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ABSTRACT

OPTIMUM DESIGN OF STIFFENED COMPOSITE
CYLINDRICAL SHELLS WITH A CUTOUT FOR
MAXIMUM BUCKLING STRENGTH

Thin-walled composite cylindrical shells have low resistance to buckling and
out-of-plane deformations. Introducing a cutout to these structures reduces the load-
carrying capacity of such structures drastically. One effective way to recover the load-
carrying capacity lost due to a hole is to place stiffeners around the hole. The objective
of this study is to find an optimum reinforcement for thin-walled composite cylindrical
shells with a cutout to maximize the buckling load and minimize the additional mass

due to the reinforcement.

A finite element model of a thin-walled composite cylinder with an opening is
created and validated using the results of an experimental and numerical study. Then
hat-type stiffeners are applied around the cutout. A parametric study is carried out
to determine the effect of each stiffener parameter on the buckling strength of the
structure and to choose suitable upper and lower limits for optimization. A modified
simulated annealing algorithm is used to find the global optimum reinforcement design.
Both the FEA and the optimizations are carried out using ANSYS Parametric Design
Language (APDL). In the first step , the optimum designs are obtained for stiffeners
placed in the axial direction at certain distances to the center of the cutout by varying
only the cross-sectional parameters and the length of the stiffener. In the second stage,
the distance to the hole center is also optimized. Finally, using the optimum stiffener
dimensions optimization is performed by placing additional small stiffeners on the top
and bottom of the cutout. Significant improvements are achieved by using optimum
stiffener designs. The most effective parameters are found to be the stiffener length,

stiffener distance to the center of the opening and stiffener height.



OZET

INCE CIDARLI KOMPOZIT SILINDIRIK DELIKLI
KABUK YAPILARIN AZAMI BURKULMA DIRENCI
ICIN OPTIMUM TASARIMI

Ince cidarl silindirik kabuk yapilarin dizlem digi egilme ve burkulma dayanimlar:
digiiktiir. Bu yapilara agilan delikler, yapimin yiik tasima kapasitesini onemli Olc¢iide
azaltirlar. Delik dolayisiyla azalan yiik tasima kapasitesini artirmanin etkili bir yolu,
delik etrafina berkiticiler uygulamaktir. Bu ¢aligmanin amaci, burkulma ytikiinii azami
ve agirlik artisini asgari diizeyde tutacak optimum berkiticiyle giiglendirme konfigiiras-

yonunu bulmaktir.

Deneysel ve numerik bir ¢alismanin sonuglar1 kullanilarak ince cidarli kompozit
silindirik delikli kabuk bir yapinin sonlu elemanlar modeli olugturuldu ve bu ¢aligmanin
sonuclariyla kiyaslanarak dogrulandi. Akabinde delik etrafina sapka seklinde berkiti-
ciler uygulandi. Berkitici parametrelerinin her birinin yapinin burkulma direncine etk-
isini incelemek ve optimizasyon ic¢in kullanilacak parametrelerin alt ve tist limitlerini
belirlemek adina parametrik galigmalar yapildi. En iyi konfigiirasyonu bulmak igin
yenilenmis tavlama benzesimi algoritmasi kullanildi. Hem sonlu eleman analizleri,
hem de eniyileme galigmalar1 ANSYS Parametrik Tasarim Dili (APDL) kullanilarak
gerceklestirildi. Tlk adimda, yalnizca berkiticilerin kesit alani parametreleri ve berkitici
uzunlugu degistirilmek suretiyle delige belli bir uzaklikta olan ve silindirin eksenel yoni
boyunca uzanan berkiticiler icin optimum tasarim bulundu. Ikinci adimda delige olan
mesafe degistirilererek bir bagka eniyileme daha yapildi. Son olarak, bulunan optimum
berkitici boyutlar: kullanilarak ekstra kiiciik berkiticiler deligin iistiine ve altina uygu-
lanarak eniyileme gergeklegtirildi. Optimum berkitici tasarimlar: kullanilarak onemli
olgiide iyilesmeler elde edildi. En etkili berkitici parametrelerinin berkitici uzunlugu,

berkiticinin delige mesafesi ve bertkici ytiksekligi oldugu sonucuna ulasildi.
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1. INTRODUCTION

1.1. Background

A material composed of two or more different materials is defined as a composite
material. There are two kinds of constituent materials namely matrix and reinforce-
ment. Reinforcement can be fibers or whiskers made of materials such as glass and
carbon. Although these reinforcement elements have high strength in the direction of
their length, they cannot form a structural element that can withstand loads without
proper binding elements. Matrix, also called as binder, is the constituent that holds the
reinforcement elements together, supporting them, protecting them and transmitting

loads between reinforcement elements [1].

Thanks to different material properties of its constituent materials, a composite
material can have properties tailored as desired such that its mechanical properties
can be much better than its constituents. Depending on the composition, composite
materials can have enhanced properties such as better durability, high resistance against
corrosion, high strength-to-weight ratio. That is why composite materials always draw

the attention of engineers.

Fiber reinforced composites (FRC), a type of composite material that has fibers
as reinforcing element, are widely used for applications where weight is an important
aspect. Therefore, high strength-to-weight ratio and increased rigidity of these materi-
als make them highly favored against conventional isotropic materials such as plastics
or metals. A few exemplary applications are racing car bodies, aerospace structures,
aircraft wings and fuselages. Use of FRC for these applications is generally in the form

of thin-walled curved panels or thin-walled cylindrical shells.

Considering the fuselage of an aircraft or a spacecraft, which is in the form of a

thin-walled cylindrical shell, one or multiple cutouts are necessary for doors, windows,



or visual inspection openings. These cutouts lead to discontinuity in the stress and
strain field of the structure under loading [2]. Introduction of openings not only leads
to stress concentration that risks the safety of the structure against static loads, but
also decreased buckling resistance of the structure, which is a crucial factor for fuselage
applications since they work under high thrust loads. Additionally, these thin-walled
cylindrical structures have low resistance for out-of-plane deformations. Consequently,
cutouts lead to a significant reduction in the load-carrying capacity of a thin-walled

cylindrical shell.

To remedy reduced load-carrying capacity of a thin-walled cylindrical shell under
compression due to introduced cutout, the bending stiffness of the structure around
the cutout must be increased. Rather than thickening the whole structure, use of stiff-
eners is a commonly used option that can increase the bending stiffness of the structure
significantly without a significant increase in weight or material cost. Considering that
thin-walled composite cylindrical shell structures are used for weight critical appli-
cations that also require high strength, achieving an optimum reinforcement design
that provides high enough strength-to-weight ratio becomes a critical aspect for the

structural design.

1.2. Literature Review

Buckling phenomenon has been the subject of concern for thin-walled structures
in the literature. The fact that introducing an opening to a structure may lead to ele-
vated stresses and also unstable deformation, decreasing the strength of the structure,
has also been known for years. Tennyson [3] studied the effects of the presence of a
circular cutout on the buckling performance of circular cylindrical shells. The results
showed that increase in the ratio of radii of cutout to cylinder lead to a sudden reduc-
tion in the critical buckling load at a specific point beyond which further increase of
the ratio had a decreased effect until the buckling load converged to a value. Jullien
and Limam [4] conducted experimental and numerical studies on thin-walled cylindri-

cal shells to investigate the effect of size, number and location of the cutout. They also



indicated that as the cutout size decreased, the effect of initial imperfection became
dominant on determining the buckling load. Han et al. [5] also conducted an experi-
mental and numerical investigation on the buckling response of thin walled cylindrical
shells with cutout. In addition to examining the influence of cutout parameters on the
buckling performance, an empirical equation was derived from the experimental results
using the least-square method. Jacob et al. [6] compared the buckling performance of
steel cylindrical shells with and without cutout based on experimental data. They also

obtained a relation between the buckling load and the cutout size and location.

As thin-walled composite cylindrical shells proved to be a much better alter-
native to metallic materials because of their higher strength-to-weight ratio, buckling
performance of such materials has drawn the attention of researchers. A numerical and
experimental study conducted by Hilburger et al. [7] considered the buckling response
of composite cylindrical shells with rectangular cutouts. The results indicated that the
size of the cutout, material properties used and the amount of out-of-plane imperfec-
tions could considerably affect the buckling performance of the cylinder. Tafreshi [§]
carried out a numerical investigation of the buckling response of composite shells with
cutouts and found that increase in the size of the cutout lead to a decrease in the
buckling load of the cylinder. Arbelo et al. [9] studied the effect of the presence of a
cutout on a thin-walled composite cylindrical shell. The relation between the size of
a cutout and the buckling load was investigated. Furthermore, the influence of initial
imperfections on the buckling load of the structure was also investigated using single
perturbation load approach (SPLA), a method of creating an imperfection on a struc-
ture via applying a lateral load to the location of the imperfection. The relationship
between the amount of lateral load applied and the corresponding buckling load of the
structure was determined. Celebi et al. [10] also investigated the effect of cutout size on
the buckling load of a composite circular cylindrical shell with symmetric cutouts. The
importance of the effect of initial imperfections on the buckling load of cylindrical shells
was emphasized by comparing the results with and without taking into account the
imperfections of the structure. Hiithne et al. [11] also studied the buckling of thin-walled
cylindrical shells using SPLA and showed that this method had a great potential to de-



sign against buckling without being too conservative. Taheri-Behrooz et al. [12] studied
the impact of initial imperfections on the buckling behavior of composite cylindrical
shells with cutout both experimentally and numerically. Linear buckling mode-shape
imperfections (LBMI) and single perturbation load approach (SPLA) were both used to
create imperfections. It was found that the presence of a cutout had much more dom-
inant effect than the imperfections on the buckling load. Gangadhar and Kumar [13]
numerically analyzed thin-walled composite cylindrical shells with and without cutouts
to identify the effect of presence of a cutout. LBMI method along with a nonlinear
analysis was used. They also compared the buckling resistance of the cylinder with

rectangular and circular cutouts, and found that the latter had higher buckling load.

Some researchers investigated the effect of reinforcements on the strength of thin-
walled composite cylindrical shells. Senocak et al. [14] studied the effect of hydrostatic
compression and axial pressure on symmetrically laminated composite circular cylindri-
cal shells with and without cutouts. Using minimum energy principle, they proposed an
optimum edge reinforcement for a cutout. Hilburger et al. [15] conducted a parametric
study to determine the effects of a patch reinforcement around the cutout in a cylin-
drical shell. They found that changing the thickness, the size and the ply orientations
of the reinforcement patch could reduce the out-of-plane deformations and stresses
around the cutout and postpone buckling of the structure. Jingxuan et al. [16] con-
ducted a parametric study on the geometric parameters of cutout grid reinforcements
on an advanced grid stiffened composite cylindrical shell with a cutout. The study
proved that proper selection of parameters could prevent the local buckling around
the cutout, leading to an increase in the global buckling load of the cylinder. Shi et
al. [2] investigated the buckling and post-buckling responses of axially loaded advanced
grid-stiffened carbon-fiber composite cylindrical shells with reinforced circular and rect-
angular cutouts. Skin reinforcements and grid reinforcements were compared. Different
grid configurations were analyzed. Comparing the strength of cylindrical shells with
rectangular and circular cutouts, the former showed lower strength against buckling
due to increased stress concentrations with rectangular cutout. Also comparing skin

reinforcements and grid reinforcements around the cutout, the latter showed better



performance against buckling when a configuration that can transmit loads smoothly
was found. Hao et al. [17] proposed curvilinear stiffener reinforcement around a cutout
on a thin-walled aluminum cylindrical shell with a rectangular cutout. A hybrid bilevel
optimization method was used to obtain the optimum design for metallic stiffeners. Al-
hajahmad et al. [18] proposed a method for the optimal design of fuselage panels against
buckling. To increase the buckling strength, the fiber paths for each ply of the lami-
nate were used as optimization parameters. It was shown that use of non-conventional
laminate lay-up with changing fiber orientations within each ply rather than the use of
conventional laminates with straight fibers can lead to increased buckling resistance.
Albazzan et al. [19] also proposed a variable stiffness layout for a thin-walled composite
cylindrical shell. An optimization study maximizing the buckling load was conducted
using lamination parameters. Shojaee et al. [20] compared the buckling performance
under the application of planar, longitudinal and ring type stiffeners around the circu-
lar cutout on a composite laminate. Longitudinal stiffeners were found to be the most

promising amongst all three in terms of resistance against buckling.

1.3. Problem Statement

The structure considered in this study is a thin-walled composite cylindrical shell
with a circular cutout in the middle under axial compression loading as shown in
Figure 1.1. The primary failure mode of thin-walled structures with cutouts is buckling
under axial loadings. The objective of this study is to find optimal reinforcement for the
structure to maximize the critical buckling load and to recover the buckling resistance
lost due to the introduction of the cutout. The dimensions of the unreinforced cylinder

are taken directly from the experimental study conducted by Taheri-Behrooz et al. [12].



Figure 1.1. Initial unreinforced geometry.
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Figure 1.2. Types of stiffener cross-sections.

Different types of stiffener cross-sections are shown in Figure 1.2. Although the
most dominant deformation in buckling is in the form of bending, twisting deformations

can also be observed. Since closed-section stiffeners like hat-type stiffeners can have



higher torsional stiffness than open-section types such as T-stiffeners or I-stiffeners [1],
hat type stiffeners are chosen as the reinforcement method. Figure 1.3 shows the
geometric parameters of the stiffeners used where [; denotes the stiffener length, w.
denotes the width of the cap, wy denotes the width of the flange measured along the
circumference of the cylinder, hy denotes the height of the stiffener, the angle between

the flange and cap sections of the stiffener is denoted by 6.

Figure 1.3. Geometric parameters of the stiffener.

Among different configurations, two symmetric stiffeners symmetrically placed at
both sides of the cutout are considered. The general stiffener configuration can be seen
in Figure 1.4 where d,; denotes the distance between the center of the circular cutout

and the axis of one stiffener measured along the circumference of the cylinder.



Figure 1.4. Stiffener application around the cutout.

As shown earlier, there is a significant amount of research on the effect of cutouts
on a thin-walled panel or a thin-walled cylindrical shell. There are also several studies
in the literature about the optimum design of thin-walled cylindrical shell structures,
both metallic and composite. However, there is no study in the literature about opti-
mum design of a thin-walled composite circular cylindrical shell with a cutout using a
stochastic global optimization method. In contrast to the conventional aerospace ap-
plications where longitudinal and circumferential stringers are mostly used, local patch

applications and non-conventional stiffener layouts are also proposed in this study.



2. THEORY

2.1. Buckling

Buckling is a phenomenon that occurs when a structure under compressive load
starts to lose its stability, therefore having an increased deformation. Slender or thin-
walled structures are most prone to buckling. After reaching a critical load, the struc-

ture loses its ability to withstand more load and loses its stability, undergoing a large

"

Shallow arch

lateral deformation.
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D
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Figure 2.1. Snap-through buckling[21].

There are two main types of buckling: bifurcation buckling and limit load buck-
ling [21]. The deformation path changes suddenly after reaching the critical buck-
ling load in the case of bifurcation buckling. To find the bifurcation buckling load,
eigenvalue linear buckling analysis is used. In limit load buckling, no bifurcation is
observed; rather, the structure has almost linear load-deflection curve up to the limit
buckling load, after which the slope of the load-deflection curve reaches to zero and
then decreases. This behavior is called snap-through buckling (See Figure 2.1). Similar
behavior can also be observed for shell structures (See Figure 2.2). In order to capture
the structural behavior beyond the limit point for these limit load buckling scenarios,

nonlinear analyses are required.
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Figure 2.2. Finite-disturbance shell buckling[21].

2.2. Buckling of Thin-Walled Cylindrical Shells

It is of vital importance to check the structural stability of thin-walled cylindrical
structures, as they generally work under compressive forces, which might lead to the
buckling of the structure. In order to formulate the axial buckling of a circular cylinder
under uniform axial compression, principal of virtual work is used [22]. The material
of the cylinder is taken to be linearly elastic isotropic homogeneous. A cylinder in a

symmetrically buckled form is shown in Figure 2.3.

Figure 2.3. A symmetrically buckled cylinder.
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The principal of virtual work can be basically expressed as
oU = oW (2.1)

where dU denotes the variation of strain energy during a virtual displacement in the
structure and W denotes the variation of virtual work done by the external forces.
Therefore, Equation (2.1) states that the total work done on the structure must be

zero under virtual displacements.

Assuming that the cylinder is simply supported at both ends, the deflection in

the radial direction of the cylinder can be expressed as

mmx

L

w = —cpsin (2.2)

where w denotes the radial displacement of the cylinder, ¢y denotes a constant, m
denotes the number of half sine waves in the axial direction of the cylinder, z denotes

the axial direction of the cylinder, and L denotes the length of the cylinder.

Modeling the cylinder at the midsurface of the cylinder thickness, the axial mid-

surface strain prior to buckling is expressed as

N

€31 = ——
! Bt

(2.3)

where N denotes the axial force, I denotes the modulus of elasticity of the material,
and t denotes the wall thickness of the cylinder. Using Hooke’s Law, the axial and

circumferential strains at the midsurface after buckling can be calculated as
Eon + 200 = (1 —1V%)en (2.4)

where £,5 and gy denotes the axial and circumferential strains at the midsurface after
buckling, and denotes the Poisson’s ratio. The circumferential strain can be expressed

in terms of the axial strain before buckling as

mnx
L

o = —ven + Lsin (2.5)
a
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Inserting Equations (2.3) and (2.5) into Equation (2.4),

Coy . Mmmx
Epg2 = Ex1 — V— SIN
a

(2.6)

Using Equations (2.2)-(2.6) with the assumption of axisymmetric deformation,

the work done by the external force N is

L L 2
5W:27TN{1//0 Cp sin m;r:r da:—i—g/o (co% sin m;m:) da:}. (2.7)

The virtual work expressed in Equation( 2.7) is composed of work due to the

change in axial strain (e, — £,1) and work due to the bending, related deformation of

which is expressed in Equation (2.2).

The strain energy due to bending is calculated as

Uy, = %D//A {(xw +xy)* = 2(1 = ) (Xaxy — xiy)} dx dy (2.8)

where x, and x, represents the change of curvature of the cylinder midsurface in z and
y directions respectively, x,, denotes the twist of the cylinder midsurface, A denotes
the surface area of the cylinder, and D denotes the flexural rigidity of the cylinder.
The flexural rigidity is expressed as

B

D= 5oy (2.9)

The strain energy due to membrane deformations is calculated as

U, = % / /A {(51,0 o)’ = 2(1 =) <gl,05y0 _ }f,gyo> } dedy  (2.10)

where €, and €,y denotes the unit deformation of the midsurface in 2 and y directions,

Yayo denotes the unit shear of the midsurface.
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As the shell deformations are composed of membrane and bending deformations,

the strain energy of a deformed shell can be found as
U=Uy,+ Up. (2.11)

Combining Equations (2.8)-(2.11), the change in strain energy is calculated as

L L ) 2
5U:27TN{1//0 cosmm;m d:c+g/0 (co%smm;rﬂ d:r}. (2.12)

The criterion for buckling is that Equation (2.1) must be satisfied. Equating the

right-hand-side of Equation (2.7) and Equation (2.12),

TEtL  wam?D  mam?NY ,
. 2.1

( 2a | 2L? oL >C° (2.13)

Since Equation (2.13) must be valid for all ¢q values, the corresponding load N,

can be expressed as

(2.14)

m2mr? EtL?
1.2 Da2m?n? )’

Considering that the mode shape corresponding to the lowest critical load is a
half-sine wave, the minimum buckling load of the cylinder is calculated as

Et?
N, = ———— (2.15)

ay/3(1 —12)
Therefore, applying an axial load over the load given by Equation (2.14)-(2.15)
to a thin-walled cylindrical shell structure results in an unstable equilibrium point for
the structure. Any perturbation from this unstable equilibrium point would lead to a

larger deformation without any possible turn-back to the equilibrium.
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2.3. Newton-Raphson Method vs Arc-Length Method for Buckling

Analyses

Thanks to its ability to model and analyze complex solid mechanics problems,
finite element method is widely used not only in the industry but also in the academia

as well. The primary equation of finite element method for static analyses is as follows:
[K{U} = {F"} (2.16)

where [K] stands for the stiffness matrix, {U} stands for the displacement vector,
and {F'} stands for the vector of the externally applied loads. By discretizing the
geometry with meshing, the stiffness matrix is obtained first. Considering that either
force or displacement is known for a given degree of freedom as boundary condition,
substituting the known values in the force and displacement vectors, the number of
unknowns become equal to the number of equations. Then the finite element equations

are solved to find all the unknown displacements and the unknown reaction forces.

When large displacements occur, nonlinear effects are included in the model via
updating the stiffness matrix at each time increment. This makes the stiffness ma-
trix [K] dependent on the unknown displacement values. Therefore, Equation (2.16)
becomes a nonlinear equation. Newton-Raphson method is used to solve nonlinear
equations using an iterative procedure. Applying Newton-Raphson method, the non-

linear equations of finite element model can be rearranged as follows [23]:

(K l{ At = {F7} = {F7} (2.17)

{uis1} = {ui}t + {Au}. (2.18)

where [K;] denotes Jacobian matrix for time step n, {F;} denotes restoring load
vector for internal loads for time step n, {F*} denotes applied load vector at time step
n, i subscript stands for the current equilibrium iteration [24]. Steps for each iteration

are as follows:
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(i) Assumption of the initial displacement vector {ug},

(ii) Compute the new Jacobian matrix and restoring load vector from configuration,

)
)
(iii) Calculate {u;} using Equation (2.17),
(iv) Use Equation (2.18) to find {u;41},

)

(v) Repeat steps (ii) to (iv) until convergence is achieved.

Let’s take the following equation into consideration:
(K] {Aw} = MF} = {F"} (2.19)

where A\ denotes the load incrementation coefficient. This coefficient helps to control
the load incrementation in the Newton-Raphson method. At each increment, A is

changed by an amount of A\ so that
Ait1 = N + AN (2.20)

Given A\, the equations are solved iteratively to find Awu. Convergence is
achieved when {Aw;} is smaller than some reference amount. Figure 2.4 shows the

full Newton-Raphson procedure applied on a load-displacement curve.

F2 i

Figure 2.4. Newton-Raphson procedure on load-displacement curve [24].
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Figure 2.5. Newton-Raphson method vs actual behavior beyond a critical point.

Newton-Raphson method assures convergence in fewer iterations than other iter-
ative methods for solving large non-linear equations. That’s why it is widely used in all
commercial FEA packages. However, the method fails to converge after the point where
Jacobian matrix (tangent stiffness matrix) becomes zero, which is the case for critical
points such as critical buckling load [25]. Therefore, Newton-Raphson method cannot

capture load-displacement behavior beyond critical points correctly (See Figure 2.5).

There is quite an efficient method for solving complex systems of non-linear equa-
tions in the case of existence of a critical point called arc-length method. Originally
developed by Eduard Riks [26], arc-length method uses changes not only in displace-
ment (like in Newton-Raphson method) but also the changes in loading. Thus, A is
also an unknown in addition to Au. Representing internal and external forces as Fij,;

and Fi,, the equilibrium requires the satisfaction of following equation [25]:
Bt (g + Au) — (Ag + AN) Flgy = 0. (2.21)

In order to satisfy Equation (2.21), additional correction factors for change in

displacement and load increments are introduced as du and d\. In addition to the
equilibrium equation, the arc-length equation

16
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(Au+ 0u)” - (Au+ du) + * (AN + IN)(FL, - Fext) = Al? (2.22)

ext

must also be satisfied where the two parameters 1) and Al are defined by the user. Since
the method requires the modification of the equations to be solved due to incremental
corrections in Au and A\, this method was found inefficient and inapplicable for finite

element applications.

Michael Anthony Crisfield showed an alternative method of solving non-linear
equations having critical points [27]. This method is based on not changing the step
size or arc-length radius, when equilibrium iterations are being held [24]. The first step

is to add load factor to Equation (2.17) as follows:
(KT Auy = MF?} — {177} (2.23)
Then applying incremental form at the substep number n,
KI{Au) — ANF) = (- AHFS — (B} = (R} (2.24)

where {R;} denotes the residual force vector in equilibrium iteration i, A, denotes
the proportional load factor in nth substep, A; denotes the proportional load factor in
ith equilibrium iteration. Using Equation (2.24), the incremental displacement can be

divided into two parts as follows:

{Au;} = ANAu Y + {AulT}, (2.25)
{Auf} = [K]]H{F, (2.26)
{Au{"} = —[K]]{R:}. (2.27)

In order to finish an iteration when using arc-length method, Equations (2.26)
and (2.27) are solved and then the incremental displacement can be stated as in Equa-
tion (2.25). Then a vector connecting the former equilibrium point and the iteration i

is defined as

t; = {Aup} + B (2.28)
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where {Au,} denotes the displacement incrementation at the current time step and /3
denotes the scale vector for unit displacements. For the iteration i+ 1, the same vector

is defined as follows:

Crisfield’s method originally assumes that the norm of the vector connecting a
former equilibrium point to the current iteration point is unchanged in an equilibrium

iteration [27], which indicates that
il = il (2.30)

Combining Equations (2.28), (2.29) and (2.30), the following quadratic formula

is obtained:
a(AN)? +b(AN) +c=0 (2.31)

where the coefficients a, b, and ¢ can be expressed as follows:

a =3+ {Au}T{Aul}, (2.32)
b= 2(F\ + {Au ) {Aul} + {Aal)T{Aul}), (233
¢ = 2{Au, Y {Aul'} + {Au T} { AulT}. (2.34)

Using Equations (2.31)-(2.34), the quadratic equation gives two distinct real
roots. The angle 6 between the vector of the last converged substep and the vec-
tor in the current iteration of the current substep can be found using the following

equation:

(tiy1)" - (tn—l).

0) =
cos (0) = = Tt

(2.35)

Since there are two distinct roots, there are also two vectors that define the
direction the equilibrium path will follow. The vector having an angle having cosine

closest to 1 is selected as the route using Equation (2.35).

Accordingly, the displacement vectors are updated as follows:
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Air1 = An + i + AN, (2.37)

To start the method, an initial arc length radius is defined. Taking the initial
stiffness matrix as [K{ ], external load applied as I'%, and an initial load factor as Mg,

the initial arc-length radius can be calculated using Equations (2.38)-(2.40) as follows:

lo = \/{uo}T{UO} + 2N (2.38)
ug = [Kq | H{AoF} (2.39)
B= —“{w}A}()T{W} (2.40)

ANSYS APDL software lets the user define a minimum and maximum limit for

arc-length radius to obtain a balance between solver time and efficiency.

The arc-length method is represented in Figure 2.6.

A
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Figure 2.6. Arc-length method representation [24].
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2.4. Optimization

Optimization is the method of maximizing or minimizing an output or a qual-
ity by finding the best combination of controllable parameters taking the predefined
constraints into consideration. Mathematically, it corresponds to maximization or
minimization of a function via finding the best combination of the variables of this

function.

Structural optimization process has three main elements: Design variables, ob-

jective function, and constraints.

Design variables that define the design of the system can be discrete or continuous.
Continuous design variables can take any value between their limiting values, whereas
discrete design variables can only take values from a predefined list of values. Radius
of a hole, ply angle of a laminated composite structure, or elastic modulus of a material
used are examples for design variables. The design variables that are changed during

an optimization process are called optimization variables.

Objective function, a metric showing how effective a structure is, must be directly
or indirectly affected via the design variables [28]. The determination of the function
to be minimized /maximized is of vital importance for a better design of the structure.
There may be single or multiple objectives to be achieved. In case there are multiple ob-
jectives, either the most important one is selected and used in the optimization process
or several of them are chosen and combined by assigning weighting coefficients depend-
ing on their importance for the optimum design. The more important an objective is,

the larger its weighting coefficient should be.

Constraints can basically be defined as the restrictions on the design. In order for
a constraint to have a meaning for the design of a structure, it has to be a function of one
or several design variables [28]. Constraints can impose upper or lower limits on design

variables, in that case they are called inequality constraints, whereas some constraints
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require an equation to be satisfied, in that they are called equality constraints.

Minimize f(x)

such that gj(z) > 0,7 =1,...,a (2.41)

is the generic formulation of the optimization problem where z denotes the vector
of design variables, f(z) denotes the objective function, g;(x) denotes the inequality

constraints, hy(x) denotes equality constraints.

A point in the design space is called local minimum if the objective function value
is smaller than other points in the close neighborhood. On the other hand, in design
optimization a point in the design space should be smaller than all other points in
the design space, that means it should be global optimum assuming that the objective

function is not unbounded.

Although being very capable, the classical optimization methods may sometimes
converge to a local optimal solution rather than a global one due to having a monotonic
decrease in the objective function value and therefore being dependent on the starting
point [29]. This is where global optimization methods, which are mostly stochastic as
opposed to the deterministic classical methods, succeed to achieve a global optimum
point. In contrast with the classical methods that depend on the starting point, global
search algorithms can seek for the global solution within a very broad range of design
space thanks to the random generation of points present in the algorithms. Simulated

annealing algorithm is one of those stochastic methods.
2.5. Simulated Annealing
First proposed by Kirkpatric et al. [30], the main principle of simulated anneal-

ing(SA) is hinged on the physical process of annealing. In material science, annealing

is a type of heat treatment where the material is heated up to a specific temperature,
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maintained there for some time, and then slowly cooled down to reach a ground state of
matter where a highly ordered low energy perfect crystalline is achieved [29]. To reach
the lowest-energy state possible, the system is allowed to reach thermal equilibrium at
each temperature, where the probability of the system having an energy E is calculated

as

P(Byy = F) = — -ea:p( - kiys) (2.42)
where P denotes the probability function, Z(T,s) denotes a normalization factor, E,,
denotes the energy of the system, kg denotes the Boltzmann constant and 75,, denotes
the temperature of the system. What Equation (2.42) indicates is that, as the tem-
perature is decreased, the average behavior of the system gets to a lower energy state.
However, reduction of temperature does not guarantee lowest energy state. Another
important aspect is how slow the cooling process takes place. If the cooling is rapid,
then crystals with defects may form, which prevents the process to achieve the perfect
crystal. Combining all these aspects of physical annealing process and using it as an
analogy, Kirkpatric et al. [30] stated that this principal stated in Equation (2.42) can

be used to find the global optimum point in an optimization process.

Simulated annealing algorithm starts with a random initial point in the design
space, and a predefined initial temperature. Then a new random configuration is
generated. Metropolis acceptance criterion is used for a newly created configuration
in simulated annealing. According to Metropolis et al. [31], if the newly generated
configuration is better than the current configuration, then this new configuration
is accepted as the current configuration. If not, then the acceptance of the newly
generated point depends on it’s an exponential function. The acceptance criterion

used can be shown as

fn_fc 3
eap{—tle} S, > .
Paccept = ’ (243)

1 itf,, < f.
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where Pt denotes the acceptance probability of a newly generated point, f, de-
notes the objective function value of the newly generated point, f. denotes the current
point, and T" denotes the temperature parameter used. It is important to state that
the temperature 7' in Equation (2.43) does not represent any physical temperature.
It is rather a control parameter of the optimization process such that the probability
of accepting a worse configuration is reduced as the temperature is reduced. A high
enough initial value for the temperature parameter is desired, since high temperature
in the beginning means that not only better configurations but also worse configura-
tions are accepted with a high probability. This prevents the algorithm to move in a

monotonic way, thereby covering much larger area in the design space.

The number of iterations at each temperature is predefined. So, after defining the
initial point at the initial temperature, a specific number of iterations are performed
until the temperature is reduced. So, there are two chains in the algorithm. The one
occurring at constant temperature is called Markov chain and it has a Markov chain
counter parameter that is reset in the beginning of each Markov chain. Once a Markov
chain is finished, the temperature is reduced, and the next Markov chain starts. All
the successive Markov chains represent the outer loop each with a lower value of the

temperature parameter.

As the successive outer loops proceed and the temperature parameter decreases,
the acceptance of a worse condition becomes less probable so that only improvements
will be accepted right before a predefined stopping criterion is met. This criterion might
be a limiting temperature limit at the lower bound, minimum number of improvements

in a Markov chain, a minimum limit for the objective function, etc.

Ali et al. [32] has proposed an alternative algorithm called Direct Simulated An-
nealing (DSA). Unlike SA where the newly generated configuration is compared with
the current generation only, DSA adds an additional dimension to the algorithm by
adding a memory array A to it. DSA algorithm starts with the generation of N initial

points such that N > n where N represents the size of the subset of the points stored,
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and n represents the number of optimization variables. The best, the worst and all the
points lying in between are stored in the memory. The progress of optimization can
easily be controlled and monitored using this set of current configurations. When gen-
erating a new configuration, a random configuration in the near vicinity of a randomly
chosen current configuration in array A is created. Acceptance criterion is changed
such that the objective function of the newly generated configuration is compared with

that of the worst configuration such that

fn_fw 1
exp{—L2eyiff, > f,
Paccept = { g (244)

1 iff, < fu

where f,, denotes the objective function value of the worst configuration. If the newly
generated configuration is accepted, the newly generated configuration and its objective
function value replaces those of the worst point in the array A. This way, loss of good
current solutions at high temperatures in SA is prevented. However, this replacement
method has a drawback: Since a new point is created using the current configurations,
replacing the worst value leads to the fact that the configurations other than the worst

one reach to local minimums, especially when the temperature value is large.

To deal with this drawback of DSA, Akbulut and Sonmez [33] proposed a new
variant of simulated annealing called Modified Simulated Annecaling(MSA). In MSA,
the main difference is the replacement method, such that, the new configuration that is
accepted replaces a random configuration in a set of worst configurations. The specific
use in the study by Akbulut and Sonmez [33] suggests that the accepted point to
replace a configuration randomly chosen from the (n + 1) worst configurations, with

the total population of the memory of the algorithm being 9(n + 1).
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3. METHODOLOGY

The first step of the study is to create a reliable finite element model (FEM)
that can simulate the buckling behavior of a thin-walled composite cylinder with a
cutout. The experimental work done by Taheri-Behrooz et al. [12] is used both as
design starting point and a validation method for the finite element model to be used

throughout the study.

A mesh convergence study is conducted to help find a mesh size fine enough to
have accurate solutions, but also not too fine to avoid long computational times. The
first and second critical buckling loads found by eigenvalue linear buckling analyses are

used separately to find a suitable mesh.

Following the mesh convergence study, three different configurations of thin-
walled composite cylinders, each with a cutout having a different diameter, used by
Taheri-Behrooz et al. [12], are analyzed using the chosen mesh size. Nonlinear analysis
using arc-length method with full Newton-Raphson method is used for model valida-
tion study. Prior to nonlinear analysis, an eigenvalue linear buckling analysis is done
first. Then the displacement results of the first buckling mode found are scaled such
that the maximum amount of initial geometric imperfection on the cylinder is 18% of
the wall thickness of the cylinder, which is the reference value used by Taheri-Behrooz
et al. [12]. Then the initial geometry of the cylinder is updated using these scaled
displacement results, which therefore create an initial imperfection around the cutout
to initiate the buckling of the structure. The next step is the nonlinear analysis of the

structure. Numerical results are compared with the experimental findings.

Upon validating the model, a stiffener configuration is introduced to reinforce
the cylinder. A parametric study is conducted to examine the effect of each design
variable of the stiffener configuration to the buckling load of the cylinder. According

to the results of parametric study, the optimization variables are chosen among the
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design variables. Additionally, the upper and lower limits to be used throughout the

optimization process for each optimization variable are specified.

Since the aim of this study is to find the optimum design to achieve maximum
buckling strength without significant increase in the weight of the reinforced cylinder,
the objective function to be minimized is formulated accordingly. Optimization is
conducted using Modified Simulated Annealing. The upper and the lower limits found
in the parametric study are used in the optimization procedure. If any of the parameters
begins to converge to the upper or lower bound during optimization, the bounds of the

parameter are extended.

Ansys Mechanical APDL (Ansys Parametric Design Language), a software made
by Ansys is used for Finite Element Analysis of structures throughout the study. Model
creation, meshing, eigenvalue linear buckling analyses, and nonlinear analyses are done
in APDL. Thanks to the parametric nature and the ability to use logic operators such
as logical loops, if conditions, and random number generations, parametric studies
and the optimization studies are all conducted in Ansys Mechanical APDL (Ansys

Parametric Design Language).
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4. FE MODEL AND ITS VALIDATION

4.1. Model Details

A finite element model for the buckling behavior of composite cylinders with a
cutout is developed. In order to validate the model, the results of the experimental
and numerical study conducted by Taheri-Behrooz et al. [12] are used. The accuracy
of the results is checked by carrying out a mesh convergence of the same specimen.
The geometric parameters of the cylinder specimens used in that study are given in
Figure 4.1 and Table 4.1. Since the reinforcement to be optimized are applied on
cylinders with cutout, only B50, B80 and B100 cylinder specimens are used in mesh

convergence study.

Table 4.1. Geometrical parameters of the samples[12].

Cutout diameter | Length Total Inner Number of
Code . .
(mm) (mm) thickness(mm) | diameter(mm) samples
A3 - 700%2 21+0.1 378 4
B50 50%1 700+ 2 21+0.1 378 2
B80 80+1 700+ 2 2.1+0.1 378 2
B100 100+1 700+ 2 2.1+0.1 378 2

All the cylinders were fabricated using E-glass fiber and Araldite LY 556 epoxy
resin hardened with HY917 hardener. The cylinders were fabricated using a stacking
sequence of [90/23/-23/-90], where the thickness of each layer was 0.55 mm and the
total thickness of the cylinder is 2.2 mm. The mechanical properties of the materials
used in that study were obtained from tests according to ASTM D3039 and ASTM
D7078. Five specimens were tested. The mechanical properties found according to the

test results is given in Table 4.2.

B80 cylinder specimen, one of the three specimens used, is given in Figure 4.2.



28

L Qg =

Figure 4.1. Cylinder dimensions and lay-up configurations for cylinders with a cutout

12].

Figure 4.2. B80 cylinder specimen [12].
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Table 4.2. Mechanical properties of the cylinder specimens[12].

Property Symbol Value
Young’s modulus in fiber direction E, (GPa) 35.5
Young’s modulus in matrix
E, (GPa) 54
directions
In-plane shear modulus G,y (GPa) 4.085
Poisson’s ratio v 0.28

Xy

4.2. Experimental Loading Conditions

The fixtures used in the experimental setup can be seen in Figure 4.3. The
cylinder was clamped between the top clamp part and bottom clamp part. The cylinder
was compressed in the axial direction via moving the pushing part in the axial direction
of the cylinder. The alignment ball helps the clamped top end of the cylinder slightly
rotate with respect to the radial axis of the cylinder so that a uniform load can be
applied, which might not be possible without such alignment due to imperfect upper
surface of the cylinder specimens. The translation was only permitted in the axial
direction. Bottom end of the cylinder, connected to the bottom fixture, was grounded
completely. Therefore, all the degrees of freedom of the bottom end of the cylinder

were constrained.

4.3. FE Model Details

In order to efficiently represent a thin-walled structure in a finite element model,
shell elements are widely used due to their reduced computational requirements com-
pared to solid elements of the same size. The reason for this is the reduced number
of equations to be solved when shell elements are used. The shell element called

SHELL181 in ANSYS Mechanical is used throughout this whole study.
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Figure 4.3. Buckling text fixture [12].

SHELL181 is a 4-node structural shell element that gives accurate results for thin-
to-moderately thick shell structures thanks to its use of first-order shear deformation
theory (Mindlin-Reissner shell theory) [4]. It can also be used for layered applications.
Activating the nonlinear geometry option, SHELL181 elements can also calculate the
change in shell thickness. As the ANSYS Help suggests, the full integration option is
activated for SHELL181 for composite shells. Use of full integration with incompatible
modes prevents hourglassing, which is a problem faced when reduced integration and
a coarse mesh are used, and helps to capture in-plane bending more accurately thanks
to the additional incompatible mode shapes. In addition to full integration at the
shell level, the number of section integration points through thickness is five, which is

sufficient to capture out-of-plane bending stiffness accurately.

Shell elements are generated in 2D geometries (in 2D or 3D space). Accordingly,
the cylinder considered in this study is modeled using 2D geometric entities (areas) as
shown in Figure 4.4. Although the general practice is to create the mesh in the mid
surface of the thickness, the areas, and accordingly the meshes, are created at the inner
radius of the cylinder considering that reinforcements are to be applied on the inner

surface of the cylinder.
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In general practice, rectangular (quad) elements are favored over triangular ele-
ments due to the latter being overly stiff and therefore numerically less accurate. In
order to create an all-quad mesh with high quality, the best algorithm is the mapped
meshing, which requires areas to be meshed to have four distinct edges. Thus, areas on
the cylinder are divided into rectangular curved parts. Partitioning the geometry also
helps to add in extra mesh controls to refine the mesh around the cutout in a neater
way so that not only a refined mesh around the cutout is obtained but also all quad
mesh with the required mesh density around hole and a uniform mesh away from the

whole can be achieved.

AREAS % R
TIPE WM

Figure 4.4. Modeled geometry.
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Figure 4.5. Finite element mesh with a mesh size of 20 mm.

An example mesh with a global mesh size of 20 mm can be seen in Figure 4.5. As
explained earlier, regions around the cutout are refined to obtain more accurate results
at the critical region while maintaining relatively large elements away from the cutout,
which strongly reduces the computational time of the analysis. For this purpose, cutout

region is separated from other areas by lines created.

The refinement region is 100x100mm around the cutout. The bias factor, which
is the ratio of the last element length to the first element length on the selected line,
is parameterized such that the first elements around the cutout are perfect squares.
Therefore, the elements close to the most important region have an aspect ratio of one,

which qualifies these elements as perfect elements with respect to the meshing metrics.

The top end of the cylinder in the experimental setup corresponds to the origin
of the coordinate system shown in Figure 4.5, whereas the bottom end of the cylinder
corresponds to the opposite side. The boundary conditions are applied to these two
ends according to the loading conditions in the experimental setup. For this purpose,

all degrees of freedom of the bottom end of the cylinder are constrained. Since the top
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end of the cylinder, which is clamped by the top clamp part, cannot move in x and
y-axes due to the stiffness of the top clamp part, degrees of freedom of the top end
of the cylinder are constrained in x and y axes. Thus, the top end can translate only
in the z-axis of the cylinder (See Figure 4.6) during compression. The top end can
rotate with respect to the x and y axes, which is related to the alignment ball in the
experimental setup. Therefore, during buckling, some parts of the top end may have
different displacements in the axial direction. The top end is also free to rotate about

7 axis.

To apply the axial compressive force to the top of the cylinder, RBE3 elements
are used. RBE3 elements are flexible coupling elements that does not add any extra
stiffness to the structure and only distribute the load from one master node to the
slave node(s) with a weighting factor specified. The master node for RBE3 elements is
created at the centroid of the top of the cylinder, whereas the nodes at the top end of
the cylinder are selected as slave nodes for RBE3 elements. Then, the master node is
connected to the slave nodes. Since the slave nodes are equidistant to the master node
at the center, the compressive force is divided to these slave nodes equally. By applying
the force to the master node of RBE3 coupling in the axial direction, a load application
similar to the experimental setup is achieved. The applied boundary conditions and

the load can be seen on Figure 4.6.

Material properties shown in Table 4.2 are used throughout this study. The
material is assumed to be linearly elastic orthotropic homogeneous. In order not to
overcomplicate the FEM and increase the solution time drastically, composite damage

mechanisms are not considered.
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Figure 4.6. Applied load, boundary conditions and RBE3 elements.

4.4. Mesh Convergence Study

The aim of the mesh convergence study is to determine the appropriate mesh
size for the analysis to be reliable. Results of linear eigenbuckling analysis are used for
the mesh convergence study. The cylinder with the smallest opening is used for mesh
convergence study, considering that a smaller opening needs a better mesh resolution
compared to a larger cutout to obtain accurate results. Thus, B50 cylinder is chosen
for the mesh convergence study. Reducing the mesh size step by step by a constant
factor of 1/1.25, percentage difference of the buckling loads for the first and second
buckling mode of B50 cylinder are investigated. The reason for using a division factor
of 1.25 rather than 2 is to reach a converged mesh at a larger element size, which helps
to reduce the computational time during the optimization process greatly. The stop

criterion for convergence is assumed to be 0.5% difference in the results.

Mesh details of all the sizes used can be seen in Figure 4.7 and Figure 4.8.
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Figure 4.7. Mesh details for mesh convergence - 1.
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Figure 4.8. Mesh details for mesh convergence - 2.
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It can be seen in Figure 4.7 and Figure 4.8 that not only local but also global mesh
size is reduced systematically without changing the mesh pattern, which is possible via

the use of geometric partitioning shown on Figure 4.4.

Table 4.3. Mesh convergence table for B50 cylinder under linear buckling analysis.

2nd
Mesh 1st Buckling 1st Percentage 2nd Percentage
Buckling
Size(mm) Load(kN) Difference Difference
Load(kN)
40.0 109.90 115.45 - -
32.0 104.14 108.75 5.24% 5.80%
25.6 101.77 106.10 2.28% 2.43%
20.5 99.18 103.13 2.54% 2.81%
16.4 97.31 100.98 1.88% 2.09%
13.1 96.47 100.03 0.86% 0.94%
10.5 95.76 99.21 0.74% 0.82%
8.4 95.34 98.73 0.44% 0.48%

The results of mesh convergence study are shown on Table 4.3.

At each step, the global mesh size, and accordingly the mesh size around the
cutout, is reduced by a factor of 1/1.25 and the percentage difference with respect to
the previous step is calculated for each buckling mode. Reducing the global mesh size
from 10.5 mm to 8.4 mm results in a change of 0.44% in the 1st buckling load and a
change of 48% in the 2nd buckling load. Considering the chosen stop criterion, 10.5

mm is selected as the global element size in the model.

Meyer-Piening et al. [34] proposed that for thin walled cylindrical structures, an

appropriate mesh size can be found for FE analysis using the following equation:
m = 0.5V Rt (4.1)

where R denotes the inner radius of the thin-walled cylinder, ¢ denotes the thickness of
the cylinder and m denotes the mesh size. Substituting the parameters of B50 cylinder
into Equation (4.1), the mesh size is found to be approximately 10 mm. Combining

the mesh convergence study and the suggestion of Meyer-Piening et al. [34], a mesh
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size of 10 mm is chosen to be used throughout this whole study.

4.5. Model Validation

To locate the global optimum point accurately using an optimization algorithm,
the numerical values used to calculate the objective function should be accurate as well.
This is only possible via using a model giving accurate results. Therefore, the finite
element model should have as low margin of error as possible to represent the physical
event accurately. For this purpose, a more elaborate finite element model than the
one used in the mesh convergence study is developed first. Then the numerical results

found using this model for each cylinder is compared with the experimental results.

The comparison is made according to the critical buckling loads of different cylin-
der configurations that are found in the experimental study. The geometrical param-
eters of the cylinders are given in Table 4.1. The samples of different cylinder config-
urations are tested under the application of axial compression which is applied true a
constant crosshead speed of the upper fixture of 0.01 m/s. As can be seen in Table 4.4,
the experimental results consist of the buckling load and the end shortening of tested

cylinders.

In order to take the geometric imperfections into account, the method of linear
buckling mode-shape imperfections (LBMI) is used. As explained earlier, this method
first requires obtaining the eigenbuckle modes and corresponding mode shapes using
linear buckling analysis, and then applying one or several of these mode shapes with a
scale factor to the geometry. Accordingly, the original geometry is changed to represent
the initial imperfection. Since the aim of this study is to optimize the buckling perfor-
mance, the objective at each step of the optimization is to increase the first buckling
mode. Therefore, the mode-shape used to create the geometric imperfection is always

the first mode of the current geometry.
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Table 4.4. Buckling load and end shortening of tested cylinders[12].

Code Buckling load(kN) | End-shortening(mm)
A3-1 181.94 3.32
A3-2 183.17 3.40
A3-3 182.36 3.37
A3-4 182.05 3.39
A3 (Average) 182.38 3.38
B50-1 118.38 2.36
B50-2 120.16 2.92
B50 (Average) 119.27 2.64
B100-1 104.10 2.21
B100-2 100.64 2.18
B100 (Average) 102.37 2.21

As explained in the previous chapter, the buckling force is affected by the amount
of initial imperfection. The investigation of imperfection sensitivity of the perfect
cylinder was held by Taheri-Behrooz et al. [12]. The magnitude of imperfection was
defined in terms of the wall thickness of the cylinder. Applying different scale factors
multiplied by the wall thickness as the magnitude of imperfection, load-displacement
curves were found via use of FEA (See Figure 4.9). The load-displacement curves for
cases with a scale factor of above 0.2 did not show any unstable equilibrium point and
a snap-back behavior as desired. Examining the cases with scale factors 0.1 and 0.2,
the curves had sudden loss of stiffness due to buckling. In the end, researchers decided
to use a scale factor of 0.18. Based on the findings of that study, in the present study
the maximum amount of imperfection on the cylinder due to the first buckling mode is
set to an amount of § = 0.18¢, where d denotes the maximum amount of imperfection,

and ¢ denotes the wall thickness of the cylinder.

The resultant displacement and the radial displacement corresponding to the first
buckling mode found from linear buckling analysis are shown in Figure 4.10 and Figure

4.11 respectively.
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Figure 4.9. Load-displacement curves for different amounts of imperfections[12].
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Figure 4.10. Resultant displacement of first buckling mode shape of B100 cylinder.

Updating the original geometry with the displacement from the first buckling
mode, an imperfection around cutout is obtained. The original geometry and the
updated geometry around cutout can be seen in Figure 4.12. In order to make the

imperfection visible, an imperfection amount ten times the one used in FEA is shown

in Figure 4.12.
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Figure 4.11. Radial displacement of first buckling mode-shape of B100 cylinder.

Figure 4.12. The original geometry (left) and the updated geometry (right) of the

cutout.

Since Newton-Raphson method, a very efficient method to solve non-linear equa-
tion systems, falls short capturing the unstable equilibrium of buckling, arc-length
method is used to find the unstable equilibrium point. Thus, the steps of the finite
element analysis used for model validation, parametric studies and the optimization

study are as follows:
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(i) Static analysis with compressive force and boundary conditions is carried out to
obtain the prestress effects, which represents the changes in the stress stiffness
matrix. This step is necessary prior to a linear buckling analysis.

(ii) Using the prestress effects, linear buckling analysis is carried out to obtain the
mode-shape of the first buckling mode.

(iii) A displacement field with the maximum resultant displacement of the first buck-
ling mode scaled to 0.18¢ is applied to the initial geometry to create the imper-
fection.

(iv) Non-linear static analysis is carried out via the use of arc-length method, which

gives the critical load at which the structure starts buckling.

The results of the model validation study can be seen in Table 4.5. Considering
the percentage differences being about 5%, which is an acceptable error margin, the
finite element model and the analysis method are found to be reliable. Considering
that the maximum of buckling load was lost for B100 cylinder according to the exper-
imental data by Taheri-Behrooz [12], B100 cylinder is chosen as the configuration to

be optimally reinforced.

Table 4.5. The results of the model validation study.

Type of Buckling Load (kN) Experimental Buckling Percentage
Cylinder in FEA Load (kN) Difference
B50 113.051 119.27 5.21%
B&0 97.227 102.37 5.02%
B100 96.187 91.49 5.13%

4.6. Stiffener Application and Contact Modeling

As explained earlier, a symmetric stiffener configuration around cutout is pro-
posed. In order to have the same mesh pattern and mesh density for the cylinder
through the whole study, stiffener geometries are modeled separately as can be seen in

Figure 4.13.
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Figure 4.13. B100 cylinder with stiffeners applied.

The mesh details of the stiffened cylinder can be seen in Figure 4.14. SHELL181
elements are used with full integration option enabled. A denser mesh is used only
in the middle part, a segment of 100 mm. This not only improves the accuracy of
the analysis close to cutout where the maximum deflection is expected according to
the results of linear buckling analyses (See Figure 4.10 and Figure 4.11), but also
reduces the solution time by decreasing the number of the nodes used in the model.
Improvements in the solution time becomes much apparent as the size of the stiffener

(especially the length) is increased.

Figure 4.14. Mesh details of stiffened cylinder.
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The contact between stiffeners and the cylinder is modeled using surface-to-
surface contact elements of ANSYS Mechanical, namely CONTA174 and TARGE170
elements. These elements can accurately represent the contact between two flexible
bodies. Since this is an optimization-based study, delamination between the internal
layers of laminates and between stiffeners and the cylinder is not modeled in order
not to overcomplicate the model and increase the solution time of each simulation.
Contact behavior is defined as bonded-always, which means the contacting surfaces
neither separate nor move transversely against each other. So, friction is not modeled
as well. Multipoint constraint (MPC) algorithm is used with coupling constraint op-
tion. It means that the nodes in contact during analysis are constrained to have the

same displacement solutions. Therefore, the contact becomes flexible and deformable.
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5. OPTIMIZATION PROCEDURE

Modified Simulated Annealing (MSA) is used to find the optimum design of stiff-
eners in this study. To reinforce stiffeners against buckling while providing a lightweight

application, an objective function to be formulated is formulated as

m F,
‘0 jective — Wmass — Wioa, — 5.1
Jobject v (mw)Jﬂl d<Fre> (5.1)

where fopjective denotes the objective function used during optimization, wy,qss denotes
the weighting coefficient for mass ratio, wj,.q denotes the weighting coefficient for load
ratio, m,. denotes the mass of the reinforced cylinder, m,, denotes the mass of the
unreinforced reference cylinder, F}.. denotes the critical buckling load of the reinforced
cylinder, and F},, denotes the critical buckling load of the unreinforced reference cylin-
der. Because decrease in m,. and increase in F,. lead to decrease in the objective
function, fopjective, minimization of the objective function achieves the goal of obtain-
ing a design having highest resistance to buckling with minimum use of material. By
choosing different values for the weighting coefficients, one may bias either buckling

resistance or low weight.

Initially, only the geometric parameters of the stiffeners are optimized: Iy, hg,

Ost, we and wy. Therefore,
n=>5 (5.2)

where n denotes the number of optimization parameters used in the first step of the

optimization.

Random configurations are created by randomly changing the values of these
five optimization parameters. To explain the working principle of the algorithm, the
equations regarding the generation of a new configuration, the decrement of parameters

and other equations including the optimization parameters are given in terms of the
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stiffener length. A new random value for the stiffener length of a new configuration is

generated as
lst,n = lst,c + 7arandAlst (53)

where /4, denotes the stiffener length of the newly generated configuration, Iy . de-
notes the stiffener length of the current configuration, 7,.,4 denotes a random number
between -1 and 1, and Al,; denotes the maximum variation in the length of the stiffener.

The initial maximum variation in the stiffener length is taken as

Alst _ (lst,maw ; lst,min) (54)

where st maz and ls; i, denote the upper and the lower bound for the stiffener length.
The variation of stiffener length given as Aly in Equation (5.4) represents the initial

value of variation. As the optimization progress, this variation is decreased gradually.

The optimization starts with a random generation of the initial configuration set.

The number of configurations in the set is equal to Ny, which is calculated as
Neet = 9In (5.5)

where n denotes the number of optimization parameters. Combining equations 5.2 and
5.5, a set of 45 configurations are randomly generated first. Then the objective function
value for each configuration is calculated using Equation (5.1). The configurations are
ordered from the best to the worst, the best having the smallest objective function
value and the worst having the largest objective function value. The order of the best
configuration is 1.0 and the order of the worst configuration is Ngy. The “worse”

¢

configuration is the one with the order number (Ng.; — 2n), whereas the “worst-best”

configuration is the one with the order number (N — 2n + 1).

After creating a set of configurations having a size Ny, a new configuration is
generated using a random configuration selected amongst the current set at each it-

eration. Then a new configuration is created using Equations (5.3) and (5.4). After
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generating a new configuration, its objective function value is calculated. The accep-

tance probability of the newly generated configuration is calculated as

fn_fwb 3
exp{—L=fwbtiff, > f,
Paccept = { g ’ (56)

1 lffngfwb

where f, denotes the objective function value of the new configuration, f,, denotes the
objective function value of the worst-best configuration. According to Equation (5.6),
if the new configuration is better than the worst-best configuration, it is accepted di-
rectly. If the new configuration is worse than the worst-best configuration, then the
corresponding value for the exponential function defined in Equation (5.6) is calcu-
lated and compared with a random number generated between 0.0 and 1.0. If the
exponential calculated is larger than a random number generated between 0.0 and 1.0,
the new configuration is accepted. Else, the new configuration is rejected. If the new
configuration is better than the best configuration, the new one is accepted directly,
and the current Markov chain is finished. All the new configurations better than worse

configuration are considered as improvement.

When a new configuration is accepted, it replaces a configuration randomly chosen
from the 2n worst configurations, with the total population of the current configuration
being 9n. After each acceptance and replacement, the set is ordered from the best to

the worst.

The minimum length of each Markov chain is defined as
L, = 3n. (5.7)

Equation (5.7) states that, there are at least 3n number of iterations in each
Markov chain unless a configuration better than the best configuration in the current
set is generated. Optimization starts with a Markov chain length of 3L,,. The length
of a Markov chain is decreased when the number of improvements in the last Markov

chain is less than 10% of the maximum Markov chain length. In such a case, the
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current Markov chain length is reduced as

. Alst,c
L. = nint (Lm (1 +2 < Al > ) ) (5.8)

where L,, . denotes the current maximum Markov chain length, L,, denotes the initial

maximum Markov chain length that is defined in Equation (5.7), Alg,. denotes the
current maximum variation of the length parameter and Al ; is its initial value. If the
number of improvements in the worst-best configuration is less than 10% of the total
number of iterations in a Markov chain, the maximum variation of the optimization
parameters is decreased by 10% and the new maximum value of variation for each

parameter is calculated as
Algn, = 0.9(Algt ). (5.9)

Considering a reduced variation in parameters, the Markov chain length is re-

duced as well using Equation (5.8).

As explained in Section 2.5, the optimization algorithm consists of two loops:
the inner loop and the outer loop. The iterations carried out in the inner loop called
Markov chain are carried out at a constant value of the temperature parameter. After
the completion of each Markov chain, the temperature parameter is decreased, result-
ing in decreased probability of acceptance of a configuration worse than the worst-best
configuration is decreased as well. The only exception where the temperature parame-
ter is not decreased after finishing a Markov chain is when a new configuration better
than the current best configuration is found. The amount of decrement of the temper-
ature parameter depends on the ratio of acceptance and the ratio of step size, which
are defined as

Alst

Rstep = m + 001 (510)

(5.11)
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where mg.. denotes the number of accepted configurations and m;; denotes the number
of iterations carried out in the current Markov chain. The decrement of temperature

is controlled with a constant that is defined as

0.9 if Race > Ratep
a= (5.12)

0.9999  if Ruce < Rstep

where R,.. denotes the ratio of acceptance and R, denotes the ratio of the current
step size. Equations (5.10)-(5.12) regulate the decrement of temperature after each

Markov chain, and the new temperature is calculated as
T, =T, (5.13)

where T, and T, denote the new and the current values for temperature parameter.
The initial value for the temperature parameter is chosen to be 20. The initial value of
the temperature parameter is determined such that almost all the randomly generated
configurations are accepted regardless of the objective function value during the initial
phases of the optimization, whereas the amount of time spent for the whole optimiza-
tion process is minimized as much as possible. In order to decrease the temperature
parameter slowly in the beginning, an amount of 0.01 is added to the definition of R,

as shown in Equation (5.10). Thus, a larger amount of « is used in the beginning.

The optimization is finished when the initial temperature becomes less than (le—
05) and the difference between the objective function values of worse and the best

configuration is less than 0.0005.
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6. PARAMETRIC STUDY

Having an initial geometric design with no predefined upper and lower limits
for the optimization parameters extremely widens the design space and makes it quite
difficult to reach an optimum design efficiently. To perform optimization efficiently in a
reasonable time, defining proper upper and lower bounds for the optimization variables

is essential.

Before starting the design of a system with the assumption of having an initial
geometric design, it is a common practice to conduct a parameter analysis/parametric
study. Upon specifying physical and/or geometric parameters affecting the perfor-
mance of the design, the effect of each parameter on the performance of the whole
design should be investigated individually. In a one-factor-at-a-time parametric study,

the parameter to be investigated is varied, while holding the other parameters constant.

Even though the main application of reinforcements to be investigated and opti-
mized is chosen to be stiffeners, increasing the thickness of the cylinder locally around
the cutout by using a local patch application is considered in the first place. For this
purpose, a local patch is applied around the cutout and the effect of the design param-
eters of the patch on the buckling load of the reinforced structure is investigated prior
to the parametric study of the stiffeners. After that, a parametric study is carried out

for stiffeners around the cutout.

The geometric parameters of the stiffeners are shown in Figure 1.3. The other
parameters are the thickness and fiber orientations of the stiffener and its distance
from the hole. The parametric study should be repeated for at least two different

configurations to observe the effect of varying parameters for different configurations.

To find reasonable upper and lower bounds for the optimization parameters, a

parametric study is carried out. The effect of each optimization parameter is investi-
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gated using three different configurations. The critical buckling load and corresponding
objective function values are taken as measures of performance for the reinforced cylin-

der.

For the parametric studies of the stiffeners, the effect of the geometric properties
of the stiffeners shown in Figure 1.3 are investigated only, while keeping the distance
to hole center, the fiber orientations, and the total thickness of the stiffener constant.

These constant parameters are 100 mm, [90°/23°/-23°/-90°] and 0.55 mm, respectively.

6.1. Parametric Study for the Patch Application

Figure 6.1. The geometric parameters of the patch application.

As can be seen in Figure 6.1, the patch is applied symmetrically around the
cutout. The length of the patch, [, is defined along the axial direction of the cylinder,
while the width of the patch, w,, is measured along the circumference of the cylinder.
Square patch application is considered in this study. Therefore, I, and w, are taken to
be equal. Beside the dimensions, the thickness of the patch and the ply orientations of

the layers are also varied during the parametric studies. The patches are taken to be
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made of four layers, having fiber orientations symmetrically used as [6 /0y/ — 02/ — 64],
where 6; denotes the outer layer fiber orientation angle and 0y denotes the inner layer

fiber orientation angle.

6.1.1. The effect of the size of the patch

The configurations of the patches used for the parametric study of the size of the

patch are shown in Table 6.1.

Table 6.1. Patch configurations used in the parametric study of the size of the patch.

Patch Ply angles for Thickness Size of the patch
Number patch layers (deg) (mm) (mm x mm)
1 90/23/-23/-90 0.55 150 x 150-400 x 400
2 90/45/-45/-90 1.1 150 x 150-400 x 400
3 30/60/-60/-30 2.2 150 x 150-400 x 400

As can be seen in Table 6.1, the parametric study is conducted for values of one
side of the patch varying from 150 mm to 400 mm with intervals of 50 mm. The
resulting buckling loads and objective function values of the parametric study for the

size of the patch are shown in Figure 6.2 and Figure 6.3, respectively.

As seen in Figure 6.2 and Figure 6.3, increasing the patch size results in an
increase in the critical buckling load of the structure. This increasing trend is up to
a size of 250 mm x 250 mm or 300 mm x 300 mm, depending on the configuration,
beyond which only marginal gains are observed. Additionally, the increase in the weight
becomes more effective in the objective function as the improvements in the buckling

load becomes marginal. This leads to increases in the objective function value.
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Figure 6.2. Critical buckling load vs. the size of the patch.
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Figure 6.3. Objective function value vs. the size of the patch.

6.1.2. The effect of the thickness of the patch

The patch configurations used in the parametric study of the thickness of the

patch are shown in Table 6.2.
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Table 6.2. Patch configurations used for the parametric study of the thickness of the

patch.
Patch Ply angles for Thickness Size of the patch
Number patch layers (deg) (mm) (mm x mm)
4 90/23/-23/-90 0.55-3.3 150 x 150
5 90/60/-60/-90 0.55-3.3 300 x 300
6 90/45/-45/-90 0.55-3.3 400 x 400

As can be seen in Table 6.2, the parametric study is conducted for values of the

thickness of the patch varying from 0.55 mm to 3.3 mm with intervals of 0.275 mm.

The resulting buckling loads and objective function values of the parametric study for

the thickness of the patch are shown in Figure 6.4 and Figure 6.5, respectively.
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Figure 6.4. Critical buckling load vs. the thickness of the patch.

As can be observed in Figure 6.4 and Figure 6.5, increasing the patch thickness

results in an increase in the critical buckling load of the structure. However, as the

thickness is increased, the amount of improvement in buckling load decreases. Further-

more, the increase in the weight becomes more effective than the gains in the buckling

load as the thickness increases. Consequently, the objective function value starts to

increase when thickness is increased beyond a certain value.
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Figure 6.5. Objective function value vs. the thickness of the patch.

6.1.3. The effect of the outer layer fiber orientation

The patch configurations used in the parametric study of the outer layer fiber

orientation of the patch are shown in Table 6.3.

Table 6.3. Patch configurations used in the parametric study of the outer layer fiber

orientation of the patch.

Patch Outer layer fiber Inner layer fiber | Thickness Size of the patch
Number | orientation (deg) | orientation (deg) (mm) (mm x mm)
7 0-90 23 0.55 250 x 250
8 0-90 23 2.2 350 x 350
9 0-90 60 1.1 350 x 350

As can be seen in Table 6.3, the parametric study is conducted for values of the
outer layer fiber orientation of the patch varying from 0° to 90° mm with intervals of
10°. The resulting buckling loads and objective function values for the outer layer fiber

orientation of the patch, 6;, are shown in Figure 6.6 and Figure 6.7, respectively.
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Figure 6.6. Critical buckling load vs. the outer layer fiber orientation of the patch.
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Figure 6.7. Objective function value vs. the outer layer fiber orientation of the patch.

As seen in Figure 6.6 and Figure 6.7, increasing the fiber orientation angle of
the outer layers leads to an increase in the buckling load of the reinforced cylinder.
However, patches 7 and 9 show a slightly different trend, where the maximum buckling
load is reached at around 40° and the load decreases slightly up to 90°. This indicates
that the effect of the layer orientation angle of the outer layers on the critical buckling

cannot be simply explained, and it is rather dependent on the other parameters.
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6.1.4. The effect of the inner layer fiber orientation

The patches used for the parametric study of the inner layer fiber orientation of

the patch are shown in Table 6.4.

Table 6.4. Patches used for the parametric study of the inner layer fiber orientation

of the patch.

Patch Inner layer fiber Inner layer fiber | Thickness Size of the patch
Number | orientation (deg) | orientation (deg) (mm) (mm x mm)
10 0-90 90 0.55 250 x 250
11 0-90 90 2.2 350 x 350
12 0-90 90 1.1 350 x 350

As can be seen in Table 6.4, the parametric study is conducted for values of the
inner layer fiber orientation of the patch varying from 0° to 90° with intervals of 10°.
The resulting buckling loads and objective function values for the inner layer fiber

orientation of the patch, 65, are shown in Figure 6.8 and Figure 6.9, respectively.

19E!L_rl'ith:al Buckling Loads for Parametric Study of the Inner Layer Fiber Orientation of the Patch
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Figure 6.8. Critical buckling load vs. the inner layer fiber orientation of the patch.
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Figure 6.9. Objective function value vs. the inner layer fiber orientation of the patch.

As Figure 6.8 and Figure 6.9 indicate, increasing the fiber orientation angle of
the inner layers leads to a decrease in the buckling load of the reinforced cylinder for
patches 11 and 12, whereas the opposite trend is observed for patch 10. Therefore, the
effect of the orientation angle of the inner layers on the critical buckling load depends

on the values of the other parameters.

6.2. Parametric Study for the Stiffener Application

6.2.1. The effect of width of the cap of the stiffener

The configurations used for the parametric study of w, are shown in Table 6.5.

Table 6.5. Configurations used for the parametric study of width of the cap of the

stiffener.
Configuration | Ply angles for lst hse Os¢ we 1 dse
Number stiffener(deg) | (mm) | (mm) | (deg) (mm) (mm) (mm)
1 90/23/-23/-90 | 120 4 45 3-18 4 100
2 90/23/-23/-90 | 160 4 60 3-18 6 100
3 90/23/-23/-90 | 240 5 30 3-18 8 100
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As can be seen on Table 6.5, the parametric study is conducted for values of w,

varying from 3 mm to 18 mm with intervals of 1 mm. The resulting buckling loads

and objective function values of the parametric study for the width of the cap of the

stiffener are shown in Figure 6.10 and Figure 6.11, respectively.
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Analyzing Figure 6.10 and Figure 6.11, it can be observed that increasing w,

beyond 10 mm leads to a decrease in the critical buckling load of the structure and

an increase in the objective function value. In order to investigate this change in the

buckling load and the objective function, the results of configuration 2 with a w, value

of 8 mm and a w, value of 16 mm are compared. The results are shown in Figure 6.12

to Figure 6.14.
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Figure 6.12. Resultant displacement contour plot, with a scale factor of five, for

Configuration 2 with w. = 8mm.
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Figure 6.12 shows the resultant displacement of Configuration 2 with w, = 8mm
at the onset of the buckling of the structure. According to the displacement results, the
added stiffener reinforcements lead to an increase in the stiffness around the cutout,

enhancing the buckling resistance of the structure.
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Figure 6.13. Resultant displacement contour plot #1, with a scale factor of five, for

Configuration 2 with w. = 16mm.

Figure 6.13 and Figure 6.14 show the resultant displacement of Configuration 2
with w. = 16 mm at the onset of the structure. According to the displacement results,
increase in w, resulted in buckling of the cap of the stiffener itself leading to a reduction
in its stiffness. Considering the buckling mode shown in Figure 6.14, it can be deduced

that increasing w, further would lead to premature buckling of stiffeners.

Combining all the available data, the upper and the lower bounds for w, are

chosen to be 12 mm and 4 mm, respectively.
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Figure 6.14. Resultant displacement contour plot #2, with a scale factor of five, for

Configuration 2 with w. = 16 mm.

6.2.2. The effect of width of the flange of the stiffener

The configurations used for the parametric study of w; are shown in Table 6.6.

Table 6.6. Configurations used for the parametric study of width of the flange of the

stiffener.
Configuration | Ply angles for lgt hgt Os¢ we Wy dgt
Number stiffener(deg) (mm) [ (mm) [ (deg) | (mm) [ (mm) | (mm)
4 90/23/-23/-90 120 4 45 4 4-20 100
90/23/-23/-90 250 4 60 6 4-20 100
6 90/23/-23/-90 350 6 75 4 4-20 100

As can be seen on Table 6.6, the parametric study is conducted for w; values
varying from 4 to 20 mm with intervals of 1.0 mm. The resulting buckling loads and
objective function values of the parametric study for the width of the flange of the

stiffener are shown in Figure 6.15 and Figure 6.16 respectively.
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Figure 6.16. Objective function value vs. wy.

Figure 6.15 and Figure 6.16 show that increasing the width of the flange may
increase the critical buckling load of the structure. The impact of an increase in
the buckling load changes depending on the configuration. Since the thickness of
the stiffener is taken to be one-fourth of that of the cylinder, the effect of additional

thickness coming from the width of the flange is expected to be much less, but the
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width of the cap has a more significant effect because the cap leads to a larger increase
in bending stiffness. That is because additional width of the cap would increase the
moment of inertia against out-of-plane buckling much more. Yet, the results do not
imply a certain trend between the width of the flange and the buckling load or the
objective function values. Therefore, there is no need to further increase the upper
limit. There should also be a sufficiently wide flange to provide sufficiently strong
adhesion between the stiffener and the cylinder. Accordingly, the lower and upper
bounds of 5 mm and 20 mm are chosen. As the optimization proceeds further, changes
in width of the flange values for optimal configuration are checked whether the direction

of change is towards the upper or lower bounds.

6.2.3. The effect of the stiffener length

The configurations used for the parametric study of I, are shown in Table 6.7.

Table 6.7. Configurations used for the parametric study of the length of the stiffener.

Configuration | Ply angles for lgt hgt Os¢ we Wy dgt
Number stiffener(deg) (mm) (mm) | (deg) [ (mm) (mm) (mm)
90/23/-23/-90 | 80-600 4 45 4 6 100

90/23/-23/-90 | 80-600 6 60 6 4 100

90/23/-23/-90 | 80-600 8 75 5 5 100

As can be seen in Table 6.7, the parametric study is conducted for [l values
varying from 80 to 600 mm with intervals of 40 mm. The resulting buckling loads
and objective function values of the parametric study for the length of the stiffener are

shown in Figure 6.17 and Figure 6.18, respectively.
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Figure 6.17 and Figure 6.18 indicate that as the length of the stiffener is in-
creased, the critical buckling load increase. Additionally, the gain in the buckling load
exceeds the loss due to the increase in the total mass, which leads to a reduction in
the objective function value. It is also important to note that the maximum amount

of gain percentage of the critical buckling load occurs when the length is increased
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from 80 mm to 400 mm. Considering that the diameter of the cutout is 100 mm, it
can be deduced that having a stiffener longer than the diameter of the hole is more
advantageous in terms of resistance against buckling. The lower and the upper bounds
for the length of the stiffener is chosen to be 100 mm and 600 mm.

6.2.4. The effect of the stiffener height

The configurations used for the parametric study of hg are shown in Table 6.8.

Table 6.8. Configurations used for the parametric study of the height of the stiffener.

Configuration | Ply angles for Lt hge [ we Wr dgt
Number stiffener(deg) | (mm) | (mm) | (deg) | (mm) [ (mm) (mm)

10 90/23/-23/-90 120 4-20 45 4 6 100

11 90/23/-23/-90 160 4-20 30 6 4 100

12 90/23/-23/-90 | 240 4-20 75 8 6 100
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Figure 6.19. Critical buckling load vs. hg.
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As can be seen in Table 6.8, the parametric study is conducted for hg values
varying from 4 to 20 mm with intervals of 1.0 mm. The resulting buckling loads and
objective function values of the parametric study for the stiffener height are shown in

Figure 6.19 and Figure 6.20 respectively.

According to Figure 6.19 and Figure 6.20, the effect of the stiffener height on
the buckling load and the corresponding objective function value depends on the con-
figuration. For example, configuration 11 shows a sudden decrease in the buckling
load when the height of the stiffener reaches above 6 mm, whereas the buckling load
corresponding to configurations 10 and 12 even shows a slight increase up to a height
of 8 mm. However, analyzing the figures it can be deduced that increasing the height
of the stiffener leads to a reduction in the buckling load of the cylinder. In order to
investigate this change in the buckling load and the objective function, the results of
configuration 10 with h, value of 6 mm and h, value of 16 mm are compared. The

results are shown in Figure 6.21 to Figure 6.23.
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Figure 6.21 shows the resultant displacement for Configuration 10 with Ay =6
mm. Examining the figure, it can be deduced that as the cylinder starts to buckle,
there is no local buckling in the stiffeners. Therefore, they serve as reinforcement

elements properly.
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Figure 6.22 and Figure 6.23 show the resultant displacement state during the
onset, of buckling for configuration 10 with hgy=16 mm. Examining the deformation, it
can be seen that the stiffeners experience out-of-plane bending as the structure starts
to buckle. That is why the stiffeners cannot provide considerable resistance to buckling,
resulting in a buckling load of 100 kN, which represents a 4% increase compared to
the buckling load of the unreinforced cylinder, 96.2 kN. Thus, the lower and the upper

bounds for the height of the stiffener is chosen as 5 mm and 15 mm, respectively.

6.2.5. The effect of flange-to-cap angle of the stiffener

The configurations used for the parametric study of 8, are shown in Table 6.9.

Table 6.9. Configurations used for the parametric study of flange-to-cap angle of the

stiffener.
Configuration | Ply angles for [ hgt W, wy dst
. Os¢ (deg)
Number stiffener(deg) | (mm) (mm) (mm) | (mm) (mm)
13 90/23/-23/-90 | 180 6 15-90 8 4 100
14 90/23/-23/-90 | 260 8 15-90 5 5 100
15 90/23/-23/-90 210 6 15-90 6 8 100

As can be seen on Table 6.9, the parametric study is conducted for 0y values
changing from 15 degress to 90 degrees with the intervals of 5 degrees. The resulting
buckling loads and objective function values of the parametric study conducted for the

flange-to-cap angle of the stiffener are shown in Figure 6.24 and Figure 6.25 respectively.
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The results shown in Figure 6.24 and Figure 6.25 indicate that as the values
for f, is increased, the critical buckling load of the structure increases drastically,
accompanying a similar amount of decrease in the objective function value. In order
to investigate this behavior, two analyses are carried out using Configuration 13 with
values of 25 and 60 degrees for 6. The results of these analyses are shown in Figure 6.26

to Figure 6.28.
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Comparing the results in Figure 6.26 and Figure 6.28, it can be observed that
use of a flange-to-cap angle of 25 degrees leads to a premature local buckling of the
stiffeners. That is because as the angle of the stiffener is decreased while keeping the
height of the stiffener constant, the width of the section connecting the flange and the
cap section increases. This leads to a decreased bending stiffness of the stiffeners, a
behavior similar to that observed previously with increased w, values. Considering the
results of the parametric study, the lower and the upper bounds for the flange-to-cap

angle are chosen as 40 degrees and 80 degrees.
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7. RESULTS AND DISCUSSIONS

Weighting coefficients are chosen to be 0.7 and 0.3 for w,,qss and wjeeq in the
beginning, which give a higher importance to the critical buckling load compared to
the weight reduction. Weighting coefficients of 0.9 and 0.1 for w,,qss and wy,qq are also
tried. No significant change is observed in the optimum configuration parameters. This
may be because the mass of the stiffeners is very small compared to the total mass and
the percentage increase in the mass of the structure due to reinforcement is much lower
compared to the percentage increase in the critical buckling load of the structure due
to reinforcement. Accordingly, the initially chosen values of the weighting coefficients
are considered suitable and the weighting coefficients of 0.7 and 0.3 for wy,4ss and Wjeaq

are used throughout this study.

At first, two separate optimization studies are carried out. The constant param-
eters used in these studies are shown in Table 7.1. The parameters that define the
geometry of the stiffeners are varied during optimizations #1 and #2, which are [,
hst, Ost, we and wy. As can be seen in Table 7.1, the only difference between the con-
stant parameters used in the optimization studies #1 and #2 is the distance of the

stiffener to the hole center.

Table 7.1. Parameters used in optimization studies #1 and #2.

Total thickness
Optimization Ply angles for Distance to hole
of stiffeners
Study Number stiffeners (deg) center (mm)
(mm)
#1 90/23/-23/-90 0.55 100
#2 90/23/-23/-90 0.55 80

In the beginning of the optimization, random configurations are created in a
large design space defined by the limits of the parameters. Consequently, the objective

function values for these initial configurations may differ greatly. As the optimization
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progresses, the objective function values in the configuration set not only decrease, but
also become closer step by step, consequently converging to the minimum value. Since
generating a new configuration better than the worse configuration is considered as an
improvement, the difference between the worse configuration and the best configuration
can be used as a metric to keep track of the progress of the optimization. Therefore,

this difference is plotted for each optimization study:.

In order to reach the optimum design, keeping track of the temperature param-
eter is also crucial. As the successive outer loops are completed, the temperature is
decreased according to the values of R,.. and Rgep,. Therefore, not only temperature

parameter but also Ry, and Ry, are plotted for each optimization study.

Since the optimization algorithm reduces the variation in each optimization pa-
rameter depending on the Markov chain iterations conducted and the number improve-
ments found in each Markov chain, keeping track of number of Markov chain iterations
and number of improvements also gives an idea about the progress of the optimization.
That is why these two metrics are plotted against each other in each optimization study

to show the reduction of the variation in the parameters.

7.1. Results of Optimization #1

Figure 7.1 shows the difference between the objective function values of the worse
and the best configurations found in optimization #1. As can be seen in Figure 7.1,
the difference in the objective function values of the worse and best in the current
set becomes smaller, and therefore, the set of configurations converge to the optimum

design.
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Figure 7.1. The difference between the objective function values of the worse and

best points through optimization #1.
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Figure 7.2. Comparison between the ratio of the current step size to initial step size

and the ratio of the number of the accepted configurations to the total number of

configurations in a Markov chain through optimization #1.

Figure 7.2 shows the comparison between the ratio of the current step size to
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initial step size and the ratio of the number of the accepted configurations to the total
number of configurations in a Markov chain through optimization #1 plotted against
Markov chain number. Analyzing the trend of ratio of acceptance in Figure 7.2, the

randomness of the optimization process can be seen.

The plot of temperature parameter value in each Markov chain is shown in Fig-

ure 7.3.

Temperature parameter value in each Markov chain

Temperatura Parameter Value
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Figure 7.3. Temperature parameter value vs Markov chain number in optimization

#1.

In Figure 7.3, it can be seen that the value of the temperature parameter decreases
as the optimization progresses, until it converges to zero. This convergence shows that
the optimization #1 converges to a point where the acceptance of a worse than worst-
best configuration is improbable, since the probability of acceptance of such a condition
also converges to zero as the temperature parameter converges to zero according to

Equation (5.6).
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Figure 7.4. 10% of the number of iterations vs number of improvements in each

Markov chain in optimization #1.

The comparison plot of %10 of the number of iterations and the number of im-
provements in each Markov chain is given in Figure 7.4. Comparing Figure 7.2 and
Figure 7.4, it can be seen that the ratio of the step size decreases whenever the number

of improvements drops below 10% of the number of Markov chain iterations.

The resultant displacement contour plot created at the buckling load in optimiza-

tion #1 is shown in Figure 7.5.
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Figure 7.5. Resultant displacement contour plot of the optimum design found in

Optimization #1 with straight stiffeners, with a scale factor of five.

Figure 7.6 shows the reaction load vs end displacement plot of the optimum design
found in optimization 1 along with the numerical results found in the model validation

step for B100 reference cylinder.
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Figure 7.6. Reaction load vs end displacement for optimization #1.

The corresponding values for the geometric parameters, the critical buckling load,
the stiffener mass, and the objective function value of the optimum design found in

optimization #1 are given in Table 7.2.

Table 7.2. The cross-sectional design parameters, the mass of the stiffener and the

objective function value of the optimum design found in optimization #1.

hst Lst Ost We Wyr Fyr Mye
(mm) (mm) (mm) | (mm) | (mm) | (kN) (kg)
9.835 | 552.12 | 59.167 | 7.528 [ 12.366 | 184.9 | 0.066 0. 669286

fobjective

7.2. Results of Optimization #2

Figure 7.7 shows the difference between the objective function values of the worse
and the best configurations found in optimization #2. As can be seen in Figure 7.7,
the difference in the objective function values of the worse and best configurations in
the current set becomes smaller, and therefore, the set of configurations converge to

the optimum design.
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Figure 7.8. Comparison between the ratio of the current step size to initial step size
and the ratio of the number of the accepted configurations to the total number of

configurations in a Markov chain through optimization #2.
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Figure 7.8 shows the comparison between the ratio of the current step size to
initial step size and the ratio of the number of the accepted configurations to the total
number of configurations in a Markov chain through optimization #2 plotted against
Markov chain number. The trend of the ratio of acceptance in Figure 7.8 indicates the

randomness of the optimization process.

The plot of the temperature parameter value in each Markov chain is shown in

Figure 7.9.

Temperature parameter value in each Markov chain
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4] 20 4 GO B0 100 120 140
Markov Chain Numbear

Figure 7.9. Temperature parameter value vs Markov chain number in optimization

492,

Figure 7.9 shows that the value of the temperature parameter decreases during
the optimization progress until it converges to zero. This converging behavior shows
that the optimization #2 has converged to a point where the acceptance of a worse
than worst-best configuration is improbable, since the probability of acceptance of
such a condition also converges to zero as the temperature parameter converges to zero

according to Equation (5.6).
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Figure 7.10. 10% of the number of iterations vs number of improvements in each

Markov chain in optimization #2.

The comparison plot of 10% of the number of iterations and the number of im-
provements in each Markov chain is given in Figure 7.10. Comparing Figure Figure 7.8
and Figure 7.10, it can be seen that the ratio of the step size decreases whenever the

number of improvements drops below 10% of the number of Markov chain iterations.

Figure 7.11 shows the resultant displacement contour plot, with a scale factor of

five, for optimization #2.
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Figure 7.11. Resultant displacement contour plot of the optimum design found in

Optimization #2 with straight stiffeners, with a scale factor of five.

Figure 7.12 shows the load vs end displacement plot of the optimum design found

in optimization #2 along with the numerical results found in the model validation step

for B100 reference cylinder.
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Figure 7.12. Reaction load vs end displacement for optimization #2.

The corresponding values for the geometric parameters, the critical buckling load,

the stiffener mass, and the objective function value of the optimum design found in

optimization #2 are given in Table 7.3.

Table 7.3. The cross-sectional design parameters, the mass of the stiffener and the

objective function value of the optimum design found in optimization #2.

hgt Lst Ost We Wy Fer Mt fobjective
(mm) (mm) (mm) (mm) (mm) (kN) (kg)
11.35 | 560.21 | 64.589 | 6.258 [ 9.028 192.8 0.060 0.653859

Comparing the results of optimization #1 and #2, the latter is found to be a

better solution with a higher buckling load of 192.8 kN. This results also shows that

placing the stiffeners closer to the cutout could yield higher buckling strength around

the cutout. Therefore, this distance d; is varied in the second step of the optimization

where a total of four small stiffeners are applied around cutout.
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7.3. Application of Small Stiffeners

In the second step of optimization, additional small stiffeners are applied around
the cutout as shown in Figure 7.13. The cross section of a straight stiffener is rotated
by an angle 0,. and extruded with an amount [.,; along the yellow arrows shown
in Figure 7.13 at four symmetric locations to create the small stiffeners, while dg.
denotes the axial distance between the center of the cutout and the point at which
small stiffeners touch the straight stiffeners. To extend the reinforcements as much as
possible, l..;; is calculated such that the two stiffeners on top and bottom coincide at
the intersection point of the yellow arrows. Therefore, I.,; is dependent on parameters
dare, Oare, and dg, which is the distance between the center of the hole and the mid-
point of the stiffener as mentioned before. That is why only these three parameters are
varied in the second step of optimization. To determine the upper and lower bounds

of these parameters, parametric studies are conducted for each parameter.

ANSYS
AREAS 2019 R3
TYFPE NUM

Figure 7.13. Application of small stiffeners around the cutout.
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For this optimization study, the cross-sectional properties for small stiffeners are
taken to be the same as those given in Table 7.3. Small stiffeners are applied directly
to the optimum configuration found in optimization #2 given in section 7.2.

7.3.1. Parametric studies for small stiffeners

The configurations used for the parametric study of 6,.. are shown in Table 7.4.

Table 7.4. Configurations used for the parametric study of the rotation angle of small

stiffeners.

dst (mm) darc (mm)

Configuration Number O4rc (degrees)

16 80 50 30-90
17 80 70 30-90
18 80 80 30-90

As can be seen in Table 7.4, the parametric study is conducted for values of 0,,.
varying from 30° to 90° with intervals of 5.0°. The resulting buckling loads of the

parametric study for the rotation angle of small stiffeners are shown in Figure 7.14.

Critical Buckling Loads for Parametric Study of &'Ht
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Figure 7.14. Critical buckling load vs. 4.
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The results shown in Figure 7.14 do not indicate a direct trend between the
buckling load and the rotational angle of the small stiffeners. However, it can be seen
that going below 45° does not provide an increase in the buckling load for any of the
configurations. Increasing this angle beyond 75° leads to a decrease in the buckling
load. The maximum amount of buckling load is observed at 70° for configuration 16
and at 75° for configurations 17 and 18. In order to include these points into the limits,
the upper and lower bounds for the rotation angle of the small stiffeners is chosen as

45° and 80°, respectively.

The configurations used for the parametric study of d,,.. are shown in Table 7.5.

Table 7.5. Configurations used for the parametric study of the axial distance between

the center of the cutout and the small stiffeners.

dge (mm) |dgrc (Mmm)

Configuration Number O.rc (degrees)

19 80 50-120 60
20 80 50-120 75
21 80 50-120 30

As can be seen in Table 7.5, the parametric study is conducted for values of dg..
varying from 50 mm to 120 mm with intervals of 5.0 mm. The resulting buckling loads
of the parametric study for the axial distance between the center of the cutout and the

small stiffeners are shown in Figure 7.15.
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Figure 7.15. Critical buckling load vs. dge.

According to the results shown in Figure 7.15, the buckling load tends to decrease
as the axial distance d,,. increases, although such a trend cannot be observed for
configurations 19 and 20. Considering the experience gained in sections 7.1. and 7.2.,
small stiffeners should also be placed as close to the cutout as possible, also covering
as much circumferential region of the cutout as possible. Thus, the upper and lower

bounds for d,,. are chosen as 50 mm and 70 mm, respectively.

The effect of circumferential distance d,; between the straight stiffeners and the
center of the cutout is already observed in sections 7.1. and 7.2 and it was found that
the flange should be as close to the cutout as possible. Therefore, the upper and lower

bounds for dg; is chosen as 65 mm and 100 mm, respectively.
7.3.2. Results of optimization with small stiffeners
Figure 7.16 shows the load vs end displacement plot of the optimum design found

in optimization study with small stiffeners, along with the numerical results found in

the model validation step for B100 reference cylinder.
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Figure 7.16. Reaction load vs end displacement for optimization with small stiffeners.

The optimum values of the geometric parameters defining the small stiffeners are

given in Table 7.6.

Table 7.6. The optimum geometric properties of small stiffeners found.

O4rc (degrees)

dgre (mm) Fer (kN)

dge (mm)

mg (kg)

fobjective

72.01

52.99 65.63 195.5

0.068

0.649678

The contour plots given in Figure 7.17 indicate that the buckling shape is changed

compared to that found in Figure 7.11. This change is due to moving the stiffeners

close to the cutout, which increases the bending stiffness against a deformation like

that in Figure 7.11.

However, the optimization study still results in an optimum

design with straight stiffeners as close to the cutout as possible. This indicates that

applying stiffeners on the lateral sections of the cutout is more effective in improving

the buckling resistance of the structure compared to applying stiffeners to the top and

bottom of the cutout.
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Figure 7.17. Resultant displacement contour plot of the optimum design with small

stiffeners during buckling, with a scale factor of five.



7.4. Results of All Optimization Studies

92

Optimum configurations found in three optimization studies are shown in Ta-

ble 7.7 where mg denotes the mass of the stiffeners.

Table 7.7. Comparison of three optimization studies carried out.

Optimization Study myr (kg) mgt (kg) Fyr (kN) Fre (kN) fobjective
Optimization #1 3.879 0.066 96.2 184.9 0. 669286
Optimization #2 3.879 0.060 96.2 192.8 0.653859

Optimization with

3.879 0.068 96.2 195.5 0.649678
small stiffeners

According to the results given in Table 7.7, the best design is obtained by using
only straight stiffeners in optimization #2, which gives a buckling load of 192.8 kN, a
100.4% increase compared to the unreinforced configuration, while adding an additional
weight by 1.54%. The fact that the critical buckling load of the cylinder without cutout
was measured as 182 kN in the reference experimental study, it can be concluded that
not only the strength lost due to the introduction of the cutout is recovered but also
the strength is increased even further. Thus, application of straight stiffeners is found
highly effective in improving the buckling resistance of the structure by increasing the

bending stiffness locally around the cutout.

The optimum design from the optimization with small stiffeners not only provides
the highest amount of critical buckling load, 195.5 kN, but also the lowest objective
function value amongst all three, even though it results in the maximum increase in
the weight, 1.75%. That is because the objective function weighting coefficient used for
the buckling load is more than double of that for the weight. Using a lower weighting
coefficient for the buckling load and a higher weighting coefficient for the weight of the

cylinder would yield an optimum design lighter but also weaker against buckling.
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Comparing the optimization with small stiffeners to optimization #2, addition
of small stiffeners only yields an extra gain of 1.4% in the buckling load found in the
latter. Therefore, it can be concluded that use of straight stiffeners axially all along the
cylinder and close to the cutout is much more effective compared to the small stiffeners

applied on the top and bottom of the cutout.
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8. RECOMMENDATIONS FOR FUTURE WORK

In this study, the buckling strength of a thin-walled composite cylindrical is im-
proved via use of stiffener reinforcements. Although the buckling strength of the opti-
mally reinforced cylinder is the double of that of the unreinforced one, there are some
improvements that can be applied. The effect of ply orientations for straight stiffeners
and small stiffeners can be analyzed and included to the model. Increasing the num-
ber of layers or the thickness of each layer of stiffeners can also increase the bending
stiffness coming from stiffeners. In order to simulate the buckling more realistically,
non-linear material model along with composite damage mechanisms can be included.
By use of a progressive damage modelling, post-buckling behavior of the reinforced and

unreinforced cylinders can be simulated as well.

This study is carried out using the geometries and the results of a reference
study. The reference design that is optimized is not a real-life application. In the
future, a similar structure with geometric sizes corresponding to a real-life application
such as a fuselage of an aircraft of the main structure of a space shuttle can be optimally
reinforced using the conclusions deduced from this study. For example, a higher number
of holes with smaller cutout diameters can be introduced to the structure. Furthermore,
the search for an optimum stiffener configuration away from the cutout can also be
carried out using a different configuration than that used in the local region around

the cutout.
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9. CONCLUSIONS

The main objective of this study is to optimally reinforce a thin-walled compos-
ite cylindrical shell with a cutout. A parametric finite element model of a composite
cylindrical shell with a circular opening is developed and validated using the results of
an experimental and numerical study. Then straight stiffeners are placed at both sides
of the cutout in the axial direction. The upper and lower limits to be used in the op-
timization studies are determined via a parametric study. Using a modified simulated
anncaling algorithm, optimizations are carried out considering different configurations
and different design parameters. Using the optimum cross-sectional parameters, ad-
ditional small stiffeners are placed to the top and bottom of the cutout, and a final
optimization is carried out using the design parameters that define small stiffeners
only. The parametric FE model and the optimization code are developed in Ansys

Mechanical APDL.

Use of stiffeners is proved to be highly effective and useful for increasing the bend-
ing stiffness and therefore increasing the buckling resistance of the structure without
significant increase in the structural weight. According to the results of the first level
of the optimization, use of optimized straight stiffeners at the sides of the cutout leads
to 100.4% increase in the critical buckling load of the cylinder while adding an extra
1.54% weight. It is also concluded that applying the stiffeners as close to the cutout as
possible yields a higher buckling strength. Use of small stiffeners on the top and bot-
tom of the cylinder improves the buckling load by an additional 1.4%. Therefore, the
increase due to the application of the small stiffeners is found to be marginal compared

to that due to the straight stiffeners.
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