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Submitted to the Institute for Graduate Studies in

Science and Engineering in partial fulfillment of

the requirements for the degree of

Master of Science

Graduate Program in Mechanical Engineering
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ABSTRACT

DESIGN OPTIMIZATION OF COMPOSITE I-BEAM

WING SPARS WITH CORRUGATED WEB

The main goal of this study is to develop a methodology for optimum structural

design of composite I-beam wing spars with wavy corrugated web to minimize mass

and investigate their mechanical behaviors under aerodynamic loading conditions. For

this purpose, Hürkuş Advanced Training Plane is selected as the plane model for which

the spar is optimally designed. Accordingly, the wing dimensions are selected and the

loads on the spar are evaluated. The lift as a non-uniformly distributed transverse

load is calculated considering aircraft mass and directly applied to the spar. IM7/8552

carbon-fiber reinforced composite material is selected for the model because of its high

strength with low density. Buckling analysis is carried out to determine the failure load

levels considering that the most critical failure mode in I-beam spars is web buckling

due to shear loads. Tsai-Wu criterion is used to predict static failure. By using

ANSYS Parametric Design Language (APDL), codes are developed to implement the

optimization algorithms and carry out structural analyses to determine the maximum

load capacity of the spar. The web is designed like a multi-period wave with four

parameters. These are the initial wavelength, the wavelength increment rate, the initial

amplitude and the final amplitude. The shape of the web is defined by spline curves

passing through key points having coordinates determined by the above-mentioned four

parameters. The objective function to be minimized is chosen as the mass of the spar

with the buckling strength constraint. The optimum shape of the web is found using

modified simulated annealing algorithm, which is a stochastic global search algorithm.

A considerable improvement is obtained in mechanical strength with much less use of

material compared to the conventional wing spars.



v

ÖZET

DALGA PROFİLLİ KOMPOZİT KANAT ANA

I-KİRİŞLERİNİN TASARIM ENİYİLEMESİ

Bu çalışmanın ana hedefi, dalga profilli kompozit uçak kanadı ana I-kirişleri için,

aerodinamik yükleme koşulları altında kütle azaltımı amacıyla bir en iyi yapısal tasarım

metodolojisi geliştirmek ve kirişlerin bu şartlar altındaki mekanik davranışlarını incele-

mektir. Bu amaçla, kanat ana kirişinin en iyi şekilde tasarlanması için model uçak

olarak Hürkuş Gelişmiş Eğitim Uçağı seçilmiştir. Buna göre kanat ölçüleri seçilmiş

ve kiriş üzerindeki yükler hesaplanmıştır. Uçak kütlesi dikkate alınarak hesaplanan

kaldırma yükü, düzgün olmayan değişken bir şekilde dağılı yük olarak, kanat ana

kiriş modeline uygulanmıştır. Malzeme olarak, yüksek mukavemetine karşın düşük

yoğunluğu sebebiyle, IM7/8552 karbon fiber destekli kompozit seçilmiştir. Hata yükü

seviyelerini belirlemek için, I-kanat kirişlerindeki en kritik hata modunun bağlantı lev-

hasında oluşan kayma burkulması olduğu hesaba katılarak burkulma analizi uygu-

lanmıştır. Statik hatanın belirlenmesi için Tsai-Wu kriteri kullanılmıştır. ANSYS

Parametric Design Language (APDL) kullanılarak, eniyileme algoritmalarını uygula-

mak için ve kanat ana kirişinin maksimum yük kapasitesini belirlemek amacıyla yapısal

analiz gerçekleştirmek için kodlar geliştirilmiştir. Bağlantı levhası, dört değişkenle çok

periyotlu dalga gibi tasarlanmıştır. Bunlar ilk dalga boyu, dalga boyu artış oranı, ilk

genlik ve son genliktir. Bağlantı levhasının şekli, yukarıda bahsi geçen dört değişkenle

belirlenen koordinatlara sahip kilit noktalardan geçen eğriler vasıtasıyla tanımlanmıştır.

Azaltılacak gaye fonksiyonu, burkulma dayanımı sınırlamasıyla, kütle olarak seçilmiştir.

En iyi bağlantı levhası şekli, bir stokastik global arama algoritması olan, değiştirilmiş

benzetilmiş tavlama algoritması kullanılarak bulunmuştur. Geleneksel kanat ana kiriş-

leri ile kıyaslandığında, mekanik dayanımda, çok daha az malzeme kullanımı ile kayda

değer gelişme elde edilmiştir.
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1. INTRODUCTION

Aviation is one of the most important means of transportation in today’s global

world. The number of passengers using airplanes has been increasing for the last 50

years [1]. Design of aircraft has been improving for years to satisfy the growing demand

in cheaper and safer ways.

One of the most vital parts of an aircraft is wings, which contain fuel tanks and

carry an important part of loads in various situations including take-off, climb, cruise,

loiter, landing and touch-down [2]. In order to those loads, wings have structural

parts called ribs and spars. This study focuses on spars particularly. A schematic

representation of aircraft wing spars can be seen in Figure 1.1.

Figure 1.1. Schematic representation of aircraft wing spars [3].

Wing spars are the major load carrying structures of the wings. They support the

flight loads and the weight of the wing while on the ground. Spars are fixed to fuselage;

they extend through the wing to the free end. They can be placed perpendicularly or

with an angle to the aircraft body [4].

The loads acting on wings can generally be classified as follows:
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• Upward bending during flight due to the lift effect of the air which can be partially

balanced by the weight of fuel tanks in the wing.

• Downward bending during stationary phase due to the weight of fuel tanks and

engines if they are placed on the wings.

• Drag forces depending on the speed of wind, aircraft and its inertia.

• Rolling inertia effects.

• Chord wise twisting loads by virtue of aerodynamics effects at high speeds [5,6].

Upward and downward bends and rolling inertia effects are predominantly carried

by spars. On the other hand, drag forces and chord wise twisting loads are mainly

carried by wing skin and ribs.

1.1. Design and Material Types of Spars

The main design parameters of spars are their geometry, number, location, and

material. Position of spars considerably affects the stiffness, weight and flutter speed

[7]. Use of different numbers of spars is possible as shown in Figure 1.2.

Figure 1.2. Three general types of wing constructions with different number of

spar [8].
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Single-spar wings are mostly used in light aircraft like sailplanes and multi-spar

wings are used in heavy aircraft like air freighters in general. Two-spar wing types are

usually used in single-engine or small commercial aeroplanes.

Spars may be made of various shapes and materials for specific purposes. Wood

is used in small planes due to its ultra-low cost and weight; metals like aluminum alloy

or titanium are used due to their high strength and relatively low weight; compos-

ites, especially carbon-fiber reinforced polymers, are used because of their very high

strength-to-weight ratio in various-sized planes. Wooden ones are frequently used in

five different designs as presented in Figure 1.3.

Figure 1.3. Typical wooden aircraft wing spar cross-sections [9].

Metal spars have more shape design possibilities than the wooden ones thanks to

their manufacturability in many ways. Various designs can be seen in Figure 1.4 like

I-beam with or without holes, stiffened I-beam, and truss-structured spars.

Figure 1.4. Some examples of metal aircraft wing spar designs [9].



4

Composite materials pose difficulties in manufacturing which leads to some design

restrictions. Thus, composite spars are generally made in the shape of I-beam with a

straight or corrugated web without stiffeners or holes. Figure 1.5 illustrates a composite

I-beam spar with corrugated web.

Figure 1.5. An illustration of an I-beam wing spar with sine wave web [9].

1.2. Literature Review

There are many studies in the literature on aircraft wings and spars having dif-

ferent features.

Most of them considered conventional spars, which can be classified according

to their number, shape, and material. In the previous studies, single spars [10–15],

two spars [2, 7, 16–24], wing boxes [25, 26], and multi spars [6, 25, 27–32] were used.

Different cross sectional shapes were considered, I-shapes with flat web [2,5,10,12,13,

15, 16, 19, 22, 24, 27, 29, 31–39], C-shapes [2, 6, 25, 27–32, 40, 41], bar shapes [11, 23, 34],

rectangular [28, 42, 43] and tubular shapes [14]. Different materials were used like

wood [34], aluminum alloys [2,6,10,15,18,20–23,29,32,33,35–38,40,44], and steels [16],

and glass-fiber reinforced polymers [5], carbon-fiber reinforced polymers [12–14,19,24,

26–28,39,41–43,45], and for the web sandwich composites [12, 13,27].

Some nonconventional spars were also considered in previous studies [45–61] for

specific purposes such as span morphing to fly faster and more manoeuvrable with a
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high aerodynamic performance, energy harvesting for longer flight distances with the

same or less fuel, and new designs for getting stronger wings like curvilinear spars and

ribs (SpaRibs).

Few of the aforementioned studies aimed optimum design of spar beams. One of

them is carried out by Afifi et al. [44]. They developed a new approximation method of

local and global ones including series expansion, reduced basis vector, matrix factoriza-

tion, and Gram-Schmidt orthonormalization to determine the optimum shape design

for tapered C-shaped wing spar made of an aluminum alloy. The spar was considered as

a mass-spring system to simplify the problem for optimization in terms of its thickness,

cap width and height. The masses were placed between the springs like a distributed

load.

Bhachu et al. [31] developed a probabilistic cost model which explicitly models

performance cost with manufacturing and quality tolerances for damage-tolerant air-

craft structures. A wing model with I and C-shaped spars made of aluminum alloy was

used for optimization. Error data collected from a business jet wing spar assemblies

were used in that study. Total cost reduction of approximately 8% was obtained.

Xie and Rais-Rohani [38] developed a probabilistic design optimization method

for aircraft structures with reliability, manufacturability and cost constraints. The

method was applied to a tapered I-beam wing spar made from Aluminum 2024-T3 with

three segments unified using two splices. The spar was under a uniformly distributed

load along the length and it was fixed at its root. The results showed a considerable

weight reduction.

Visnjic et al. [12] firstly investigated the changing effect of structural and geomet-

rical design especially transition fillet between flanges and web, for shear-lag reduction

and stiffness, and specific strength improvement of thin-walled composite I-beam wing

spars using finite element method. Its web was made of sandwich composite with foam

core, its caps and the skins of the web were made of carbon-fiber reinforced composite.

The researchers achieved some critical results from their study. Increased web core
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thickness has a greater effect on the distribution of the normal stress and the reduction

of the shear-lag than fillet size. Extra weight due to the thicker core is not compensated

enough by the stress concentration reduction. Greater transition fillet and web core

thickness increase the optimum width to thickness ratio of flanges. Shear-lag decreases

the strength of the spar more than its stiffness. Using this information, the researchers

developed a combined shear-lag and weight optimization methodology to maximize

the specific strength and stiffness of composite I-beam spars and under loads used in

aerospace engineering.

Fleuret et al. [28] designed a wing spar made of carbon-fiber reinforced polymer

for an aerobatic aircraft for which low weight is quite significant. As a requirement, the

bonds between the composite parts had to transmit high loads them without failure. In

that article, the researchers developed a new design for a multi-materials structure with

a complex geometry of varying thickness. They used finite element and experimental

models for a rectangular beam with the same boundary conditions, fixed from the root

under distributed lift load and compared the results. Consequently, wing spar, central

spar and central/wing bonding were improved by taking into account the DGAC’s

requirements (French Authorities for Civil Aviation).

Corrugated webs in I-beam spars have a larger load carrying capacity compared

to straight webs. There are two patents on waved-web spars in the literature.

McCarville and Bahr [62] invented a method for forming sine wave web spars

made of composite materials. According to that method, the sine wave web spar was

formed of web, filler, separator and cap plies. In that invention, the sine wave web

spar made of prepreg composite or unidirectional thermoplastic materials could be

manufactured with reduced numbers of wrinkles, folds etc. in the individual layers.

Gillespie [63] developed a new design for sine wave web spars which includes a

reduction of sine amplitude. The amplitude of corrugation was adjusted for the general

stability of the spar and the fasteners. According to the new design, the fasteners on

the caps were aligned onto the center line of corrugation. The advantage of this model
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was being easier to manufacture than conventional corrugated web spar types, and it

still satisfied the structural integrity requirement of the wings.

1.3. Scope of The Thesis

Shear web buckling is one of the most common problems needed to be solved

for spars in I-shapes. It occurs due to bending under transverse load. To avoid the

shear web buckling various methods are used like adding stiffeners along the beam

or designing the web thicker but they cause an increase of mass that is not desired

for aircraft. However, webs can also be designed as corrugated to deal with buckling

failure.

Corrugated webs have an important advantage compared to flat ones. They are

much stronger against shear buckling. In this way, webs do not need any support like

stiffener and can be designed much thinner.

The primary goal of this project is to develop a general optimum design method-

ology for aircraft wing spars with wavy corrugated web for minimum mass irrespective

of cost constraint and investigate their mechanical behaviors under aerodynamic load

conditions. Because the increasing cost caused by materials or other reasons can easily

be compensated by consuming less fuel with a lighter design.

One of the most significant contributions to the literature of this study is that

the designed part has a web corrugation changing throughout the length and the re-

dundant mass caused by dense corrugation at the free end is also avoided. The reason

for this, the sectional shear force under transversely distributed load changes by de-

creasing along the beam. Conventional I-beam spars with constantly corrugated web

are inefficient due to extra mass caused by redundant corrugation at the free end.

To simplify the problem, merely the spar beam is modeled rather than the entire

airplane or wing due to the need for a great amount of time and energy for a very

high computational burden. A wing spar is considered as a cantilever beam with a
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wavy corrugated web fixed from the root and free from the end under a non-uniformly

distributed load.

Firstly, a finite element model for a three-point bending of a beam with a corru-

gated web is developed to verify the mesh sizes. After obtaining the ideal mesh sizes

by considering the analysis time and result accuracy, the main model of the spar is

developed. The determined mesh size for the web that is the most critical part in this

study is also verified on the spar model reducing by half for the orthotropic materials,

too.

Secondly, the load and some dimensions of the spar is defined by using information

of Hürkuş Advanced Training Plane that is selected as a model. The whole design is

parameterized and the web shape parameters are used to optimize the changing wavy

shape of the web throughout the spar.

Lastly, an optimization procedure is applied to the model, and the lightest one is

obtained with the buckling failure constraint. It is also examined for the static failure

with respect to Tsai-Wu criterion.
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2. THEORETICAL BACKGROUND

2.1. I-Beam Wing Spars

Wing spars are the main beam-like parts of aircraft carrying a significant portion

of loads due to lift and weight in different flight stages. They can be designed in

various shapes with materials for diverse purposes. But the common problem to deal

with is withstanding great bending loads occurring on the wings. Bending causes

normal and shear stresses on the beams. One of the commonly used beams for dealing

with these loads are I-beams since their structure is specially designed for them. Their

flanges carry the normal stress and the web carries the shear stress mainly. The stress

distributions can be seen in Figure 2.1.

Figure 2.1. Schematic representation of the stress distributions of an I-beam under

bending load. (a) Normal and (b) shear stress.

When a load is applied to a beam, also some sectional forces occur on it. The

most critical one for this study, shear force is taken into consideration. Sectional shear

forces along beams under distributed transverse load change decreasingly. A drawing

represents this case for a cantilever beam in Figure 2.2.
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Figure 2.2. Shear force diagram of a beam under uniformly distributed load [64].

2.1.1. Failure Behaviors of I-Beam Wing Spars

There are two main types of failures to be taken into account for wing spar designs,

which are the material and structural ones. For the material failure examination, the

most critical locations of an I-beam wing spar under bending load as it can be seen in

Figure 2.1 are the flanges due to high normal and the web due to high shear stress.

Normal stresses are much higher than shear stresses in absolute value exposed to this

type of load in general. Hence, flanges are mostly designed thicker than webs. In order

to minimize the mass, spars are designed as thin as possible. However, there may occur

buckling as a structural instability failure before reaching material failure stress value.

The most common buckling types observed on I-beams subjected to bending are

local bucklings because of high compressive stresses on the flanges and high shear

stresses on the web and global buckling. They are shown in Figure 2.3.

Figure 2.3. Some failure types of I-beams under bending. (a) Global buckling [65],

(b1) local compressive flange buckling [66] and (b2) local shear web buckling [67].
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Unlike the other applications of I-beams, the local flange buckling and the global

buckling cannot happen on wing spars easily since the wing skin and ribs support the

spar and prevent these failures. The depiction of a wing can be seen in Figure 2.4.

But the shear web buckling due to the high shear stress on I-beams is still a serious

problem to be solved. There are some ways to avoid the shear buckling of webs such as

the use of stronger materials like steel, thicker web design or use of vertical stiffeners

along the beam. However, these solutions also bring another problem, more weight.

Figure 2.4. Schematic representation of a general wing structure [68].

Weight is a critical issue in aerospace industries. Even a little extra weight can

cause a considerable increase in fuel consumption. The weight problem can easily be

solved thanks to developing science and technology today. The most efficient way is to

use composite materials taking advantage of their high strength with low density. On

the other hand, modeling and manufacturing them is very challenging owing to their

many constraints. For example, fiber-reinforced polymer I-beams can be produced but

cannot be stiffened by vertical supports with ease.

The most effective way of making fiber-reinforced composite I-beams more resis-

tant to shear buckling without any need for stiffener or thicker design is designing with

wavy corrugated web [9]. This design also prevents the stress concentration of webs

due to sharp edges like the one that trapezoidally shaped corrugated webs have. Fur-

thermore, fiber-reinforced composite materials can also more easily be manufactured
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in designs which do not include any sharp one.

2.2. Laminated Composite Materials

Materials are separated into three main types generally as metal, polymer and

ceramic. Composite materials are obtained by using more than one material by compos-

ing them. There are two main types of composite materials in terms of their structures

as sandwich-structured and laminate-structured ones. Laminated composites are used

for this study due to their suitability of I-beam-like structures. They are made of more

than one ply that have two main phases, the continuous phase (matrix) and the rein-

forced phase (fibers, particles). A carbon-fiber reinforced polymer material is selected

for its high strength with low density.

Plies have multiple mechanical properties and strengths for different material

directions. Each ply has more than one elastic modulus, shear modulus, and Poisson’s

ratio and many strength limits for compression, tension and shear separately. Fiber-

reinforced composite materials fail under different types of loads according to their

mechanical properties and strengths. Accurate prediction of failures is challenging

owing to the structural complexity of fiber-reinforced composites. However, lots of

researchers have been studied to failure modes of composite materials for years, and

the most general failure types are identified.

2.2.1. Critical Failure Mechanisms of Laminated Composites

There are several critical failure mechanisms for laminated composite materials

which can be classified with two main types; the failure of plies and laminates. The

most common failure modes of plies usually under tension are fiber rupture, fiber

pullout, bridging; under compression is fiber kinking and under any load are fiber-

matrix debonding, matrix rupture. The most common failure of laminates under any

load is delamination. Their illustrations are presented in Figure 2.5.
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Figure 2.5. Schematic representation of the most common failures of laminated

composite materials [69].

To summarize the failure mechanisms, matrix rupture is the most commonly

encountered failure type since matrices are usually much weaker than fibers in terms

of many properties [70]. Fibers and matrix have quite different mechanical properties

that they show dissimilar deformation behaviour under a load. This situation induces

debonding of the fiber and matrix. Another common failure is fiber rupture. If the

fiber fractures all the structure fails because it is the reinforcement part of the material.

Therefore, fiber rupture is one of the most critical failure types even though it is not

the furthest encountered one. The last common fiber failure type is fiber kinking.

This failure appears under compressive loads. If the fibers are not oriented on the

compression axis, there will probably occur a microbuckling and fiber kinking [71].

As a laminate failure, delamination is the separation of plies from interfaces due to

the merging of coincidentally formed matrix cracks [72]. Various methods have been

developed so far to prevent delamination like 3D weaving.

2.2.2. Failure Criteria of Laminated Composites

The failure load prediction is critical for engineering design because a precise

prediction without manufacturing prototypes and performing tests can prevent from

a great waste of time and money. Hence, lots of researchers have been developed
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some failure prediction methods. However, each method can be insufficient in some

problems owing to very high mechanical complexity of composite materials. For this

reason, analyses of composite materials are generally carried out with respect to more

than one failure criterion to obtain more accurate results.

The most widely used failure criteria are the maximum stress and maximum strain

criteria. Each one has five sub-criteria. They define the maximum stress and strain

limits for the longitudinal (fiber direction) tension and compression, the transverse

tension and compression and the shear conditions. If anyone of them reaches its limit,

the material fails [73]. As the first of them, sub-criteria of the maximum stress criterion

equations are presented below.

σ1 ≥ σ1t (2.1)

σ2 ≥ σ2t (2.2)

σ1 ≤ σ1c (2.3)

σ2 ≤ σ2c (2.4)

|σ6| ≥ σu
6 (2.5)

where σ1 and σ2 symbolize the normal stress values respectively in the fiber and trans-

verse directions and σ6 symbolizes the shear stress value obtained from the orthotropic

material analyzed. σ1t is the maximum allowable tensile stress in the fiber and σ2t is

the one in the transverse direction. Their signs are positive since the values of tensile

stresses are positive, too. Hence, the material is considered failed when σ1 is equal to

or greater than σ1t and/or σ2 is equal to or greater than σ2t according to Eq. 2.1 and

Eq. 2.2. σ1c is the maximum allowable compressive stress in the fiber and σ2c is the

one in the transverse direction. Their signs are negative since the values of compres-

sive stresses are negative, too. On account of this, the material is considered failed

when σ1 is equal to or less than σ1c and/or σ2 is equal to or less than σ2c according

to Eq. 2.3 and Eq. 2.4. Lastly, σu
6 is the ultimate allowable magnitude of the shear

stress independent of the direction and the sign of the stress. For that reason, if the

absolute value of σ6 reaches or exceeds the σu
6 value, the material is considered as failed
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according to Eq. 2.5 [74].

Likewise the maximum stress criterion, the maximum strain criterion has also

five equations similar to ones expressed above. They are aligned below.

ε1 ≥ ε1t (2.6)

ε2 ≥ ε2t (2.7)

ε1 ≤ ε1c (2.8)

ε2 ≤ ε2c (2.9)

|γ6| ≥ γu6 (2.10)

where ε1 and ε2 symbolize the normal strain values respectively in the fiber and trans-

verse directions and γ6 symbolizes the shear strain value obtained from the orthotropic

material analyzed. ε1t is the maximum allowable tensile strain in the fiber and ε2t is

the one in the transverse direction. Their signs are positive since the values of tensile

strains are positive, too. Accordingly, the material is considered failed when ε1 is equal

to or greater than ε1t and/or ε2 is equal to or greater than ε2t according to Eq. 2.6 and

Eq. 2.7. ε1c is the maximum allowable compressive strain in the fiber and ε2c is the

one in the transverse direction. Their signs are negative since the values of compressive

strains are negative, too. Therefore, the material is considered failed when ε1 is equal

to or less than ε1c and/or ε2 is equal to or less than ε2c according to Eq. 2.8 and Eq.

2.9. Finally, γu6 is the ultimate allowable magnitude of shear strain independent of the

direction and the sign of the strain. That’s why, if the absolute value of γ6 reaches or

exceeds the γu6 value, the material is considered as failed according to Eq. 2.10 [74].

The maximum stress and the maximum strain criteria are good enough for failure

predictions under uniaxial loads. Nevertheless, they may give different results under

multi-axial loading conditions. To solve this problem, some interactive failure criteria

have been developed. They use the stress and strain values together for failure exami-

nation. Tsai-Wu as one of the mostly used criterion is selected in this study [75]. When

the index reaches 1, Tsai-Wu criterion predicts the laminate as failed. The equation of
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this criterion for orthotropic materials is given below.

F1σ1 + F2σ2 + F3σ3 + F4σ4 + F5σ5 + F6σ6

+F11σ
2
1 + F22σ

2
2 + F33σ

2
3 + F44σ

2
4 + F55σ

2
5 + F66σ

2
6

+2F12σ1σ2 + 2F13σ1σ3 + 2F23σ2σ3 ≤ 1 (2.11)

If the shear strengths in three planes τ12, τ13 and τ23 are assumed as they have the

same magnitudes on a plane that are with opposite signs, F1, F2, F3, F11, F22, F33,

F44, F55, F66 coefficients are obtained as follows.

F1 =
1

σ1t
− 1

σ1c
(2.12)

F2 =
1

σ2t
− 1

σ2c
(2.13)

F3 =
1

σ3t
− 1

σ3c
(2.14)

F4 = 0 (2.15)

F5 = 0 (2.16)

F6 = 0 (2.17)

F11 =
1

σ1tσ1c
(2.18)

F22 =
1

σ2tσ2c
(2.19)

F33 =
1

σ3tσ3c
(2.20)

F44 =
1

τ 223
(2.21)

F55 =
1

τ 231
(2.22)

F66 =
1

τ 212
(2.23)
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If the strengths in equibiaxial tension are assumed as σ1 = σ2 = σb12, σ1 = σ3 =

σb13 and σ2 = σ3 = σb23 then F12, F13 and F23 can be found as follows.

F12 =
1

2σ2
b12

[1− σb12(F1 + F2)− σ2
b12(F11 + F22)] (2.24)

F13 =
1

2σ2
b13

[1− σb12(F1 + F3)− σ2
b13(F11 + F33)] (2.25)

F23 =
1

2σ2
b23

[1− σb23(F2 + F3)− σ2
b23(F22 + F33)] (2.26)

2.3. Finite Element Method

The finite element method is a solution type of complex problems by separating

them into simpler sub-problems. Each one is solved in itself and thus the complete

solution is reached. This method has a significant place in various engineering sec-

tors today because of its advantages. It is used for simulating real-world problems

in computer systems. In this way, an enormous waste of time and money due to the

manufacturing of prototypes and doing experiments on them are avoided. To meet

the growing demand for different purposes, various finite element modeling software

applications have been developed and are widening their area of use every day.

There are several types of analyses that can be carried out by today’s finite

element modeling programs. In this study, structural analyses are used. They are

mainly separated into two categories as explicit and implicit. Explicit analyses are

dynamic and depending on time, and implicit analyses are static. Because the major

goal of this project is to model and optimize a wing spar against static loading, static

structural analysis is selected. It can be applied linearly or nonlinearly.

In linear analyses, models are handled as deformed in the only elastic region

by ignoring all nonlinearities like plasticity. This provides a remarkable time-saving.

Nevertheless, most of the real-world problems are not convenient for linear analyses

owing to permanent deformations after some critical load levels. An example graph of

a stress-strain relation before and after a failure can be seen in Figure 2.6.
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Figure 2.6. A stress-strain graph example with elastic and plastic regions [76].

As seen in the figure above, elastic modulus E is the ratio of the change of stress

to the change of strain in the elastic region. Only small, temporary deformations occur

there and the graph shows a linear change. However, after large deformations, a failure

occurs and the stress-strain ratio begins to change nonlinearly.

Every structure has a maximum load capacity before undergoing failure. It may

yield, fracture or buckle under too high loads according to its material and structure

properties, and the type of load applied. In this thesis, buckling is handled as a critical

stability failure mainly.

In the stability problems, structures show various displacements and reaction

forces via changing shape, amount of load and deflection. Unstable systems can be

classified into three categories that can be seen in Figure 2.7. λ, u and the points on

the curve represent the load, displacement and limit points as locations of the change

of the graph direction respectively.



19

Figure 2.7. Unstable systems under (a) load control (snap-through instability), (b)

displacement control (Snap-Back Instability) and (c) both load and displacement

control [77].

In the finite element method, if a load higher than the capacity of the structure

is applied using nonlinear analysis, the model cannot converge to a solution. Thus, the

best way to find the maximum buckling load capacity is to apply gradually increasing

loads and terminate the analysis at the point model cannot converge. The program

used in this thesis APDL has a very useful method to find the maximum load before

the first failure behavior that is called the Arc-Length method.

2.3.1. Arc-Length Method

In the Arc-Length method, the load is divided into small portions and applied by

being modified iteratively. The sizes of the load steps are controlled in each iteration

using the radius of a created arc. Then the model is solved for both the load and

displacement change. A schematic Arc-Length solution is shown in Figure 2.8.
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Figure 2.8. A schematic representation of the Arc-Length method iterations. u and Λ

represent a normalized displacement and the load increment parameter

respectively [77].

This method is used in APDL by defining the maximum and minimum load mul-

tipliers for optimum analysis time and result accuracy. Then, an optimization algo-

rithm including the Arc-Length buckling analysis code is developed. The optimization

method is discussed in the next section.

2.4. Optimization Methods

Optimization is generally defined as the minimization or maximization of a func-

tion that may have one or more linear or exponential parameters. There are vari-

ous optimization methods today. They can mainly be classified as gradient-based and

heuristic methods [78]. An example of gradient-based optimization process is presented

in Figure 2.9.
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Figure 2.9. A schematic representation of a gradient-based optimization procedure on

graph of a function [78].

Gradient-based optimization methods are quick. They prevent a great waste

of time and energy consumption. But they find the closest minimum and maximum

(extremum) points. This causes missing the global extremum point sometimes and is

not a desired situation for most of the engineering problems.

Figure 2.10. An example of a graph of a function with a global and local minimum

and maximum points [78].

Heuristic methods have been developed for problems like these. They are very

useful for finding the global optimum point without getting stuck in local extremum
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points. Therefore, heuristic methods are usually preferred for engineering optimization

studies. Three most common heuristic optimization techniques are:

• Genetic algorithms (GA)

• Simulated annealing (SA)

• Tabu search (TS)

2.4.1. Modified Simulated Annealing

A modified simulated annealing optimization algorithm [79] is selected for opti-

mization procedure because of its considerable advantages. The most important ones

can be sorted as follows:

• It can solve highly nonlinear models with lots of constraints.

• It can easily be implemented. A mathematical model is not required.

• It generally needs less time owing to reduced computational effort [80,81]

As can be understood from the name of the algorithm, its way of working is

similar to annealing process that uses temperature decrease like a hot metal waiting

for cooling. In the optimization procedure, high temperature decreases with improving

the design by probabilistically given various values to parameters. The global optimum

point is obtained with the minimum temperature reached.



23

3. DESIGN PARAMETERS OF THE SPAR BEAM

APDL, the programming language used in this study, allows users to design any

finite element model parametrically. The geometry is defined by assigning coordinates

to key points in optional coordinate systems (Cartesian, cylindrical, spherical and

toroidal). After that, lines, areas and volumes are generated for the desired model.

Modeling a wing spar with corrugated web depending on variables is described

in this chapter.

3.1. General Wing Spar Design

The primary goal of this project is to develop a design optimization methodology

for composite I-beam wing spars with a wavy corrugated web and examine their me-

chanical behaviors under aerodynamic loads. A baseline spar model is needed to start

optimization. For this purpose, Hürkuş Advanced Training Plane is considered to select

main dimensions of the spar beam and to determine the loads. Its approximate spar

dimensions are given by Turkish Aerospace Industries (TAI) in a presentation [82], and

other required properties are obtained from a brochure [83] published by TAI about

the aircraft.

In this study, a component level of design is considered. The full model of the

airplane or wing and also L-joints between the web and flanges are not modeled and

optimized because of huge computational burden. Only the spar bar is considered in

isolation of the other parts and the loads transmitted by the other parts are applied

to the spar model. The most complex part of the spar is its corrugated web. The caps

having straight shape can be designed using conventional methods or its design can

be optimized separately. Hence, optimum shape design for general spar dimensions

like flange width and thickness are determined by a parametric study and optimization

method is developed for the web shape. General spar beam design details are discussed

in this section firstly.
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Figure 3.1. Isometric view of a conventional I-beam wing spar with constantly

corrugated web.

The spar is considered as a tapered I-beam. Outer dimensions are defined by its

length, total height at the root and the end (height of the web and thicknesses of the

flanges together), top flange width and bottom flange widths of the fixed root (fuselage

side) and the free end (wing tip) separately and bottom height of the free end. They

can clearly be seen in Figure 3.2.

The wingspan of Hürkuş Advanced Training Plane is 10.91 meters [83]. There is

no detailed information about the entire parts of the plane. That’s why the length of

each spar by taking into account the width of the fuselage and its connection structures

to the wings is considered roughly 4.0 meters (Spar is determined as short as possible

to save time in finite element analysis). According to the information provided by

TAI, the spar heights for the trainer type aircraft are in the range of 40 mm - 300 mm,

widths of I-beam spar flanges should be higher than 70 mm. There is no hard upper

limit for the width of flanges but should be less than 200 mm because higher than 200

mm is out of the feasible zone. The dimensions defined within are given in Table 3.1



25

Shell elements are designed in 2D firstly. Then thicknesses are assigned them.

ANSYS gives three offset options for shells thicknesses that can be defined as top, mid

or bottom. If top or bottom is chosen for a shell element with a thickness, the whole

thickness is generated towards top or bottom. On the other hand, if the mid option is

selected, the total thickness is separated into two equal parts and generated towards

both sides of the shell. As can be seen in Figure 3.2 shell thickness offsets are defined

as top, bottom and mid for the top flange, the bottom flange, and the web respectively.

Figure 3.2. Various views of a spar beam. (a) Right view, (b) front view and (c) back

view.
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Table 3.1. General determined design dimensions.

Fixed Root [mm] Free End [mm]

Total Height 200 150

Top Flange Width 100 100

Bottom Flange Width 75 75

Bottom Height - 25

All the dimensions are defined parametrically and can be changed with ease by

the developed code.

3.2. Wing Spar Web Design

The corrugated web is considered as a wave with a given wavelength and am-

plitude and it is defined by a spline curve. There are some works about conventional

I-shaped spars with corrugated webs. However, their corrugation wave shape is con-

stant along the beam. An example one can be seen in Figure 3.1. In this study, a

methodology is developed to obtain the optimum shape for wing spar beam having a

corrugated web with varying wavelength and amplitude throughout the length. For

this reason, the shape of the wavy corrugated web is defined with four parameters that

are the initial wavelength w1, wavelength increment rate i, initial amplitude ai and

final amplitude af . They are schematically depicted in Figure 3.3.
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Figure 3.3. Spline curve of the web shape with all parameters.

Parameter p in Figure 3.3 is the period number. As can be seen from the image,

waveform of the web is changing depending on the increasing wavelength and decreas-

ing amplitude from the fixed root to free end with the growing number of periods.

Since the transverse shear force on cantilevered beams decreases towards the end un-

der distributed loads. The maximum and minimum limits of these parameters given

in Table 3.2 selected based on the flange widths.

Table 3.2. Maximum and minimum limits of the web shape parameters.

Minimum Maximum

Initial Wavelength w1 [mm] 20 100

Wavelength Increment Rate i 1.00 1.05

Initial Amplitude a1 [mm] 0 35

Final Amplitude af [mm] 0 35
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4. FINITE ELEMENT MODELING

In this study, a structural model is created for wing spars using a finite element

modeling program, ANSYS. Nonlinear buckling analyses are carried out by a code

developed in APDL for parametric design and analysis. After some trial and error

process, approximate limits for design are determined. Lastly, a design optimization

algorithm that searches the global optimum shape iteratively is integrated to the para-

metric model for minimization of mass under a given load as stated in the theoretical

background chapter.

4.1. Parts of the Spar Model

Spar beam has a high length-thickness ratio. Thus, it is designed as shell to

reduce the computational time for analysis. The model has four parts that are the top

flange, the bottom flange, the free end cover and the web. Figure 4.1 depicts them

separately.

Figure 4.1. Parts of the spar model. (A) Top flange, (B) web, (C) bottom flange and

(D) free end cover.
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After drawing of the parts, element types are selected, mesh sizes are determined,

materials and local coordinate systems (for flanges and web separately), contact and

boundary conditions are defined respectively. Finally, optimization procedure is applied

using buckling analysis. All steps will be discussed further in the next sections.

4.2. Selection of Element Types

Due to the high length-thickness ratio, the spar is meshed using shell elements.

APDL has multiple types of them for various problems, which are classified as axisymme-

tric-harmonic, explicit thin, general axisymmetric and general structural with 2, 3, 4

and 8 nodes for 2D and 3D spaces.

In this study, structural analysis is carried out for a fiber-reinforced composite

material. Hence, SHELL181 and SHELL281 are considered suitable for the model

since the elements support orthotropic material properties for structural analyses. The

main distinction between them is the number of nodes they have. SHELL181 is a

4-node structural shell element while the other is an 8-node one. SHELL181 is selected

for modelling because node number has a critical effect on analysis time in direct

proportion. Each analysis requires a considerable amount of time and optimization

algorithm needs lots of analyses to find the global optimum design. Besides, 8-node

shells are especially useful for highly complex shaped designs but it is unnecessary for

a spar beam.

Figure 4.2. Geometry, node locations, and the element coordinate system for

SHELL181 [84].
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The individual parts are separately meshed, and then bonded contacts are defined

between the surfaces of flanges and cover and edges of the web. There are many types of

contact and target elements but the contacts created in this model can only be defined

as node-to-surface ones as can be seen in Figure 4.3. There is merely one contact-target

couple supporting node-to-surface which is CONTA175-TARGE170. Therefore, they

are selected for creating the bonded contact.

Figure 4.3. Node-to-surface bonded contact elements.

4.3. Model Verification

Meshing is one of the most critical phases of finite element modelings. Types,

sizes and shapes of meshes significantly affect the accuracy of results and analysis time.

Thus, they should be carefully chosen and implemented to obtain the results accurately

in a reasonable time.

In this study, a finite element model with an isotropic material is developed similar

to the model used by Kiymaz et al. [85] initially. A mathematical model utilized by

the researchers is used for checking the accuracy of the results. They modelled various

beams made of steel having a yield strength of 235 MPa, elastic modulus 200 GPa

and Poisson’s ratio 0.3. These I-beams have sinusoidally corrugated web with different
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corrugation densities, heights and most of them have holes of various diameters in the

webs. Then, the researchers carried out three-point bending analyses to observe the

buckling behavior. The results obtained from the analyses were compared with the

values calculated using mathematical equations. The method for buckling strength

calculation of I-beams with wavy corrugated web is given in Appendix A. The results

are also verified by using a technical document [86] having tables of strength values for

variously sized beams with a corrugated web.

Figure 4.4. Two example of finite element models developed by Kiymaz et al. with

0.5 m and 1.0 m heights and web holes [85].

A model without a hole is selected among 15 models for comparison of the re-

sults. Then the optimum mesh sizes for maximum accuracy with minimum time are

determined by trying various ones. Design features of the selected model are shown in

Table 4.1.
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Table 4.1. Design features of the model selected for verification.

Web Height [mm] 500

Flange Width [mm] 200

End Cover Plate Width [mm] 200

Central Stiffener Width [mm] 200

Beam Length [m] 2

Web Thickness [mm] 2

Flange Thickness [mm] 12

End Cover Plate Thickness [mm] 12

Central Stiffener Thickness [mm] 20

Wavelength of the Web [mm] 150

Amplitude of the Web [mm] 50

As discussed in the theoretical background chapter, the Arc-Length method is

used for buckling analysis. In APDL, that method is activated for load controlled

(snap-through instability) nonlinear buckling analysis. This analysis applies the given

load to the structure by increasing it beginning from 0 step by step until the model

cannot converge to a solution or the load reaches 100% of the given load. The analysis

gives a load factor value between 0.0 and 1.0 as the result. The load the structure can

carry is found using the following equation.

Fc = Fa × LF (4.1)

where Fc and Fa are the load the structure can carry and the one applied to the

structure. LF is the load factor.

The Arc-Length method needs selection of values of the maximum and minimum

multipliers of the reference arc-length radius. They affect the accuracy of the results

and the analysis time. Default maximum and minimum multipliers are 25 and 0.001
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[87]. However, this configuration is not efficient in terms of accuracy and time. Hence,

several analyses are carried out using different values for the multipliers. Then, the

load factors and analysis times are compared.

A model (a sample meshed one is given in Figure 4.5), which is described below

this section in detail is selected for the analysis. Initially chosen values for the mesh

properties of the model are 50 mm × 50 mm for the flanges, the end cover plates

and the stiffener. 2.5 mm is selected for the horizontal dimension and 10 mm for

the vertical dimension of the web. For the design configuration given in Table 4.1,

the buckling strength is calculated as 135.7 kN with the help of MATLAB, using the

mathematical equations given in Appendix A. This is the ultimate sectional shear force

the web can carry before buckling. For three-point bending analyses, the load applied

to the middle of the beams exactly corresponds to the double of the sectional shear

force (for theoretical explanation see Appendix B). Therefore, the maximum allowable

load applied to the middle is obtained as 271.4 kN. Therefore, 300 kN is applied and

0.904515 load factor is calculated using Eq. 4.1 as the required one corresponding to

271.4 kN. The obtained values are presented in Table 4.2.

Table 4.2. Buckling analysis results for different ranges of the multiplier for the

arc-length radius.

Maximum

Multiplier

Minimum

Multiplier

Analysis

Time [min]

Load

Factor

1.0 0.001 44 0.914077

1.0 0.01 27 0.913582

1.0 0.1 19 0.914017

1.0 0.4 14 0.914528

1.0 0.5 17 0.915603

2.0 0.4 16 0.919769

10.0 0.4 21 0.913198
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As can be seen in the table, the change in the load factor is little. For this

reason, 1.0 and 0.4 are chosen as the maximum and minimum values for the multiplier

considering analysis times.

Analysis times are very long since the Arc-Length method uses lots of analyses

to find the critical load applying the given load by slowly increasing it. It needs a long

time to find the critical level while increasing from 0.0 to roughly 0.9. Because, there

will be hundreds of analyses to find an optimum shape. To avoid this problem, 500 kN

is applied to the model and corresponding to the load 271.4 kN, 0.542709 is calculated

as the critical load factor using Eq. 4.1 for the next analyses.

Square elements are generated in the flanges, the end cover plates, and the central

stiffeners; rectangular elements with different vertical and horizontal sizes are generated

in the web. The size of the elements in the web in the horizontal direction is smaller

than the vertical one, because of the particular corrugation shape, which is straight

throughout the height but curved along the beam. There is a critical constraint about

the size of square mesh in the flanges such that they should be divided in even numbers

through the width. For example, if the flange width is 150 mm, mesh size can be 75

mm to divide it into two or 37.5 mm to divide it into four so that nodes can exist at

the middle of the flanges throughout the length. Why it is needed will be discussed in

the section of boundary conditions in detail. A sample model meshed according to the

aforementioned criteria is shown in Figure 4.5.
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Figure 4.5. A sample meshed model with boundary and loading conditions.

As can be seen in Figure 4.5, for three-point bending analysis the load is applied at

A (at the center of the top flange) by distributing it to the nodes equally. Displacement

is restricted in x and y-directions in the nodes at B and in all directions at C. In this

way, rigid body motion is prevented. A buckled model is presented in Figure 4.6.
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Figure 4.6. A model with the buckled web from (a) isometric and (b) right views

with displacement values in meters in the x-direction.

Firstly, the size of the square elements in the caps and the horizontal length of

the elements in the web are chosen as 25 mm and 2.5 mm (the mesh with greater

than 3 mm horizontal size can not be generated in some densely curved shapes in

optimization process) respectively. Then, several analyses for various vertical mesh

sizes are carried out to observe the load factors and the analysis times (analysis times

may vary depending on the computing power of the computer used). The results for

different vertical sizes are given in Table 4.3.
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Table 4.3. Buckling analysis results for different vertical mesh sizes of the web.

Vertical

Size [mm]

Analysis

Time [min]

Load

Factor

8.0 16 0.525775

9.0 10 0.528192

10.0 8 0.552451

11.0 17 0.588721

12.0 18 0.620165

15.0 14 0.710074

As can be seen in Table 4.3, the results change slightly with a quickly increasing

analysis time when the vertical mesh size gets smaller than 10 mm. This is because the

analysis finds a critical load level causing mini local buckling at the corners between

the central stiffener and the flanges. Because there is no stiffener on the spar beam,

these results are ignored. 10 mm is selected as the vertical mesh size among the rest of

the mesh sizes for low analysis time with an acceptably close load factor to 0.542709 as

calculated before. After its selection, new analyses are carried out for various horizontal

sizes. Their results are shown in Table 4.4.
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Table 4.4. Buckling analysis results for various horizontal mesh sizes of the web.

Horizontal

Size [mm]

Analysis

Time [min]

Load

Factor

2.0 12 0.526863

2.1 11 0.528783

2.2 13 0.526828

2.3 13 0.551259

2.4 20 0.548747

2.5 8 0.555614

2.6 11 0.568833

2.7 9 0.583603

As seen in Table 4.4 the models horizontal mesh sizes less than 2.3 mm are

used in show less load factor values than the required one due to the same problem as

mentioned above. For this reason, these values are ignored. From the rest, models with

2.4 mm and 2.5 mm horizontal sizes give the closest load factor values. Nevertheless,

the model with 2.5 mm is selected due to its very low analysis time with acceptably

close load factor compared to the other model. Then, the results of four analyses for

different global mesh sizes are obtained for the determination of ideal global mesh size

for flanges. They can be seen in Table 4.5.
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Table 4.5. Buckling analysis results for different global mesh sizes of the flanges, end

cover plates and central stiffener.

Global

Size [mm]

Analysis

Time [min]

Load

Factor

20.0 11 0.616193

25.0 8 0.555615

33.3 8 0.528442

50.0 21 0.552578

As seen in Table 4.5, the load factor results for 20.0 mm and 33.3 mm mesh sizes

are very different because the program found buckling failure on other parts than the

web that do not exist in the spar model. Therefore, these results are ignored, too. The

models with 25.0 mm and 50.0 mm mesh sizes give almost the same load factor results

but the former one is selected for further analyses due to its much less analysis time

when compared to the other one. After determining the mesh size for flanges, new

analyses are carried out for the last sensitive mesh size specification. Results obtained

from analyses by using slightly changing horizontal mesh sizes of the web is presented

in Table 4.6.
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Table 4.6. Buckling analysis results for slightly changing horizontal mesh sizes of the

web.

Horizontal

Size [mm]

Analysis

Time [min]

Load

Factor

2.50 8 0.555615

2.51 9 0.554940

2.52 8 0.556371

2.53 10 0.555209

2.54 8 0.556985

2.55 6 0.557058

2.56 11 0.563832

2.57 10 0.563851

2.58 10 0.563837

2.59 11 0.568830

2.60 11 0.568833

All the load factor results given in Table 4.6 are very close to each other and the

required one 0.542709. Thus, the model with 2.55 mm horizontal mesh size is selected

because of its low analysis time when compared to the other ones. Consequently, the

selected mesh configuration and meshed part can be seen in Table 4.7 and Figure 4.7

respectively.

Table 4.7. Determined mesh sizes.

Flange Global Size [mm] 25

End Cover Plate Global Size [mm] 25

Central Stiffener Global Size [mm] 25

Web Vertical Size [mm] 10

Web Horizontal Size [mm] 2.55
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Figure 4.7. The final meshed model with a close view.

These mesh sizes are also examined on the spar beam made of orthotropic material

in the next section. The obtained results can be seen in Table 4.12.

4.4. Definition of Materials and Local Coordinate Systems

CFRP’s are commonly used in aircraft owing to their high strength-density ratio.

IM7 is one of the mostly used carbon-fiber in aerospace applications [88]. Moreover,

Kaddour et al. [89] gave reliable and detailed information related to IM7 reinforced

composite with 8552 matrix. For this reason, IM7/8552 CFRP is used with different

stacking sequences for the flanges, the cover and the web. Its material properties are

given in Table 4.8

Fibers and plies in reference [89] have 4.5 µm diameter and 0.125 mm thickness

respectively. Thus, ply thicknesses are taken as 0.125 mm in this thesis study. The

density of the whole material is 1600 kg/m3.
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Table 4.8. Mechanical properties of unidirectional IM7/8552 laminae [89].

Fibre Volume Fraction Vf [%] 60

Longitudinal Modulus E1 [GPa] 165

Transverse Modulus E2 [GPa] 9

Through-Thickness Modulus E3 [GPa] 9

In-Plane Shear Modulus G12 [GPa] 5.6

Transverse Shear Modulus G13 [GPa] 5.6

Through-Thickness Shear Modulus G23 [GPa] 2.8

Major Poisson’s Ratio ν12 0.34

Major Transverse Poisson’s Ratio ν13 0.34

Through-Thickness Poisson’s Ratio ν23 0.5

Longitudinal Tensile Strength σ1t [MPa] 2560

Longitudinal Compressive Strength σ1c [MPa] 1590

Transverse Tensile Strength σ2t [MPa] 73

Transverse Compressive Strength σ2c [MPa] 185

Through-Thickness Tensile Strength σ3t [MPa] 63

Through-Thickness Compressive Strength σ3c [MPa] 185

In-Plane Shear Strength τ12 [MPa] 90

Transverse Shear Strength τ13 [MPa] 90

Through-Thickness Shear Strength τ23 [MPa] 57

Longitudinal Tensile Failure Strain ε1t [%] 1.551

Longitudinal Compressive Failure Strain ε1c [%] 1.1

Transverse Tensile Failure Strain ε2t [%] 0.81

Transverse Compressive Failure Strain ε2c [%] 3.2

Through-Thickness Tensile Failure Strain ε3t [%] 0.7

Through-Thickness Compressive Failure Strain ε3c [%] 3.2

In-Plane Shear Failure Strain γu12 [%] 5

Transverse Shear Failure Strain γu13 [%] 5

Through-Thickness Shear Failure Strain γu23 [%] 2.1
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Local coordinate systems are created for each flange and the web for the definition

of fiber orientations. Because the free end cover plate is not a critical part, which is

just used to prevent flanges from rotating, the local coordinate system is not defined

and the bottom flange material properties are used for it.

New coordinate systems are defined such that x-axes are longitudinal along the

length while y-axes are transverse and z-axes are through-thickness of material. Be-

cause in APDL, fiber orientation system is defined as the rotation angle of fibers from

the x-axis (0◦ start axis) to the y-axis. An illustration about fiber orientation angle is

shown in Figure 4.8.

Figure 4.8. Schematic representation of a positive fiber orientation angle (θ) in

relation to the reference axes [89].

Local coordinate systems of the top flange, the web and the bottom flange are

numbered as 11, 12, and 13 respectively. Each one changes its location and direction

with respect to the shape of the general spar and web corrugation. Their locations for

a spar can be seen in Figure 4.9.



44

Figure 4.9. Display of the local coordinate systems at the fixed root from (a)

isometric, (b) right and (c) top views.

After calculating the required load to be applied as approximately 112 kN, which

will be discussed in the load and boundary conditions section in detail, some nonlin-

ear buckling and static pre-analyses are carried out for various configurations using

IM7/8552 to determine ply numbers and fiber orientations for each ply.

As mentioned before buckling analyses are carried out using the Arc-Length

method. According to failure examination, the load factor has to be greater than

0.6 and the maximum Tsai-Wu index has to be less than 1.0 as discussed in failure

criteria of laminated composites section.

Flanges and webs of beams under bending are predominantly exposed to normal

and shear stresses respectively. Therefore, laminate lay-ups of the flanges should consist

of mainly 0◦ plies and without 90◦ fibers. On the other hand, the stacking sequence of

the web is defined as ±45◦ [28].

Critical buckling load is evaluated higher than the required one 112 kN, as 120

kN. Since, after multiple analyses for randomly designed spar beams with isotropic

and orthotropic materials, it was found that the structures are able to carry a little
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higher loads after the material failure begins until reaching an ultimate load of the

buckling behavior. 200 kN is applied to the structure with 0.6 critical load factor to

be able to see how much load greater than 120 kN the structure can carry. Firstly,

nonlinear buckling analyses are carried out by using 200 kN load with completely

0◦ and [+45◦/0◦/ − 45◦/0◦]S flange laminate lay-ups for the different flange and web

thicknesses. The results are obtained for the average values of the design limits and

are presented in Table 4.9.

Table 4.9. Load factor results of the spar designed with dimensions as average of

design limits for various material properties.

Laminate Lay-Up

of the Flanges

Thickness [mm]
Load Factor

Flange Web

0◦

11

1 0.248212

1.5 0.546808

2 1.000000

12

1 0.248194

1.5 0.546663

2 1.000000

13

1 0.248205

1.5 0.546776

2 1.000000

[+45◦/0◦/− 45◦/0◦]S

11

1 0.248422

1.5 0.547375

2 0.948103

12

1 0.248560

1.5 0.547440

2 1.000000

13

1 0.248600

1.5 0.547441

2 0.997290
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1.5 mm web thickness seems to be a suitable one when weight and strength are

taken into consideration together. Because, the load factors are close enough to the

critical value 0.6, so, they can easily be designed stronger than the critical level by

optimizing the shape parameters. However, they also need to be examined in the most

densely curved shape corresponding to the limit values of the parameters for their

reaction to ensure suitability of the chosen value. Initially, buckling analyses under

200 kN are carried out. All load factor values are obtained above the critical level.

Then, the actual load to be carried 112 kN is applied to each one and the maximum

value of Tsai-Wu index is investigated. All the load factors obtained for 200 kN and

Tsai-Wu index values obtained for 112 kN are given in Table 4.10.

Table 4.10. Load factor results of the spar with the most densely curved web for

various material properties.

Laminate Lay-Up

of the Flanges

Thickness [mm]
Load Factor

Maximum

Tsai-Wu IndexFlange Web

0◦

11

1.5

0.646540 0.683673

12 0.745923 0.668620

13 0.845250 0.658367

[+45◦/0◦/− 45◦/0◦]S

11 0.747742 0.858528

12 0.797547 0.818036

13 1.000000 0.733000

As seen in Table 4.10, the part having 13 mm-thick flange with stacking sequence

[+45◦/0◦/ − 45◦/0◦]S and 1.5 mm-thick web is the strongest one. It can carry more

than 200 kN. Although its maximum Tsai-Wu index is somewhat greater than the part

completely made of 0◦ oriented FRP, it can be ignored thanks to very high buckling

strength of the other one. Finally decided configuration can be seen in Table 4.11 and

schematic representations of lay-ups for each ply group are presented in Figure 4.10.
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Table 4.11. Selected material configuration.

Flanges Web

Lay-Up [+45◦/0◦/− 45◦/0◦]S [+45◦/− 45◦]S

Number of Plies 104 12

Thickness [mm] 13 1.5

Figure 4.10. Stacking sequences of each ply group of (a) the flanges and (b) the web.
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Finally, the determined mesh sizes for the web that is the most critical part in this

study are checked again for the defined orthotropic material on the spar model shown

in Figure 6.4. Firstly, a buckling analysis is applied for 200 kN. Although, the vertical

and the horizontal mesh sizes are reduced by half the buckling result is obtained almost

the same. The ultimate load is calculated by multiplying the load factors with 200 kN

as roughly 110 kN. A relatively less load 105 kN is applied again the parts with smaller

mesh sizes. The resultant maximum Tsai-Wu indexes are also obtained acceptably

close compared to analysis times. The results are given in Table 4.12.

Table 4.12. Mesh verification for the spar beam made of orthotropic material.

Mesh Size

[mm × mm]

Analysis

Time [min]

Load

Factor

Maximum

Tsai-Wu Index

2.550 × 10.0 5 0.547441 0.817182

2.550 × 5.0 11 0.547622 0.911605

1.275 × 5.0 28 0.547690 0.921445

The maximum and minimum multiplier values and the mesh sizes are determined

for the analysis time as short as possible with an acceptably accurate model to examine

the developed method on an imaginary design. For an actual spar design much more

precise results can be acquired by using lower minimum multiplier values and finer

mesh sizes.

4.5. Boundary and Loading Conditions

The boundary and loading conditions are one of the other most critical parts of

finite element modeling. They must be selected and applied carefully to simulate the

physical conditions as much realistic as possible. The boundary and loading conditions

of the wing spar considered in this study are discussed in detail in this section.
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4.5.1. Boundary Conditions

As mentioned before, spars are the parts of aircraft wings fixed to the fuselage

and free at the other end. They are supported by ribs and wing skin against torsional

loads and local buckling failures on flanges. Hence, two boundary conditions are used

to simulate the wing spar. The first one is the prevention of displacement and rotation

in all directions at the wing root. And the second one is the restriction of movement

in the x-direction from the center nodes along the length.

To place the nodes at the center of the flanges, they are meshed by using line

division along the length. Flanges are divided into 160 along the length and 4 along

the width to obtain 25 mm × 25 mm element size. These parts are narrowing along

the spar, but it has minimal effect on varying mesh size.

The purpose of restraining movement in the transverse direction is to prevent the

global buckling failure due to torsional loads explained in failure behaviors of I-beam

wing spars section. No torsional load is applied in this study to the model, but the spar

can show a global buckling behavior like under torsion load due to very slight unequal

mass distribution of the web wave to both sides of the z-axis. The boundary condition

is applied to the nodes at the center of the flanges and free end cover. It can clearly

be seen in Figure 4.11.



50

Figure 4.11. Zero displacement boundary condition in the x-direction along the

length.

The fixed boundary condition at the root simulates the rigid joint between the

wing and fuselage. The fixed root is shown in Figure 4.12.

Figure 4.12. Fixed boundary condition in all directions for displacement and rotation

at the wing root.
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4.5.2. Loading Condition

Spars are the main parts resisting bending particularly due to lift loads in the

aeroplane wings as specified in I-beam wing spars section. For this reason, firstly the

lift load to be applied is calculated, then the load is distributed using a formulation

throughout the spar.

The load is calculated considering Hürkuş Advanced Training Plane as the model.

It has no payload on its wings and its engine is attached to the fuselage. Its maximum

takeoff weight (MTOW) is 3650 kg, and the positive and negative g limits are +7g/-

3.5g [83]. The evaluation process of the applied load based on the information is

presented below step by step. Maximum total weight of the aircraft is determined by

Eq. 4.2.

WA = MTOW × g (4.2)

The maximum weight of the aircraft is calculated as 37.8 kN. The aircraft are subjected

to some critical loads because of g-force effects, especially in sudden maneuvers. Thus,

they are designed to be able to carry them. In order to calculate these critical loads, g

limits are used. g limits that are positive and negative for different movements are the

load factors and they vary from one aircraft to another. They are provided by TAI as

mentioned above and the most critical one, +7 is used in this study for optimization.

The total critical lift load Ft can be formulated as in Eq. 4.3.

Ft = WA × gL × SF (4.3)

where gL is the g limit and SF is the safety factor, which is used as 1.5 [22]. By using

this information, the total load is obtained as 375 kN. In aircraft, approximately 80%

of the total lift load is carried by the wings and the rest is carried by the fuselage.

Therefore, the lift on a wing is roughly 40% of the total one. This load is carried by

several parts of the wing such as the main spar, other smaller spars, ribs or wing skin.
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Nevertheless, it is considered that about 75% of it is carried by the main spar [22].

This can simply be formulated as Eq. 4.4.

Fs = Ft × 0.4× 0.75 (4.4)

As a result, the lift load Fs to be applied to the spar is calculated as 112 kN. This load

is distributed along the length considering the spar is subjected to the load directly

from wing skin. The distribution is calculated by using a formula given in Eq. 4.5 [12]

and applied to the bottom in the upward direction.

F (zi) =
F0

L

√
L2 − z2i (4.5)

where F (zi) is the varying force depending on the node location, F0 is the force applied

to the first node, L is the spar length and zi is the changing location in the z-direction

of the nodes force applied.

The loads are applied on the nodes at center of the bottom flange. Since the

flange bends along the width when loads are applied to all nodes. The applied load

distribution can clearly be seen in Figure 4.13. Each force applied on nodes at the

center of the bottom flange can also be seen in Figure 4.14.

Figure 4.13. The lift load distribution from the right view.
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Figure 4.14. The loads applied on nodes at the center of the bottom flange from fixed

root side with isotropic view.

A buckled part example under bending is presented in Figure 4.15.

Figure 4.15. An example of a buckled deformed model from isometric view with

displacement values in meters in the x-direction.
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5. OPTIMIZATION PROCESS

The optimization is carried out for the corrugated web design. The web is de-

fined as a wavy shell area, swept through a straight line between two spline curves on

each flange. Design parameters of the web are the initial wavelength w1, wavelength

increment rate i, initial amplitude a1 and final amplitude af . According to defined

parameters and general spar dimensions, key points are assigned, and spline curves

are generated by passing through these key points. The total number of key points

change depending on the initial wavelength and wavelength increment rate. Because

they affect the number of wave periods for the unchanging spar length. Lines of a

coarse model is shown in Figure 5.1. There can easily be seen how to determine the

coordinates of the key points.

Figure 5.1. Patterns of key points on the spline curve from (a) left and (b) top views.
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5.1. Coordinates of the Key Points

Coordinates of the key points presented in Figure 5.1 are depending on several

values defined from the beginning according to wing dimensions the spar will be used

in. Their y coordinates are changing linearly through the flanges and formulated as

the equations below.

yT = hR,t − (tT + tB + A) (5.1)

yB = B (5.2)

where yT and yB are y coordinates of the key points on the top and bottom flanges

respectively. hR,t is the total height of the fixed root. tT and tB are thicknesses of the

top and bottom flanges. A and B are the changing distances of the top and bottom

flanges respectively from the fixed root in the y-direction. They can easily be found

using geometrical similarity rule as follows.

A = z × tan(α) (5.3)

B = z × tan(β) (5.4)

where z parameters are the z coordinates of the key points. α and β are the slope

angles of the top and bottom flanges respectively. Tangents are slopes of the flanges.

They are calculated by the equations given below.

tan(α) =
A0

L
(5.5)

tan(β) =
B0

L
(5.6)

where A0 and B0 are perpendicular distances in the y-direction. A0 is the one between

the upper edges of the free end and the fixed root, and B0 is the height of the free end
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in the y-direction. They can simply be found by using Eq. 5.7 and 5.8.

A0 = hR,t − (hE,t + hB) (5.7)

B0 = hB (5.8)

where hE,t is the total height of the free end and hB is the bottom height of the free

end as defined in the general spar design section. The coordinates of the key points in

x and z-directions are also needed to be calculated by some mathematical equations.

z coordinates of the key points are found by using sizes of wavelengths. Every wave

consists of periods. To design the model easily, the wave shape of the web is designed

with each period separately. The wavelength of each period is calculated as follows.

wp = w1 × ip−1 (5.9)

where w1 and i are the initial wavelength and wavelength increment rate as design

parameters respectively, and p represents the number of the current period. A key

point that has x and z coordinates as zero is assigned at the beginning of the wave to

draw the web shape. Then four key points are assigned for each period. The first key

point is in the positive x-region for the first amplitude, the second one is on the z-axis

at the center of the period, the third one is in the negative x-region for the second

amplitude, and the last one is on the z-axis at the end of the period. z coordinates

of the key points for each period with two subscripts, the first one means the number

of the current period and the second one means the number of the key point in that

period, can be calculated as follows respectively. For the initial period, p = 1;

z1,1 =
1

4
w1 (5.10)

z1,2 =
1

2
w1 (5.11)

z1,3 =
3

4
w1 (5.12)

z1,4 = w1 (5.13)
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For the other periods, p > 1;

zp,1 =

p−1∑
k=1

wk +
1

4
wp (5.14)

zp,2 =

p−1∑
k=1

wk +
1

2
wp (5.15)

zp,3 =

p−1∑
k=1

wk +
3

4
wp (5.16)

zp,4 =

p∑
k=1

wk (5.17)

In a period, the second and fourth key points are on the z-axis. Hence, their x coor-

dinates are zero. On the other hand, the first and third key points have opposite sign

values with the same magnitudes depending on the amplitude of the current period. x

coordinates of each key point can be calculated by using the equations below.

xp,1 = a1 − C (5.18)

xp,2 = 0 (5.19)

xp,3 = −xp,1 (5.20)

xp,4 = 0 (5.21)

where a1 represents the initial amplitude and C is the decrement of the amplitude. To

find the amplitude of each period, C can be calculated by using geometrical similarity

as follows.

C = z′ × tan(θ) (5.22)

where z′ is the perpendicular distance between the third key point of the first period

and the one of the current period in the z-direction. The tangent of the theta angle is

the slope of an imaginary straight line passing through the key points of the amplitudes
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as shown in Figure 5.1. They are found by the formula given below.

tan(θ) =
C0

z′′
(5.23)

z′ = zp,3 − z1,3 (5.24)

where C0 and z′′ are the perpendicular distances between the third key points of the

initial and the final periods in x and z-directions respectively. They can be calculated

by using the following equations.

C0 = a1 − af (5.25)

z′′ = zf,3 − z1,3 (5.26)

where the subscript f is the number of the final period. After definition of all the

equations for parametric design, the optimization is applied to the model.

5.2. Optimization Algorithm

To find an optimum design, a modified simulated annealing algorithm is selected

as discussed in the theoretical background chapter. This algorithm uses sets of config-

urations by changing the values of parameters randomly and carries out analyses. New

values of the parameters are calculated by using the equations given below.

w′1 = w1 + Sw1 (5.27)

i′ = i+ Si (5.28)

a′1 = a1 + Sa1 (5.29)

a′f = af + Saf (5.30)

where S values are the change amounts of the parameters that are determined randomly

with some constraints. Firstly, the value of each parameter has to be in its maximum

and minimum limits as a general one. In addition to that, there are two critical
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constraints as given below.

a1 <
w1

3.5
(5.31)

af ≤ a1 (5.32)

The constraint given in Eq. 5.31 is critical because some denser corrugations cannot be

meshed by APDL. Moreover, it may cause problems in the manufacturing process of the

spar with highly dense corrugation. The one given in Eq. 5.32 is also significant because

the corrugation density has to decrease towards to free end due to the decreasing

sectional shear force. Thus, the final amplitude always has to be equal to or less than

the initial amplitude. Within these constraints, all the S values are calculated by the

following equations.

Sw1 = sw1 × r (5.33)

Si = si × r (5.34)

Sa1 = sa1 × r (5.35)

Saf = saf × r (5.36)

where r values are the randomly chosen numbers between -1.0 and 1.0 and s values are

the step sizes. A certain amount of step size for each parameter is determined initially

and reduced during the optimization. Firstly, they are determined as sufficiently large

as possible to examine all the search domain in an ideal time. Initial values are defined

depending on the search domain as follows.

sw1,ini =
w1,max − w1,min

4
(5.37)

si,ini =
imax − imin

4
(5.38)

sa1,ini =
a1,max − a1,min

4
(5.39)

saf,ini =
af,max − af,min

4
(5.40)
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where the maximum and minimum values are presented in the parametric design chap-

ter for each parameter. The step sizes become rather small towards the end of the

optimization to find the optimum point more accurately. Step sizes are reduced by the

algorithm when the total number of improvements is less than 4% of the total trials in

a Markov chain as follows.

s′w1 = sw1 × cr (5.41)

s′i = si × cr (5.42)

s′a1 = sa1 × cr (5.43)

s′af = saf × cr (5.44)

where cr is the reduction coefficient. It is defined as 0.95 but can be selected closer to

1.0 for more accurate results. However, optimization time directly depends on it. If it

is much closer to 1.0, the time will be much longer.

After the formulation of parameters and their change, firstly the number of con-

figurations for each set is determined as follows.

N = 9n (5.45)

where n is the total number of variables. These sets of configurations are updated in

every iteration. After the generation of new configurations, objective function values

are calculated for each one by using the equation given below.

fobj =

m , LF ≥ 0.6

m+ P × (0.6− LF ) , LF < 0.6

(5.46)

where m is the mass, P is the penalty value and LF is the load factor. P is determined

as 5 considering the mass of the web. The value of the objective function fobj is checked
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for its acceptability as follows.

Aobj =

1 , fobj ≤ fwst

exp(
fwst−fobj

Tk
) , fobj > fwst

(5.47)

where fwst is the objective function value of a randomly chosen configuration among

the worst ones. A new configuration is accepted when it has an objective function value

lower than fwst. If not, the acceptance of the configuration is determined depending

on Aobj and a randomly created number R between 0.0 and 1.0. If Aobj is equal to or

greater than R the configuration is accepted. When a new configuration is accepted, it

is replaced with a randomly chosen worst one. The current configurations are ordered

again and all the objective function values are updated with each iteration.

Tk is a checking temperature parameter of the possibility of acceptance. It has

the maximum value T0 that is determined 105 before the optimization, at the beginning

and decreases during the optimization procedure. In this way, a worse configuration

has a higher chance to be accepted while the optimization is in its initial phases. Using

higher beginning temperatures provides a possibility to search the whole domain in

more detail. Created set configurations at a given temperature is called Markov chain.

The value of temperature decreases at the end of each Markov chain. The temperature

reduction can be calculated as follows.

Tk+1 = tk+1 × Tk (5.48)

where T values are the temperatures, t is the reduction factor. The subscripts show

the number of Markov chains. The temperature must decrease with an ideal speed.

If it decreases too quickly, the algorithm may miss the global optimum point and be

stuck in a local optimum configuration. On the other hand, if it decreases too slowly,

the algorithm will need enormous time and energy. Therefore, an ideal one should be

selected.
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The temperature reduction parameter t takes a value between tmax and tmin

according to the equations given below.

tk+1 =

tmax , RA,k < Rs,k

tmin , RA,k ≥ Rs,k

(5.49)

where tmax and tmin are the maximum and minimum reduction factors and defined as

0.9999 and 0.9 respectively. RA and Rs are ratios calculated using some data in the

kth Markov chain as follows.

RA,k =
CA,k

CN,k

(5.50)

Rs,k =
sw1,k

sw1,ini

+ 0.01 (5.51)

where CA and CN are the numbers of accepted and newly tried configurations in the

kth Markov chain respectively. sw1 and sw1,ini are the step sizes and they are found

by using Eq. 5.37 and 5.41. Temperature does not reduce only when two values, the

minimum and current length of Markov chains, LM,min and LM are equal to each other.

They are calculated using the equations below.

LM,min = 4n (5.52)

LM,k = NINT

[
LM,min

(
1 + 2× sw1,k

sw1,ini

)]
(5.53)

where NINT is an APDL command that is used to obtain the nearest integer of the

value in the paranthesis.

The SA algorithm used in this study has a different replacement procedure than

a conventional one. Initially, N number of configurations that are created before the

optimization process are ordered with respect to their cost values (Cost values are the

classified ones of objective functions as best, worse, worstbest and worst.). Then, a

number of worst configurations are selected from the set of configurations. This number
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is simply calculated as follows.

Nwst = n+ 1 (5.54)

A randomly selected configuration is replaced among Nwst number of worst ones when

a randomly created configuration is accepted. So, Nwst number of worst configurations

become new candidates to be replaced rather than one worst configuration. Iterations

continue till all the stopping criteria are satisfied. Two of them are determined as

follows.

fwst − fbest < δ1 (5.55)

Tk < δ2 (5.56)

where δ1 and δ2 are defined as 10−4 and 10−3. Their values can be changed and adapted

for another model to be optimized.

The flowchart of the optimization procedure can be seen in Appendix C.
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6. RESULTS AND DISCUSSION

Spar beam is the main part carrying a considerable amount of the total lift load.

The lift load causes bending on it. Due to the bending, a considerable amount of normal

stresses on the flanges and shear stress on the web occur as shown schematically in

Figure 2.1. To prevent the web from shear buckling, it can be designed thicker or

can be supported by vertical stiffeners along the length. But these designs add more

weight to the structure. The best way to prevent the shear failure with less weight

is to design the web as corrugated due to much higher stability than the flat one and

use carbon-fiber reinforced composite as material owing to its high strength to density

ratio. The material properties are discussed in Section 4.4 in detail.

The lift load is calculated for the main spar approximately using a training air-

plane as model. It is directly applied to the spar as a non-uniformly distributed trans-

verse load. Then the boundary conditions are applied and the optimization procedure

is carried out. The most complex part of the beam, wavy corrugated web is optimized

for minimum mass by defining the web wave depending on four parameters as initial

wavelength w1, wavelength increment rate i, initial amplitude a1 and final amplitude

af . More detailed information about the optimization procedure can be obtained from

the optimization process chapter.

In this chapter, the displacement and Tsai-Wu results obtained from the spar

beams with flat web and the optimally designed ones with the corrugated web are

presented. These results are discussed and some solution methods to the possible

problems are proposed.

6.1. Spar with Flat Web

At first, the load is applied to spars with the flat web to find the required flat

web thickness. A spar with 4.0 mm-thick web carried the total load at the limit. It is

shown in Figure 6.1
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Figure 6.1. The spar with flat web.

Its displacement and Tsai-Wu results with buckled shape are presented in Figure

6.2 and 6.3 respectively.
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Figure 6.2. The distribution of the displacement in meters in the x-direction of the

buckled spar with 4 mm-thick web from (a) isometric and (b) right views.
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Figure 6.3. The distribution of Tsai-Wu index of the buckled spar with 4 mm-thick

flat web from (a) isometric and (b) right views.

After obtaining the results for the spar with the flat web, the optimized spars

with corrugated one are analyzed and their results are presented in the next sections.

6.2. Spars with Corrugated Web

The optimization procedure is applied to the model with a 1.5 mm-thick web.

Besides, a spar beam with 1.0 mm-thick web is optimized to see whether it can sup-

port the load without buckling. The optimum designs of the spar beams for both of

thicknesses are examined in this chapter.
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To start the optimization process, a model is selected firstly for both spars. Their

design parameter values are calculated as follows.

w1,ini =
w1,max + w1,min

2
(6.1)

iini =
imax + imin

2
(6.2)

a1,ini =
a1,max + a1,min

2
(6.3)

af,ini =
af,max + af,min

2
(6.4)

The model with these design parameter values is shown in Figure 6.4.

Figure 6.4. Initial design of the spar.

6.2.1. Model with 1.5 mm Web Thickness

After applying the optimization procedure, the optimally shaped spar beam with

1.5 mm web thickness is obtained with the web wave parameter values given in Table

6.1.
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Table 6.1. Wave parameter values of the spar with 1.5 mm-thick corrugated web.

Initial Wavelength w1 [mm] 70.641

Wavelength Increment Rate i 1.006

Initial Amplitude a1 [mm] 3.990

Final Amplitude af [mm] 0.423

The model with these parameter values is presented in Figure 6.5.

Figure 6.5. The last design of the spar with 1.5 mm-thick corrugated web with a close

view from the fixed side.

The actual load 112 kN is applied to the optimized beam to examine its failure

behavior. The displacement in the x-direction and Tsai-Wu index distributions of the

buckled beam under 112 kN are given in Figure 6.6 and 6.7 respectively.
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Figure 6.6. The distribution of the displacement in meters in the x-direction of the

spar with 1.5 mm-thick web under 112 kN from (a) isometric and (b) right views with

closer one.
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Figure 6.7. The distribution of Tsai-Wu index of the spar with 1.5 mm-thick web

under 112 kN from (a) isometric and (b) right views with closer one.

As can be seen in Figure 6.6 and Figure 6.7, buckling and material failure started

at 112 kN before the critical buckling load of 120 kN. However, the load factor of this

part is obtained as 0.64630789. Being greater than 0.6 shows that this spar can carry

the load a little bit more until a considerably high deformation occurs or high Tsai-Wu

index value is reached. This is probably because of the high stability of the corrugated

structure.
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As be clearly seen from Figure 6.7, the most critical region of the beam in terms

of the material failure is the upper and fixed root side of the web. It is due to the

compression effect in that area. But this situation does not create a problem since

there will be used L-joints between the flanges and the web to attach them together

in real life usage. Those elements provide great support to the parts from the edges.

Furthermore, the fixed side of the beam can be strengthened by extra several plies.

6.2.2. Model with 1.0 mm Web Thickness

After optimizing the spar with 1.5 mm-thick web, the same optimization pro-

cedure is also applied to the spar beam with 1.0 mm web thickness. The optimally

shaped spar web has the dimensions given in Table 6.2.

Table 6.2. Wave parameter values of the spar with 1.0 mm-thick corrugated web.

Initial Wavelength w1 [mm] 36.731

Wavelength Increment Rate i 1.013

Initial Amplitude a1 [mm] 5.448

Final Amplitude af [mm] 0.263

As seen in Table 6.2 and Figure 6.8 this spar has more dense corrugation at the

fixed root side than the former one.



73

Figure 6.8. The last design of the spar with 1.0 mm-thick corrugated web with a close

view from the fixed side.

The actual load 112 kN is applied to the optimized beam to examine its failure

behavior. The displacement in the x-direction and Tsai-Wu index distributions of the

buckled spar under 112 kN are given in Figure 6.9 and 6.10 respectively.
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Figure 6.9. The distribution of the displacement in meters in the x-direction of the

spar with 1.0 mm-thick web under 112 kN from (a) isometric and (b) right views with

closer one.
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Figure 6.10. The distribution of Tsai-Wu index of the spar with 1.0 mm-thick web

under 112 kN from (a) isometric and (b) right views with closer one.

As can be seen in Figure 6.9 and Figure 6.10, buckling and material failure started

at 112 kN before the critical buckling load 120 kN. However, it can carry the load a

little bit more until a large deformation occurs or high Tsai-Wu index value is reached.

This is presumably because of the high stability of the wavy corrugated structure.

Likewise the spar with 1.5 mm-thick corrugated web, as seen in Figure 6.10 the

most critical region for the material failure is top and fixed root side of the web of this
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spar, too. Nevertheless, it will not be a problem thanks to the support of the joint

elements and the fixed side can also be supported with extra plies as mentioned in the

previous section.

6.3. Comparison of the Models

To compare the masses of these alternative designs, spar beams with various web

shapes and thicknesses are given in Table 6.3 with their total and web masses.

Table 6.3. Total and web masses of the spar beams used in this thesis.

Spar

Number

Web Mass

[kg]

Total Mass

[kg]

4.0 mm-thick

Flat Web
1 3.814 18.568

1.5 mm-thick Web

with Constant Corrugation
2 2.267 17.021

1.5 mm-thick Web

with Optimized Corrugation
3 1.444 16.198

1.0 mm-thick Web

with Optimized Corrugation
4 0.994 15.743

The spar having web with constant corrugation is added to Table 6.3 to see

the difference between the spars with web having constant and varying wave shapes

through the length. w1,ini and a1,ini values given in Eq. 6.1 and 6.3 are used for its

constant wave shape parameters.

Considering number two the conventional spar and number three the optimized

one with the methodology developed in this study, the mass of the web is decreased

by 36.3%. Additionally, a spar with 1.0 mm web thickness could also be designed

according to this method and 56.2% mass reduction is obtained with this new design.



77

These two optimized spar webs especially provide a great reduction in mass when

compared with the beam having a flat web. The mass of the web of number three spar

is 62.1% and the other one is 73.9% less than the mass of the flat web. The mass

change can more easily be seen from Figure 6.11.

Figure 6.11. Comparison of the web masses of the four spars.

On the other hand, if the spars are compared with their total masses by adding

the flanges and free end cover the differences in terms of the mass is relatively less

because the thicknesses of the flanges are much greater than the web. The change

graph is shown in Figure 6.12.
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Figure 6.12. The change of total mass of the four spars.

The effect of the web mass change can be increased by designing the flanges and

the cover thinner by changing their fiber orientation or material type. But this is out

of the scope of this thesis.
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7. CONCLUSION

In this study, a parametric model using codes in APDL and a design optimization

methodology are developed for composite I-beam wing spars with a wavy corrugated

web to minimize the mass by optimizing the shape of its web. The mechanical behavior

of the beam under aerodynamic loading conditions is determined using finite element

method.

The web is designed as a wave with varying wavelength and amplitude through

the beam. According to the assigned values for these web parameters and the general

spar dimensions, the key points are defined, and spline curves are generated by passing

through these key points. Since the total number of key points changes depending on

the assigned values for initial wavelength and wavelength increment rate, the key point

numbers are defined as variable.

Because the main failure mode for thin webs is shear buckling, nonlinear buckling

analyses are carried out by increasing loads step by step using the Arc-Length method.

The mesh sizes are firstly determined by comparing the results obtained from a model

with a wavy corrugated web made of an isotropic material under three-point bending

with the ones obtained from the mathematical formulations and experimental data

given in various technical documents. The accuracy of the results is found to be within

acceptable limits. Then, the selected mesh sizes are adapted to the composite wing

spar model.

The lift as the most dominant load carried by spars is applied to the model.

It is analytically calculated considering the maximum g limits and a generally used

safety factor. The calculated load is distributed non-uniformly along the length using

a formula in the literature. Number of plies and fiber orientations are determined via

a parametric study.

At last, the design optimization procedure is applied to two spar models with
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different web thicknesses using a modified simulated annealing method that searches

directly the globally optimal design rather than the local ones. The developed code

found a design having denser web corrugation for the spar with a thinner web than the

other one. Both of the optimally designed spar webs showed a significant decrease in

mass. These models are also examined for the static failure using Tsai-Wu criterion.

In this way, the most critical regions on the optimized spar beams in terms of the

material failure are determined as the upper and fixed root side of the web due to the

compression effect in that area. Solutions are discussed on these cases.

Consequently, the developed methodology works properly for the goal. Thanks

to this methodology, any I-beam wing spar model with a wavy corrugated web can be

easily designed with minimum mass for desired dimensions and loads.

7.1. Future Work Recommendations

The model is developed for the same thickness along the beam. However, the

thicknesses can be adjusted as variable through the free end to improve the design. A

new algorithm can be developed by adding the thickness parameters for the optimiza-

tion.

In addition to the buckling constraint, deflection at the free end can also be given

as another constraint for the optimization procedure. Nevertheless, the dominant factor

on deflection is flanges, not the web.



81

REFERENCES

1. The World Bank, Air transport, passengers carried , https://data.worldbank.

org/indicator/IS.AIR.PSGR?end=2015&start=1970&view=chart, accessed at

December 2018.

2. Kumar, T. S. V., A. W. Basha, M. Pavithra and V. Srilekha, “Static & Dynamic

Analysis of a Typical Aircraft Wing Structure Using MSC Nastran”, International

Journal of Research in Aeronautical and Mechanical Engineering , Vol. 3, pp. 1–12,

2015.

3. Quora Inc., Aviation: What is Wing Spar, Ribs? , 2018, https://www.quora.com/

Aviation-What-is-Wing-Spar-Ribs, accessed at December 2018.

4. Sohaib, M., Parameterized Automated Generic Model for Aircraft Wing Struc-

tural Design and Mesh Generation for Finite Element Analysis , Master Thesis,
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APPENDIX A: SHEAR STRENGTH OF WAVY

CORRUGATED WEBS

The calculation of the transverse force capacity of I-beams with wavy corrugated

web is given by EN 1993-1-5 Annex D [90] in detail. The most general equation of the

transverse shear load bearing capacity VRd is defined as follows.

VRd = χc
fyw

γM1

√
3
hwtw (A.1)

where χc is the smaller of the local buckling of plates χc,l and the buckling of the web

χc,g reduction values. fyw is the yield strength of the material the web is made of, hw

and tw are the height and the thickness of the web, respectively, and γM1 is the global

safety factor. The reduction factor for the local buckling of plates χc,l is calculated

using the equation given below.

χc,l =
1.15

0.9 + λc,l
≤ 1.0 (A.2)

As seen in Eq. A.2, if χc,l is greater than 1.0, it is defined as 1.0. It can only get value

as 1.0 or less. λc,l is formulated as follows.

λc,l =

√
fy

τcr,l
√

3
(A.3)

where fy is the yield strength of the material of the plates and τcr,l is the critical stress

value for local buckling that can be calculated using the following equation.

τcr,l =

(
5.34 +

as

hwtw

)
π2E

12(1− ν2)

(
tw
s

)2

(A.4)

where a is the height of the projected amplitude, s is the half of the length of the

corrugation wave, E and ν are the elastic modulus and Poisson’s ratio of the material

of the web.
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Figure A.1. Critical web dimensions [86].

s is determined by some developed formula in different resources that are given

below.

s =

∫ w

0

√1 +

[
πa

w
sin

(
2πx

w

)]2 dx (A.5)

Eq. A.5 is given in a technical document SINBEAM [86]. On the other hand, the

unfolded length s is also more simply formulated by Timoshenko and Woinowsky-

Krieger [91] as given below.

s = w

(
1 +

π2a2

16w2

)
(A.6)

As seen in Figure A.1 w is the half of the wavelength.

The reduction factor for the buckling of the web χc,g is calculated by the equation

below.

χc,g =
1.5

0.5 + λ2c,g
≤ 1.0 (A.7)

Likewise χc,l, χc,g is also considered as 1.0 while it is greater than 1. For this



95

reason, it can only be 1.0 or less, too. λc,g is found using the equation given below.

λc,g =

√
fyw

τcr,g
√

3
(A.8)

where the transverse buckling stress τcr,g is found by the equation below.

τcr,g =
32.4

twh2w

4
√
DxD3

z (A.9)

where Dx and Dz are the rigidities. To calculate the reduction factor for the buckling

of the web, it is considered as an orthotropic plate having them as rigidity values. They

are calculated for Dx << Dz condition as follows.

Dx =
Et3w

12(1− ν2)
w

s
(A.10)

Dz =
EIz
w

(A.11)

where Iz is the second moment of inertia of a profiled section w. It is formulated in

two ways in two different resources. The first resource is SINBEAM [86] document

as mentioned before. According to that Iz can be calculated using the equation given

below.

Iz =

∫ w

0

(
1

12
t3w + tw

[
a

2
sin

(
2πx

w

)]2)
dx (A.12)

Except Eq. A.12, Timoshenko and Woinowsky-Krieger [91] formulated Iz as

follows.

Iz =
a2tw

8

[
1− 0.81

1 + 2.5
(

a
4w

)2
]

(A.13)
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APPENDIX B: BEAMS UNDER THREE-POINT

BENDING

As in this study, beams under three-point bending with a concentrated load at

their center have the same shear reaction forces along the beam in absolute value and

linearly increasing moments towards the center. To be understood clearly, a general

schema is given below.

Figure B.1. Shear-moment diagram of beams under three-point bending with force

applied from the center [92].
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P is the concentrated load applied from the center of the beam, R1 and R2 values

are the reaction forces of the supports in the y-direction, ` is the length of the beam,

and V and M are the sectional shear force and moment, respectively.

Total forces and moments in all directions have to be 0 in static systems. Other-

wise, the systems begin to move. By using this rule, sectional shear forces and moments

can be calculated.

Initially, reaction forces of the supports are calculated as follows.

∑
Fy = 0 (B.1)

R1 +R2 − P = 0 (B.2)

R1 +R2 = P (B.3)

If the second support point is handled as reference point for moment calculations, the

following equations are obtained.

∑
Mz = 0 (B.4)

R1`− P
`

2
= 0 (B.5)

R1` = P
`

2
(B.6)

R1 =
P

2
(B.7)

If R1 is replaced with P/2 in Eq. B.3, R2 can be found as follows.

P

2
+R2 = P (B.8)

R2 =
P

2
(B.9)

As a result, reaction forces are found equal to each other due to their equal

distances to the applied load. Therefore, they are handled as R after now.
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To find the sectional shear force and moment, the beam is considered as cut

through the height from the region I as presented in Figure B.1 firstly. The new part

is given in the figure below.

Figure B.2. Sectional shear force and moment of the beam after being cut from the

region I.

As seen in Figure B.2, there are two forces R and VI , and a moment MI acting

on the beam. VI and MI are the sectional shear force and moment in the first region

of the beam. Calculation of their values is given step by step below.

∑
Fy = 0 (B.10)

R− VI = 0 (B.11)

VI = R (B.12)

VI =
P

2
(B.13)

If the location of the reaction force R is considered as the reference point, reaction

moment can be calculated as follows.

∑
Mz = 0 (B.14)

VIx−MI = 0 (B.15)

MI = VIx (B.16)

MI =
P

2
x (B.17)
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The other side of the beam is also examined by the second cut. The beam cut

by the second point is shown in Figure B.3

Figure B.3. Sectional shear force and moment of the beam after being cut from the

region II.

As can be seen in Figure B.3, there are three forces R, P and VII , and a moment

MII acting on the beam. VII and MII are the sectional shear force and moment in the

second region of the beam. They are calculated by the equations given below.

∑
Fy = 0 (B.18)

R− P − VII = 0 (B.19)

VII = R− P (B.20)

VII =
P

2
− P (B.21)

VII = −P
2

(B.22)

VII is found as P/2 with a negative sign because its direction is opposite of

the acting concentrated load P . Lastly, the reaction moment in the second region is



100

calculated by considering the location of the reaction force R as the reference point.

∑
Mz = 0 (B.23)

P
`

2
+ VIIx−MII = 0 (B.24)

MII = P
`

2
+ VIIx (B.25)

MII = P
`

2
− P

2
x (B.26)

MII =
P

2
(`− x) (B.27)
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APPENDIX C: FLOWCHART OF THE OPTIMIZATION

ALGORITHM

Figure C.1. Flowchart of the optimization algorithm [93].
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APPENDIX D: MANUFACTURING

Fischer et al. [94] developed an automated production technique for carbon-fiber

reinforced composite I-beams with a corrugated web. It can be adapted to manufacture

the optimized wing spar.

Figure D.1. All manufacturing phases of a carbon-fiber reinforced composite I-beam

with corrugated web [94].

As seen in Figure D.1, the production begins with cutting the carbon-fiber fabric.

After this process, plies of thermoplastic prepregs are stacked and locally joined by

using the ultrasonic spot welding. Then, a vacuum consolidation process is applied by

stacking the materials as in Figure D.2.
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Figure D.2. Vacuum bag setup for consolidation process [94].

Before the last stage assembly, the press forming is performed as a combination

of more than one substep as presented in Figure D.3.

Figure D.3. Press forming process diagram [94].

At last, all the parts including the joint elements made of carbon fiber-reinforced

polyetherimide, can be seen in Figure D.4, are assembled using edge links.
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Figure D.4. Components of the beam [94].

The final product is shown in Figure D.5

Figure D.5. Final product [94].

The press mold can be adapted to the optimized beam web shape and edge links

can also easily be manufactured using 3D printing methods.




