the prediction of the failure load is

discussed.
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CHAPTER 2

BUCKLING OF STIFFENED METALLIC FLAT PANELS

Buckling load highly dependsn the boundary condition, loading typmaterial
property and geometric propertie§ the panelln the literature, calculation of the
buckling load is limited with the classical boundary conditiphsg. However, in
realistic casg boundary conditionsf the panel are provided by stiffeners on the
loaded and unloaded edge of the panel. To geistieatalue of the buckling load,
finite element analysed-EA) of the stiffenedpanelis necessarybut finite element
analysis is time consuming consideriihg preparation time required for the analysis
model and the analysis time requiré®BAQUS is chosen in the finite element
modellingof the structures. ABAQUS is the commercial finite element software which
is commonly used in the aerospace industrshis study, ABAQUS up to date version
6.14 is used in the finite element modelling. To find the buckling load in this study,
ABAQUS 1 buc kIl thedinpar buskling pnalysiésrutilized In FEA, the

procedureof obtainng bucklingeigenvaluas descibedin AppendixA.

In thischapterit is aimed to prepamatabasgfor the buckling coefficients of selected
metallic skin-stringerassemblie®y means of parametric modeliagproachvia the
script language followed by aarhated finite element analysi/ith this approach,
database of buckling coefficients for skustringer assemblies can to be generated
similar to theavailable buckling coefficient charts for the panels which luiéassical
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boundary conditions along thdges.Skin-stringer assemblies are established for T, Z
and J type stringers:or each skin-stringer type, a database is creatddingthese
databasg the buckling load and the compression buckling coefficient of the skin
stringer assembly can be obtaimauch faster than modeling and analyzing the-skin
stringer assembly by the finite element method. Thus;&kinger optimizations can
be performed very quicklyTo construct the databasenumerous skustringer
assemblies are modeled with differentesiand types iIABAQUS 6.14 Database is
created by writing a script in Pyth@?7 which is then used IABAQUS to generate
the parametric models of the sistringer assemblies followed by automated finite

element analysis controlled by the Python script.
2.1. Buckling Analysis of Unstiffened Panels

In the first phase athe studyperformed in this chaptebuckling coefficients of flat
panels with classical boundary conditions are determined by finite element analysis
and comparisons are made with the anadytsolutions of the buckling coefficients
provided in the literature. This study is performed to gain confidence in the finite
element analysis results. The geometry and the coordinate of the flat panel are
presented irFigure2.1. For a panel which is simply supported at 4 edges, boundary
conditions at the edges are givermable2.1 [8].

Figure2.1: Definition of differentgeometrical parameters of the flat panels and the coordinate system
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In Table2.1, U1, U2 and U3 represent the translational degrees of freedom of the nodes
aroundhe x, y and axes respectively Similarlyn Table2.2, R1, R2 and R3 represent

the rotational degrees of freedom of nodesundthe X, y ad zaxes respectively.

Table2.1: Definition of the constraints for the simply supporpehel

Locations Ul u2 U3 R1 R2 R3
Edge Ato B
EdgeBto C
Edge Cto D
Edge Dto A
Point A X X
Point B
Point C X
Point D

X X X X X

Table2.2 presents the boundargrmditions for a panel which is clamped at four edges.

Table2.2: Definition of the constraints for the clamped panel

Locations Ul u2 U3 R1 R2 R3
Edge Ato B
EdgeBto C
Edge Cto D
Edge Dto A
Point A X X
Point B
Point C X
Point D

X

X X X X X
X

For flat panels with different boundary conditions, a script is written in Python to
model numerous panels with different sizes subject to different loading conditions
sud as compression or shear loading. Lowest eigenvalues obtained in the buckling
analysis are used to calculate the buckling coefficiémtis script, Aluminum 2024

T3 Clad sheet material is used. Material properties are seenTialhe2.3 [36]. 'O

is the yeld compressive allowable strasspanel.”O is the ensile ultimate allowable
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stressOis the elastic modulus of the panel material @ the compression elastic
modulus of the panel materidh addition,0 is the pdsson ratio and is the
RambergOsgood factor of plasticity in compressidPaneldimensions used in the

script is shown in th&able2.4. Step size of plate lengthis chosen as 5 mm.
Table2.3: Material Properties of Aluminum 2023 Clad Sheet

4R+ 260 g b+ a4
|+ 72395 Ehl |F£ 73774

o 0.33 " 15

Table2.4: Input parameters ohé skin panalused in script

Skin panel material Aluminum 2024 T3 Clad She
Skin panel thickness (mm) 2.0

Skin panel length x (mm) 100:5:500

Skin panel length y (mm) 100

Critical buckling stressalculationformula isgiven byEquation(2.1) [1],

L 20 o @)
pcep U «a

wheredis the thickness of the pan@, is the compression elastic modulus of the
panel material and fact®is the bekling coefficient which depends on the boundary
condiions, geometric characteristicxja i 0 ‘@ad the loading condition
(compression or shear). Compressanel sheabuckling coefficient curves are given
in Bruhn[1].

In the finite elenent analyses, according Eagure 2.1, loading is applied in the x
direction along edgesB\andDC and the unloaded edges of the panel &@aAdBC.
The critical buckling stress is calculated using the lowesneigue obtained in the
buckling analysis performed BMBAQUS as shown in Equatiof2.2),
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__z 2.2)

wherel is thecompressiver sheashell edgdoadwhich is given as N/mm as

seen inFigure2.2 ard Figure2.3, respectivelyln addition,_ is the first eigenvalue

obtained from finite element analysis.

For the normal load casdoad is applied as compressitwmad on both sides of the
panel, ashown n Figure2.2. For the shearload casgeload is applied parallel to the
edges as shear on the all edgestloé pane] asshown inFigure2.3.

Wi

i

ITTTTT

Figure2.2: Compressive load demonstratifom the single panel case
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N

Figure2.3: Shear load demonstratifor the single panel case

By substitutingEquation(2.1) into Equation(2.2), compression buckling coefficient
is calculated as,

. 2 (23)
0
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To constructhefinite element model, ABAQUSs used in the analyses of unstiffened
panel model$35]. As in all commercial FEA programs, the modelling processstart
with creatingthe geometry then with meshings performedand maerial properties

are assignetb theunstiffened panel. The modelling procéssshesby defining load

and boundary conditionsScope of the studyis limited to flat thin panels under
unidirectional compression and shear loadisch are appliedeparatly. Loads are
given as edge unit load and boundary conditions are used as desciibbttihl and
Table2.2. Thin panel is modelled asshell structure ithe FE modeks seen ifrigure

2.4. In the meshing part, S4R elementsn@tle element with one integration pgjnt
with hourglass control and membrane strain is chodéns type element is
recommended by ABAQUS in modelling of shell strucsli@s]. For the unstiffened
panel model s, A B u c3glisauged te vbtip theoldwesAmBIkIDd) S
eigenvalue. Subspace solver is chosen in order to awdgence problem. Ithe
Subspace solvethere are 3 input parameters can be definagsbys in théA\BAQUS.
These are the number of intenagglenvalus, vectors used per iterati@andmaximum
number of iteration. In this studthree eigenvalues, ten vectors used per iteration and
3000 maximum number of iteratisarechosen to avoidivergenceThese values are

recommended by the ABAQUSanuel forthe buckling analysis [35].

Figure2.4: View of samplesingle panel model with all edges simply supported under compressive

loading
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Beforetheer i fi cati on of finite element model
used in the rest of study is determined by the mesh convergence study. To get fast and
accurate resulhinedifferent mesh sizes is chosen (course mesh, fine mesh and regular
mesh).In the convergence study, example panel dimensions are chosen as 100 mm
length x and 200 mm length y. Thickness of panel is decided as 1 mm. Material of the
panel is also decided as Aluminum 2024 T3 Clad sf#gt Detailed naterial
properties can be seenAppendixB, FigureB.1. Boundary condition of the panel is
chosen as simply supported boundary condition defin@dble2.1 and load is given

asunit shell edge load in the x direction alahgedges B andDC shown inFigure

2.1. Figure2.5 shows the critical bucklingtresswith respectd elemennumberused

in the finite element mesh in theanel. In addition, éement sizesused in this
convergence study aride correspondingritical buckling stressesultsare given in
Table2.5. As seenn Table2.5, as theelement sizés decreasedhe critical buckling
stresonvergsto approximately27.1MPa After the element size becorfienmand

less, critical buckling stressloes notsignificantly change.Hence, 6 minimize the

computation tine and not to lasaccuracy, element sizetekenas5 mm.

N

~

\l
——

N N
~ N
w (63}
1 1
1

N
N
RN
1
1

26.9 ' I ' I
0.00E+00 1.00E+04 2.00E+04

Number of Element

Critical Buckling Stress (MPa)

Figure2.5: The critical buckling stress with respect to elenmamhberof flat panel
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Table2.5: Critical buckling stress results for various element sizes

Element Size (mm) Number of Element Ciritical Buckling Stress (MPa)

1 20000 27.068
2 5000 27.112
3 2211 27.162
4 1250 27.212
5 800 27.267
6 561 27.321
7 406 27.405
8 325 27.448
9 242 27.56
10 200 27.648

After the convergence studio compare the finite element analysis results for the
compression buckling coefficient with those provided by Brubjy figures of
buckling coefficients given by Bruhn are digitizedcmmpare with thé-EA results.
Interval of the panel length x is chosen as the 100 mm to 500 mm with 5 mm step size.
In addition, panel length y is chosen as constant 100amuinthe panel thickness is
decided as constant 2 mm

Comparison of buckling coefficient versus plateeg$patio curves are given kigure

2.6-Figure2.9, for different loading and boundary conditions.
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Figure2.6: Comparisorof compressive bucklinghartsfor flat rectangular panels with simply
supported loaded and unloaded edges
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Figure2.7: Comparison of ampressive bucklinghartsfor flat rectangular panels with clamped
loaded and unloaded edges
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Figure2.8: Comparison of shedaucklingchartsfor flat rectangular panels with simple supported
loaded and unloaded edges
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Figure2.9: Comparison of shedaucklingchartsfor flat rectangular panels with clamped loaded and
unloaded edges

It should be noted thatverage of thelifferences between the buckling coefficients
obtained by the finite element analysis and analytically deteanibuckling
coefficients provided by Bruhn asround%1-2 in Figure 2.6-Figure2.9. It is also
noted that differences are mainly due to digitizing the plots given bynBjih
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2.2.Buckling Analysis of Stiffened Panels

2.2.1. Determination of buckling coefficients of skinrstringer assemblies by finite

element analysis

Following the verification of the boundary conditions of a single panel by the finite
element analysis, stiffenecipel modelling is performed using the verified boundary
conditions along the loaded edges of the panel. However, for the stiffened panels,
restraint along the unloaded edges is provided by the stiffeners on the panel. The
boundary condition ofhe loaded eges of skirstringer assembly is considered as

clamped edge condition.

The first skinstringer assembly considered consists of three flat skin panels and two
stringers with | cross section. Skstringer assembly and the skin panel numbering are
demonstreed inFigure2.10.In addition, cross section view of skatringer assembly

IS seen irFigure2.12. Compression load is applied on the three skin panels from one
of the edges along theaxis as IN/mm edge loadn the -x direction.Figure2.11
demonstrates the restraints applied to the loaded and the opposg®fetthgepanel.

The degrees of freedom restrained along the loaded edge are U3.aAlbiRthe

other edge of the three skin panels, degrees of freedom U1, U3 and R2 are restrained.
In addition, the middle edge of panel 2 is not allowed move in the y direction to avoid
rigid body motion of the assembly, as showifigure2.11. Moreover, unloaded side
edges of the panels 1 and 3 are restrainedranslation (U3 degree of freedom) and

x-rotation (R1 degree of freedom).
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Figure2.10: Isometric viewof skin-stringer assembly analyzed

U3,R1

U1,U3,R2

u2

» U3,R2
Y

Lo

 J
U3,R1

Figure2.11: Constraint configuration dheskin-stringer assembly
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Figure2.12: Cross sectioriew of kin-stringer assably analyzed

In the finite element model of the skatringer assembly, all stringers and skin panels

are modelled as 2D shell elements with Aluminum 2024 T3 sheet material properties
as shown irFigure 2.13 sameasthe unstiffened panel modeElement typeused is

shell elementS4R type which is a-Aode element with one integration poivaterial
properties of Aluminum 2024 T3 sheet is givenTable 2.3 [36]. Stringerselement

size is chosen as 2 mm and skin element size is chosen as 5 mm S@uasigfened

panel model. Stringer mesh density is chosen higher than skin mesh density because
the dimension of stringer cross section is smaller than skin dimenSiwingiers are
connected to the skins by 3.2 mm diameter fasteners in double row arrangement.
Fastener spacing is taken as 5 times the fastener diameter and fastener edge distance
is the 2 times the fastener diameter plusrh as shown ifrigure2.14. These figures

are commonly used in the aerospace industry.

Figure2.13: Isometric view of kin-stringer assembly with mesh

31



Since it is too costly to model each fastener gigisi real geometry with a 3D model,
fastener idealization is made. For this purpose, Arestpendent fastener is
considered as a convenient method to define a{m@ipbint connection between two
or more surfaces such as in a fastener connection. ifirthg, finite element model of
the skinstringer assembly, fasteners are modelled with the inegpendent fastener
module in ABAQUY35].

Fastener

Figure2.14: Fastener pattern configuration the stringer

For the skinstringeras e mb | y, fA Buc k| eigusesl to ebpain thé lowkdB AQU S
buckling eigenvalug¢35]. Lowest eigenvaluebtainedby finite element analysis
used in Equatiofi2.3) to calculate the compressibuckling coefficient pertaining to

the local buckling of the skin supported by the side stiffeners.

A case study is performed for a panel with the loaded edbes are considered as
clampededgeconditions and the unloaded edges closely simulatingdngped edge
conditionswith the help ofstringer stiffnessCompression buckling coefficients
calculated by the finite element solution are compared with the analytically determined
compression buckling coefficient for panel 2 (mid panel) in the skinger assembly

as shown irrigure2.10. Input parameters of this example assembly are shoWwatdle

2.6. The parameters given ifable 2.6 are decided iteratively such that with these

parameters the unloaded edges simulate the clamped condition closely. Fhe skin
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stringer model is solved by wusing ABuckI

eigenvalue as describpdeviously[35].

Table2.6: Input parameters of the skatringer assembly used in the finite element model

Skin panel material Aluminum 2024 TXlad Sheet
Skin panel thickness (mm) 0.813

Skin panel length x (mm) 4500

Skin panel length y (mm) 1500

Stringer material Aluminum 2024 TXlad Sheet
Stringer thickness (mm) 1.016

Stringer height (mm) 14.0

Stringer upper flange width (mm) 9.0

Stringer lower flange width (mm) 115

0 is compressive shell edge load applied on the three skin panels from one of the

edges along the-gxis which is given as 1 N/mm in the direction.For the skin

stringer assembly specified Trable2.6, the lowest eigenvalue is obtained as,

- pGme (2.4)

Using this eigenvalue, the corresponding compressive stress and the compressive

buckling coefficient are calculated as,

p & ¢ ifa a (2.5)

T x® Yo (2.6)
If the skin panel 2 irFigure 2.10 is modeled with e same input parameters but

classical clamped edge condition is assigned to the unloaded edges, for the panel aspect
ratio of 3, compressive buckling coefficient is obtaiasd
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In this example, it is seen that for the skinnger assembly defined irable2.6, the
unloaded edge of panel 2 closely simulates the clamped edge condition. However,
depending on the stringer type and how thi@ger is connected to the skin, buckling
coefficients obtained from the finite element analysis may or may not agree with the
buckling coefficients obtained from pure analytical study utilizing the classical

boundary conditions.

According to the model deription made, a script is written Python 2.7 in order to
create an ABAQUS finite element model, run the model and collect the lowest
eigenvalue from the analysis resulfhe purpose of this process is the preparing
databases for the buckling coefficienf selected metallic skistringer assemblies by
means of parametric modelling approach via the script language. With this approach,
databases of buckling coefficients for skiminger assemblies can to be generated
similar to the available buckling cffieient charts for the panels which have classical

boundary conditions along the edges.

In this chapter most commonly used stringer sections Z, J and T are investigated.
Stringer section typeso®d Jgowoaealddd Asiseenidescr i pti c
Figure2.15, T and J stringer section types use the double row joint configuration at

the connection of skin and the lower flange of the stringecontrast, in the Z fye

stringer section, the single row joint configuration is usefinite element models.

The scripts are written for each sigtringer assembly and the following parameters

are specified

A Skin panel thickness
A Skin panellength y

A Stringer thickness
A

Stinger height
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A Stringer lower flange length

A Stringer upper flange length (In stringer section type T, there is no upper
flange)
)y Stringer Section Type «Z» Stringer Section Type «T» Stringer Section Type
Lower flange length Lower flange length Lower flange length
A—— = » — < >
E o e | —— | — E N prs || s— — | L%ﬂ
.50 50 D
s s z
— - Q
] o 0o
£ £ £
= = =
D7 m— bR pe— ¥y
+——>r
Upper flange length Upper flange length

Figure2.15: Stringer section types usadskin-stringer assemblies

To minimize the time and sources, some of the parameters of thetskger

assemblies are fixed to certain values as,

A Skin panel lengthx = 450 mm

A Fastener diameter = 3.2 mm

A Material: Aluminum 2024 TZlad Sheet

Discrete values of the design paraens of the skirstringer assemblies are specified
in a range. Upper and lower limits of the design parameters are decided based on the

commonly used values in the industry.

For the skimstringer assemblies with Z and J type stringers, the following fedteas
are specified between the upper and lower limits, and in total 2160 finite element

analyses are performed to form a database for the buckling coefficients.
A Skin panel thickness = [0.813, 1.016, 1.27] mm

A Skin panellength y = [150.0, 225.0, 300.875.0, 450.0] mm
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Stringer thickness = [0.813, 1.016, 1.27] mm

A

A Stinger height = [10.0, 17.0, 24.0, 30.0] mm

A Stringer lower flange length = [10.0, 14.0, 18.0, 22.0] mm
A Stringer upper flange length = [10.0, 14.0, 18.0] mm

For the skirstringer assemip with the T section stringer, the following parameters
are specified between the upper and lower limits, and in total 2100 finite element

analyses are performed to form a database for the buckling coefficients.
A Skin panel thickness =[0.813, 1.016,Q,.1.27] mm

A Skin panellength y = [150.0, 225.0, 300.0, 375.0, 450.0] mm

A Stringer thickness = [0.813, 1.016, 1.10, 1.27] mm

A Stinger height =[10.0, 15.0, 2025.0, 30.0 mm

A Stringer lower flange length = [10.0, 13.0, 16.0,0, 22.0 mm

To minimze the number of finite element analysis, for each parameter minimum
number of discrete values are selected within the dppear limits of each parameter.

Skin length y has a remarkable effect on the buckling phenomena. Hence, for the skin
length y more number of discrete analysis poiistased in the finite element analyses.
However, for Z and J stringer section types, inner flange length is restricted to three

values in order to minimize the number of analyses.
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2.2.2. Setting up of Artifitial Neural Network and Response Surface for fast

determination of buckling coefficients

For fast determination of the buckling coefficients of siiinnger assemblies with

different stringer types, in thishapterartificial neural network and response surface

are seup utilizing the finite element analysis results for the buckling coefficients. The

output parameter, buckling coefficient, obtained from finite element analyses and input
parameters of the skistringer assemblies are collected in an Excel file for the
generation of the ANN and the RS for fast and accurate determination of buckling
coefficients without resorting to finite element analysis. For the generation of the
response surface, inputs and outpats processed in MATLAB RSTOO[37].

Response surfacead e | i s ¢ h o s e n Full guadiakicudsdons)taced r at i ¢

consistof constant term, the linear terms, the interaction terms and the squared terms.

As the second fast and accurate analysis toohrtificial neural network is chosen.
Artificial neural networks (ANNs) are computational modeling tools to model linear
and nonlinear complex systemsth most traditional statistical approaches. ANNs
have characteristic advantages such as being suitableofinear problemsand

ANNSs haveparallel woking ability. Furthermore ANNs can process imprecise and
fuzzy information. Thus, they can provide accurate solutions for uncertain data. These
capabilities deliver important benefits of excellent data fitting, adaptalziliky

modeling of unlearned dafas].

ANN consists of multiple numbers of individual artificial neurons. Theskvidual
artificial neurons are grouped to create a layem artificial neural networkNeurons

of each layer are connected to the nesrof the next layef.he ANN is conposed of

three layes which are input layer, hidden layer and output layer. The number of
neurons in the input and the output layers are determined by the number of the input
and the output parameters. Each neuron is associated with one input or output
parmeter. Thus, computational ability of an ANN is determined by the number and
the content of hidden lay€%7, 38]. Number of neurons in hidden layers is determined

by trial and error to adjust the ANN with desired capabilities. Example of an artificial

neural network configuration is shown kigure 2.16. In this configurationthree
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neurons input layer that is used to take thmpet parameters to the systeme neuron
output layer that returnan outputas reslt of the computation process, and two

neurons fohidden layes.

9~
/Q/Q

Input Hidden Output

Layer Layer Layer Cluttpt

Input

Figure2.16: Configuration of artificial neural network

In this study, a artificial neural network is established for each sdthmgerassembly

by using the input parameters and the output parameter which is the buckling
coefficient. Buckling coefficients are in the range of86for the skirstringer
assemblies with J, Z and T type stringémputs and output of numerous analyses are
processed in MATLAB NNTOOL to create an artificial neural network (ANRY, [

37, 38]. In the ANN, total layer number is chosen a®ge for output layer anthe
otherone for hidden layer. Number of neuron number in the ANN is decided by trial
and error mdtod for each type of stringer section_evenbergMarquardt
backpropagation is chosen for training method of ANNe of the terminatioariteria

of neural networkraining process are decidedra® Xx i mum fAmuo whi ch
themomentum ternto slow thespeed of the descent so that the search value does not
fly back and forth across the minimum without stopping sufficiently ne&mnibther
termination criterion is theninimum performance gradiemthich is gradient of the

square of the error function witlespect to the unknown weights and biagesthe
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third and fourth termination criterianaximum number of iterationwhich is the

number of iterations/ithout any improvemerandtheepoch limit which is defined as

the limit of theiteration numbeare sed In this study, these criteria are chosen as
lel0 f or maleT fon mimmummperformance gradieBO for maximum

number of iteration without any improvememtd 1500 for epoch limiEor each type

of stringer section, different ANN parameten® chosen to obtain accurate results.
These parameters are neuron number, percentage of data sets used in the training set,
percentage of data sets used in the validation set and percentage of data sets used in
the test set. According to these paramefgsgormance of network is measured based

on the mean squared error calculaisohg difference of ANN and FEAesults.

The best network performance is obtainedtlfi@r skinrstringer assembly with type

stringer section for the following set of paramster

A 1 Neuron number

A % 70 of the data set used in the training of the ANN
A % 15 of the data set used in the validation of the ANN
A % 15 of the data set used in the test of the ANN

Using these parameters in ANN, for the skiringer assemblies with ype stringer

section, mean square error is calculated®@sz p 11 as seen ifrigure2.17.
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Best Validation Performance is 0.00051219 at epoch 254
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Figure2.17: Performance plot of the ANN fakin-Jtype stringeassembly

The best atwork performance is obtained for Z type stringer section for the following

set of parameters:

A 10 Neuron number

A % 70 of the data set used in the training of the ANN
A % 15 of the data set used in the validation of the ANN
A % 15 of the data set used the test of the ANN

Using these parameters in ANN, for the skiringer assemblies with Z type stringer

section, mean square error is calculasd®v & p 11 as seen ifrigure2.18.
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) Best Validation Performance is 0.00049196 at epoch 458
10°
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Figure2.18: Performance plot of the ANN fakin-Z type stringemassembly

The best network performance is obtained for T type stinger sdotitime following

set of parameters:

A 10 Neuron number

A % 75 of data set used in the training of the ANN

A % 15 of data set used in the validation of the ANN
A % 10 of data set used in the test of the ANN

Using these parameterstimee ANN, for skin-stringer assemblies with T type stringer

section, mean square error is calculasd® 7 p 1 as seen ifrigure2.19.
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Best Validation Performance is 0.00056422 at epoch 977
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Figure2.19: Performance plot of the ANN fakin-T type stringeassembly

ANN performance can also be shown with the regression lines giv&gune 2.20,
Figure2.21 andFigure2.22 for the J, Z and T type of stringers, respectively. In the
plots, vertical axis shows the ANN outputkich are obtained by using inpiatabase

and the horizontal axis shows the FEA results that are used in training of the ANN.
The dashed lines in the figures represent the perfect fit ancbbbul lines are the

fits that are created by training process. It is seenctilatful linesare very close to

the dashed lines in each figures.
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Figure2.20: Overall, training, validation and testing regression pbbtie ANN forskin-J type
stringerassembly
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stringerassembly
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Figure2.22: Overall, training, validation and testing regression ploth@®fANN forskin-T type

stringerassembly

In addition,Figure 2.23, Figure2.24 andFigure2.25 show the cause for termination

of the trainingfor the skin-stringer assemblies thi J, Z and T type of stringers,

respectivelylt is seen that the ANN performanioe the skinstringer assemblies with

J type of stringedoes not increase afteb4iterationas shown irFigure2.23. Thus,

the validation fail$00" times at the iteratiofi54 As seen intheFigure2.23, gradient

of ANN for the skinstringer assemblies with J type of stringer is obtained as 2.436e

5 which is higher than

isobtainedas 1 whi ch i s |
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skin-stringer assembly with type of stringer, the ANN performance does not increase
after458iterationas seen ifrigure2.24. Moreover, forskin-stringer assembly witf

type of stringer, the ANN performance does not increase@®fi@terationas seen in
Figure2.25.

5 Gradient = 2.436e-05, at epoch 754
10 T T T T T T T
5
o 0 ]
o [\
10—5 | | | T T | 1
Mu = 1e-07, at epoch 754
100 T T T T T T T
g 10° L \ |
—
10_1[} | | | | | | |

Validation Checks = 500, at epoch 754

val fail

0 | | |
0 100 200 300 400 500 600 700
754 Epochs

Figure2.23: Number of validation failssnu and gradient with respect to number of training iterations

of ANN for skin-Jtype stringerassembly
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Figure2.24: Number of validation fails, mu and gradient with respect to number of training iterations

of ANN for skin-Z type stringeassembly
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Figure2.25: Number of validation fails, mu and gradient with respect to number of training iterations

of ANN for skin-T type stringeassembly
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2.2.3. Comparison of buckling coefficients of skinstringer assemblies
determined by FEA, Response Surface and Atrtificial Network

2.2.3.1. BUCKLING COEFFICIENTS OF SKIN-STRINGER ASSEMBLIES WITH J

TYPE STRINGERS

Table2.7 shows the input parametersi® additional analyses for the determination
of buckling coefficients of skistringer assemblies. Parameters givehahle2.7 are
selected in between the parameters used in the finite element analgdetorthe
setup of the finite element datababable2.8 gives the finite element analysis (FEA),

response surface (RS) and the artificial neural network (ANN) results.

Table2.7: FEA input parameters for additional analyses forskinr i nger assemblies w

stringer

FEA 1 2 3 4 5 6 7 8 9 10

Skin panel
thickness 1.05 085 1.2 1.2 1.15 1.05 1 09 11 115
(mm)

Skin panel
length x 450 450 450 450 450 450 450 450 450 450
(mm)

Skin panel
length y 350 200 325 320 400 275 200 175 235 325
(mm)

Stringer
thickness 1.1 1 1.2 125 1.2 107 103 1 1.15 1.2
(mm)

Stringer

; 18 13 28 255 175 16 19 18 22 23
height (mm)

Stringer

upper 15 12 17 16 155 11 135 105 155 165
flange width

(mm)

Stringer
lower flange 16.5 15 17.5 17 155 125 1475 11 15.75 17.75
width (mm)
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Table2.8: Buckling coefficients of skitstringer assemblies with J type stringers / FEA results/ RS
results/ ANN results

FEA RS % Absolute ANN % Absolute
Results Results Difference (RS) Results  Difference (ANN)
1 7.83 7.963 1.69 7.842 0.15
2 7.59 7.628 0.51 7.559 0.41
3 8.08 7.958 1.50 8.049 0.39
4 8.07 7.959 1.37 8.058 0.15
5 7.9 8.118 2.76 7.901 0.02
6 7.27 7.330 0.83 7.394 1.70
7 7.47 7.489 0.25 7.444 0.34
8 7.26 7.320 0.82 7.326 0.91
9 7.52 7.675 2.06 7.517 0.04
10 7.88 7.994 1.45 8.068 2.38

For the skirstringer assembly with J type string€able2.8 shows that the established
ANN performs better than the RS. For the randomly selected 10 set of design
parameters, root mean square (RMS) error with respect to the finite element results is
0.0760for the ANN and QL176for the RS.
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2.2.3.2.

TYPE STRINGERS

Table2.9 shows the input parameters of 10 additional analyses for the determination
of buckling coefficients of skistringer assemblies. Parameters givehahle2.9 are
selected in between the parameters used in the finite elesehfor the setup of the
finite element databas&able2.10 gives the finite element analysis (FEAg¢sponse

BUCKLING COEFFICIENTS OF SKIN-STRINGER ASSEMBLIES WITH Z

surface (RS) and the artificial neural network (ANN) results.

Table2.9: FEA input parameters for additional analyses forskinr i nger

stringer

assemblies

FEA

10

Skin panel
thickness
(mm)

Skin panel
length x
(mm)

Skin panel
length y
(mm)
Stringer
thickness
(mm)
Stringer
height (mm)
Stringer

upper
flange width
(mm)

Stringer

1.05

450

350

11

18

15

0.85

450

200

13

12

1.2

450

325

1.2

28

17

1.2

450

320

1.25

25.5

16

lower flange 16.5 15 175 17

width (mm)

1.15 1.05

450 450

400 275

1.2 1.07

17.5 16

155 11

155 125 1475 11 15.75 17.75

450 450

200 175

103 1

19 18

13.5 105

11

450

235

1.15

22

15.5

1.15

450

325

1.2

23

16.5
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Table2.10: Buckling coefficients of skirstringer assemblies with Z type stringers / FEA results/ RS

results / ANN results

FEA RS % Absolute ANN % Absolute
Results Results Difference (RS) Results  Difference (ANN)
1 7.46 7.601 1.88 7.475 0.20
2 7.01 7.096 1.23 7.014 0.06
3 7.63 7.547 1.09 7.593 0.49
4 7.64 7.552 1.15 7.612 0.37
5 7.61 7.812 2.66 7.593 0.22
6 6.98 7.019 0.55 7.108 1.83
7 6.92 6.958 0.55 6.888 0.46
8 6.83 6.918 1.29 6.932 1.50
9 6.97 7.174 2.93 6.919 0.74
10 7.46 7.5hH 1.54 7.600 1.88

For the skinstringer assembly with Z type stringefable 2.10 shows that the
established ANN performs better than the RS. For the randomly selected 10 set of
design parameters, root mean squ&®IS) error with respect to tHimite element
results is 0.026for the ANN and @.219for the RS.
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2.2.3.3. BUCKLING COEFFICIENTS OF SKIN-STRINGER ASSEMBLIES WITH T

TYPE STRINGERS

Table2.11 shows the input parametersldf additional analyses for the determination
of buckling coefficients of skistringer assemblies. Parameters givefiable2.11
are selected in between the parameters used in the finite element anséyststhe
setup of the finite element datababable2.12 gives the finite element analysis (FEA),

response surface (RS) and the artificial neural network (ANN) results.

Table2.11: FEA input parameters for additional analyses forskinr i nger assembl i es
stringer

FEA 1 2 3 4 5 6 7 8 9 10

Skin panel

thickness ~ 1.05 085 1.2 1.2 115 1.05 1 09 11 115
(mm)

Skin panel
length x 450 450 450 450 450 450 450 450 450 450
(mm)

Skin panel
length y 350 200 325 320 400 275 200 175 235 325
(mm)

Stringer
thickness 112 1 12 125 12 107 103 1 115 1.2
(mm)

Stringer

: 18 13 28 255 175 16 19 18 22 23
height (mm)

Stringer
lower flange 16.5 15 175 17 155 125 14.75 11 15.75 17.75
width (mm)
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Table2.12: Buckling coefficients of skirstringer assemblies with T type stringers / FEA results/ RS

results / ANN results

FEA RS % Absolute ANN % Absolute
Results Results  Difference (RS) Results  Difference (ANN)
1 7.39 7.591 2.73 7.300 1.22
2 6.91 6.932 0.32 6.878 0.46
3 7.46 7.575 1.55 7.475 0.20
4 7.49 7.604 1.52 7.500 0.13
5 7.55 7.805 3.37 7.619 0.91
6 6.9 6.863 0.53 7.020 1.74
7 6.71 6.893 2.73 6.697 0.19
8 6.56 6.73 3.02 6.569 0.14
9 6.82 7.164 5.04 6.824 0.06
10 7.36 7.614 3.45 7.337 0.32

For the skinstringer assembly with T type stringefable 2.12 shows that the
established ANN performs better than the RS. For thdamly selected 10 set of
design parameters, root mean square (RMS) error with respect to the finite element
results is 0.842for the ANN and @972 for the RS.
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2.2.3.4. DISCUSSION OF RESULTSOBTAINED BY FEA, ANN AND RSFOR J, Z

AND T TYPE OF STRINGER

In these dditional 10 analyses, it is seen that for the sftrmger assemblies defined

in Table2.7, Table2.9 andTable2.11f or 6JanddéaédTd type, of st
absolutedifference between RS results and FEA results is not greater than 5%. RS
gives fast convergence but this method does not give accurate results as the ANN.
Absolute dfference between the ANN results and FEAUlEsis not greater th&h5%.
However, ANN also has a problem with convergence. If the neuron number is
increased too much, for instance over 10 for the buckling problemfittivey occurs.

It should be noted that when ovéting occurs, erroof thetraining set is driven to a

very small value, buior thenew datan between the data points used to generate the
databasethe error is large. Moreover, to get an accurate AdBNIlt,many data sets

are required. For the determination of the buckliogficients, at least 2000 data sets

are required to obtain reasonable results which are close to the finite element results
with acceptable difference. Nevertheless, the established ANN can be used very
effectively to determine the buckling coefficients skin-stringer assemblies with
common J, Z and T type stiffeners. If desired ANN can be utilized to construct
buckling coefficients charts similar to the buckling coefficient charts available for
panel buckling with classical boundary conditions.

55



56



CHAPTER 3

POST BUCKLING LOAD DISTRIBUTION OF METAL STIFFENED
PANELS

In this chapter post buckling load distribution arttle effect of material nonlinearity

on the load redistribution in the pdstickled stage is investigated using linear and
nonlinearmaterial modelsvith different stringer typesf skin-stringer assembligsy
ABAQUS finite element analysig-or this purpose, in the first part of the study, a
baseline stiffened panel is generated for further investigation of the material
nonlinearity m the postuckling behavior and on the effective width of the stiffened
panel. To make a direct comparison with the classical approach for the determination
of the effective width of the skin panel, a stiffener section which provides classical
clamped edg condition is designed such that the compression buckling coefficient
determined by the finite element analysis agreed closely with the analytically

determined buckling coefficient of the clamped edge panel.

In the second part of thehapter postbuckling analysis of the stiffened panel is
performed utilizing linear and nonlinear material modeth three different stringer
types(l, J and Z)in the finite element analysis and the effect of material plasticity on
the postbuckling behavior of the pane studied. The effective width of the panel is
calculated before the collapse load of the panel using the load distributions obtained

by finite element analysis with linear and nonlinear material models and comparisons
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are with the effective widtbalculaed using the classical effective width formulation.
At the end of the chaptefinite element modehnalysisresults are obtained for
combination of each stringer types and material models. Its means that totally 6 finite

element model is created and effee width results are compared to each other.
3.1. Buckling Analysis of the Baseline SkinStringer Assembly

Baseline stiffened panel is designed in an iterative fashion to decide on the dimensions
of the side stiffeners such that side stiffeners providedynelamped edge condition.

For this purpose, compressive buckling coefficient of the stiffened flat panel is
calculated by the finite element analysis until a close agreement is reached with the
determined compressive buckling coefficient by the finitenelet analysis of clamped

edge unstiffened panel.

Before the decision of the proper stiffener crsgstion, buckling analysis of the flat
panel with the classical clamped edge conditions is performed and the compression
buckling coefficient is also obtaidevia finite element analysis before the addition of

the side stiffenersAs previously defined inFigure 2.1, the geometryand the
coordinate system dhe panel is used in the construction of the unstiffened Ipane
Boundary condition of the unstiffened panel is defined as all edges clamped defined
in Table2.2.

However, in this caséoad is appliedrom theDC edge along the-gxis of the single

panel as 2.0 mm displacemé i Ax ot hdei rflect i on (compressi on)
edge of the panel imkenas AB edgeThus in this casejn addition toboundary
conditionsdefinedin Table2.2, AB edge isalsorestricted intranslationadegree of

freedom in the x directiorAlthough, his additional boundary conditidrasno effect

on the buckling coefficient result, it is necessarintdhe edge AB in order to be able

to read reaction forces frothe nodesalong the edge A postbuckling analyses

presentedhn this chapter

After the determination of the boundary condition anditipait displacementinput

parameters of thenstiffened skipanel studied argecided agiven inTable3.1. The
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unstiffenedp a n e | model without any side stiffel
of ABAQUS in linear buckling analysis for the lowest buckling eigenv§Bid.

Table3.1: Input parameters of thenstiffenedskin panel usetb verify stiffened panel edge condition

Skin panel material Aluminum 2024 T3 Shee
Skin panel thickness (mm) 0.813

Skin panel length x (mm) 450

Skin panel length y (mm) 150

For theunstiffenedpanel model described Table3.1, lowest eigenvalue is obtained

as,

TBIT U T (3.1

Using this eigenvalue, the corresponding compressive stress and the compressive

buckling coefficent are calculated as,

6 6 7_ THload (3.2)
(0] -
5O P& DO 33)
. pep U & (34)
Q 0 > X& g

After calculation of the buckling coefficient of the unstiffened panel waittedges
clamped boundary conditiofry the finite eément analysis, stiffened panel modeling

is performed using the clamped boundary conditions along the loaded edges of the
panel. For the stiffened panels, side stiffeners provide constraint along the unloaded
edges of the panel. Tgenerateéhe clamped edgcondition along the unloaded edges

of the stiffened panel, an iterative procedure is used to decide on the dimensions of the
stiffener. To study the postuckling behavior of the stiffened panel, the considered
skin-stringer assembly consists of thres #kin panels and two stringers with | cross

section. Meshndependent fasteners available in ABAQE& used in the skin
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stringer connectiof35]. Skinstringer assembly and the skin panel numbering are
demonstrated ifFigure 3.1. For the skirstringer assembly, a compression load is
applied in thex direction as prescribed displacement on one of the edges along the y

direction.

Figure3.1: Baseline Kin-stringerassembly

Figure3.2 shows the restraints applied to the loaded and the opposite edges of-the skin
stringer assembly. To simulate the clamped edge condition, the degrees of freedom
restrained along the loaded edgee U3 (adirection displacement) and R2 (rotation
about the yaxis). Along the opposite edge of the loading edge of thesskimyer
assembly, degrees of freedom U1, U3 and R2 are restrained. In addition,-{ha@mhid

of panel 2 is not allowed move the ydirection to avoid rigid body motion of the
assembly, as shown kigure3.2. Moreover, unloaded side edges of the panels 1 and

3 are restrained in-zanslation (U3 degree of freedom) andotation (R1 degge of

freedom).
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Figure3.2: Constraints applied to thmselineskin-stringer assembly

In the finite element model of tHeaselineskin-stringer assembly, all stringers and
skin panels are modeled as 2[2klklements with Aluminum 2024 T3 sheet material
properties[36]. Same fastener configurations and modelling technics written in
chapter2.2 are used in the finite element model of baseline-skingerassemly.
Fastenerconfiguratiors usedin baseline skirstringer assembly ishown inFigure
2.14.

Fortheskinst ri nger assembl y, B &addrklihearducldingep of
analysis to obtain the lowest buckliegenvalug35]. The lowest buckling eigenvalue

is used in Equatio(B.4) to calculate the compression buckling coefficient pertaining

to the local buckling of the skin supported by the side stiffeners. By camypidue
compression buckling coefficient calculated by the finite element solution with the
determined compression buckling coefficient by finite element model of unstiffened
panel defined iMable3.1, clamped edgeondition provided by the side stiffeners is

verified.

Stringer dimensions are changed until the compression buckling coefficient obtained
by the finite element analysis agreed closely with the finite element result of 7.38 given
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by Equation(3.1). For this purpose, parametric modeling of the strmger assembly

is performed via the script language followed by automated finite element analysis by
ABAQUS [39]. | type of stringer dimensions which simulate the @ath edge
boundary condition closely are givenTable3.2 together with the overall dimensions

of the skinstringer assembly.

For the buckling analysis, a compression load is applied on one of the edges of the
skin-stringer assembly with the | type of stringer section along theis/as 2.0 mm
prescribed displacement in theo direction. For the skistringer assembly described

in Table3.2, lowest eigenvalue is obtained,

TBIT U T (3.5)

Table3.2: Parameters of the skitringer assembly used in the finite element model with | section

stringer

Skin panel material Aluminum 2024 T3 Shee
Skin panel thickness (mm) 0.813

Skin panel length x (mm) 450

Single skin panel length y (mm) 150

Stringer material Aluminum 2024 T3 Shee
Stringer thickness (mm) 1.016

Stringer height (mm) 25

Stringer upper flange width (mm) 15

Stringer lower flange width (mm) 20

Using this eigenvalue, the corresponding compressive stress and the compressive
buckling coefficient of skirstringer assembly with | stringer section type are

calculated as,

6 6 z_ TmBrwmd (3.6)
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(3.7)

N pcp L @ (3.8)

Comparing the results given by Equat{@#) and Equatior§3.8), it is concluded that
the properties of the | section stringer givermable 3.2 provides the clamped edge

condition along the unloaded edges of the skrimger assembly.

3.2. PostBuckling Analysis of Skin-Stringer Assenbly using Linear and Non

linear Material Models

Following the verification of the compression buckling coefficient of the stiffened

panel with finite element model, the pdmtckling behavior of the skistringer

assembly is investigated with two diffetenodels; with linear and nonlinear material
model s. Il n bedtin enmocd edeso,mefi Nanc St atisc Anal
used to observe the pdstickling behavior of the stiffened pan@s]. For both

models, load carrying capacity of the assemlnlgt the effective width of the skin

panel are calculated using the finite element results. Moreover, effective width

calculation is also done utilizing the empirical relation following Brldn

For the analysis of the peltickling load distribution, raal forces in the xirection

of the restrained edge of the skin panel are summed up to calculate load capacity of
assembly. Additionally, one of the nodes in the loaded edge is used to trace the
displacement of skistringer assembly. Restrained and lahdelges are shown in

Figure3.3 with red and green lines, respectively.
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Restrained Edge

v — Loaded Edge

L

Figure3.3: Edge descriptions of the skatringer assembly

To investigate the postucklingbehavior of the skistringer assembly, geometrically

nonlinear analysis of the skstringer assembly with | section stringer is conducted by

the -ANneaar Static An a[B5 Asiinstite previoes@nalgsks, ABAQU S
a compression load is applied one of the edges of the sldgtringer assembly along

theyaxi s as 2.0 mm presci«iobeld rMaiedajpdodnc e me n't
geometric description of the previous assembly which is used for verification of the
clamped edge condition in chapgl, is used for the both material mosleteated in

this chapter.In addition tothelinear material model, nonlinesiressstrain data given

in Appendix B is ued in the ABAQUS material descriptionDefining material

plasticity in ABAQUS is presented in the research report by Rasmussen [39]. Material
properties of the aluminum 2028 sheet are given irigureB.1[36]. For aluminum

2024 T3, stressstrain curve including the plastic region is giverrigureB.2. For the

nonlinear material model, the strestgain data given ifableB.1 is used in the post

buckling analysis.

Firstly, using the linear material modefor the skin-stringer assemblyload
displacement curve is obtained ABAQUS analysisasshown inFigure3.4.
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Figure3.4: Load displacement curve of the slgtringer assembly with linear material model (|

section stringer)

As shown inFigure 3.4, the first break in the loadisplacement curve reggents the
initiation of the local buckling. Local buckling starts when the applied displacement is
0.107 mm. This result is different than the critical displacement determined in linear
buckling analysis 6 T3t wdrt & . The reason of this difference is attributed to
including the geometric nelmearity in the posbuckling model. Beyond the
initiation of the local buckling, podiuckling stage of the skistringer assembly starts.

It should be noté that because of the geometric Aimearity, load displacement curve

iIs nonlinear beyond the initiation of the local buckling of the skin. However, the
collapse of the skistringer assembly is not seenFigure 3.4 because of the use of

linear material properties.

Secondly, Figure 3.5 shows the loadlisplacement curve obtained by using the
nonlinear material model in the finite element analysis. As showigire3.5, local

buckling of the skin starts at a displacement of 0.104 mm and this value is almost same
as the local buckling displacement (0.107 mm) of the-skinger assembly with the

linear material model. Beyond thaitiation of the local skin buckling, load
displacement curve again becomes nonlinear and when the displacement reaches 1.736

mm collapse of the skiatringer assembly occurs.
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Figure3.5: Load displacemertdurve of the skirstringer assembly with nonlinear material model (I

section stringer)

Figure3.6 andFigure3.7 show the finite element view of skatringer assembly with
nonlinear material model at the local buckling starting point and collapse point,

respectively.

S, Mises
SHEG, (fraction = -1,0)
(Avg: 75%)

+2.026e+00
+3.3282-02

Figure3.6: FE view of skinstringer assemblwith nonlinear material model (I section stringat)

local budling starting point
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S, Mises
SNEG, (fraction = -1.0)

+5.114e+00

Figure3.7: FE view of skinstringer assemblwith nonlinear material model (I section stringat)

collapse point

Figure3.8 compares the loadisplacement curves obtained by the linear and nonlinear
material models. The effect of material nonlinearity on the-poskling behavior of

the skinstringer assembly is clearly seerFigure3.8. After the lacal buckling of the

skin, when the applied displacement reaches 1 mm or so, material nonlinearity effect
becomes dominant. It should be noted that the collapse of the assembly with the
nonlinear material model is merely due to the nonlinear material pyogiece no

damage model exists in the finite element models.
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Figure3.8: Comparison of load displacement curves of models with linear and nonlinear material

properties (I section stringer section)
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3.3.Calculation of Effective Width by Finite Element Solution and Emprical
Solution

To calculate the effective width of the skin panel using the finite element results, for
each node on the restrained edge of the skin panel, forces indihectcon are
obtained segrately to see how the load is distributed along td@ection.Effective
width atthe location of the restrained edge of the skin panel as sefeigumne 3.9 is

then calculated with the idealization of the attwanlinear load distribution in the
postbuckled stagdJsing the xdirection nodal forces, load distribution is pictured, as
shown inFigure 3.10. This idealization is made by equating the area under the
nonlinea load distribution to the idealized rectangular load distribution, as shown in
Figure 3.11. To find the effective width of the buckled panel, the area under the
nonlinear load distribution curve is divided by thesak load1], as showiin Equation
(3.9).

0 T (3.9)

Stringer
Stringer
Stringer

v

Restrained Edge

Figure3.9 Top view of skinstringer assembly under compressive loading
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Figure3.11: Equivalent load ditribution using the concept of effective widih

Same as previous suhapter, he first finite element model of the skstringer
assembly is constructed using the linear material properties of the aluminudi 2024
sheet in the finite element, and lodibtribution in the posbuckled stage and the
effective width are calculated accordingly. The second finite element model of the
skin-stringer assembly is constructed with nonlinear material properties of the
aluminum 2024T3 sheet and material plasticis accounted for. Again, for the skin
stringer assembly with the nonlinear material model, load distribution in the post
buckled stage and the effective width are calculated and comparisons are made with

the results obtained with the linear material modmally, effective widths calculated
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by both models are compared withe effective width calculated by the classical
effective widh formulation provided by Bruhfi].

In order to calculate the effective widths, load distributions along {vesyat he
restrained edge of the skatringer assembly with | stringer cross section are extracted
from the finite element analysis results of the sitimger assemblies with linear and

the nonlinear material models. Figure 3.12, load distribution of the skistringer
assembly with the linear material property is presented just before the local buckling
of the skin panel. It is seen that skin carries the same load orekescéntof the
restrained edge along theayis before the local skin buckling, as expected. The two
peaks correspond to the location of the fasteners in the finite element model.
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Figure3.12: Load distribution in the skistringer assembly with thenkar material model just before

the skin buckling (I section stringer

In Figure3.13, load distribution is presented for the skininger assembly with linear
material model at the compressive displacementZ86Lmm, which is the collapse
displacement obtained by the nonlinear material mdalelddition,Figure3.13shows

the location of stringers and edges which are restrained by classical boundary
conditions. First ad last skin panels are located betw#erestrained edge arttle
stringer. Second skin panel is located between two stringers. In this study, load

distribution is calculated at the only second skin panel localiothe postbuckled
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stage, as expectethad distribution after the local buckling of the skin is highly
different from the load distribution given Figure3.12. Skinsectionsat the stringer
locations carry moréoadscompared to the skin part at theddle of skin sections
Figure3.13also showsheidealized load distribution with red dash line, known as the
effective width. For the skistringer assembly with the linear material model,
effective width is elculated as 49.20 mm usiagtual load distributioareascanned

by thegreenlines seen irFigure3.14.
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Figure3.13: Load distribution in the skistringer assenp with the linear material model at the

collapse displacement (1.736 mm) of the nonlinear material model case (I section stringer)
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Figure3.14: Closed view of load distributioim the skinstringer assemplwith the linear material
model at the collapse displacemé&hf736 mm) of the nonlinear material model case (I section

stringer)
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In Figure3.15, load distribution is presented for the model with the nonlineagnaht
property just before the local buckling of the skin panel. Before the local buckling of
the skin, load distribution given Figure3.15is exactly same as the load distribution

(Figure3.12) obtained using the linear material model, as expected.
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Figure3.15: Load distribution in the skistringer assembly with the nonlinear material property just

before the skin buckilig (I section stringer)

In Figure3.16, load distribution is presented for the model with the nonlinear material
property at the collapse displacement of 1.736 mm. As expected, load distribution in
the postbuckledstage is highly different from the load distribution in thelpuekled
configuration. For the skistringer assembly with the nonlinear material model,
effective width is calculated as 60.67 mm. It should be noted that since the peak load
for the skinstringer assembly with the nonlinear material model is lower than the peak

load for the assembly with the linear material model, effective width is higher.
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Figure3.16: Load distribution in the skistringerassembly with nonlinear material property at the

collapse displacement of 1.736 mm (I section stringer)

Figure3.17 shows the load distribution obtained by the linear and nonlinear material
models in the finite elaent analysis in the same plot. It is seen that the main effect of
including material nonlinearity is on the peak load level which drops significantly for
the skinstringer assembly with the nonlinear material model. Moreover, equivalent
width calculated &sed on finite element analysis using nonlinear material model is
higher than the equivalent width calculated using linear material model. For the skin
| section stringer assembly, ratio of the equivalent widths calculated using the linear

and the nonlingamaterial models is 0.81.
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Figure3.17: Comparison of the load distribution in the skiminger assemblies with linear and

nonlinear material properties (I section stringer)

In this study, effective widtls also calculated using the empirical relation given by
Bruhn [1], Equation(3.10). In Equation(3.10), stringer stressO is taken as the
minimum of thestringerlocal bucklingstress "O , stringercrippling failure stress

O and the material yield stressf the stringer 'O . For the skirstringer
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assembly, local buckling stre€3 is calculated as 280.98 MIPH, and the crippling
stress of the stringer is calculated as 282.61 MBRh Calculationmethodologyof

local buckling stressf the stringeris given AppendixC. For Aluminum2024 T3,
material yield stress is 269 MIP26]. Therefore, stringer stres®© is taken as the
minimum of the three as 269 MPa. Moreover, half of the lower flange widthis
added to the effective width formula because of the doohbldastener configuration

for the Fsection stringer. For the clamped edge condition, effective width constant
"Q is specified as 2.52 in BruHd]. Thus, for the skirstringer assembly effective

width is calculated as 43.61 mm.

In addition, effetve width is also calculated using the stringer stress in the lower
flange obtained from finite element analysis at the collapse point and the empirical
relation given by Bruhrl], Equation(3.10). In the model wth the linear material
property, absolute maximum stringer stré€s  is obtained as 263.9 MPa (Equation
(3.12). Thus, for the skistringer assembly effective width is calculated as 43.93 mm.
Moreover, in the model with nonlinear material property, absolute maximurgestr
stress 'O is obtained as 248.6 MPa (Equati@@113)). Thus, for the skistringer
assembly effective width is calculated as 44.96 mm.

0 Q z0 z OF0 mZd (3.10)
O i ETO FORO ¢ @0 ® (311
O ¢ @0 0 & (312

O cTad 0 & (313

Table 3.3 compares the effective widths calculated by the finite element analysis
utilizing linear and nonlinear material models with the effective width calculated by
the classicaémpiricalapproach and the effective width calculated by a combination
of the clasical approach and the stringer stress determined by the finite element
analysis at the collapse point determined by the finite element analysislinesrgy
andnonlinear material property. It is seen that the effective width calculated by the

classical rethod is close to the effective width calculated by the finite element analysis
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performed utilizing the linear material model. When the nonlinear material model is
used in the finite element analysis, a higher effective width is calculated. The classical
approach gives smallest effective width compared to finite element analysis results. It
is also noticed that effective widths calculated by using the stringer stresses determined
at the collapse point by the finite element analysis with the linear anditiieeaar
material models are strikingly close to the effective width calculated by the classical

empirical relation given by Bruhi].

Table3.3: Comparison of the effective widthsgéction stringer)

Equation Equation
(3.20) with ~ (3.10) with

Finite Finite Stringer Stringer
element element Equation Stress  Stress from
(Linear (Nonlinear from FE FE
: : (3.10) . .
material material Analysis Analysis
model) model) (Linear (Nonlinear
material material
model) model)
Effective
width 49.20 60.67 43.61 43.93 44.96
(mm)

3.4. Effect of Stringer Section Types on the PodBuckling Stage

To see the effect ofiffierent section stringers on the buckling load, collapse load and
the effective width, the stringer dimensions of the | stringer are fasetthe skin
stringer assemblies with J and Z type string@esometric descriptions of the stringers
with differentsections are shown Figure3.18. As seen irFigure3.18, | and J section
stringers use double row joints at the connection of skin and the lower flange of the
stringer. O the other hand, in the Z section stringdouble andsingle row joint
configurations aresed in the finite element mod€&igure3.18 shows the single row

joint configuration of Z section stringer.
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«l» Stringer Section Type  «J» Stringer Section Type  «Z» Stringer Section Type
Lower flange length Lower flange length Lower flange length

Stringer height
Stringer height
Stringer height

— — —

Upper flange length Upper flange length Upper flange length

Figure3.18: Stringer section types used in this study

Same procedure for the skstringer assembly with the | stringer section is also
applied to the skustringer assemblies with the J and Z type of stringer sectiom

make direct comparisons between the different sritgpes, the dimensions of the
section stringer, which provides clamped edge condition, are directly used for the J
and Z section stringers. Dimensions of the J and Z section stringers arengiiadite

3.5 andTable3.6 together with the overall dimensions of the s&iringer assembly,
respectively

3.4.1. Skin-Stringer Assembly with J Section Stringer

Same aghe skin-1 sectionstringer assemblyfirst linear buckling analysis has been
performed In this analysisa compression load is applied on one of the edges of the
skin-stringer assembly with the J type of stringer section along-thesyas 2.0 mm
prescribed displacementinthixk 6 di r e ct i estinger Bssemblyt witrethes k i n

J type of stringer section describedliable3.4 lowest eigenvalue is obtained as,

_ T™IT VP (3.19

Using this eigenvalue, the compressive buckling coefficient ofstkinger assembly
with the J stringer section type is calculated as,

. PG L @ (319
Q " W 6 X8 TT
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Table3.4: Parameters of the skitringer assembly used in the finite element model with J section

stringer

Skin panel material Aluminum 2024 T3 Shee
Skin panel thickness (mm) 0.813

Skin panel length x (mm) 450

Single skin panel length y (mm) 150

Stringer material Aluminum 2024 T3 Shee
Stringer thickness (mm) 1.016

Stringer height (mm) 25

Stringer upper flange width (mm) 15

Stringer lower flange width (mm) 20

Based on the compression blieg coefficients determined from thi@ear buckling
analysis of the skistringer assembliesith J stringer section, it is confirmed that the
restraints provided by the J section stringers are appropriate to simulate the classical
clamped edge conditioasthe | section stringecase The reason of this similarity,

both stringer types uses same double row fastener configuration as Bigemes.18.

The upper flange connection has a small effect on the bgdddihaviour of the skin
stringer assembly. Hence, buckling coefficients of these twostkimger assembly

are close to each other.

After the calculation of the buckling coefficient of skirstringer section assembly,
geometricallynonlinear staticanalsis has been conducted for the skininger
assembly with J type stringer. For the skinnger assembly with the linear material
model, loaddisplacement curve that is obtained ABAQUS analysis is shown in
Figure3.19.
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Figure3.19: Load displacement curve of the slgtringer assembly with linear material model (J

section stringer)

As shown inFigure3.19, load displaement curve for the skistringer assembly with
the J type stringer is similar to the | section stringer case. For thetskiger assembly
with the J section stringer, local buckling displacement is same as thstrskger

assembly with the | sectiatringer.

Figure 3.20 shows the loadlisplacement curve obtained by using the nonlinear
material model in the finite element analysis. As showfigire3.20, local bucking

of the skin starts at the same displacement of 0.104wiich is same as the local
buckling displacement ahe skinstringer assembly with the linear material model.
Beyond the initiation of the local skin buckling, ledplacement curve again
becones nonlinear and when the displacement reaches 1.726 mm collapse of-the skin
stringer assembly occurs. For the skiringer assembly with the J section stringer,
collapse load is reached at a slightly lower displacement than thestakiger

assembly wh the | section stringer.
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Figure3.20: Load displacement curve of the sldgtiinger assembly with nonlinear material model (J

section stringer)

For the skinstringer assembly with the J section stringegure3.21 shows the load
distribution in the skird stringer assembly with the linear material model just before
the local buckling of the skin panel. Comparkigure3.12with Figure3.21, one can
see that the load distributions in the skinnger assemblies with | and J section

stringer are almost the same.
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Figure3.21: Load distibution in the skirstringer assembly with the linear material model just before

the skin buckling (J section stringer)

In Figure3.22, load distribution is presented for sigtringer assembly model with J
sectionstringer with the linear material model at the compressive displacement of
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1.726 mm which is the collapse displacement obtained by the nonlinear material
model. Figure 3.22 also shows that idealized load distribat with red dash line,
known as the effective width. For the slgttinger assembly with the linear material
model and J section stringer, effective width is calculated as 47.59 mm using area
under the actual load distribution given by the blue lindhdu&d be noted that for the

J stringer case, skistringer assembly is not symmetric with respect to the center of
the middle panel, therefore load distribution in the assembly is also not symmetric with

respect to the center of the middle panel.
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Figure3.22: Load distribution in the skistringer assembly with the linear material model the

collapse displacement (1.726 mm) of the nonlinear material model case (J section stringer)

In Figure 3.23, load distribution is presented for the slWisection stringer assembly
with the nonlinear material model just before the local buckling of the skin panel. It is
again noted that before the local buckling of the skin, loadHision given inFigure

3.23 is almostsame as the load distributioRigure 3.21) obtained using the linear

material model, as expected.
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Figure3.23: Load distribution in the skistringer assembly with the nonlinear material model just

before the skin buckling (J section stringer)

In Figure 3.24, load distribution is presented fthre skirJ section stringer assembly

with the nonlinear material model at the collapse displacement of 1.726 mm. For the

skin-stringer assembly with the nonlinear material model, effective width is calculated

as 57.48 mm.
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Figure3.24: Load distribution in the skistringer assembly with the nonlinear material model at the

collapse displacement of 1.726 mm (J section stringer)

Figure 3.25 compares the load distribatis in the skird section stringer assemblies

obtained by the linear and nonlinear material models in the finite element analysis in

the same plot. It is seen that as in theedtion stringer case, the main effect of

including material nonlinearity is ahe peak load level which drops significantly for
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the skinstringer assembly with the nonlinear material model. Moreover, equivalent
width calculated based on finite element analysis using nonlinear material model again
is higher than the equivalent widthlculated using linear material model. For the skin
J-section stringer assembly, ratio of the equivalent widths calculated using the linear
and nonlinear material models is 0.83. It is also noted that s&@ttibn stringer

assembly has lower equivalemidth than the skif section stringer assembly.
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Figure3.25: Comparison of the load distribution of sigtringer assemblies with linear and nonlinear

material properties {dection stringer)

Following thesame analysis procedure applied for the sisiedtion stringer assembly,
effective widths for the skin-Section stringer assembly are calculated by the cklssi
empirical approach of Bruhfi] and also utilizing the combination of the classical
approat and the stringer stress determined by the finite element analysis. For the skin
J-section stringer assembly,clal buckling stress’O is calculated as 233.65 MPa

[1], and crippling stress of the stringer is calculated as 248.66 [MiBla For
Aluminum 2024 T3, material yield stress is 269 MB@]. Therefore, stringer stress

"O istaken as the minimum of the thre€288.65 MPa. Thus, for the skirs@ction
stringer assembly, effective width is calculated as 46.06 mm from Equ3atid).
Table3.5 compares the effective widths caldeld by different approaches. Again, for

the skin Jsection stringer assembly, equivalent widths calculated by the linear finite
element analysis and by the classical empirical approach of Bruhn agree considerably
well. Similar to the {section stringer cas equivalent width calculated by the finite
element analysis with the nonlinear material property is the highest for the-skin J

section stringer assembly.
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Table3.5: Comparison of the effective widthsgdcton stringer)

Equation Equation
Finite Einite (3.1(?) with (3.1Q) with
Stringer Stringer

element element : f f
(Linear  (Nonlinear Equation Stress rom Stress rom
(3.10 FE Analysis FE Analysis

material material (Linear (Nonlinear
model) model) : .
material material
model) model)
Effective
width 47.59 57.48 46.06 44.11 45.48
(mm)

3.4.2. Skin-Stringer Assembly with Z Section Stringer

In this chapterto see the effect dastener configuratioan the buckling load, collapse
load and the effective widtltywo sin-stringer assemigswith single row fastenez
section stringeand with double row fastenét section stringeare modelled with
ABAQUS asseen inFigure3.26. After that point, Z section stringer with double row

fastener configuration is defined as Z

«Z» Stringer Section Type «Z2» Stringer Section Type

Lower flange length Lower flange length

Stringer height
Stringer height

I
— —_—

Upper flange length Upper flange length

Figure3.26: Single and double fastener configlimas with Z section stringer
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3.4.2.1. SINGLE Row FASTENER CONFIGURATION

Skin-stringer assembly with Z section stringe@hich has a single row fastener

configurationis obtained usingsame geometric and material properties of skin

stringer assemblgs thd stringer section as mentionbdfore Firstly, linearbuckling

analysis is performefbr the skinstringerassemblyFor the buckling analysis of the

skin-stringer assembly with Z section stringer, a compression load is applied on one

of the edges of the skistringer assembly with the Z type of stringer section along the

y-axi s as 2.0 mm prescxd beidr edd tsipdstangeefem tt hen &
assembly with the Z type of stringer section describ&thlyie3.6, lowest eigenvalue

IS obtained as,

™Tny (3.16)

Using this eigenvalue, the corresponding compressive buckling coefficient ef skin

stringer assembly with Z stringer section type ealculated as,

. pep U o (3.17)
Q — 0 3 P w

Table3.6: Parameters of the skistringer assembly used tine finite element model with Z section

stringer

Skin panel material Aluminum 2024 T3 Shee
Skin panel thickness (mm) 0.813

Skin panel length x (mm) 450

Single skin panellength y (mm) 150

Stringer material Aluminum 2024 T3 Shee
Stringer thickness fmm) 1.016

Stringer height (mm) 25

Stringer upper flange width (mm) 15

Stringer lower flange width (mm) 20
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Buckling coefficient calculated shows that stringer section is not sufficient to
provide the clamped edge condition as the | and J string@éorsecthe main reason

for this is the rivet configurations of the sigtringer assemblies. In the models with |

and J types of stringer sections, double fastener configuration is used to connect the
skin to the lower flange of the stringer. On the comtrar the model withthe Z type

of stringer section, single fastener configuration is used to connect the skin to lower
flange of the stringetdowever, in this study the main geometric properties of the Z
section stringer are kept same as the | sectramgst and no attempt has been made

to provide the clamped edge condition as the | and J section stringer types.

For the skinstringer assembly with the Z section stringer and the linear material
model, loaedisplacement curve that is obtained BWBAQUS analysis by

incorporating geometric nonlineariiy given inFigure3.27.
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Figure3.27: Loaddisplacement curve of the skitringer assembly with linear material nebdz

section stringer)

As shown inFigure3.27, the first break in the loadisplacement curve represents the
initiation of the local buckling. Local buckling starts when the applied displacement is

0.0951 mm. Begnd the initiation of the local buckling, pestickling stage of the
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skin-stringer assembly starts. Figure3.27, there is a second load drop followed by
again an increase in the loakk seen irFigure3.28, this second drop occurs due to
the sudden increase in the wavelength of the buckled mid panel whichésistant

in the skinstringer assemblies with | and J section stringére.reason of thimcrease

is the dstance between free edge of lower flange and fastener location of Z type of
stringer is twice of distance the skinstringer assemblies with double row fasteners.
This difference makes the strength of Z type stringer is lower than the strength of
stringer with double row fastenerslt is deemedhat in the skirstringer assemblies

with | and J section stringers, there are two fastener connections in the lower flange
skin connection which does not allow the sudden jump in the buckled wavelength of
the mddle panel as is the case for the assembly with Z section stringer. For the skin
stringer assembly with the Z section stringer, local buckling displacement is slightly
lower than the corresponding displacement for the-skinger assemblies with | and

J section stringers. This is an expected behaviour since the single row joint
configuration of the Z section stringer cannot provide the clamped edge condition as

the | section and J section stringers.

Figure3.28: Buckled shape of mid panel before and after views of second drop point

Figure 3.29 shows the loadlisplacement curve obtained by using the nonlinear
material model in the finite element analysis. As showrigure3.29, local buckling

of the skin starts at a displacement of 0.0997 mm which is very close to the local
buckling displacement of the skstringer assembly with the linear material model.
Beyond the inittion of the local skin buckling, loagisplacement curve again
becomes nonlinear and when the displacement reaches 0.§28Ihapse of the skin

stringer assembly occurs. Collapse load for this case occurs at a displacement of 0.823
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mm which is significatly again lower than the collapse loads of the -skrmger
assemblies with | and J section stringers.
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Figure3.29: Load displacement curve of the sigtringer assembly with nonlinear material model (Z

0

0

section stringer)

The effect of material nonlinearity on the pbsickling behavior of the skiatringer
assembly is clearly seen Figure 3.30. As shown inFigure 3.30, ater the local
buckling of the skin, when the applied displacement reaches 0.8 mm or so, material

nonlinearity effect becomes dominant.
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Figure3.30: Comparison of load displacement curves of models witlatinad nonlinear material

properties (Z section stringer)
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For the skinstringer assembly with the-Zection stringerfrigure3.31 shows the load
distribution with the linear material model just before the locaklig of the skin
panel. It is noticed that the load distribution in the skisegtion stringer assembly is
slightly lower than the load distribution in the slgtringer assemblies with | or J

section stringers.

160 —+
140 +
120 +

100 +

Force, N
[=1]
o

[=1]
o
|
T

40 +

20 +

0 t t + t + i
0 75 150 225 300 375 450

Distance along y axis, mm

Figure3.31: Load distribution in the skistringer assembly with the linear material model just before

the skin buckling (Zsection stringer)

In Figure3.32, load distribution is presented for sigtringer assembly model with-Z
section stringer with the linear material model at the compressive displacement of
0.823 mm which is the collapse displacement obtained by the nonlinear material
model. Figure 3.32 also slows that idealized load distribution with red dash line,
known as the effective width. For the slatringer assembly with the linear material
model andZ section stringer, effective width is calculated as 54.01 mm using area

under the actual load distritbon given by the blue line.

88



1000 +

—Real
- -ldealized

500 +

Force, N

0 50 100 150 200 250 300 350 400 450
Distance along y axis, mm

Figure3.32: Load distribution in the panel with the linear material model at the compresdiapse

displacement of 0.823 mm {Z&ection stringer)

In Figure3.33, load distribution is presented for the model with the nonlinear material
property just before the local buckling of the skin panel. Before the local buckling of
the skin, load distribution given irigure3.33is almostsame as the load distribution

(Figure3.31) obtained using the linear material model, as expected.
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Figure3.33: Load distributbn of the model with nonlinear material property just before the skin

buckling (Zsection stringer)

In Figure3.34, load distribution is presented for the model with the nonlinear material
property at the compres®i collapsedisplacement of 0.823 mm. As expected, load
distribution in the posbuckled stage is highly different from the load distribution in
the prebuckled configuration. For the sksiringer assembly with the nonlinear
material model, effective wibtis calculated as 58.61 mm. It is again noted that since
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the peak load for the skistringer assembly with the nonlinear material model is lower
than the peak load for the assembly with the linear material model, effective width is
higher. Similar to theskin Jsection stringer assembly, load distribution is not
symmetric since the Z section destroys the symmetry of thestknyer assembly

with respect to the center of the middle panel.
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Figure3.34: Loaddistribution of the model with nonlinear material property at the compressive
displacement of 0.823 mm (Z stringer section type)

Figure3.35 compares the load distributions in the skisettion stringer assemidie
obtained by the linear and nonlinear material models in the finite element analysis in
the same plot. It is seen that as in the | and J section stringer cases, the main effect of
including material nonlinearity is on the peak load level which dropshirskin

stringer assembly with the nonlinear material model. Moreover, equivalent width
calculated based on finite element analysis using nonlinear material model is again
higher than the equivalent width calculated using linear material model. For the ski
Z-section stringer assembly, ratio of the equivalent widths calculated using the linear

and nonlinear material models is 0.92.
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Figure3.35. Comparison of load distribution of models with linear and n@alirmaterial properties

(Z-section stringer)

Following the same analysis procedure applied for J and | section stkiger
assemblies, effective widths for the skinsection stringer assembly are also
calculated by the classical empirical approach afhBr{1] and also utilizing the
combination of the classical approach and the stringer stress determined by the finite
element analysis. For the skirs&ction stringer assembly, local buckling stré&s

is calculated as 138.25 MP#&] and cripplirg stress of the stringer is calculated as
208.86 MPd40]. For Aluminum 2024 T3, material yield stress is 269 MB&.
Therefore, stringer stres® is taken as the minimum of the three as 138.25 MPa.

It should be noted that for theséction &inger, because of the single row fastener
arrangement half of the lower flange length is not added to the effective width. Thus,
for the skin Zsection stringer assembly effective width is calculated as 46.88 mm.
Table3.7 compares the effective widths calculated by different approaches. It is seen
that the classical approach gives smallest effective width compared to the finite
element based analysis results.
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Table3.7: Compaison of the effective widths (&ection stringer)

Equation Equation
Einite Einite (3.1(?) with (3.1(?) with
Stringer Stringer

element element

(Linear  (Nonlinear Equation Stress from  Stress from

(3.10 FE Analysis FE Analysis

material material (Linear (Nonlinear
model) model) : :
material material
model) model)
Effective
width 54.01 58.61 46.88 58.22 61.62
(mm)
3.4.2.2. DouBLE Row FASTENER CONFIGURATION

Skin-stringer assembly with 2Zsection stringerwhich has double row fastener
configurationis obtained using same geometric and material properties of skin
stringer assembly as the | stringer section as mentioned before. Firstyblirokling
analysis is performed for the skatringer assemblgimilar to previous chapteFor

the buckling analysis of the skstringer assembly with »Zsection stringer, a
compression load is applied on one of the edges of thessknger assembhyith the

Z> type of stringer section along theayis as 2.0 mm prescribed displacement in the
ftx 0 di r ect i o-stringerFassembly tvith the, Zypenof stringer section

describedn Table3.8, lowest eigenvalue is obtad as,

TBIT T ¢ (3.18

Using this eigenvalue, the corresponding compressive buckling coefficient ef skin
stringer assembly withAtringer section type are calculated as,

. PG L @ (3.19
Q ” W E X& ow
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Table3.8: Parameters of the sksiringer assembly used in the finite element model witheztion

stringer

Skin panel material Aluminum 2024 T3 Shee
Skin panel thickness (mm) 0.813

Skin panel length x (mm) 450

Single skin panellength y (mm) 150

Stringer material Aluminum 2024 T3 Shee
Stringer thickness (mm) 1.016

Stringer height (mm) 25

Stringer upper flange width (mm) 15

Stringer lower flange width (mm) 20

Based on the compression buckling coefficients determined from the linear buckling
analysis of the skistringer assemblies with, stringer section, it is confirmed that

the restrants provided by th&> section stringerss slightly different tharthe classical
clamped edge condition as the | section stringer case.nidie reason of this
similarity, both stringer types uses same double row fastener configueatmn
dimensionsasseen inTable3.6. However,the stringer web location has an effect on
the buckling behaviour of the skistringer assemblyn the skinstringer assemblies
with | or J stringers, the mid web is supported by the flanges on hleth i the web,
whereas in the skigtringer assembly with Z type stinger, the mid web is supported
only on one side by the flange. Even though double fasteners are used in the Z section
stringer, the support that it provides is not as strong as the supabl or J section
stringer provided-ence, buckling coefficients of these two skinnger assembly are

slightly different thareach other.

After the calculation of the buckling coefficient of skia stringer section assembly,
geometrically nonlinar static analysis has been conducted for the-skinger

assembly witlZ type stringer. For the skistringer assembly with the linear material
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model, loaddisplacement curve that is obtained ABAQUS analysis is shown in
Figure3.36.
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Figure3.36. Loaddisplacement curve of the skatringer assembly with linear material model (Z

section stringer)

As shown inFigure3.36, the first break in the loadisplacement curve represents the
initiation of the local buckling. Local buckling starts when the applied displacement is
0.1039mm. Beyond the initiation of the local buckling, ptsickling stage of the
skin-stringer assembly starts. Figure3.36, there isno second load drop followed by
again an increase in the loaslin the Z type of stringer with single row configuration.

It is assumedhat in the skirstringer assemblies withdand 2 section stringers, there

are two astener connections in the lower flarghen connection which does not allow

the sudden jump in the buckled wavelength of the middle panel as is the case for the
assembly with Z section stringer. For the s&iringer assembly with thexZection
stringer,local buckling displacement isqual tothe corresponding displacement for

the skinstringer assemblies with | and J section stringers.

Figure 3.37 shows the loadlisplacement curve obtained by using the nonlinear
material modein the finite element analysis. As showrFigure3.37, local buckling
of the skin starts at a displacementOo1087mm which is very close to the local

buckling displacement of the skstringer assembly with the linear matémaodel.
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Beyond the initiation of the local skin buckling, ledsplacement curve again
becomes nonlinear and when the displacement read@amm, collapse of the skin
stringer assembly occurs. Collapse load for this case occurs at a displaceh&3% of
mm which isslightly lower than the collapse loads of the skiringer assemblies with
| and J section stringers.

35 T
__—" Collapse Point

30 T

25 +

Force (kN)
& b1

[
=
4

—— Local Buckling Starting Point

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Displacement (mm)

Figure3.37: Load displacement curve of the sldgtringer assembly with nonlinear mastmodel (Z

o

section stringer)

The effect of material nonlinearity on the pbsickling behavior of the skiatringer
assembly is clearly seen Figure 3.38. As shown inFigure 3.38, after the local
budling of the skin, when the applied displacement rea&t®&s7mm or so, material

nonlinearity effect becomes dominant.
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=—Model with Linear Material
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—Model with Nonlinear
Material Properties
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Figure3.38: Comparison of load displacement curves of models with linear and naninagerial

properties (Z section stringer)

For the skirstringer assembly with the8ection stringerrigure3.39 shows the load

distribution with the linear material model just before the local buckling of the skin

panel. It 8 noticed that the load distribution in the skirséction stringer assembly is

same aghe load distribution in the skistringer assemblies with | or J section

stringers.

150

120

Force,N
[+ (-]
o [=]

0 75

225 300 375
Distance along y axis,mm

150 450

Figure3.39: Load distributiorin the skinstringer assembly with the linear material model just before

the skin buckling (Zsection stringer)
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In Figure3.40, load distribution is presented for sistringer assembly model with-Z
section stringer with therlear material model at the compressive displacement of
1.637 mm which is the collapse displacement obtained by the nonlinear material
model. Figure 3.40 also shows that idealized load distribution with red dash line,
known as theeffective width. For the skistringer assembly with the linear material
model and Z section stringer, effective width is calculated a284nm using area
under the actual load distribution given by the blue line.

1500 1

—_— ~——Real

— Idelalized

0 50 100 150 200 250 300 350 400 450
Distance along y axis,mm

Figure3.40: Load distribution in the panel with the linear material model at the compressive collapse

displacement 01.637mm (Z-section stringer)

In Figure3.41, load distribution is presented for the model withribalinear material
property just before the local buckling of the skin panel. Before the local buckling of
the skin, load distribution given ffigure3.41is almost same as the load distribution
(Figure3.39) obtained using the linear material model, as expected.

150 T

120 +

30 T

0 75 150 225 300 375 450
Distance along y axis,mm

Figure3.41: Load distribution of the model with nonlinear material property just before the skin

buckling (2Z-section stringer)
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In Figure3.42, load distribution is presented for the model with the nonlinear material
property at the compressive collapse displacemedtGd7 mm. As expected, load
distribution in the posbuckled stage is highly different from the loadtdmition in

the prebuckled configuration. For the skstringer assembly with the nonlinear
material model, effective width is calculateds618mm. According to this result,
effective width calculated by nonlinear material model is almost equal eotigt
width calculated by linear material modklis againnoted that since the peak load for
the skinstringer assembly with the nonlinear material model is lower than the peak
load for the assembly with the linear material mod#kctive width isexpected as
higher However, area under the first stringer location is significantly lower than area
under the second stringer locatidinese two differences between linear and nonlinear
material models is balanced each other. In additioniles to the sk Jsection
stringer assembly, load distribution is not symmetric since ilse&ion destroys the
symmetry of the skistringer assembly with respect to the center of the middle panel.

1500 T
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| — ldelalized

1000 +
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w
o
o
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Figure3.42: Loaddistribution of the model with nonlinear material property at the compressive

displacement 01.637mm (Z stringer section type)

Figure3.43 compares the load distributions in the skisEction stringer assemblies
obtained byhe linear and nonlinear material models in the finite element analysis in
the same plot. It is seen that as in the | and J section stringer cases, the main effect of
including material nonlinearity is on the peak load level which drops for the skin
stringe assembly with the nonlinear material model. Moreover, equivalent width
calculated based on finite element analysis using nonlinear material matfebst

equal tothe equivalent width calculated using linear material model. For the skin Z

98



section stmger assembly, ratio of the equivalent widths calculated using the linear and
nonlinear material models 15002

1500 T
==Model with Linear

Material Properties

=—Model with Nonlinear
Material Properties

1000 T
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Distance along y axis,mm

Figure3.43: Comparison of load distribution of models with linear and nonlinear matedpépies

(Z2>-section stringer)

Following the same analysis procedure appliedlfar and Zsection stringeskin
assemblies, effective widths for the sip section stringer assembly are also
calculated by the classical empirical approach of Bruljrapd also utilizing the
combination of the classical approach and the stringer stress determined by the finite
element analysis. For the skig-Zection stringer assembly, local buckling stré€s

is calculated as 138.25 MP4] [and crippling stress of the stringer is calculated as
208.86 MPa [40]. For Aluminum 2024 T3, material yield stress is 269 MPa [36].
Therefore, stringer stres¥ is taken as the minimum of the three 88.25 MPa.

It should be noted that for the-8ection stringer, because of tth@ublerow fastener
arrangement half of the lower flange length is added to the effective width. Thus, for
the skin 2-section stringer assembly effective width is calculatéabe88 mm.Table

3.9 compares the effective widths calculated by different approaches. It is seen that the
classical approach givesmost sameeffective width compared to the finite element

based analysis results.
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Table3.9: Comparison of the effective widthsxgection stringer)

Equation Equation
Einite Einite (3.1(?) with (3.1(?) with
Stringer Stringer

element element

(Linear  (Nonlinear Equation Stress from  Stress from

(3.10 FE Analysis FE Analysis

material material (Linear (Nonlinear
model) model) : :
material material
model) model)
Effective
width 5428 54.18 56.88 50.97 57.02
(mm)

3.5.Comparison of Load Carrying Capacity, Load Distribution and Effective
Width of Skin-Stringer Assemblies with Three Different Stringer Types

Load carrying capacities of the slgtringer assemblies determined by the finite
elementanalysis employing nonlinear material model for the three different stringer
types are compardegure3.44. It is seen that all skin stringer assemblies behave same
in the linear range before the local bucklifglee skin panel occurs. However, after

the local buckling of the skin panels, pasickling behavior of the skistringer
assemblies differ from each other. Load carrying capacity of thesskinger assembly

with I, Jand 2 type of stringer sections@almost equal to each other. Skininger
assembly with the | section stringer has slightly higher collapse load than the assembly
with J and 2 section stringer. However, skin-s&ction stringer assembly has
considerably lower collapse load than thensitringer assemblies with J and 2

section stringers. The reason of this difference is deemed to be due to the fastener row
configuration. In the,lJ and Z types of stringers, double row fastener configuration

is used, on the contrary, in the Z tyglestringer, single row fastener configuration is

used.
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Figure3.44: Comparison of load carrying capacity of skitninger assemblies with I, 4 and 2

section stringers (Nonlinear material properties)

Secondly, bad distributions determined at the point of collapse by the finite element
analysis of skirstringer assemblies with nonlinear material properties are compared
in Figure 3.45. Figure 3.45 clearly shows that the peak load in the skiksettion
assembly is significantly lower than the skiminger assemblies with double row
fasteners.

2000 T ——Skin-I section stringer assembly

—5kin-J section stringer assembly
1500 4 ==5kin-Z section stringer assembly
Skin-Z2 section stringer assembly

0 50 100 150 200 250 300 350 400 450

Force,N

Distance along y axis,mm

Figure3.45: Comparison of loadistribution of skinstringer assemblies with I, 4 and 2 section

stringers (Nonlinear material properties)
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Finally, dfective widths of the skustringer assemblies determined by the finite

element analysis employing five different calculation mettfodshe three different

stringer types are comparedTiable3.10.

Table3.10: Comparison of the effective widths with Three Different Stringer Types

Equation Equation
Finite Finite (3'1(.)) with (3'1(.)) with
. Stringer Stringer
Effective  element element .
. i . Equation Stress from  Stress from
width (Linear (Nonlinear : :
i . (3.10 FE Analysis FE Analysis
(mm) material material . )
(Linear (Nonlinear
model) model) : :
material material
model) model)
I
Stringer 49.20 60.67 43.61 43.93 44.96
Section
J
Stringer 47.59 57.48 46.06 4411 45.48
Section
Z
Stringer 54.01 58.61 46.88 58.22 61.62
Section
Z2
Stringer 54.28 54.18 56.88 50.97 57.02
Section

Based on the comparison of the effective widths calculated by different methods which
are presented ihable3.10, the following conclugins can be drawn:

A Effective widths calculated by the finite element based analysis by employing
nonlinear material property are higher than the effective widths calculated by
employing linear material property. Since the peak loads drop when nonlinesiaina

property is used in the finite element analysis, the increase in the effective width is

reasonable.
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A If the effective widths calculated by the finite element analysis employing
finite element analysis with nonlinear material properties are takesfexgnce, for

the skin stringer assemblies studied, classical effective width formula underestimates
the effective widths by 28 % for the skiséction stringer assembly, and by 20 % for
the skin J and Z section stringer assembliéswever, classical #ective width
formularesult almost equals thefinite element analysis effective width result for the

skin Z>-section stringer assembly

A In general, classical empirical approach of Bruhn gives the smallest effective

width except skipstringer assemiplwith Z» type stringer

A Effective widths calculated by the finite element based analysis by employing
linear material property agree better with the effective widths calculated by the
classical empirical approach of Bruhn compared to the effective swidiiculated by

the finite element based analysis by employing nonlinear material prodevtsgver,

to obtain results from linear material model, nonlinear material model has to be
constructed to get the collapse load. Analyses results of linear matedels do not

give the collapse load.

A Effective widths of skin stringer assemblies which have double row fastener
arrangement, such as | and J section stringers, are close to each other irrespective of
the analysis methodology employedowever, &ective width of skin stringer
assemblywith Z» section stringers far away fromeffective width results obther

assemblies witldouble row fastener arrangement.

A For skin stringer assemblies with double row fasteners, effective widths
calculated by substituny the stringer stresses at the collapse point calculated by the
finite element analysis in the classical empirical effective width formula (Equation
(3.10)) match well with the effective widths calculated by ttassical empirical

effective width formula alone.
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A Results of the present analysis also showed that the classical effective width
formula gives reasonable results which are comparable with the finite element based

analysis results.

A According to resuft in abovenonlinear material modeives thanore realistic

result compare tempirical and linear material models.
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CHAPTER 4

COMPOSITE PLATE BUCKLING

In this chapterfor certain geometries and laminate configuraticom®posite buckling
chartsare obtained by usirgscript written in Python 2.7 to constryseirametridinite
element model iMPABAQUS and perform automated buckling analysisariable
parameteref compositeplates are taken asaterial, number gblies ply orientation
which areselected according to common usehe aviation industry. To verify the
results of the finite element modahalytical methods based on classical lamination
theory and first order shear deformation thearg usedo determine the critical

buckling loadof the composite plates

In these methods, material of the composite plate is taken as orthotropic. In addition,
the laminate is chosen as symmetric balance laminated and ply angles are decided as

combination of 0, +4545 and 90 degrees.

Firstly, buckliing analysis of composite plates is investigated by two different theories
base on equivalent single layer theories, the classical laminated plate ({BEeBit)
andfirst ordershear deformation theo(#SDT)[41].

In the secongbart analysis of compogtplates istudiedusing defined mathematical

methods
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In the third partfinite element model is constructed usitige classical boundary
conditionsand loading condition is chosen as uniaxial compressive lod8limdling
coefficient graphs are obtainbg processing the results of finite element analysis and
these graphs ar@ section4.3. Buckling coefficient charts for each type of Jay
configurationobtained by the analytical approaches and finite edmeethod are
compared with each othand discussions are made.

4.1.Classical and FirstOrder Laminate Theories of Composite Plate
4.1.1. Classical Laminated Plate Theory (CLPT)

Classical laminated plate theory mse on the Kirchhoff hypothesis. In this
hypothess, it is assumed that plane cross sections remain plane and normal to the
middle-plane during deformationshich meanghat the transverse shear straame

omitted
41.1.1. KINEMATICS

The inplane displacements are related to the normal displacements as {dihws

L 0. e 0. L
o fufy 6 ‘?‘TT_GE‘ b afd O ¢TT—J)1 O oy 0 (4.1)

whereo is thedisplacement ithe wdirection,U is thedisplacement ithe wdirection

andu isthedisplacement ithez direction, whiled,;, 0y andv ; are displacements of

the midlle plane inw, wanda directions, respectivelyundeformed and deformed
geometric descriptianof plate edge according to Kirchhoff assumpsiare seen in

the Figure 4.1. Based on the displacement field above, we can find the strains as

follows:
! Il ro P ro p
n__ T[ 1y — 1y K K
Mo » Iy OIS Cp Tw b 0
IIT[ T_I:I (’) L s T_ ) TQ 42
T LTG0 e T v e Ta it F ab 4.2
T Toa PO T0pre  pp 10y
0 or & ol d o °f olve
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Figure4.1: Undeformed and deformed geometries of an edge of a plate under the Kirchhoff

assumptions41]
4.1.1.2. MATERIAL LAW

Definition of tensor strains given by Equatioi4.3) [42]:

% (4.3)

Where Y is the transformation matriklsing this definition, the stress strain relations

are given by42):

. . 0 0 T i i
” "Y ” "Y l:) 6 .’T "Y 6 ? Y
t t m 1 O Er Er
] ) § ¢ (4.4)
) i 0 0 0 -
0* 0 0 0 0 -
E B 3 3 % r
c r c I 0 0 0
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Equation (4.4) gives the stresstrain relation for orthotropic lamina referred to
arbitrary axes. For the purpose of uniformity,0a matrix is defined that relates

engineering strains to the stresses referred to arbitrary axes.

Inserting of equatiof¥.2) into the equatioii4.4) gives:

. 0 0 0 0 0 0 jQ
" 0 0 0 - ao 0 0 ~'Q (4.5)
L R R R 6 0 0 ©

4.1.1.3. RESULTS FORCES AND M OMENTS

The stresseshangefrom layer to layerin alaminate Hence it is convenient to deal
with a simpler but equivalent system of forces and moments acting on a laminate cross
section. Resultant force is obtained by integrating the correspondisg girough the

laminate thickness RP):

C
(e}
Foll
Q
Q

(4.6)
Similarly, the resultant moment is obtaingdibtegration through the thickness of the
corresponding stress times the moment arm with respect to théeipligne B2]:

i.‘) —_— ” ”
0 o @Qa o QQq 4.7
O - 71 T

Substitution ofEquation(4.5) into equationg4.6) and(4.7) gives:
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4.1.1.4. EQUILIBRIUM EQUATIONS IN TERMS OF DISPLACEMENT

Equilibrium of forces in X, y directiorfor laminated thin plategregivenin Equations
(4.10) and(4.11), respectively. In additiorgoverning equation for buckling analysis
for laminated tim plates is given in Equatidd.12) . In the AppendiXD.2, calculations
of these equations agiven in Equation$¢D.12), (D.13) and(D.25).

ro 10 (4.10)
O To "
T6 10 (4.11)
To To

ToO0 1O 10

e ol OT 6 T (412
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Wheren®* n 0 — 0 — ¢60 — 7' —

Equation(4.12) is usedfor the solution of théucklingload Insering Equation(4.9)
into theEquation(4.12), we obtain:

’OT 0 o T 0O o o T o o T 0 ’OT 0
o S fal o ° Wrote el e - T

oT—O 00 ro co 1o ro

T Tw! w Tw! ® Tw (413
T L Y T 0 T L T L

°T0 % Y e 1ot e’ To

N m

For specially orthotropic laminates, their constitutive equationshgdhe following

conditions [42

6 m (4.14)

Incorporation ofconditions abovenito Equation (4.13) simplifies the equilibrium
equation for specially orthotropic laminatesgagen byEquation(4.15).
0 T o To

0 — ¢ ' 0 — 4.1
Om cO ToT(bT(boT(i) n (4.19

—a

—a

4.1.2. First Order Shear Deformation Theory (FSDT)

First order shear deformation thedsya bit more complicatecbmpare to CPTLand
it basel on the ReissneMindlin hypothesisin this theoryplane cross sections remain
plane after deformatioroweverit doesnot have toremainnormal to the reference

plane.In this methodput-of-planeshear deformatiois alsoincluded
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41.2.1. KINEMATICS

The displacement field for the FSDT based on the assumigtigiven in Equation
(4.16) [43]. As well, undeformed and deformed geometric descriptions of plate edge

according to firsorder plate theory assumptions are seen itfrifpare4.2.
6aftfi 6 d%h Vaftfh 0 d%h 0 ofuhd 0 afw (4.16)

Where:% —h% —

which indicate tha%o and%. are the rotations ahe transverse normal about the y

andthex axes respectively.

Figure4.2: Undeformed and deformed geometries of an edge of a plate under the assumptions of the
first-order plate theory4a].

It is convenient to split the strain vector into two parts, whetie theaxialbending

part and is thetransverseshea part 44]. Axial and bending strain part of plate is
given in the Equatio(d.17), and equation for transverse shear strain of plate is given
in Equation(4.18).
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4.1.2.2. MATERIAL LAW

Definition of tensor strains is given by Edjoa (4.19) [42]:

0 Y (4.19)

The relations between stresses and strainslategred utilizinglinear elasticity. For
the FSDT, it is usefulto split stressstrain relationinto two parts,involving axiak
bendng andransversashearHence by using the tensor strains, tfdal andoending

part can be expressed as:

1o o 1%
1y — 1y "y T (b "y
- - = N w - ® = - > -
" 9 L~) L~) v T v ’ |;) 9 l~) v ' % v 220
fr’ v 9 Yo T o o av 'L) 'L) v T woore (4.20)
V) V) V) I,E é T D l,l’ ] ] U I,E %0 T %0 l,l’
v 0w 1o vl w T oo
Then thetransverseshearmpart is given ag42]:
. 1o,
T 5 o r .06 6 o
Q. - Q. . e (4.21)
T 0] 0] r V] v e To v
U,/OO _dg],

whereQ istheshear correction coeaient.
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4.1.2.3. RESULTS FORCES AND MOMENTS

The resultant force and resultant moment are obtained in the same way as the CLPT:

.10 N . 1%
6 5 6 o v Qw5 6 5 o 1O 0
- .‘ .‘ .‘ ) . . - T %o
! O T v O 2 9 T o (4.22)
0 0 0 0 . ) 6 6 o)
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. 16, 1%
) o) o) 6 v o oy 0O O O Iy TO 0y
0 ! , 1 %o
v O 9 9 TO i °© 0 ° v T oo (4.29
o] 6 o] , \ O O ©
v o TO % T %ory
vt oo T vt o T oa

Equations relating the shefarce resultanty and’Y to the shear strairfis and

[ can be written asip]:

Y 5 0 [ 6 o Truoi’"
™ Q S qu Qs 5 R (4.24)
U,AIO T d;}'
4.1.2.4. EQUILIBRIUM EQUATIONS IN TERMS OF DISPLACEMENT

Equilibrium of moments in X, y direction for laminated thin plates are given in
Equations (4.25) and (4.26), respectively. In addition, Equilibrium of forces in z
direction for laminated thin plates is given in Equat{di27). In the AppendixD.2,
calculatons of these equations are given in Equat{@20), (D.22) and(D.24).

TU—‘ o - Y T (4.25

Tow T w

'IL TO y - (4.26)
w T w

T Y T'Y N Z 42

To 7o 17T (4.27)
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Constitutive equations for a specially orthotropic plate with the new displacement field

till satisfy the conditions statesghrlier:

(4.28)

In view of these conditions, equilibrium equations above can be writtermis bf the

displacement field as follows:

T %o T T % . . 1o

' 0 0 —— 5 Q% — 4.29
oT(b OOTO‘OTG)T(DOQ/JOTGOT[ (4.29
% %o % o 0
ol® o o L2 ol% gy Y g (4.30)
T o ol & 16 o
ol % 1O T% T O 431
Tote © YTote MO (4.31)

Equationg4.29)-(4.31) are three coupled secondler differential equations with,

%0 and%o as the three unknows.

4.2. Analysis of Specially Orthotropic Plates under Uniaxial Compressive Load
using CLPT and FSDT

Calculation methods for critical buckling load of specially orthotropic composite
plates under uniaxial compressive load is studied in this chapter. These calculations
are done using CLPT and FSDT as described early. In addition, boundary condition of
plates are chosen as classical boundary conditions, simply supported and clamped edge

conditions. Composite plate geometric descriptions are given iRithee4.3.
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Figure4.3: Plate with uniaxial compression loatl].
4.2.1. CLPT

42.1.1. BUCKLING OF PLATES WITH SIMPLY SUPPORTED BOUNDARY

CONDITION UNDER UNIAXIAL COMPRESSIVE L OAD

For the buckling analysis, we assume that the only applied load is tpkana

compressivdorce inthex directionandall other loads are zero. From equat{dri5)
we putn® 0 — 0 —. In this casethe equationgoverning thebuckling

problem is given by:

0 0 0 0 1o 'oTo 510 (4.32
e 0 P iete Do ‘fo " '

—a

The plate edges are simply supported so that the transverse displacements at the edges
and resultant moments about each edge are zero. These edge conditions are the

boundary conditions, andathematically expressed as followg]
o g Omw w0 mwo T
0w m 0 o m

(4.33

Oehm m 0 ofm m

e
g &

O m 0 o T

e
ag_.z
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A Navier solution of equatior{4.32) that also satisfies the preceding boundary
conditions is given by42]:

LAt e, Bt
0 ot 0 OE+— OEf=— (4.34)

where0  are the displacement coefficiends,and¢ are positive integers.

Substitutingequation(4.34) into the Equatior{4.32) givesthe buckling load aseen
in Equation(4.35).

a
0 0o — ¢O 10 — (6]
w w

(4.35)

‘8 “ (I)IL
a

g4 o

Thus, for each choice of andé hthere corresponds a unique valuetaf axial load
. . The critical buckling load is the smallest.ofwhich can be obtainedr 1 p

buti can be any integer nu mbretriccdnégprationd i n g

4.2.1.2. BUCKLING OF PLATES WITH CLAMPED SUPPORTED BOUNDARY

CONDITION UNDER UNIAXIAL COMPRESSIVE L OAD

Again,we assume that the only applied load is thplamecompressivdorce inthex
direction. For plates with all edges clampRdyleigh-Ritz methods usedo solve the
buckling problem. The method is based
the total potential energy in two parts, benditrgin energyndthe strain energy due

to external forces4b]:

LYY (4.36)
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where:

v P qe® S 5-q@b 2 1 ores
S S
S 4.37)
~ 10 -
10 — Q@
T ol w
and
v P 5 2 oma (4.3
q T w
The boundary conditions associated with the clamped edggs/areby[41]:
\ ’ T[FL() T UT[FLL)
w 1™, 0 s o
wa T 0O
w o 0 s T o T
3 (4.39
5 ot T oam
w g 0 T T o T
5 i (,‘lf[:) T Udf[:)
w w 0 s T o T
A solution that satisfies the preceding boundary conditionvendiy @6]:
. ) N SR ¢\ DA - ) N (1
0 o 0 OE+— OE+—- OEI— (4.40)
W W @

whered  are the displacement coefficiends,and¢ are positive irggers.

The equation above with only one telm usually enough to solve the buckling

problem. So we assume that:
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, P et LW
VWw U OE+— OE++— OEI—+ (4.41
W W W

oW, oW
—“ 0 0O —-s-a =
P wé( GUTQ‘)‘ aol a &
Ly O O —— — - Oh
L W 06w . (4.42)
[P . 0w , ®
=“0 0O —= ¢ oa € a O -
T P @ ¥ w a €
'r p, . £« o0 wE  a .
-0 (0] ; — Oh
v g Www QT
Equilibrium requires that 1T, thus
I Tt
P 4.43
L T o s (443
, oW, oM
v 0" —=-a —
T T a &
Y Po 4 o9 & n
T , QW PO (4.44)
T U l‘}pu ’ o (A)“ A (A)“
0 O ——" ¢ ®a a O =
S p @ w 4 &
r p, “o , o
-0 O —¢ a —= € a v )
NS Ay p
Solving equatiort4.44) for . , we obtain:
™04 10O .
> T p('p P O h a (4.45
() wa ow q )
YO -t on: & O P® Py o PO o
.\,"Od)s e £ a (0] 0o CO (@] o @ £ -
L a ¢

Thus, combination df andl that gives the smallest value.ofis the critical buckling
load for a clamped plate.
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4.2.2. FSDT

42.2.1. BUCKLING OF PLATES WITH SIMPLY SUPPORTED BOUNDARY

CONDITION UNDER UNIAXIAL COMPRESSIVE L OAD

Since the only applied load is the force in x direction, from equdti@1), n°

0 — 0 —. Based on equatiorng.29)-(4.31), the equation set that needed

for the solutiorthe buckling problem is given by:

% %o % . '
ol ® o o ® ol® s a4 Y & (4.46)

Tw Towl o T T w

T %o T %o T % .. 10

- o | ' L 4.4
O +5r 0 0 00 O = b Vh o T (4.47)
ol® 10 T% 10 UTCO 4.48)
Y - ’ . 7 . Tt "
T o T Twlow T o

Boundary conditions fahe simply supported platee the same as those fioe CLPT
given byEquation(4.33). The following double Fourier series are assumed to represent
0, %o and%. [42]:

L , Lt et
0 ahw 0 OE+—— OEJTb— (4.49

%o GO © Al 66— OE++ (4.50)
%o G0 w OE+— Al 6+ (4.51)

where0 ,® andw are the series coefficientandd and¢ are positive

integers

Using double Fourier seriefefined in Equation$4.49) to (4.51), simply supported
boundary conditionslefined in Equatior(4.33) are satisfiedAccording tosimply
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supportedboundary conditiond) equals to zero when the x is equal to zero. To
verify theseseries written in abovenomentx equilibrium equatia written in matrix

equation(4.23) is used and following expression is obtained:

T o 1%

0 O z - z . 452

0 T o o (452

. , R S B P SR L LET LT 0 L ET ® (453
()] ()] W W W W

When the x value is substituted as zéro,equals to zeras seen in Equatiq@d.54).
b T 0 20 2o OER OEf—" 0 6k 2 0ER OEF~" n @ (459
W w w w
For simply supported plates, it is enough to consider one term with m and n varying

from each equation. Substitution of equati@¢ag9)-(4.51) into equation (4.46)-
(4.48) gives the following matrix equation:

0O | O f 0 Q O] 1 O] 0 Q
O|1 O]t O 1 O | 6 0 o O
o O o O 0] 0 @ 6
(4.55)
® T
zZ 0 T
0 T
wherg —hf —.
By defining
) O | O f 6 Q
0 o1 ©O11
6 6 O (4.56)
o} O T 0 | 6 Q
) 0 O
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Equation(4.55) is simplified ta

6 0O o} (W) T
6 6 o) z W T (4.57)
6 6 0 |16 16 L T
We are seeking netmivial solutions, thus
6 0 o
6 6 6 m (4.598
6 o 0] |6 10
Solving equatior§4.58) for 0 , we obtain:
06 00 66 060 060 060 066
5 | ! > 1000 < (459
| 00 0
The critical buckling load occurs at  p, whiled can vary.
4.2.2.2. BUCKLING OF PLATES WITH CLAMPED SUPPORTED BOUNDARY

CONDITION UNDER UNIAXIAL COMPRESSIVE L OAD

As the CLPT, the RayleigRitz method has been used to solve the buckling problem
for theclamped plate. It is convenient to split the total potential energy in three parts,

bendingtransverseshear and external forces:

CY Y Y (4.60)
where:
v P2 qa® - 5- s 2 1 ores
G G
T O TO 10 T 0
- 0 — 0 — — 0 — (4.61)
c e 0 Te 1o TG
roo .
T0O —— Qdhw
T ol ®
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(4.62)

v P qe® -U-’Q(’QOB-O-’Qé
S S
. 0 0
BQ o T— 0 o [OXVOXA
q ® ®
. 10 (4.63
Y g 5 0 amo

The boundary conditions associated with the clamped edgeagare given by
Equation(4.39). A solution that satisfies the preceding boundary conditions is given
by [46]:

0O oy 0 0
OEJ— OEié;d)OET“ @
» ® (4.64)

wherex andx are the displacement coefficients for bending adsverseshear,

andl andl are positive integers.

For a singk term series,

e Ot W, LET WL W £ W "
0 ofy XAOE+— OE+— OEl— XgOE+f— OEL (4.65)
W W @ (V] [0V]
Equilibrium requires that 11, thus:
Tt Tt
—1XA —1%X6 T 4.66
XAV A Txgl ¥ o (4.66)
This implies
L
fxa ' n
STU (4.67)
ol X &
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Firstly, Equation(4.65) is substituted into the Equati¢A.60). After that,derivation

of Equations(4.60) gives two solutionss Equatior{4.67). Finally, this expression is

divided into two conditions,ree fori ~ p and anothet p.
Forl p, Equation(4.67) gives following matrix equation:
O 00 00 XA I
50 0 00 xg T (4.68)
where
(0] Y wp @ g oa O ww Y ya PO G
O OO pepda
o wod o o2 o4 o4 o8& paGE @ @4 ¢
oQp ¢ a cd ¢ ca £
A 0 ai (4.69

e - ch ¢ G & g8 cha ¢
TOp ¢ & ca & ¢a 3

Matrix equation(4.68) gives ronttrivial solutionswhenthe determinant ohts matrix

expresseds zero. This leads us to a secarder equation:

‘D0 060 0 V06 V0 ¢ (4.70

The smallest value of is given by:

5 00 00 O’O' O'O T 00 000 4.71)
¢’00 O

Combination of posite integerd andl gives the critical buckling load.
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Forl p, Equation(4.67) gives following matrix equation:

O 60 G0 XA T
50 O 00 xXg T (.72

where

00O ® O OO dO & 1O AW

TW W
) o ®
0 I
p @
o Wt P E (473
ow & TE
—0 O 0 &
TW
(] =
TW

Matrix equation(4.72) gives nontrivial solutions when the determant of this matrix

expressed is zerd result of thisa seconebrder equation is obtained:as

"0 0 00 003 00 T (4.74)

Solving this,we obtain the smallest value .of

00 00 O‘O‘ O‘O T '00 "0 00 (4.75)
¢'00 O

The critical bucklingoad depends on the positive integer
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4.3. Finite Element Model of Composite Plates

In this subchapter, finite element model description of the composite plate is
explained. Most of the parbf modelling thecomposite plate are sameths metal

model.

In the finite element model, boundary condisaf the plateareassumed adassical
boundary conditions dhesingle panelhich isdefined inChapter2.1

The geometry and the coordinaiestemof the conposite plate are presentedHigure

4.4. Ply orientation angles amgiven withrespect to x axis according figure4.4.

N Y

X
D B / Length y C
—
e <

f

Figure4.4: Definition of different geometrical parameters of the composite panels and the coordinate

system

In the finite element model of composite plate, plate is modelled as 2D shell elements
Element type is chosen as qukaderalelement S4R. Elenmé size is decided as 5 mm
based on the mesh size study performeGhapter2.1 Moreover, the plate material

is chosen ablexPly 8552 AS4ndat dry and room temperature conditjproperties

of the composite aterialare given inTable4.1. Detailed material properties can be

seen in Appendik, FigureE.1.
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Table4.1: Material properties of HexPly 8552 AS4 composite plate

rolb+s epc¥pm o U+t PP
F o prpmt g U pp°
0 @ og At pp-

Load is applied othe DC edge along the-gxis of the single panel as 1 N/mm shell
edge | oado idi rtehgressinpand tikeagaction edge of the panel is

chosen as AB edge. In addition, the unloaded edges of the panel are AD and BC.

Finite element model is solved by usithggii Buc k1 e 0 st 3% indifear ABAQUS
buckling analysis for the lowest buckling efyalueand corresponding critical

buckling load

The critical bucklingunit length loads obtainedby finite element modalising the

lowest eigenvalue as shownHkquation(4.76),

6 0 oz (4.76)
whereO i s the compressive shell edg« ol oad whi c
direction. In addition,_ is the first eigenvalue obtainé@m finite element analysis.

Then, usingthe critical buckling load,the affine plate buckling coefficieniQis
calculated 47]:

Q 6 26 47
z 00 (472
The modified buckling coefficient is calculated[43]:
T 0 o (4.78)

wherethe generalized rigidity rati@ is given by,
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0 ¢O (4.79

(4.80)

Using the plate affine ratio artthe modified buckling coefficient values of plate,
generic buckling curves for balanced orthotropic rectangular plates can be obtained.
To do thata Python script is written. Same iasthe metallic part in theChapter2,
various aspect ratio plates are solved usiB§QUS to obtain théuckling coefficient

curves.

According to the model description made, a script is written Python 2.7 in order to
create an ABAQUS finite eleemt model, run the model and collect the lowest
eigenvalue from the analysis results. The scripts are written for each composite plate
and the following parameters are specified by the user;

1 Plate length y
1 Plate length x
1 Plate material
1 Ply thickness
1 Ply orientation
1 Ply repeanhumber
1 Lay-up symmetry

1 Boundary conditions
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To minimize the time and sources, some of parameters of composite plates are fixed

to certain values as,
1 Plate length x = 100 mm
1 Plate material = HexPly 8552 UD AS4
1 Ply thickness = 0.13 mm
1 Lay-up symmetry = True

In this study, one material is demonstrated however material number and type can be

changed by modifying the script given in AppenHi%.

Discrete values of the design parameters of coitgppkates are specified in a range.
Upper and lower limits of the design parameters are decided based on the common

used values in the aviation industry.

The following design parameters are specified between the upper and lower limits, and
in total 81 finite element analyses are performed to draw curves for the buckling

coefficientsfor each configuratiarStep size of plate length y is chosen as 5 mm.
1 Plate length y =100:5:500 mm
1 Plate boundary conditions = [Simply supported, Clamped]
1 Ply repeat numbe= [2,4]
1 Ply configuration
Three different ply configurations are considered in this study.
1 mad
! mnlomd
f tTufad tvidmd
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To minimize the number of finite element analysis, for each parameter minimum of
discrete values are selected within the uppeser limits of each parameter. Panel
length yhas aremarkable effect on the bucklippenomena. Therefore, for the plate
length y more number of discrete analysis points is used in the finite element analyses.
In addition, ply configuration has also significant effect however it is limited to three
configurations due to lack of source dimde.

Generic compressiveoefficient buckling curves for balanced, orthotropic and
symmetric composite plat@aregivenin Figure4.5 to Figure4.7 for simply supported
boundary conditions. In these figures, there are two curves for each plate thickness
whichdepend on the ply repeat number atieeply orientation As seen irFigure4.5

to Figure4.7, total thickness of plate is increased however modified buckling coeffient

of plate is decreased. In contrast, this does not mean the buckling load of plate is
decreased when the plate thickness is increased. To see that clearly, a comparison
example is done with plate configuration seenTiable 4.2. The first plate total
thickness is 1.04 mm and the second plate total thickness is 2.08 mm. Plates are

assumed as simply supported at 4 edges.

Table4.2: Input parameters of the example composite plates used in comparison

Plate material HexPly 8552 UD AS4
Ply thickness (mm) 0.13

Ply configuration m i
Plate length x (mm) 100
Platelength y (mm) 200

Plates bending stiffness properties are calculated using EqBtion Results are
given inTable4.3.
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Table4.3: Thin and thick composite plates thickness and stiffness properties

Thin Plate Thick Plate

Total Thickness (mm) 1.04 2.08
T dzgg 8617.49 60570.67
T dz0g 4432.87  43832.17
T dzgg 316.80 2534.42
T 4z 10.69 85.49

Firstly, generalized rigidity ratio of plates are calculated using Equgtia®). Affine
ratio of plates are calculatedith Equation(4.80) using stiffness and geometric
properties given ifable4.2 andTable4.3, respectivelyAfter the calculation of affine
ratio, modified bukling coeffient of plates are obtainé@m Figure4.6. Then, affine
plate buckling coefficients are calculated for both plates using Eqyat#@). Finally,
buckling loa of plates are calculated using Equa(id7). These results are given in
Table4.4. As seen imable4.4, modified buckling cefficient of thicker plate is less

than thin one. However, buckling load of thicker plate is greater than thin one.

Table4.4: Buckling load parameters of composite plates used in comparison

Thin Plate Thick Plate

T 0.05 0.05
1.69 1.84

".Z 6.41 5.14

6.52 5.25

4 dmo 12.66 84.97
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Figure4.5: Compressive buckling coefficients for composite plates with simpparted loaded and

unloaded edges (Ply orientationt Frt J-)
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Figure4.6: Compressive buckling coefficients for composite plates with simply supported loaded and

unloaded edges (Ply orientationt Byt J+)
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Figure4.7: Compressive buckling coefficients for composite plates with simply supported loaded and
unloaded edges (Ply orientatiom: u7&t F t ufd 1T J)

Generic compressive bucklingoefficient curves for balanced, orthotropic and
symmetric composite plate aggven in Figure 4.8 to Figure 4.10 for clamped

boundary conditions.

—t=1.04 mm
35 +

30 + ——1=2.08 mm
25 T

20 T+

ko-2D*

15 +

10 +

Figure4.8: Compressive buckling coefficients for composite plates with clamped loaded and unloaded

edges (Ply orientation1t Bt J)
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Figure4.9: Compressive buckling coefficients for composite plates with clamped loaded and unloaded

edges (Ply orientation:1t Bw 1T J)
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Figure4.10: Compressive buckling coefficients for composite plates with clamped loaded and

unloaded edges (Ply orientatiort uf& ¥ 1 vFD 1T J)

Buckling behaviour is affected by the total thickness of plate. As seen Fighee
4.7andFigure4.10, t hi ck pl atesd buckling coeffici
ratio. Moreover, as expected, buckling coefficient of plates with clamped edge
condition is greater than one withe simply supported edge condition in the all ply
configurations.
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4.4. Comparision of Buckling Coefficient Curves obtained by CLPT, FSDT and
FEA

In this ction buckling coefficient results obtained by the CLPT, FSDT and FEA
methods are compared with eades. In Figure 4.11 and Figure 4.12, buckling
coefficient curves obtained byeach method are given fahe simply supported
boundary condition andt ¥t J ply orientdion.

14 +

FEA
- CLPT
11 + —FSDT

k0-2D*

5 } } } l } {
0 0.5 1 1.5 2 2.5 3
a0/bo

Figure4.11: Compare of compressive buckling coefficiewith all edges simply supportéBly

orientation: 1t Bt J , thickness of plate04mm)
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Figure4.12: Compare of compressive buckling coefficients with all edges simply supported (Ply

orientation: 1t Bt J , thickness of platez08mm)

In Figure4.13 andFigure4.14, buckling coefficient curves obtained by each method

are given fothe simply supported boundary condition armd 3w 1t Jply orientation.

85 T

FEA
7.5 + = CLPT
— FSDT

ko-2D*

6.5 T

a0/bo

Figure4.13: Compare of compressive buckling coeffitig with all edges simply supported (Ply

orientation: 1t Jw 1t J; thickness of plate=1.04 mm
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Figure4.14: Compare of compressive buckling coefficients with all edges simply supported (Ply

orientation: Tt Jw Tt J; thickness of plate=2.08 mm

In Figure4.15 andFigure4.16, buckling coefficient curves obtained by each method

aregiven forthe simply supported boundary dition and T Vf& ¥ 1 D T Jply
orientation.

16 T

1 A./\_/v

=)
N 10 1+ FEA
e
= CLPT
? -
4 } } } } |
] 1 2 3 4 5
a0/bo

Figure4.15: Compare of compressive buckling coefficients with all edges simply supported (Ply

orientation: T UF& ¥ 1 ufd 1t J, thickness of plate=2.08m)
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FEA
= CLPT

k0-2D*

41 ——FSDT

a0/b0

Figure4.16: Compare of compressive buckling coefficients with all edges simply supported (Ply

orientation: T UT& ¥ 1 ufd T J; thickness of plate=4.16 mm

In Figure4.17 andFigure4.18, buckling coefficient curves obtained by each method

are given fotheclamped boundary condition ant ¥t J ply orientation.

50 +

FEA

40 |
———CLPT

30 —FSDT
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Figure4.17: Compare of compressive buckling coefficients with all edges clamped (Ply orientation:

1t ¥t J- thickness of plate04 mm)
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Figure4.18: Compare of compressive buckling coefficients withediges clamped (Ply orientation:

U AT Jy thickness of plate2:08 mm)

In Figure4.19 andFigure4.20, buckling coefficient curves obtained by each method

are given fotheclamped boundary condition ant Jw 11 Jply orientation.

30 T
FEA
5T ——CLPT
——FSDT
*
fa)
N 20 +
[=]
-
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10 : : : : |
0 1 2 3 4 5
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Figure4.19: Compare of compressive buckling coefficients with all edges clamped (Ply orientation:

1 Bw 11 J; thickness of plate=1.0dm)
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Figure4.20: Compare of compressive buckling coefficients with all edges clamped (Ply orientation:

11 B 1T J; thickness of plate=2.08 mm

In Figure4.21 andFigure 4.22 buckling coefficient curves obtained by each method

are given forthe clamped boundary condition and vf& ¥ 1 vId 1T J ply

orientation.
40 T
FEA
— CLPT
30 T ——FSDT
*
Q
N 20 4
[=]
-
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Figure4.21: Compare of compressive buckling coefficients with all edges clamped (Ply orientation:

T v ¥ T uFd Tt J; thickness of plate=2.08 mm
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Figure4.22: Compare of compressive buckling coefficients withediges clamped (Ply orientation:

T VI T uFd Tt J; thickness of plate=4.16 mm

In the Figure 4.23 and Figure 4.24, buckling coefficient curves obtained Iiypite
element analysis foeachply orientationare giverat the 2.08 mm plate thickness with
all edges simply supported and clamped, respectiviayachieve the same plate
thickness of 2.08 mm, for thet i J andthe 7t 8w 1t Jply orientations, 4 ply
repeat is used whereas fthre 1T VF& ¥ T ufd Tt Jply orientation, 2 ply repeat is
used.

—(0/0)s
(0/90)s
——(45/0/-45/90)5

a0/b0

Figure4.23: Compare of compressive buckling coefficients with all edieply supported at the

same plate thickrss (2.08 mm)
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Figure4.24: Compare of compressive buckling coefficients with all edges clamipd same plate
thickness (2.08 mm)

From the buckling coefficient curves presented, the following concluarenserred:

1 Buckling coefficient curves obtained by the FSDT and FEA agree with each
other considerably well for all laminate cagirations and boundary
conditions. For the clamped edge condition, results deviate slightly more
compared to the simply spprted edge conditionHowever, maximum
difference between the FSDT and the FEA results is 3%.

1 For composite plates with @ly angle, buckling coefficients obtained by the
CLPT, FSDT and FEA agree with each other very well, especially for
laminates with sall thickness. As the thickness of the laminate increases,
buckling coefficients obtained by the CLE€viates from the FSDT and FEA

results.

1 For quasiisotropic laminates having®’09® a n d ° flids5the differences
between the buckling coefficientstdemined by the finite element analysis
and by the CLPT and FSDT increase. This could be due to the fact that the
displacement forms assumed in the solutions performed by the CLPT and the
FSDT may not represent the actual wave forms of the buckled staéze¥é,

in finite elemenimodel| the actual buckled wave form can be predicted more
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accurately since many elements are used in the finite element asoskgn in
Figure4.25-Figure4.27.

1 For composite plates with ply angle, pattern of buckling coefficient curve

obtained by FEA is similar to pattern of metallic buckling curve.

1 At the same plate thicknessprfcomposite plates wittall edges simply
supported an@° and9(° ply angles buckling coefficient curve obtained by
FEA isslightly different than the composite plate wi) 9¢° N 4°ply angles
However, patterns dhesecurves are similar to each oth&foreover, at the
2.08 mm plate thicknessprfcomposite plas withall edges clamped ar@f
and9( plies, buckling coefficient results obtained by FEA is almost same as
the results of composite plate widfy 9¢° N 4°%Blies

1 For thicker plates affine ratio of the plate is not effective on the buckling

coefficient

Figure4.25: Example view ofifst buckled mode shapaf plate with all edges simply supported (Ply

orientation: 1t ¥t J. thickness of plate=2.08 mm
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Figure4.26: Example view of firsbuckled mode shape of plate with all edges simply supported (Ply

orientation: Tt Fw Tt J; thickness of plate=2.08 mm)

Figured4.27: Example view of firsbuckled mode shape of plate with all edges simply supported (Ply

orientation: T uf& ¥ 1 LD Tt J; thickness of plate=2.08 mm)
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CHAPTER 5

CONCLUSION AND FUTURE WORK

In Chapter2, the effect of the boundary conditions on the buckling coefficients of
stiffened flat panels is investigated by the finite element analysis. It is noted that
depending on the restraint that the stringer along the unloaded edge ckaisgier

panel povides, buckling coefficients obtained from finite element analysis may or may
not agree with the buckling coefficients obtained by the analytical approach using the
classical boundary conditions. For the s&iringer assemblies with J, Z and T type
stringers, buckling coefficients are determined by the finite element analyses for
various combinations of the geometric properties of-skimger assemblies. Loaded
edges of these assemblies are considered as clamped edge conditions. Finite element
databaséor the buckling coefficients of skistringer assemblies for each stringer type

is then processed to generate response su(RSgand artificial neural network
(ANN) approximations. Response surface and neural network approximations allow
very fast detemination of the buckling coefficients of sksatringer assemblies for the
selected stringer types provided that the geometric properties of thstiskger
assembly are within the lower and upper limits of the geometric properties of the skin
stringer asemblies for which finite element analyses are condtctgenerate thRS

and train the ANNTOo test the performance of the RS and the ANN generated, 10
additional random data sets are tested for skithstringerassembly with J, Zand T
typestringer It is seen that both the RS and the ANN methods give acduwureiténg
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coefficient results compared to the FEA results. Foskmestringer assemblies with
three stringer types, it is concluded tthegANN gives more accurate results compared

to the RS. However, it is noted that ANN also has accuracy problems if the parameters
of the ANN are not selected appropriately. To sdleeproper parameter set for the
ANN, trial and error methodology is used. For instance, if the neuron number is lower
than equired neuron number, ANN gives inaccurate results. In addition, if the neuron
number is higher than required neuron number, overfitting occting ANN results
Therefore, required neuron number is decided with trial and error for each problem
separatly. Additionally, number of data sets is also very important in obtaining
accurate ANN and RS. For the randomly selected 10 additional design sets, RMS
values of the ANNare obtained a$.0494, 0.0544, 0.0458 for the sidtringer
assemblies with J, Z andtype stringers, respectively. It is to be noted that buckling
coefficients are in the range of8dfor the skinstringer assemblies with J, Z and T type
stringerslt is seen thatdr the 10 additional analyses for each stringer type, root mean
square aors are very small compared to the magnitude of the buckling coefficients.
This shows that ANN approximation produces very accurate buckling coefficients and
it is deemed that such a fast and accurate approximate solver for the buckling
coefficients basedbn ANN can be effectively used within the framework of
optimization of skirstringer assembilies.

In chapter3, a comparative study on the pdsickling load redistribution in stiffened
aircraft panels modeleditln and without material nonlinearity is presented. For this
purpose, a baseline stiffened panel is generated for the investigation of the material
nonlinearity on the pogtuckling behavior and on the effective width of the stiffened
panel. To make a diceé comparison with the classical empirical approach for the
determination of the effective width of the skin panel, a stiffener section which
provides classical clamped edge condition is designed by matching the compression
buckling coefficient determinedby the finite element analysis to the buckling
coefficient of the panel with the classical clamped edge boundary condition. Post
buckling analysis of the skistringer assembly is performed utilizing linear and
nonlinear material models in the finite elemhanalysis to study the effect of material
plasticity on the podgbuckling behavior of the skistringer assembly.
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Results are presented on the gamstkling behavior of skistringer assemblies with
linear and nonlinear material properties in the fimtement model for I, J and Z
stringer shapes for the same panel dimensions. Load distributions obtained by the finite
element analysis performed by the linear and nonlinear material models in the post
buckled stage revealed that for the s&innger assebly with the nonlinear material
model, the peak load is significantly lower than the peak load for the linear material
model case. Effective widths calculated by the finite element based analysis by
employing nonlinear material property are higher thareffective widths calculated

by employing linear material property. Since the peak loads drop when nonlinear
material property is used in the finite element analysis, the increase in the effective
width is considered to be reasonable. If the effectivehsidilculated by the finite
element analysis employing finite element analysis with nonlinear material properties
are taken as reference, for the skin stringer assemblies studied, classical effective width
formula underestimates the effective widths betw2@%630% except assembly with

Z> stringer section

Effective widths calculated by the finite element based analysis by employing linear
material property agree better with the effective widths calculated by the classical
empirical approach of Bruhn comearto the effective widths calculated by the finite
element based analysis by employing nonlinear material property. As an alternative
method, effective widths are also calculated utilizing the stringer stresses determined
by the finite element analysis tite point of collapse in the classical effective width
formula. It is concluded that for skin stringer assemblies with double row fasteners,
effective widths calculated by substituting the stringer stresses at the collapse point
calculated by the finitelement analysis in the classical empirical effective width
formula match well with the effective widths calculated by the classical empirical
effective width formula alone. Results of the present analysis also showed that the
classical effective width forma gives reasonable results which are comparable with

the finite element based analysis results.

In the chapterd, generic compressive buckling curves composite plates with

different ply orientationsre obained usinghreedifferent methods. These methods
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are chosen ashe CLPT, FSDT and FEMTo use the CLPT and FSDT methods,
mathematical formulations are shogtep by step isectionst.1and4.2 Both simply
supported and clamped edge conditions are investigetied) the three methods
CLPT ischosen becauseis the simplest method to determine the critical buckling
load. However, the accuracy of the method isgoad when the complexity of the ply
orientations is increaseds the second mathematical method, FSDT is decided
because this method gives the more accurate results cahtp&EPT.In the FSDT,
out-of-plane shear deformation &so included. Thus, re$ts of FSDT are more
accurate than the CLR¥hen compared to the finite element methisslthe third and

most realist method, finite element modelling is chosen to calculate buckling load.

In this study,specific parameters are used to obtain the gemecklingcoefficient

curves. These parameters #remodified buckling coefficient anthe plated affine

ratio. Using these parameters, generic buckling curves for balanced orthotropic
rectangular plates are obtained for three different ply orientatiofigurations. These
orientations are decided according to use in the aviation industry. These three methods
are applied and buckling coefiient results are obtainéar various plates thickness

affine ratios and boundary conditions usiag’ython sapt.

Generic bucklingcoefficient curves are obtainetbr both simply supported and
clamped edge conditions. As expected, clamped edge results are higher than the simply
supported cases. Moreover, for each ply orientation configuration, buckling cueves ar
obtainedFor the quasisotropic platesheeffect of the skin thickness is higham the
buckling coefficientccompared tdhe other configuratian In addition,the effect of

the platé affine ratio is not significant in thicker platéased on theesults obtained

for the composite buckling analysis, it is seen that the buckling coefficient curves
obtained by the FSDT and the FEA agree with each other considerably well for all
laminate configurations and boundary conditions. For the clamped eddiiann
results deviate slightly more compared to the simply supported edge condition.
However, maximum difference between the FSDT and the FEA results is 3%.

As for the future work, the experimental investigation tbe postbuckling

phenomenon is deemead be the most important item. Determination of the post
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buckling load distribution experimentally is considered to be a worthwhile study to
conduct as the future study.
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APPENDIX A

PROCEDURE OF LINEAR BUCKLIN G ANALYSIS

In ABAQUS, the procedure of linear buckling analysisxplained in this Appendix
[35]. To obtain the critical buckling load in FEA, singular stiffness matrix has to be
solved. In an eigenvalue buckling problem, loads are sought for whicimtiel
stiffness matrix becomes singular, @t the problemhas nontrivial solutions as

shown in EquatiorfA.1),
U 20U 1 (A.2)

where 0 is the tangent stiffness matrix when the loads are applied, and tise
the nontrivial displacement solutiomector The applied loads can cosisiof

distributed loads, pressures, concentrated forces, nonzero prescribed displacements.

The buckling loads are calculated relative to the base state of the structure. If the
eigenvalue buckling procedure is the first step in an analysis, the initiditioos

form the base state; otherwise, the base state is the current state of the model at the end
of the | ast gener al anal ysis step. Thus,
loads),0 . The preloads are often zero in classical eigenvalue buckling problems. If
geometric nonlinearitys omitted, the base state geometry is the original configuration

of the bodyAn incremental loading pattermy is defined in the eigenvalu@tkling
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prediction step. The magnitude of this loading is not important; it will be scaled by the

load multipliers_ found in the eigenvalue problem:

0 zpy 20 11 (A.2)

where

0 s the stiffness matrix corresponding to the base state, which includes the effects

of the preloads) (if any);

Ly is the differential initial stress and load stiffness matrix due to the incremental

loading patternp ;

_ are the eigenvalues;

0 are the buckling mode shapes (eigenvectors);

M and N refer to degrees of freedom M and N of the whole model; and

Ai 0 refers to the i6th buckling mode.

The critical buckling loads are thgivenby 0  _ 0 . Normally, the lowest value

of ¥ ..is of interest.

The buckling mode shapas, , are normalized vectors and do not represent actual
magnitudes of deformation dhe critical load. They are normalized so that the

maximum displacement component is 1.0.

ABAQUS can extract eigenvalues and eigenvectors for symmetric matrices only;
therefore, 0 and Uy are symmetrized. If the matrices have significant
unsymmetrical parts, the eigearlue problem may not bexactly what you expected

to solve.
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APPENDIX B

MATERIAL PROPERTIES ALUMINUM 2024 T3 CLAD SHEET

Specification .. ... AMS 2037 and AMS-00-A-250/4
Form ........... Sheet
Temper ..ovvveas T3
: : (008-
Thickness, in, 0009 | 00100128 | 0.129.0249
Basis ........... 5 A B A B
Mechanical Properties
F.. ksi:
6 4 65 &4 1]
LT ciscccunans 63 63 64 63 65
£ I
Fo ksi:
47 47 48 a7 48
I 42 42 43 42 43
£y I .
F,. ksi:
39 i 40 i 40
LT .civiiinnnn 45 435 46 45 46
Y I
ForLksi ooo..... 39 9 40 40 41
Fo.M ksi
(eD=1.3%) .... 14 | 104 106 106 107
(eD=210) .... 129 | 129 131 131 133
F." ksic
(&D=1.3) .... 73 73 75 73 75
(eD=20) .... 38 88 G0 28 0
&, percent:
LT . oiiinnns 10 ¢ “
E N0V ksi ...... 10.5
E 100ksi ...... 10.7
G0 ksi L. 4.0
B oiiecanannanas 0.33
Physical Properties:
e bint ... ... 0,100
C Kanda .....

FigureB.1: Material properties of aluminum 2024 T3 clad sheet [36]
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FigureB.2: True stresstrain graph of Aluminum 2024 T3 clad sheet [36] [39]

TableB.1: True stresstrain data of Aluminum 2024 T3 clad sheet [36] [39]

Stress (MPa| Strain | Stress (MPa| Strain | Stress (MPa| Strain
250.45 0 300.89| 0.017364 384.92| 0.121213
251.49( 0.000119 302.22| 0.018369 387.59| 0.125193
252.52( 0.000239 303.56| 0.019417 390.31| 0.129257
253.56| 0.000361 304.92| 0.020511 393.09| 0.133405
254.60| 0.000484 306.30| 0.021651 395.91| 0.13763B
255.64| 0.000609 307.69| 0.022839 398.78| 0.141951
256.68| 0.000737 309.10| 0.024075 401.70| 0.146351
257.72| 0.000869 310.53| 0.025361 404.68| 0.150835
258.76| 0.001005 311.98| 0.026698 407.70| 0.155404
259.80( 0.001146 313.45| 0.028087 410.79| 0.160059
260.85| 0.001293 314.94| 0.029529 413.92| 0.164798
261.89| 0.001447 316.44| 0.031026 417.12| 0.169623
262.94| 0.001608 317.98| 0.032578 420.37| 0.174533
264.00| 0.001777 319.53| 0.034186 423.68| 0.179528
265.05| 0.001956 321.10| 0.035851 427.04| 0.184609
266.11| 0.002144 32270 | 0.037575 430.47| 0.189775
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TableB.2 Continued

Stress (MPa Strain| Stress (MPa Strain| Stress (MPa Strain
267.17| 0.002343 324.32| 0.039359 433.96| 0.195027
268.23| 0.002554 325.97| 0.041204 437.51| 0.20036!
269.30( 0.002778 327.64| 0.04311 441.13| 0.205786
270.38| 0.003015 329.34| 0.045079 444.81| 0.211293
271.45| 0.003267 331.07| 0.047111 448.55| 0.216885
272.54| 0.003535 332.82| 0.049209 452.36| 0.222562
273.62| 0.003819 334.60| 0.051372 456.24| 0.228323
274.71| 0.004121 336.40| 0.053602 460.18| 0.234168
275.81| 0.004441 338.24| 0.055899 464.20| 0.240097
276.92| 0.004781 340.11| 0.058265 468.28| 0.24611
278.03| 0.005141 342.01| 0.0607 472.44| 0.252206
279.15| 0.005524 343.94| 0.063205 476.67| 0.258385
280.27| 0.005929 345.90| 0.065782 480.98| 0.264646
281.40| 0.006358 347.89| 0.068431 485.36| 0.27099
282.54| 0.006812 349.92| 0.071153 489.81| 0.277415
283.69| 0.007292 351.98| 0.073948 494.35| 0.283921
284.85| 0.007798 354.08| 0.076818 498.96| 0.290508
286.02| 0.008334 356.21| 0.079763 50365 | 0.297175
287.19| 0.008898 358.39| 0.082784 508.42| 0.303922
288.38| 0.009493 360.59| 0.085881 513.28| 0.310747
289.58( 0.010119 362.84| 0.089056 518.21| 0.317651
290.78| 0.010779 365.12| 0.092309 523.24| 0.324633
292.00( 0.011471 367.45| 0.095641 528.34| 0.33164
293.23| 0.012199 369.82| 0.099052 533.54| 0.338827
294.48| 0.012963 372.22| 0.102543 538.82| 0.346038
295.73| 0.013764 374.67| 0.106114 544.19| 0.353324
297.00| 0.014604 377.17| 0.109766 549.66| 0.360684
298.28| 0.015483 379.70| 0.113499 555.21| 0.368118
299.58| 0.016403 382.29| 0.117315 560.86| 0.375625
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APPENDIX C

LOCAL BUCKLING STRINGERS IN SKIN-STIFFENER ASSEMBLIES

Local buckling ofstiffenersis checkedaccording to the method presentedBmuhn
[1]. Crosssection of thestiffeneris divided into retangular elements and critical stress

for each of these elements is calculated as follows:

- Qz*

G —— (C.1)
p¢p 0

0 G20z (% (C2)

where the indesQepresents the section element, dds the modified buckling
coefficient andor elements supported at one side and simply supported loaded edges
(3 valuesare obtainedby averaging case 5Q 1@ TH® T @ Xand case 4

QO p& G p$ ¢inFigureC.1. Similarly, for elements supported at both sides,

"G is defined as averad@ values of case 3Q 18Hh3 o pand case 1Q
PR A @& in FigureC.1.

After calculatingthe buckling allowable of each section element, the minimum value

is determined as the local blicky allowable of the whole section.
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FigureC.1: Buckling factors for several edge conditighy



APPENDIX D

ELASTIC COEFFICIENT AND COMPLIANCE MATRICES AND
GOVERNING EQUILIBRIUM EQUATIONS OF COMPOSITE PLATES

D.1 Elastic Coefficient and Compliance Matricesof Composite Plates

For the first method, CLPT, stiffness matrices are obtained as seen in Bg(I2f),
(D.6) and(D.7). To do that, firstly, compliance matrix is obtained as Equdiioh).
[S] is known as the compliance tensor. It should be evident that the compliance tensor
has the same symmetric properties as the elastic tensor [E] and same type of
transformation law. The number of independent components of compliance tensor can
be reduced in manner similar to elasticity tensor. At the esmdptance matrixor an

orthotropic material for the two dimensional casebtained af42]:

p 0 .
v R 11
11 'O 'O n il
. 10 p 7
Y - — 7 .
S ©
11 T T LI’I
u "o U

Transformation matrix is found following equation [42]:
Al & OE+ ¢OEBAIT-S

Y OE+ Al & cOEHAT-O (D.2)
OEATOOEATOATI & OEH
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Where—is thefiber orientation angle.

Stiffness matrbof composite plee is calculated g42]:
o Y (D.3)
O Y 0°Y (D4)

Elements of th&xtensional stiffness matrixhich isd e f i n A&o0ds calcalateihe

following way[42]:

o 0 Q 0 (D.5)
In addition,elements of theoupling stiffness matrixjBo , i s o[#2}: ai ned as
6 g 0 Q Q (D.6)

o P 5 1w (D.7)
o

WhereQ pltlvandQ pitlo. Q86 is t he vert i-planéofthd st ance fr c
plate(z=0) to the upper surface of th® kamina (layer) as seen FigureD.1 .

166



Fly n

Fly n-1

— e e e R

Ply k-1

Fly 2

Ply 1

FigureD.1: Cross section view of a laminate
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Forthe second metho&SDT, plane shear term has to be added into the formulation
Shear correction factor is usatlthe determination of thieansverse sheatiffness

matrix. Shear correction factor is obtained froableD.1.

TableD.1: Typical shear correction coefficiertq]

Material Type

Homogeneous Composite Sandwich

Shear Correction Factor

5/6

5/6

1
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Transverse sheatiffness matrixof a plyis given by[43]:

. O s
U] T O (D.8)
Transfamation matrix for shegart is obtained gg3]:
. Ai-6 OE+F
Y 6Kl Al (-9
Transformed transverse shestiffness matriXor a plyis calculated api2]:
0 Y b Y (D.10)
Finally, transverseshearstiffness matrix fothe laminates obtained a$43]:
o) ko 0 Q Q (D.11)

WhereQ thhandQ th.
D.2 Governing Equations of Composite Plates

FigureD.2 andFigureD.3 show the infinitesimally small elements with the resultant
forces and moments to obtain the force and moment equivalence equations in the

composite plate bucklingror equilibrium, resultant forces and moments are zero.

FigureD.2: A differential element with ifplane force resultants [42]
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FigureD.3: A differential element with moment resultants, shear force resultants and applied

transvese forces [42]

Equilibrium of forces irthex direction according t&igureD.2 is obtained as:

(D.12)

€
€

(D.13)

—. 5 I

Equilibrium of forces inthe z direction according téigureD.2 is obtainedwith the
projection of transverse normdbrcesas:
T L U 1 (S
Y Qw Y —QwQw Y Qw Y —QwWQw NQw m
T o T w
(D.14)
Y 1Y

. " g T
w w d

According to Figure EB, contributions of the #planenormal and shedorces in the

z direction are given by:

169



0 T—’Qoo 0 TLQ(»’Q AR 0 l’Q(b'Q 0 T—’Qdo'Q(b (D.15)
T @ ) ) ) Ta T o w '
6 oo 5 2 aeaell [l og (019

T ) 1 T '@
T Qw w_]‘u u"Qd)Qm
T ol ® T O @
Tl ., 1o ottt o 16y, (D7)
0 T—(é)w 0 —(J,)Q(om T T—,Qw b} T—,Q(A)Quﬁ—(ﬁowﬂm
0 oo 5 oeoe o (19
T W TO T olTw
T 10 1

FigureD.4: Force projection ofin-planenormal and shedorces in the z directiofb0]

At the endof the equilibrium in the z direction including force projecti@guation
(D.19) is obtained after summing all contributioathe inplane forces using the

equationgD.15), (D.16), (D.17) and(D.18) and omitting higher order termsfhcand
Qw

—a
—a
—
—a

—

0 — QW —=Q00wW —QwQw —QuQw
f Tore % 7o ot 6
Hoeal, T Tlogol 10 (D.19)
T %o 7o To % To -
To O ol o
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Then, the final expressidar the equilibrium in the z direction is obtainegsumming
the transversdorces given in Equatio(D.14) and inplanenormal and shedorces
given inEquation(D.19) as:

—a
—a

TY 1Y . . LT T
7 — — L omr_ D.20
@ @ L 1o Y W' w 1o m ( )

—a
—a
—a

” Z

where” ” is the surface weight or mass of the plate.

After obtaining the equiins fortheforce equilibrium, moment equilibrium equations
are obtained in all directionssingFigureD.3. In all momentequations, high order
terms are neglected for the simplicity.

Equilibrium of moments in xirection according t&igureD.3 is obtained as:

0 0
0 Qo 0 T—,’Qo'o’Qdo 0 Qo 0 T—"chna)
T w T
Y Y Qw Q0
Y T—,’Qo'o’QG@d) Y T—"QGJ’Q(:SQ— Y ’Qo’aQ— (D.21)
T w T C C
r]Qquac— T

Equation(D.2)i s di viQ@®d tetmsfAiafter that high

areneglectedThemomentequation in the xlirection simplifies to

T0 10

Y om (D.22)

Equilibrium of moments inhey direction according t&igureD.3 is oltained as:

0 Qw 0 T—QooQooO Qw 0 ?'QOZ)'QCO
Y Y Qw Qw
Y T—QooQo@co Y T—Q(b’QCe— Y Qo— (D.23)
T w T C
r]QoQ(x)c— T

Same aghe x direction, simple version of moment equation in the y direction is

determinedis:
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Y oom (D.24)

Finally, Equatian (D.25) is obtained by substitutingquations(D.22) and(D.24) into
theEquation(D.20) as the governing equation for buckling analysis.

T o T o T o oL T L T . T A

o STolatae T Y%ieo Yo Yoo to

(D.25)
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APPENDIX E

MATERIAL PROPERTIES HEXPLY 8552 AS4

Physical Properties
Fibre Density gfem? (Ib/in’) 1.79 (0.065) 1.77 (0.064)
Fillament count/tow 12K 12K
Resin denaity gfem? (Ib/inf) 1.30 (0.047) 1.30 (0.047)
Nominal Cured Ply Thickness
8552 /3556134 mm (inch} 0.130 (0.0051) 0.131 (0.0052)
Nominal Fibre Volume % 57.42 57.70
Nominal Laminate Density gfcm? (Ib/in?) 1.58 (0.057) 1.57 (0.057)

Mechanical Properties

Temp “-
Test Condition 1M7
-“
Dry

55 (-67) 190G (267) 2572 (373)
0°Tensilo Strangth MPa (kei) 25 (77) Dry 2207 (320) 2724 (305)
o1 (195) Dry - 2538 (368)*
-55 (-67) Dry - 174 (25.9)
90Tenzile Strength|  MPa (ki) 25(77) Dry 81(11.7) 64 (9.3)
93 (200} Dry 75 (10.9) 92 (13.3)*
55 (-67) Dry 134 (19.4) 163 (23.7)
0°Tensils Modulus GPa {mei) 25 (77) Dry 141 (20.5) 164 (23.8)

o1 (195) Dry - 163 23.7y
ﬁ’gjﬂe GPa (msi) 25 (77) Dry 10 (1.39) 12 (1.7)

93 (200} Dry 8(1.22) 10 (1.5

. . 55 (-67) Dry 1586 (230) _
giﬁ;ﬁmm MPa (ki) 25(77) Dry 1531 (222) 1690 (245)
o1 (105) Dry 1206 (184) 1483 (215)

i . -55 (-67) Dry 124 (18) -
ﬁ'fd‘mps'm'o” GPa (msi) 25 (77) Dry 128 (18.6) 150 (21.7)
o1 (195) Dry 122 (17.7) 162 (23.5)

55 (-67) Dry 164 (23.8) _

25 (77) Dry 128 (18.5) 137(19.9)
0° LSS , o1 (195) Dry 122 (14.7) 94 (13.6f
(Shortbeam shear) MPa (ke 25 (77) Wet 117 (16.9) 115 (16.7)

71 (160) Wet 84 (12.2) 80 (1.6

g1 (195) Wet 78 (11.3) -
In-plane Shear 25(77) Dry 114 (16.6) 120 (17.4)
Strzngth MPa (ki) 03 (200 Dry 105 (15.2) 106 (15.45

Bold 93°C (200°F]  Bold* 104°C (220°F}  Bold*™* 82°C (180°F)

FigureE.1: Material properties of HexPly 8552 AS4 at dry and room temperature [51]
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F.1

APPENDIX F

SCRIPTS

Linear Metal Single Panel Buckling Pyhon Scripts

# Importing necessarymodules

from
from
from
from
from
from
from
from
from
from
from
from
from

part import *
material import *
sectionimport *
assemblyimport *
stepimport *
interaction import *
load import *
meshimport *
optimization import *
jobimport *
sketchimport *
visualization import *
connectorBehaviorimport *

import math

# Skin geometric properties
sk _x=100.0
sk z=0.0

sk t=

2.0

# Material properties
Ec=73774.0

E =72395.0

density =2768.0
poisson=0.33

Fcy=

269.0

nc =15.0

# Applied shell edgeload
flow =1.0
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#Paths

save_path=r'C\Userd 8 8 8 8 8 8 & SinglePanel Model sp_comp’
# Loop for boundary conditions

for bc_typein ['ss',cl']:

# Loop for applied load type
for load_typein [‘comp’,'shearT:

#Paths
model_path=r'C\Userd 8 8 8 8 8 8 8SihglePanek Model\ sp_*+bc_type+ +load_type
result_path=r'CAUsers 8 8 8 8 8 8 8SinglePanek Resul sp_*bhc type+' +load_type

# Initialize output file
results = open(result_path+.csv',"w+")
results.write( "Ratio FEMBruhn\ n")

# Creatingpanelswith different edgelength ratio

for sk_yin range(100,505, 5):
# Defining model name
modelname="sp_*%* bc_type+' '+load_type+' '+ str(sk_y)
mdb.Model(modelType=STANDARD_EXPLICliBme=modelname)
mn = mdb.models[modelname]

# Creaing sketch of panel
mn.ConstrainedSketch(name=_profile__,'sheetSize=200.0)
mn.sketches[__profile_]'rectangle(point1=(0.0,0.0),point2=(sk_x,sk_y))

# Creatingpart of panel

mn.Part(dimensionality=THREE_Dname=panel', type=DEFORMABLE_BODY)
mn.parts['panel’].BaseShell(sketch=mn.sketche$[ profile_])

del mn.sketches[ _profile_]'

# Creatingmaterial

mn.Material(name=AL2024")
mn.materials[AL2024'].Elastic(table=((Ec,poisson),))
mn.materials[AL2024'].Density(table=((density, ), ))

# Assigningsection of panel
mn.HomogeneousShellSection(idealization=NO_IDEALIZATION,
integrationRule=SIMPSONnpaterial="AL2024', name=Section-1', numintPts=5,
poissonDefinition=DEFAULTprelntegrate=OFF temperature=GRADIENT,
thickness=sk_tthicknessField=", thicknessModulus=NonethicknessType=
UNIFORMuseDensity=OFF)
mn.parts['panel].Set(faces=
mn.parts['panel].faces.getSequenceFromMasK[#1 '),
), name=Set1")
mn.parts['panel’].SectionAssignment6ffset=0.0,offsetField=
", offsetType=MIDDLE_SURFAQtgion=
mn.parts['panel].sets[Set1'], sectionName=Section-1',
thicknessAssignment=FROM_SECTION)

# Meshcontrol
mn.parts[‘panel’].setMeshControls(elemShape=QUARegions=
mn.parts['panel].faces.getSequenceFromMasK[#1 1',),
), technique=SWEEP)

# Creatingmeshseedsof panel
mn.parts['panel’].seedPart(deviationFactor=0.1,
minSizeFactor=0.1size=5.0)

# Generatingmesh
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mn.parts['panel’].generateMesh()

mn.rootAssembly.DatumCsysByDefault(CARTESIAN)

mn.rootAssembly.Instancédependent=ONnhame=panel-1', part=
mn.parts['panel)

# Creatingthe setfrom panelupper edgenodes
upedge =mn.parts['panel].edges.findAt(((sk_x/2.0,sk_y,sk_z),))
upgeoset= mn.parts['panel’].Set(name='geoset, edges= upedge)
nodenums={]
for nodein upgeoset.nodes:
nodenums.append(node.label)
fnodenum = [nodenums][0]]
mn.parts['panel’].SetFromNodeLabels(name 'up corner', nodeLabels= tuple(fnodenum))
mn.parts['panel’].SetFromNodeLabels(name 'up nodes', nodeLabels= tuple(nodenums))

# Creatingsetfrom panelrigth edgenodes
riedge = mn.parts['panel’].edges.findAt((sk_x,sk_y/2.0,sk_z),))
rigeoset=mn.parts['panel'].Set(hame='geoset, edges=riedge)
nodenums={]
for nodein rigeoset.nodes:
nodenums.append(node.label)
mn.parts['panel’].SeFromNodelLabels(hame= 'rigth nodes', nodeLabels=tuple(nodenums))

# Creatingsetfrom panel left edgenodes
leedge= mn.parts['panel’].edges.findAt(((0.0,sk_y/2.0,sk_z),))
legeoset= mn.parts['panel’].Set(name="'geoset, edges= leedge)
nodenums={]
for nodein legeoset.nodes:
nodenums.append(node.label)
mn.parts['panel’].SetFromNodeLabels(name: 'left nodes', nodeLabels=tuple(hodenums))

# Creatingsetfrom paneldown edgenodes
doedge= mn.parts[panel’].edges.findAt(((sk_x/2.0,0.0,sk_z),))
dogeoset= mn.parts['panel].Set(hame="geoset, edges= doedge)
nodenums={]
for nodein dogeoset.nodes:
nodenums.append(node.label)
fnodenum = [nodenums[(len(nodenums)-1)]]
mn.parts['panel’].SetFromNodeLabels(name ‘down corner', nodeLabels= tuple(fnodenum))
mn.parts['panel’].SetFromNodeLabels(hame= 'down nodes', nodeLabels= tuple(nodenums))

# Creatingbuckling stepwith subspacesolver
mn.BuckleStep(description=buckling', maxIterations=3000, vectors=10,
name=Step-1', numEigen=3, previous='Initial' , eigensolver=SUBSPACE

# Defining boundary conditions of panel
if bc_type=3ss"
mn.DisplacementBC(amplitude=UNSEBuckleCase=
PERTURBATIOMND_BUCKLINGreateStepNameStep-1', distributionType=
UNIFORMfieldName=", fixed=OFFJocalCsys=Nonename=up_cor' region=
mn.rootAssembly.instancespanel-1'].sets[up corner'], u1=0.0,u2=0.0,
u3=0.0,ur1=UNSETur2=UNSETur3=UNSET)
mn.DisplacementBC(amplitude=UNSEBuckleCase=
PERTURBATION_AND_BUCKLIN@ateStepNameStep-1', distributionType=
UNIFORMfieldName=", fixed=OFFJocalCsys=Nonename=down_cor', region=
mn.rootAssembly.instancespanel-1'].sets[down corner'], ul=UNSETu2=0.0,
u3=0.0,ur1=UNSETur2=UNSETur3=UNSET)
mn.DisplacementBC(amplitde=UNSEThuckleCase=
PERTURBATION_AND_BUCKLINfateStepName=Step-1', distributionType=
UNIFORMfieldName=", fixed=OFFJocalCsys=Nonename=down’, region=
mn.rootAssembly.instancespanel-1'].sets[down nodes], ul=UNSETu2=UNSET,

177



u3=0.0,ur1=UNSETur2=UNSETur3=UNSET)
mn.DisplacementBC(amplitude=UNSEBuckleCase=
PERTURBATION_AND_BUCKLINf@ateStepName=Step-1', distributionType=
UNIFORMfieldName=", fixed=OFFJocalCsys=Nonename=up', region=
mn.rootAssembly.instancespanel-1'].sets[up nodes], ul=UNSETu2=UNSET,
u3=0.0,ur1=UNSETur2=UNSETur3=UNSET)
mn.DisplacementBC(amplitude=UNSEBuckleCase=
PERTURBATION_AND_BUCKLIN@ateStepNameStep-1', distributionType=
UNIFORMfieldName=", fixed=OFFJocalCsys=Nonename=left', region=
mn.rootAssembly.instancespanel-1'].sets[left nodes], ul=UNSETu2=UNSET,
u3=0.0,ur1=UNSETur2=UNSETur3=UNSET)
mn.DisplacementBC(amplitude=UNSEBuckleCase=
PERTURBATION_AND_BUCKLIN@ateStepNameStep-1', distributionType=
UNIFORMfieldName=", fixed=OFFJocalCsys=Nonename=rigth' , region=
mn.rootAssembly.instancespanel-1'].sets[rigth nodes], ul=UNSETu2=UNSET,
u3=0.0,ur1=UNSETur2=UNSETur3=UNSET)
elif bc_type==l':
mn.DisplacementBC(amplitude=UNSEBuckleCase=
PERTURBATION_AND_BUCKLIN@ateStepName=Step-1', distributio nType=
UNIFORMfieldName=", fixed=OFFJocalCsys=Nonename=up_cor' region=
mn.rootAssembly.instancespanel-1'].sets[up corner'], u1=0.0,u2=0.0,
u3=0.0,ur1=UNSETur2=UNSETur3=UNET)
mn.DisplacementBC(amplitude=UNSEBuckleCase=
PERTURBATION_AND_BUCKLIN@ateStepNameStep-1', distributionType=
UNIFORMfieldName=", fixed=OFFJocalCsys=Nonename=down_cor', region=
mn.rootAssembly.instancespanel-1'].sets[down corner'], ul=UNSETu2=0.0,
u3=0.0,ur1=UNSETur2=UNSETur3=UNSET)
mn.DisplacementBC(amplitude=UNSEBuckleCase=
PERTURBATION_AND_BUCKLIN¢GeateStepName=Step-1', distributionType=
UNIFORMfieldName=", fixed=OFFJocalCsys=Nonename=down', region=
mn.rootAssembly.instancespanel-1'].sets[down nodes], ul=UNSETu2=UNSET,
u3=0.0,ur1=0.0,ur2=UNSETur3=UNSET)
mn.DisplacementBC(amplitude=UNSEBuckleCase=
PERTURBATION_AND_BUCKLINfateStepName=Step-1', distributionType=
UNIFORMfieldName=", fixed=OFFJocalCsys=Nonepame=up', region=
mn.rootAssembly.instancespanel-1'].sets[up nodes], ul=UNSETu2=UNSET,
u3=0.0,ur1=0.0,ur2=UNSETur3=UNSET)
mn.DisplacementBC(amplitde=UNSEThuckleCase=
PERTURBATION_AND_BUCKLINfateStepName=Step-1', distributionType=
UNIFORMfieldName=", fixed=OFFJocalCsys=Nonename=left', region=
mn.rootAssembly.instancespanel-1'].sets[left nodes], ul=UNSETu2=UNSET,
u3=0.0,ur1=UNSETur2=0.0, ur3=UNSET)
mn.DisplacementBC(amplitude=UNSEBuckleCase=
PERTURBATION_AND_BUCKLIN@ateStepName=Step-1', distributionType=
UNIFORMfieldName=", fixed=OFFJocalCsys=Nonename=rigth' , region=
mn.rootAssembly.instancespanel-1'].sets[rigth nodes], ul=UNSETu2=UNSET,
u3=0.0,ur1=UNSETur2=0.0, ur3=UNSET)

# Creatingloads
if load_type==comp":
mn.rootAssembly.Surface(nameSurf-1', sidelEdges=
mn.rootAssembly.instancespanel-1'].edges.getSequenceFromMask(
(#41.).))
mn.ShellEdgeLoad(createStepNamé&step-1', distributionType=
UNIFORMfield=", localCsys=Nonemagnitude=flow, name=Load-1', region=
mn.rootAssembly.surfacesBurf-1'])
mn.rootAssembly.Surface(nameSurf-2', sidelEdges=
mn.rootAssembly.instancespanel-1'].edges.getSequenceFromMask(
(#11.).)
mn.ShellEdgeLoad(createStepNaméStep-1', distributionType=
UNIFORMfield=", localCsys=Nonemagnitude=flow, name=Load-2', region=
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mn.rootAssembly.surfacesBurf-2'])

elif load_type==shear"

mn.rootAssembly. Sirface(name=Surf-1', sidelEdges=
mn.rootAssembly.instancespanel-1'].edges.getSequenceFromMask(
(#471.).)

mn.ShellEdgeLoad(createStepNaméstep-1', distributionType=
UNIFORMfield=", localCsys=Nonemagnitude=-flow, name=Load-1', traction=SHEARyegion=
mn.rootAssembly.surfacesBurf-1'])

mn.rootAssembly.Surface(nameSurf-2', sidelEdges=
mn.rootAssemby.instances[panel-1'].edges.getSequenceFromMask(
(#171.).)

mn.ShellEdgeLoad(createStepNaméstep-1', distributionType=
UNIFORMfield=", localCsys=Nonemagnitude=-flow, name=Load-2', traction=SHEARyegion=
mn.rootAssembly.surfacesBurf-2'])

mn.rootAssembly.Surface(nameSurf-3', sidelEdges=
mn.rootAssembly.instancespanel-1'].edges.getSequenceFromMask(
(#271.).))

mn.ShellEdgeLoad(createStepNaméstep-1', distributionType=
UNIFORMfield=", localCsys=Nonemagnitude=flow, name=Load-3', traction=SHEARegion=
mn.rootAssembly.surfa@s[ Surf-3'])

mn.rootAssembly.Surface(namesSurf-4', sidelEdges=
mn.rootAssembly.instancespanel-1'].edges.getSequenceFromMask(
(#81.).)

mn.ShellEdgeLoad(createStepNameStep-1', distributionType=
UNIFORMfield=", localCsys=Nonemagnitude=flow, name=Load-4', traction=SHEARegion=
mn.rootAssembly.surfacesBurf-4'])

# Creatingjob

mdb.Job(atTime=NonecontactPrint=OFF description=", echoPrint=OFF,
explicitPrecision=SINGLEgetMemoryFromAnalysis=True historyPrint=OFF,
memory=90, memoryUnits=PERCENTAGH)odel=modelname modelPrint=OFF,
multiprocessingMode=DEFAUL Thame=modelname nodalOutputPrecision=SINGLE,
numCpus=1nhumGPUs=0gueue=Nonescratch=", type=ANALYSIS,
userSubroutine=", waitHours=0, waitMinutes=0)

# Submiting the job
mdb.jobs[modelname].submit(consistencyChecking=OFF)
mdb.jobs[modelname].waitForCompletion()

# Readingfirst eigenvaluefrom .datfile
flename = model_path+" '+ str(sk_y) +".dat'
wordlist =]

starttorecord = False

f = open(filename)

for linein f:

if " MODENO EIGENVALUEIn line:
starttorecord = True
for word in line.split():
if word is 'THE"
starttorecord = False
if starttorecord ==True:
wordlist.append(word)
f.close()
if float(wordlist[4])>0.0:
eigenvalue= float(wordlist[4])
elif float(wordlist[6])>0.0:
eigenvalue= float(wordlist[6])
elif float(wordlist[8])>0.0:
eigenvalue= float(wordli st[8])

else:

eigenvalue=0.0

179



# Calculatingbuckling coefficient
k = (flow/sk_t * eigenvalue)* pow((sk_x/sk_t),2.0)* 12.0* (1.0-
pow(poisson,2.0))/(pow(math.pi,2.0)*Ec)

# Realing buckling coefficient from plots of Bruhn
shorteredge = min(sk_x,sk_y)
largeredge=max(sk_xsk_y)
x =largeredge/ shorteredge
if bc_type=3ss"
if load_type==comp":
if x<0.45:
K=8.55
elif (x>=0.45) and (x <1.437):

69.66* pow(x, 5) +363.28* pow(x, 4) - 745.99* pow(x, 3) +757.82* pow(X, 2) - 383.38* x + 81.978
elif (1.437 <=x) and (x <2.474):
K=1.1819* pow(x, 2) - 4.974* x +9.2349
elif (2.474 <=x) and (x <3.48):
K =0.5638* pow(x, 2) - 3.4225* x + 9.1792
else:
K =0.0142* pow(x, 2) - 0.184* x + 4.5554
elif load_type==shear"
if (x<2.212):
K =-3.5363* pow(x, 3) +20.082* pow(x, 2) - 38.676* x + 31.81
elif (2.212<=x) and (x < 3.154):
K =-0.2234* pow(x, 3) +2.3507 * pow(x, 2) - 8.2362* x + 15.425
else:
K=-0.2437*x+6.7141
elif bc_type==l':
if load_type==comp":
if (x>=0.65652) and (x <0.89837):
K =-4905.2* pow(x, 4) + 15581 * pow(X, 3) - 18433 * pow(X, 2) + 9606.6* x - 1844.7
elif (x>=0.89837) and (x <1.10526):
K =-148.29* pow(x, 3) +466.91* pow(X, 2) - 488.75* x + 180.49
elif (x>=1.10526) and (x <1.4584):
K=2.7242* pow(x, 3) +1.1611* pow(x, 2) - 22.033* x + 29.777
elif (x>=1.4584) and (x <1.78906):
K=4.7166* pow(x, 2) - 15.58* x + 21.24
elif (x>=1.78906) and (x <2.36817):
K=-20.508* pow(x, 4) +170.29* pow(X, 3) - 525.33* pow(X, 2) + 712.31* x - 349.51
elif (x>=2.36817) and (x <2.98828):
K=1.3593* pow(x, 3) - 9.7797 * pow(X, 2) +22.557 * x - 8.7549
elif (x>=2.98828) and (x <3.70121):
K =1.0002* pow(x, 2) - 6.8909* x + 19.265
elif (x>=3.70121) and (x <4.36245):
K=0.941* pow(x, 2) - 7.7078* x + 23.11
elif (x >=4.36245) and (x <=5.0):
K =0.8153* pow(x, 2) - 7.7061 * x + 25.493
elif load_type==shear":
if (1.0<=x) and (x <2.18893):
K =40.615* pow(x, 6) - 412.18* pow(x, 5) + 1725.8* pow(x, 4) - 3814.8* pow(x, 3) +4695.7
* pow(x, 2) - 3056.3* x + 836
elif (2.18893 <=x) and (x <2.99848):
K =1.2656* pow(x, 3) - 8.9195* pow(x, 2) +20.19* x - 4.668
elif (2.99848 <=x) and (x <=5.0):
K =-0.0274* pow(x, 6) +0.8406* pow(x, 5) -
10.101* pow(x, 4) + 61.822* pow(X, 3) - 204.98* pow(X, 2) + 350.57 * x - 232.37

# Writing results to output file
results.write("%f %f %f" %(sk_y/sk_x,k,K)+\n")
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