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(ABSTRACT) 

In this study, a tool was developed for incorporating crashworthiness into the prelimi- 

nary design of grid-stiffened composite fuselage structures. The crash analysis of a fuse- 

lage structure was simplified through the development of a global-local procedure, which 

reduces the computational requirements of a crash simulation while facilitating the calcu- 

lation of local stresses. The method was implemented in concert with a progressive failure 

model to model the entire crash sequence, including failure events and subsequent 

response. Several examples were used to validate this method. This method was then 

implemented, along with simple models for assessing the ability of a fuselage to meet 

other load requirements, into a genetic algorithm optimization procedure. The resulting 

preliminary design tool permits a designer to optimize a fuselage for minimum weight, 

maximum crashworthiness or any combination of these parameters. An illustrative exam- 

ple was utilized to demonstrate the use of the tool for an aluminum fuselage as well as a 

composite fuselage. Several designs were found for both materials that substantially 

increased crashworthiness without a significant penalty on structural weight.
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1.0 Introduction and Objectives 

1.1 Crashworthiness of Vehicle Structures 

Perhaps since cavemen invented the wheel, vehicular accidents have been a part of 

human experience. As vehicle technology has progressed through the millennia from the 

wheel, to chariots, to horse-drawn wagons, to horseless carriages, to the modern automo- 

bile, to aircraft, and even to spacecraft, the vehicle system has become increasingly com- 

plex and the vehicle performance has improved dramatically. A nineteenth century 

collision between two Conestoga wagons was very unlikely to cause serious injury to the 

wagons’ occupants due to the relatively slow speeds and low energies involved. However, 

a crash landing of a modern-day aircraft can occur at very high speed and correspondingly 

high energy. In order for even a fairly low-speed impact to be survivable for the occupants, 

the vehicle system must be designed in as crashworthy a manner as possible. Woodson[1 ] 

presented an excellent summary and literature survey of crashworthy design. The salient 

points of that discussion as they relate to the currently proposed project are summarized in 

this section. 

Modern vehicles are typically very complex mechanical systems, involving many 

components which perform various functions towards the operation of that vehicle. 

Designing a vehicle for maximum crashworthiness can involve many different techniques 

applied to a number of these components with varying purposes and effectiveness. The 

U.S. Department of Defense has issued crashworthiness design standards for aircraft and 

helicopters. As part of these standards, five general “rules” for crashworthiness design are 

presented[2]: 
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Limit occupant accelerations - If the structure absorbs a sufficient amount of 

energy during a crash event, the resultant occupant accelerations (actually 

decelerations) can be kept below the limit which the human body can endure 

without serious injury or death. 

Maintain a survivable occupant volume - The structure must be designed in such a 

way that during a crash event it will not collapse to the point where the occu- 

pant is injured or killed by the collapsing structure itself. 

Retain high mass items - The attachments of large items, such as engines, stowage 

bins, etc. must be designed to remain attached during the crash event. Failure 

to do this could result in these massive items crashing into or through the pas- 

senger area causing significant distress to the occupants. 

Minimize occupant environment hazards - Sharp and/or hard objects in the passen- 

ger compartment should be avoided or padded sufficiently so that collision 

with the passengers during crash is not overly harmful. 

Minimize post-crash hazards - The use of highly flammable and toxic materials 

should be avoided in the design of the vehicle. Further, sufficient exit opportu- 

nities should be provided to facilitate passengers leaving a vehicle as quickly 

and safely as possible following a crash event. Many lives have been lost to 

otherwise survivable accidents because passengers were trapped in burning 

vehicles. Many of these fatalities are actually caused by exposure to toxic 

smoke rather than the fire itself. 

The focus of the current effort was on the first of the above principles: limit occupant 

accelerations. By designing a structure to fail in a progressive manner in such a way as to 

maximize the amount of energy absorbed during impact, the acceleration experienced by 

the passengers (and the remaining structure and systems) can be kept to as safe a level as 

possible. This is the most critical of the five principles, as it is the first occurrence during 

the crash event and can have a substantial advantageous/deleterious effect on the remain- 
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der of the process. 

During a crash scenario, the kinetic energy of motion of the vehicle is transferred, or 

absorbed, by deformation and failure of the vehicle structure. This can be expressed in a 

simple mathematical form as: 

[FQ dx = smV (1.1) 

where F(x) is the stopping force, m is the mass of the vehicle, and V is the velocity of 

impact. The left-hand side of Eqn. (1.1) is essentially the area under the force-displace- 

ment curve of the failure process. Therefore, the goal of a crashworthy design is to maxi- 

mize this area. However, an additional constraint arises as a result of Newton’s Second 

Law: 

F(x) = m-a(x) (1.2) 

where a(x) is the acceleration of the vehicle. In order to maintain the occupant acceler- 

ations below a harmful level, the stopping force is constrained to stay below some critical 

value. Thus, maximizing the crashworthiness of a vehicle structure is accomplished by 

maximizing the energy absorbed by the structure (i.e. the area under the force-displace- 

ment curve), and at the same time keeping the peak stopping force below a critical value 

determined by the maximum amount of acceleration that the occupant can safely with- 

stand 

Since the focus of this effort was crashworthiness of aircraft, we must consider the 

parameters of a typical survivable aircraft crash. The key element here is the use of the 
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term survivable. Aircraft crashes which occur in a “head-on” manner, that is the aircraft 

nose collides with the ground or some other object, are almost always fatal; and the large 

energies combined with short stopping distances make these accidents virtually impossi- 

ble to survive. Survivable crashes for most aircraft occur at relatively low flight speeds and 

low vertical descent rates[3]. Typically, a survivable crash scenario involves and aircraft 

moving in a forward and downward flight path while maintaining a relatively level aircraft 

attitude (e.g., +15° to -5° in pitch, 10° in ya w [2] ). This situation is depicted schemati- 

cally in Fig. 1.1. The key consideration for crashworthiness in this scenario is the vertical 

flight motion. Collision with the ground will result in a very short stopping distance with a 

correspondingly high vertical deceleration. Thus, the energy of vertical motion must be 

absorbed by the vehicle structure. The energy of forward motion will be less critical, as the 

aircraft will typically slide along the ground over a large distance, resulting in significantly 

lower deceleration. For this reason, this effort focused on the absorption of the energy of 

vertical motion. 

+ 15° -5° 

yo 

“T we Impact Velocity 

MMMM MMMM AAMC OOO 

Figure 1.1 Typical survivable crash scenario [1] 

To absorb this energy of vertical motion, aircraft rely on three primary structural 

mechanisms[2]. These mechanisms are (see Fig. 1.2): 
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¢ Stroking (deformation) of the landing gear 

¢ Stroking of the seat support structure 

¢ Crushing of the lower fuselage structure 

Stroking of seat support 
Lt structure 

  

    

  

     Crushing of lower Stroking of landing gear 
fuselage structure _ 

  

Figure 1.2 Mechanisms for energy absorption under vertical impact[ 1] 

Designing the landing gear or the seat support structures is driven largely by the ability 

of these structures to handle the impact event. However, the fuselage structure, particularly 

the fuselage frames in a conventional skin-stringer design, are responsible for most of the 

strength and stiffness of the fuselage. Designing this structure for maximum crashworthi- 

ness is impossible without consideration of the other structural requirements of the fuse- 

lage. For this reason, this effort concentrated on the last of these mechanisms: crushing of 

the lower fuselage structure. 

Woodson[1] considered the crushing response of composite skin-stringer fuselage 

assemblies. These composite fuselages are typically designed with stringers being thin- 

walled curved beams with an open cross section. These structures typically fail by brittle 
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fracture in the frames, resulting in the lower fuselage being broken into several seg- 

ments[4]. This differs from conventional aluminum skin-stringer assemblies which absorb 

the impact energy by ductile yielding of the frame structures. This makes designing a 

crashworthy composite fuselage frame substantially more challenging than designing a 

crashworthy aluminum fuselage frame. The current effort focused on a fuselage structure 

reinforced with geodesic, continuous filament, stiffener geometries rather than the conven- 

tional circumferential stiffener frame-type structures. These types of structures will be dis- 

cussed in the following section. 

1.2 Grid-stiffened Fuselage Structures 

Aircraft fuselage structures have typically been skins stiffened with open-section stiff- 

eners. For metallic aircraft, this results in a lightweight, efficient fuselage. As composite 

materials began to see use in primary aircraft structures, similar designs were utilized. 

However, constructing composite fuselages and assembling the stiffeners with fasteners is 

generally not cost-effective and can lead to other design difficulties in the attachment 

areas. The idea of grid-stiffened structures, utilizing advanced filament-placing technol- 

ogy and co-curing of the grid-stiffeners to the skin, led to the development of new manu- 

facturing processes. The Lockheed-Georgia Company developed a process to fabricate 

grid-stiffened fuselages with continuous-filament stiffeners[5]. This method was based on 

earlier pioneering work by McDonnell Douglas Astronautics Company, St. Louis, in uti- 

lizing stylus weaving to produce grid-stiffened flat panels[6]. 

The various types of grid-stiffener arrangements can be divided into three categories: 

1. Orthogrid - All stiffeners are oriented either longitudinally (in the direction of 
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the fuselage axis) or circumferentially. In general, the size and spacing of the 

stiffeners in each direction may be different. This general orthogrid is illus- 

trated in Fig. 1.3.a. If the stiffener spacing and sizes are uniform, the result is a 

special case of the general orthogrid, which for the purposes of this report shall 

betermed a regular orthogrid (see Fig. 1.3.b). Obviously, the conventional 

skin-stringer monocoque fuselage design is just a special case of a general 

orthogrid where the stiffeners are larger and spaced much farther apart than a 

typical continuous-filament orthogrid. 

2. Spiral grid - Stiffeners are wound at an angle to the axial and circumferential 

directions. An example of a typical spiral grid is illustrated in Fig. 1.3.c. Typi- 

cally, two orientations of stiffeners, each at equal and opposite angles from the 

orthogonal directions are utilized. 

3. General grid - The above two classifications are actually just special cases of a 

general grid configuration. This is illustrated in Fig. 1.3.d. Practically all of the 

grid arrangements that have been considered are just special cases of this gen- 

eral grid. By considering each of the stiffener geometries and spacings to be a 

design variable, a huge assortment of grid-reinforcement designs can be gener- 

ated. Reducing the size of a given grid section to zero (effectively eliminating 

that section) can result in even more available grid designs. 

1.2.1 Isogrid 

One special case of the general grid configuration that deserves special mention is the 

isogrid, which was developed by Dr. Robert R. Meyer of the McDonnell Douglas Astro- 

nautics Company-West in 1964[6]. The isogrid concept utilizes a repeating pattern of 

equilateral triangular stiffener configurations as shown in Fig. 1.4.a. To illustrate that this 

is just a special case of the general grid, the sections of the general grid which are kept in 

the isogrid are shown darkened in Fig. 1.4.b. In a global sense, an isogrid responds in a 

similar way as an isotropic material. This is the reason for the use of the prefix “iso-”. [7]. 
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(a) General orthogrid (b) Regular orthogrid 

  

(c) Spiral grid (d) General grid 

Figure 1.3 Grid-stiffener configurations 

Isogrids have an inherent advantage over orthogrids in that the isogrid configuration is sta- 

ble. Therefore, the isogrid-stiffened structure does not rely on the skin to help maintain its 

shape in the way that the orthogrid-stiffened structure does. Isogrids also offer another dis- 

tinct advantage. Due to its highly redundant nature, isogrid stiffening results in a very 

damage-tolerant structure[8]. Loads from locally-failed stiffeners are easily transferred to 

neighboring stiffeners. This ability to shift the load path allows the isogrid-stiffened struc- 

ture to suffer numerous local damage events prior to a large drop in the global load-carry- 

. 
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. (b) General grid unit cell with isogrid 

(a) Isogrid concept components shaded 

Figure 1.4 Isogrid stiffening configuration 

1.2.2 Design studies 

Several investigators have performed design studies to attempt to determine which 

types of grid-stiffening offer the most promise. Hofmeister and Felton[9,10] studied a 

number of stiffening patterns, mostly variations on the orthogrid and isogrid concepts. 

Their study considered flat plates subject to uniaxial and biaxial compressive loads. The 

unique aspect of their design study was the use, in some cases, of a secondary reinforce- 

ment pattern of larger stiffeners spaced much farther apart than the smaller primary stiff- 

eners. They utilized a minimization procedure to determine minimum-weight designs 

subject to buckling and yield constraints. The isogrid-type stiffener design was found to 

exhibit the most promise, and waffle plates with two sizes of ribs were found to be more 

efficient than those with a single stiffener size. 

A study of spiral-type stiffened cylindrical shells by Pappas and Amba-Raof[11] 

showed that spirally stiffened shells may be quite inferior to orthogrid stiffened shells. 

They also concluded that local failure modes must be considered in any design analysis. 
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More recently, Reddy et al [5S] performed design studies on isogrid, orthogrid and gen- 

eralized orthogrid fuselage structures. They considered load cases of uniaxial compression 

and combined axial compression and torsion, and sought to minimize weight subject to 

constraints on general instability, rib crippling, and skin buckling. All three design con- 

cepts were found to be weight competitive. They concluded that the isogrid concept was 

the most attractive largely as a result of its superior damage tolerant nature. 

1.3 Objectives 

The primary objective of the current effort was to provide a preliminary design tool 

which would allow an aircraft designer to more effectively determine an optimum grid- 

stiffener configuration incorporating crashworthiness as a design criterion. The key ele- 

ment is the preliminary design motivation. It would certainly be possible to perform a 

detailed, non-linear dynamic analysis of a grid-stiffened fuselage to predict as exactly as 

possible the response during typical crash events. However, that approach, while it may 

provide some understanding into the crashworthiness of grid-stiffened fuselage structures, 

would not ultimately provide aircraft designers with a usable tool for their practice. This 

would contribute to what Haftka[12] terms the “chasm between vigorous progress in 

research and development of new methods and relatively slow assimilation of these new 

methods in industrial practice.” 

In addition to the motivation to provide designers with usable tools, there were other 

reasons for concentrating on the preliminary design stage. Aircraft are often designed with 

the primary flight loads and conditions governing the chosen design. Crashworthiness 

aspects are of second order consideration or added as an afterthought. By introducing 
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crashworthiness as a design criterion in the preliminary design phase, fuselage structures 

can be selected which, in addition to meeting all of the standard design criteria, are as 

crashworthy as is feasible given these other constraints. 

In addition to the motivation for a preliminary design tool, there was a distinct need for 

a tool with direct application to grid-stiffened fuselage frames. Woodson[1] considered the 

similar problem for a composite fuselage frame, but with a conventional reinforcement 

configuration. A number of researchers have performed detailed analyses of the nonlinear 

postbuckling response of grid-stiffened structures (see Sec. 2.2). The vast majority of 

these analyses have looked primarily at axial or torsional loading of grid-stiffened cylin- 

ders. This type of loading, while of an interesting research nature, is not of direct interest 

for the type of survivable crash considered in this effort. There appeared to be a noticeable 

void in the body of available methods and printed literature for a preliminary design tool 

to optimize the crashworthiness of grid-stiffened fuselage structures. 
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2.0 Analysis and Design of Crashworthy Aircraft 

Structures 

In Chapter 1, the fundamentals of aircraft crashworthiness and grid-stiffened fuselage 

structures were discussed, and objectives for the current effort were presented. In order to 

develop the preliminary design tool put forward in that description, it was first necessary 

to review the pertinent literature covering analysis and design of crashworthy aircraft 

structures. Again, Woodson[1] provides an excellent review of existing analysis methods, 

both for metallic structures as well as for composites. Rather than duplicate the literature 

review effort he put forward, it was decided to focus on literature covering specific analy- 

sis methods which were of potential use in the current effort. The results of this survey are 

presented in this chapter. After a brief discussion of the limitations of the available analy- 

sis tools as they apply to the problem of grid-stiffened composite structures, there follows 

summaries of literature covering buckling and postbuckling of stiffened panels or shells, 

energy absorption under progressive failure analysis of composite structures, and opti- 

mized design of fuselage-type structures. 

2.1 Crashworthiness Analysis Methods 

There are a number of existing analysis tools for crash simulation in use today. They 

range from the very computationally demanding non-linear dynamic finite element codes, 

such as DYCAST[13], DYNA3D[14], ANCS[15] and others, to the semi-empirical codes 

such as KRASH[16]. In between these two extremes are the traditional crush analysis 

models, which incorporate collapse through the use of “rivets” [17] or plastic hinges which 

fail at a prescribed load. 
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The detailed finite element codes have been applied with good success to a number of 

crash scenarios in many different vehicle structures. In the area of aircraft fuselages, Win- 

ter et al[18] used an early version of DYCAST to simulate a crash of both composite and 

aluminum helicopters. Composite energy absorption was included primarily through tube 

crushing in the fuselage subfloor. More recently, Jackson et al[19] have used both KRASH 

and DYCAST to model the crash responses of composite aircraft and helicopter fuselage 

sections. They were able to demonstrate the ability of these numerical tools to accurately 

simulate crash response and energy absorption capabilities for these types of structures. 

Further application of these methods for aircraft crash analysis can be found in the works 

of Hayduk et al(20], Haug et al[21], Tennyson and Hansen[22], Logan et al[23] and 

Thomson and Goetz[24] among others. Hansen and Tennyson[25] even used this approach 

to analyze a stiffened composite structure, although the stiffeners were limited to the 

stringer-type. While these investigations showed the promise of the finite element 

approach for simulating crashes, it is clear that this method is not feasible in the modern 

computing environment to incorporate this approach into a realistic optimization scheme. 

The simpler lumped mass-spring type analyses have also been demonstrated with 

some success in simulating crashes of aircraft structures. For example, Wittlin and 

Caiafa[26] used KRASH85, an updated version of KRASH, to perform preliminary analy- 

sis of a fuselage. Bolukbasi[27] used KRASH to study the crash characteristics of a heli- 

copter. This approach, while computationally simpler than the finite element approach 

described above, is better suited for a systems approach to crashworthiness. That is, con- 

structing models of an entire structural system or vehicle and performing a dynamic crash 

simulation. Although this method could have been applied in the preliminary design sys- 
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tem in this project, it would have been difficult to accurately represent the grid-stiffener 

configurations expected. 

The crush analysis approach has also been applied successfully to aircraft structures. 

Work by Murray[17] and Toi and Yang[28] among others have demonstrated their capabil- 

ity. By adding “rivets”, or plastic hinges, to represent collapsing structural elements, this 

method can model the crushing of a structure without the intense computational require- 

ments of the detailed non-linear finite element approach. If the current project involved 

only ductile metallic structures, this might have been the analysis tool of choice. However, 

the plastic hinge models are not suited well for analysis of composite structures which are 

expected to fail in a brittle, discrete manner. 

2.2 Buckling and Postbuckling of Stiffened Panels 

The work described in this section deals with the buckling and postbuckling analysis 

of stiffened panels and shells. For non-stiffened plates and shells, including composite 

materials, the analysis tools for buckling loads are well known and readily available[29]. 

Methods for postbuckling analysis of isotropic non-stiffened structures are also easily 

found. Zhao et al[30], for example, present a method based on the principle of minimum 

potential energy to determine the postbuckling response of end-loaded elastically sup- 

ported columns. The postbuckling analysis of composite plates, however, has received less 

attention. Buskell et al[31] performed a series of postbuckling tests on composite panels 

and demonstrated substantial postbuckling strength, as much as twice the initial buckling 

load. Shin et al[32] used energy methods to obtain the postbuckling response of composite 

plates under axial compressive loading. They utilized their method to study the effect of 

bend-twist coupling on the response and showed examples for isotropic, orthotropic and 
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anisotropic plates. Kweon and Hong[33] used an arc-length method based on nonlinear 

finite elements to perform postbuckling analysis of cylindrical composite panels. Their 

finite element results show generally good agreement with experimental data. 

Many investigators have considered both buckling and postbuckling of stiffened plates 

and shells as well. Jones[34] provided some pioneering work in the area of buckling of 

composite circular cylindrical shells with eccentric stiffeners. Using a Donnell-type shell 

theory along with classical stability theory, he was able to predict buckling loads without 

the erratic results of previous approaches which had neglected the coupling between bend- 

ing and extension. Soong[35] used an averaging scheme to extend this work by studying 

the buckling of orthotropic cylindrical shells with spiral stiffeners. Soong showed good 

agreement with experimental data for waffle cylinders, and demonstrated that spiral-type 

stiffening might be stronger than conventional stiffening of equal weight. Steen[36] used 

an energy approach to extend the study of eccentrically stiffened plate to the postbuckling 

regime. 

Sheinman and Frostig[37] used a combination of eigenfunction series expansion and 

finite differences to solve the equilibrium equations in terms of out-of-plane displacements 

and Airy stress functions of the buckling and postbuckling analysis of a curved, stiffened 

laminate panel. Not only did the analysis show good agreement with more detailed solu- 

tions, it was also found to be very computationally efficient when compared with finite 

element analyses. Wu and Zhang[38] analyzed a similar problem using virtual work for 

the buckling analysis and Huchinson’s criterion for the postbuckling bifurcation analysis. 

Their model also included nonlinear material behavior (elastic-plastic behavior), trans- 

verse shear and initial imperfections. They also found good agreement with experimental 
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data and other known solutions. 

Yoda and Atluri[39] developed a higher-order shear deformation theory and derived a 

displacement field which eliminates the need for the standard shear correction factors. 

They then applied the theory to postbuckling analysis of stiffened composite panels under 

compression using a finite strip method with finite element analysis. This approach was 

then validated with typical experimental results. 

Several researchers have attempted to develop simplified analytical expressions. One 

particularly simple approach was developed by Moradi and Parsons[40] to predict the 

buckling load of stiffened composite shells. They utilized dimensional analysis with Don- 

nell shell theory assuming smeared stiffeners (axial and ring). This particular approach, 

although lacking in detailed response information is well suited to preliminary design use. 

Sherbourne and Bedair[41] used a numerical Ritz-type solution with minimization of 

total potential energy to predict the postbuckling behavior of plate-stiffener assemblies 

under axial compression. They developed analytical expressions for the strain energy for 

plates of different aspect ratio under a variety of boundary conditions.Boitnott et al[42] 

simplified the nonlinear problem by investigating the postbuckling and failure response of 

a pressurized composite panel. They developed a one-dimensional nonlinear model based 

on a shear deformable shallow shell theory with an approximate set of strain-displacement 

relations, then derived closed-form solutions. Using the general purpose shell finite ele- 

ment code STAGS, regions of the panel where the one-dimensional model was applicable 

were selected. Good correlation between analytical and experimental results required very 

accurate measurements of panel curvature and accounting for specimen slippage. 

The previous analytical works all use a homogenization of the stiffener geometry to 

2. Analysis and Design of Crashworthy Aircraft Structures 16



perform the buckling and postbuckling analysis. The analytical method has been extended 

to model discrete stiffeners through the use of the finite strip method. Dawe et al[43] used 

a finite strip method in conjunction with an iterative Newton-Raphson procedure to predict 

post-local-buckling of stiffened panels under the same loading. They considered both clas- 

sical plates as well as shear deformable plates. Several applications were demonstrated, 

including box- and hat-sections and blade-stiffeners. For a laminated box beam, good cor- 

relation with the results from the commercial finite element package LUSAS was 

obtained. Loughlan[44] applied a similar finite strip method to analyze the shear buckling 

of composite panels. 

For complex geometries and analyses where local failure modes are important, finite 

element analysis serves as a useful analysis tool. Scott[45] demonstrated the capability of 

the general purpose finite element code MSC/NASTRAN for modeling buckling and post- 

buckling behavior of stiffened composite plates. This included a study of the effects of 

imperfection on the nonlinear response. Good correlation between the buckling predic- 

tions and the bifurcation point of the nonlinear analysis was achieved. However, Scott[45] 

concluded that “the prediction of postbuckling performance requires both specialist mod- 

-eling skills.” 

Falzon and Steven[46] performed a nonlinear analysis using an Australian finite ele- 

ment package, Strand6, to predict the buckling and postbuckling response of a hat-stiff- 

ened composite plate. Strand6 used a co-rotational large rotation formulation with an 

incremental approach.They achieved good correlation between the predicted nonlinear 

response and experimental results. 

Renze and Laananen[47] used the general purpose finite element code PATRAN to 
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predict the buckling load of bead-stiffened composite panels under uniaxial compression. 

A bead-stiffened panel consists of stiffeners which are formed integrally with the panel. 

Through a parameter study, Renze and Lannanen[47] determined that the bead height, 

bead corner radius, and panel size had the most substantial effects on the predicted buck- 

ling load. They then developed closed-form solutions for the buckling load which bound 

the results from the finite element analysis. 

In an effort to reduce the computational cost of finite element analysis while still 

incorporating local effects, Chen et al[48] developed an approach for predicting buckling 

loads of orthogonally stiffened composite panels by limiting the analysis to the study of 

one or two individual cells. They show good agreement between these simpler analyses 

and buckling analyses of full structures. This type of approach has some promise for appli- 

cation to non-orthogonal grid buckling analysis. 

Virtually all of the methods discussed above are limited to stiffeners parallel or per- 

pendicular to the axis of a cylinder or direction of loading in a panel. Fewer references 

have been found on the subject of buckling or postbuckling analysis of geodesic-type stiff- 

ener configurations. The complex geometry of these types of structures generally make an 

analytical solution difficult and often require detailed finite element models. Much of the 

pioneering work in this area has been done by Sandhu[49]. This application of finite ele- 

ments is clearly not suitable for application in a preliminary design optimization environ- 

ment. 

Although a detailed finite element solution for postbuckling is not useful in the pro- 

posed preliminary design tool, an item of particular interest to this effort has been investi- 

gated using finite element analysis. This issue is joint flexibility. In any stiffened structure 
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where stiffeners intersect, modeling this flexibility could have a significant effect on the 

ability to accurately predict the response. Sandhu et al[50] compared experimental data 

with finite element results for torsional buckling and postbuckling of geotectonically-rein- 

forced composite cylinders and found that joint flexibility was a significant factor. 

Depending on the amount of expected “scissoring” at the joints, their finite element mod- 

els were overstiff by from 10-15% (low scissoring) to as high as 70% (high scissoring). 

Two methods were proposed to add joint flexibility to the finite element model. The first 

method is to reduce the local bending stiffness near the joint. This method is arbitrary and, 

further, was not shown to be effective. The second method was to offset intersecting stiff- 

eners and connect the offset nodes with a torsional beam element. This method produced 

significantly better correlation. Although selecting the torsional stiffness of the joining 

beams is still arbitrary, any finite value provides a better result than the rigid joint analysis. 

Several methods for approximating, or “smearing”, the stiffener effects have been pre- 

sented. Analytical methods for calculating the stiffness of a regularly non-homogeneous 

corrugated surface are presented by both Parton and Kudryavtsev[51] and 

Kalamkarov[52]. A number of researchers have attempted to predict the buckling load of 

waffle-grid stiffened panels and cylinders. These models have in common the smearing of 

the stiffener effects over the shell reference surface. 

Meyer[53] provided an early model for 45° eccentric-stiffened cylinder buckling. He 

assumed that a uniaxial stress prevails in each rib and developed closed-form expressions 

for buckling load, obtaining good agreement with experimental data. Lee and Lu[54] 

extended this analysis to consider variable orientation stiffeners and used a Ritz-type solu- 

tion to predict the bending instability of a stiffened cylinder. Agreement with experimental 
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�l�o�a�d�s�,� �a�n�d� �G�e�n�d�r�o�n�[�6�1�]� �t�h�e�n� �u�s�e�d� �t�h�e� �m�e�t�h�o�d� �t�o� �a�n�a�l�y�z�e� �g�e�o�d�e�s�i�c�a�l�l�y� �s�t�i�f�f�e�n�e�d� �c�o�m�p�o�s�i�t�e� 

�c�y�l�i�n�d�e�r�s� �s�u�b�j�e�c�t�e�d� �t�o� �a�x�i�a�l� �c�o�m�p�r�e�s�s�i�o�n� �a�n�d�/�o�r� �t�o�r�s�i�o�n�.� 

�2�.�3� �P�r�o�g�r�e�s�s�i�v�e� �F�a�i�l�u�r�e� �a�n�d� �E�n�e�r�g�y� �A�b�s�o�r�p�t�i�o�n� �o�f� �C�o�m�p�o�s�i�t�e� �S�t�r�u�c�t�u�r�e�s� 

�P�r�o�g�r�e�s�s�i�v�e� �f�a�i�l�u�r�e� �m�o�d�e�l�s� �f�o�r� �m�e�t�a�l�l�i�c� �s�t�r�u�c�t�u�r�e�s� �f�o�c�u�s� �o�n� �t�h�e� �e�l�a�s�t�o�-�p�l�a�s�t�i�c� �r�e�s�p�o�n�s�e� 

�c�h�a�r�a�c�t�e�r� �o�f� �m�o�s�t� �m�e�t�a�l�s�.� �F�o�r� �t�h�i�s� �r�e�a�s�o�n�,� �t�h�e�s�e� �m�o�d�e�l�s� �a�r�e� �g�e�n�e�r�a�l�l�y� �n�o�t� �c�a�p�a�b�l�e� �o�f� �h�a�n�-� 

�d�l�i�n�g� �t�h�e� �d�i�s�c�r�e�t�e� �l�o�a�d� �d�r�o�p�s� �e�x�h�i�b�i�t�e�d� �b�y� �c�o�m�p�o�s�i�t�e� �m�a�t�e�r�i�a�l�s� �d�u�r�i�n�g� �t�h�e� �f�a�i�l�u�r�e� �p�r�o�c�e�s�s�.� 

�M�o�s�t� �o�f� �t�h�e� �p�r�o�g�r�e�s�s�i�v�e� �f�a�i�l�u�r�e� �m�o�d�e�l�s� �f�o�r� �c�o�m�p�o�s�i�t�e�s� �d�e�a�l� �p�r�i�m�a�r�i�l�y� �w�i�t�h� �t�h�e� �f�a�i�l�u�r�e� �o�f� 

�i�n�d�i�v�i�d�u�a�l� �l�a�m�i�n�a�e� �w�i�t�h�i�n� �a� �l�a�m�i�n�a�t�e� �a�n�d� �t�h�e� �e�f�f�e�c�t�s� �o�f� �t�h�e�s�e� �f�a�i�l�u�r�e�s� �o�n� �t�h�e� �s�u�b�s�e�q�u�e�n�t� 

�l�a�m�i�n�a�t�e� �b�e�h�a�v�i�o�r�.� �T�y�p�i�c�a�l�l�y�,� �t�h�e� �e�l�a�s�t�i�c� �c�o�n�s�t�a�n�t�s� �o�f� �a� �f�a�i�l�e�d� �p�l�y� �a�r�e� �d�e�g�r�a�d�e�d� �b�y� �s�o�m�e� 

�a�r�b�i�t�r�a�r�y� �f�a�c�t�o�r�,� �t�h�e�n� �t�h�e� �l�a�m�i�n�a�t�e� �c�o�n�s�t�i�t�u�t�i�v�e� �e�x�p�r�e�s�s�i�o�n�s� �a�r�e� �r�e�c�a�l�c�u�l�a�t�e�d� �u�s�i�n�g� �t�h�e�s�e� 

�d�e�g�r�a�d�e�d� �p�r�o�p�e�r�t�i�e�s�[�6�2�]�.� �W�h�i�l�e� �t�h�i�s� �a�p�p�r�o�a�c�h� �o�f�t�e�n� �y�i�e�l�d�s� �g�o�o�d� �c�o�r�r�e�l�a�t�i�o�n� �t�o� �e�x�p�e�r�i�m�e�n�-� 

�t�a�l� �f�a�i�l�u�r�e� �r�e�s�u�l�t�s� �a�n�d� �c�a�n� �b�e� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� �t�h�e� �a�n�a�l�y�s�i�s� �o�f� �g�e�n�e�r�a�l� �s�t�r�u�c�t�u�r�e�s�,� �i�t� 

�b�e�c�o�m�e�s� �v�e�r�y� �c�u�m�b�e�r�s�o�m�e� �f�o�r� �m�o�r�e� �c�o�m�p�l�e�x� �s�t�r�u�c�t�u�r�e�s�.� �A�n� �e�x�a�m�p�l�e� �o�f� �s�u�c�c�e�s�s�f�u�l� �a�p�p�l�i�-� 

�c�a�t�i�o�n� �o�f� �t�h�i�s� �m�e�t�h�o�d� �t�o� �a� �s�i�m�p�l�e� �s�t�r�u�c�t�u�r�e� �(�u�n�i�a�x�i�a�l�l�y�-�l�o�a�d�e�d� �p�l�a�t�e� �w�i�t�h� �a� �c�e�n�t�r�a�l� �h�o�l�e�)� �i�s� 

�p�r�e�s�e�n�t�e�d� �b�y� �C�h�a�n�g� �a�n�d� �C�h�a�n�g�/�6�3�]�.�  ��B�y� �i�n�c�o�r�p�o�r�a�t�i�n�g� �t�h�e� �l�a�m�i�n�a� �f�a�i�l�u�r�e� �/� �p�r�o�p�e�r�t�y� �d�e�g�r�a�-� 
�.� �a� �a�s� 

�d�a�t�i�o�n� �m�e�t�h�o�d� �i�n�t�o� �a� �f�i�n�i�t�e� �e�l�e�m�e�n�t� �c�o�d�e�,� �t�h�e�y� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�e� �p�r�e�d�i�c�t�i�o�n� �o�f� �p�r�o�p�a�g�a�t�i�n�g� 

�d�a�m�a�g�e� �a�w�a�y� �f�r�o�m� �t�h�e� �h�o�l�e� �a�n�d� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �u�l�t�i�m�a�t�e� �s�t�r�e�n�g�t�h� �o�f� �a� �p�l�a�t�e� �w�i�t�h� �a� 

�2�.� �A�n�a�l�y�s�i�s� �a�n�d� �D�e�s�i�g�n� �o�f� �C�r�a�s�h�w�o�r�t�h�y� �A�i�r�c�r�a�f�t� �S�t�r�u�c�t�u�r�e�s� �2�1



�h�o�l�e�.� �M�o�r�e� �r�e�c�e�n�t�l�y�,� �T�o�l�s�o�n� �a�n�d� �Z�a�b�a�r�a�s�[�6�4�]� �d�e�v�e�l�o�p�e�d� �a�n�d� �a�p�p�l�i�e�d� �a� �s�i�m�i�l�a�r� �m�e�t�h�o�d� 

�b�a�s�e�d� �o�n� �a� �s�h�e�a�r� �d�e�f�o�r�m�a�b�l�e� �p�l�a�t�e� �t�h�e�o�r�y� �t�o� �p�r�e�d�i�c�t� �f�i�r�s�t� �p�l�y� �f�a�i�l�u�r�e� �(�F�P�F�)� �a�n�d� �l�a�s�t�-�p�l�y� �f�a�i�l�-� 

�u�r�e� �(�L�P�F�)� �o�f� �a� �c�o�m�p�o�s�i�t�e� �l�a�m�i�n�a�t�e�.� 

�W�h�i�l�e� �t�h�i�s� �m�e�t�h�o�d� �w�a�s� �s�u�i�t�a�b�l�e� �f�o�r� �a� �f�a�i�r�l�y� �s�i�m�p�l�e� �a�n�a�l�y�s�i�s�,� �i�t�s� �u�s�e� �i�n� �a� �g�e�n�e�r�a�l� �s�t�r�u�c�-� 

�t�u�r�e� �s�u�g�g�e�s�t�s� �o�t�h�e�r� �p�r�o�b�l�e�m�s�.� �C�o�m�p�o�s�i�t�e� �m�a�t�e�r�i�a�l�s� �o�f�t�e�n� �s�u�f�f�e�r� �a� �n�u�m�b�e�r� �o�f� �m�i�n�o�r� �m�a�t�r�i�x�-� 

�r�e�l�a�t�e�d� �f�a�i�l�u�r�e� �e�v�e�n�t�s� �p�r�i�o�r� �t�o� �a�n�y� �s�i�g�n�i�f�i�c�a�n�t� �l�o�s�s� �o�f� �l�o�a�d�-�c�a�r�r�y�i�n�g� �c�a�p�a�b�i�l�i�t�y�.� �I�n� �a�n� �a�n�a�l�y�s�i�s� 

�o�f� �a� �c�o�m�p�l�e�x� �s�t�r�u�c�t�u�r�e�,� �s�i�g�n�i�f�i�c�a�n�t� �c�o�m�p�u�t�a�t�i�o�n�a�l� �t�i�m�e� �c�o�u�l�d� �b�e� �e�x�p�e�n�d�e�d� �o�n� �p�r�e�d�i�c�t�i�n�g� 

�a�n�d� �p�r�o�p�a�g�a�t�i�n�g� �r�e�l�a�t�i�v�e�l�y� �m�e�a�n�i�n�g�l�e�s�s� �f�a�i�l�u�r�e� �e�v�e�n�t�s�.� �O�n�e� �p�r�o�m�i�s�i�n�g� �r�e�m�e�d�y� �t�o� �t�h�i�s� �d�i�f�f�i�-� 

�c�u�l�t�y� �i�s� �a� �s�e�m�i�-�e�m�p�i�r�i�c�a�l� �a�p�p�r�o�a�c�h� �p�r�o�p�o�s�e�d� �b�y� �B�o�l�u�k�b�a�s�i� �a�n�d� �L�a�a�n�a�n�e�n�[�6�5�]�.� �C�o�m�b�i�n�i�n�g� 

�c�l�a�s�s�i�c�a�l� �l�a�m�i�n�a�t�e�d� �p�l�a�t�e� �t�h�e�o�r�y�,� �e�l�a�s�t�i�c� �s�t�a�b�i�l�i�t�y� �t�h�e�o�r�y�,� �a�n�d� �e�x�p�e�r�i�m�e�n�t�a�l� �n�o�n�d�i�m�e�n�s�i�o�n�a�l� 

�c�r�i�p�p�l�i�n�g� �d�a�t�a� �f�o�r� �c�o�m�p�o�s�i�t�e� �s�t�i�f�f�e�n�e�r�s�[�6�6�]�,� �t�h�e�y� �p�r�e�d�i�c�t� �t�h�e� �e�n�e�r�g�y� �a�b�s�o�r�p�t�i�o�n� �c�a�p�a�b�i�l�i�t�i�e�s� 

�f�o�r� �d�i�f�f�e�r�e�n�t� �s�t�i�f�f�e�n�e�r� �c�r�o�s�s�-�s�e�c�t�i�o�n�s�.� �G�o�o�d� �c�o�r�r�e�l�a�t�i�o�n� �i�s� �a�c�h�i�e�v�e�d� �b�e�t�w�e�e�n� �p�r�e�d�i�c�t�i�o�n�s� �a�n�d� 

�e�x�p�e�r�i�m�e�n�t�a�l� �d�a�t�a�.� �H�o�w�e�v�e�r�,� �t�h�e� �s�e�m�i�-�e�m�p�i�r�i�c�a�l� �n�a�t�u�r�e� �o�f� �t�h�i�s� �a�p�p�r�o�a�c�h� �p�r�e�c�l�u�d�e�s� �i�t�s� 

�a�p�p�l�i�c�a�t�i�o�n� �t�o� �o�t�h�e�r� �m�a�t�e�r�i�a�l� �s�y�s�t�e�m�s� �o�r� �l�a�m�i�n�a�t�e� �c�o�n�f�i�g�u�r�a�t�i�o�n�s� �w�i�t�h�o�u�t� �a�d�d�i�t�i�o�n�a�l� �t�e�s�t� 

�d�a�t�a�.� 

�2�.�4� �D�e�s�i�g�n� �O�p�t�i�m�i�z�a�t�i�o�n� �o�f� �S�t�i�f�f�e�n�e�d� �C�o�m�p�o�s�i�t�e� �S�t�r�u�c�t�u�r�e�s� 

�A�s� �s�t�a�t�e�d� �i�n� �S�e�c�.� �1�.�3�,� �a� �m�o�t�i�v�a�t�i�o�n� �f�o�r� �t�h�e� �c�u�r�r�e�n�t� �r�e�s�e�a�r�c�h� �e�f�f�o�r�t� �w�a�s� �t�o� �i�n�c�o�r�p�o�r�a�t�e� 

�c�r�a�s�h�w�o�r�t�h�i�n�e�s�s� �o�p�t�i�m�i�z�a�t�i�o�n� �i�n�t�o� �t�h�e� �p�r�e�l�i�m�i�n�a�r�y� �d�e�s�i�g�n� �s�t�a�g�e� �o�f� �a�n� �a�i�r�c�r�a�f�t� �(�o�r� �o�t�h�e�r� 

�v�e�h�i�c�l�e�)�.� �T�h�i�s� �n�e�e�d�e�d� �t�o� �b�e� �d�o�n�e� �w�i�t�h�i�n� �t�h�e� �c�o�n�t�e�x�t� �o�f� �c�u�r�r�e�n�t� �p�r�e�l�i�m�i�n�a�r�y� �d�e�s�i�g�n� �c�r�i�t�e�r�i�a�.� 

�I�d�e�a�l�l�y�,� �t�h�e� �c�r�a�s�h�w�o�r�t�h�i�n�e�s�s� �c�r�i�t�e�r�i�o�n� �w�o�u�l�d� �b�e� �i�n�s�e�r�t�e�d� �a�s� �a�n� �a�d�d�i�t�i�o�n�a�l�  ��m�o�d�u�l�e �� �t�o� �a� 

�c�u�r�r�e�n�t� �i�n�t�e�g�r�a�t�e�d� �d�e�s�i�g�n� �s�y�s�t�e�m�.� �H�a�l�l�[�6�7�]� �a�n�d� �H�a�l�l� �a�n�d� �S�i�m�p�s�o�n�[�6�8�]� �h�a�v�e� �a�s�s�e�m�b�l�e�d� �s�u�c�h� 

�a�n� �i�n�t�e�g�r�a�t�e�d� �s�y�s�t�e�m� �f�o�r� �a�d�v�a�n�c�e�d� �c�o�m�p�o�s�i�t�e� �s�t�r�u�c�t�u�r�e�s�.� �I�n�d�i�v�i�d�u�a�l� �t�o�o�l�s� �f�o�r� �a�n�a�l�y�z�i�n�g� 

�i�n�t�e�r�l�a�m�i�n�a�r� �s�t�r�e�s�s�e�s�,� �l�o�c�a�l�/�g�l�o�b�a�l� �b�u�c�k�l�i�n�g�,� �m�e�c�h�a�n�i�c�a�l� �a�n�d� �a�d�h�e�s�i�v�e� �j�o�i�n�t�s�,� �e�n�v�i�r�o�n�m�e�n�-� 

�2�.� �A�n�a�l�y�s�i�s� �a�n�d� �D�e�s�i�g�n� �o�f� �C�r�a�s�h�w�o�r�t�h�y� �A�i�r�c�r�a�f�t� �S�t�r�u�c�t�u�r�e�s� �2�2



�t�a�l� �e�f�f�e�c�t�s�,� �a�n�d� �f�a�t�i�g�u�e� �a�n�d� �d�a�m�a�g�e� �t�o�l�e�r�a�n�c�e� �h�a�v�e� �b�e�e�n� �m�e�r�g�e�d� �i�n�t�o� �a� �s�i�n�g�l�e� �c�o�m�p�u�t�e�r� 

�p�a�c�k�a�g�e�.� �T�h�e� �v�i�s�i�o�n� �f�o�r� �t�h�e� �p�r�o�p�o�s�e�d� �t�o�o�l� �w�a�s� �t�o� �i�n�c�o�r�p�o�r�a�t�e� �t�h�e� �c�r�a�s�h�w�o�r�t�h�i�n�e�s�s� �e�s�t�i�m�a�-� 

�t�i�o�n� �a�s� �a�n� �a�d�d�i�t�i�o�n�a�l� �m�o�d�u�l�e� �t�o� �t�h�i�s� �t�y�p�e� �o�f� �d�e�s�i�g�n� �s�y�s�t�e�m�,� �w�i�t�h� �a�n� �o�p�t�i�m�i�z�a�t�i�o�n� �s�c�h�e�m�e� 

�e�n�c�o�m�p�a�s�s�i�n�g� �t�h�e� �e�n�t�i�r�e� �s�y�s�t�e�m�.� 

�2�.�4�.�1� �O�p�t�i�m�i�z�a�t�i�o�n� �f�o�r� �C�r�a�s�h�w�o�r�t�h�i�n�e�s�s� 

�A�l�t�h�o�u�g�h� �s�t�r�u�c�t�u�r�a�l� �o�p�t�i�m�i�z�a�t�i�o�n� �t�e�c�h�n�i�q�u�e�s�[�6�9�]� �a�r�e� �o�f�t�e�n� �u�s�e�d� �i�n� �t�h�e� �p�r�e�l�i�m�i�n�a�r�y� 

�d�e�s�i�g�n� �s�t�a�g�e� �f�o�r� �m�a�n�y� �s�t�r�u�c�t�u�r�e�s�,� �c�r�a�s�h�w�o�r�t�h�i�n�e�s�s� �i�s� �n�o�t� �u�s�u�a�l�l�y� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� �t�h�e� �p�r�o�-� 

�c�e�s�s�.� �B�e�n�n�e�t� �e�t� �a�l�[�7�0�]� �a�n�d� �S�o�n�g�[�7�1�]�,� �a�m�o�n�g� �o�t�h�e�r�s�,� �h�a�v�e� �p�r�o�p�o�s�e�d� �m�e�t�h�o�d�s� �f�o�r� �c�o�m�b�i�n�i�n�g� 

�o�p�t�i�m�i�z�a�t�i�o�n� �w�i�t�h� �c�r�a�s�h�w�o�r�t�h�i�n�e�s�s� �i�n� �t�h�e� �a�u�t�o�m�o�t�i�v�e� �i�n�d�u�s�t�r�y�.� 

�S�e�n�[�7�2�]� �p�e�r�f�o�r�m�e�d� �t�e�s�t�s� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �e�n�e�r�g�y� �a�b�s�o�r�b�i�n�g� �c�a�p�a�b�i�l�i�t�i�e�s� �o�f� �v�a�r�i�o�u�s� 

�c�o�m�p�o�s�i�t�e� �s�u�b�e�l�e�m�e�n�t�s�,� �t�h�e�n� �i�n�c�o�r�p�o�r�a�t�e�d� �t�h�e�s�e� �r�e�s�u�l�t�s� �a�s� �b�u�i�l�d�i�n�g� �b�l�o�c�k�s� �i�n� �a�n� �o�v�e�r�a�l�l� 

�h�e�l�i�c�o�p�t�e�r� �d�e�s�i�g�n� �f�o�r� �c�r�a�s�h�w�o�r�t�h�i�n�e�s�s�.� �B�o�l�u�k�b�a�s�i�[�2�7�]� �e�n�v�e�l�o�p�e�d� �a�n� �o�p�t�i�m�i�z�a�t�i�o�n� �s�c�h�e�m�e� 

�a�r�o�u�n�d� �a� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �a�i�r�c�r�a�f�t� �c�r�a�s�h� �r�e�s�p�o�n�s�e� �a�n�a�l�y�s�i�s� �a�n�d� �a� �s�u�b�s�y�s�t�e�m� �a�n�a�l�y�s�i�s� �f�o�r� 

�r�o�t�o�r�c�r�a�f�t� �d�e�s�i�g�n�.� �T�h�i�s� �s�y�s�t�e�m�/�s�u�b�s�y�s�t�e�m� �a�p�p�r�o�a�c�h� �i�s� �a�b�l�e� �t�o� �s�e�l�e�c�t� �a� �d�e�s�i�g�n� �f�o�r� �a� �h�e�l�i�c�o�p�-� 

�t�e�r� �w�i�t�h� �m�i�n�i�m�u�m� �w�e�i�g�h�t� �g�i�v�e�n� �a� �c�r�a�s�h�w�o�r�t�h�i�n�e�s�s� �s�t�a�n�d�a�r�d�.� �B�o�t�h� �o�f� �t�h�e�s�e� �a�p�p�r�o�a�c�h�e�s� �u�t�i�-� 

�l�i�z�e� �a� �p�o�t�e�n�t�i�a�l�l�y� �s�e�m�i�-�e�m�p�i�r�i�c�a�l� �a�p�p�r�o�a�c�h� �w�h�e�r�e� �t�h�e� �o�v�e�r�a�l�l� �v�e�h�i�c�l�e� �s�y�s�t�e�m� �i�s� �c�o�n�s�i�d�e�r�e�d� 

�a�s� �a� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �i�n�d�i�v�i�d�u�a�l� �s�u�b�e�l�e�m�e�n�t�s�.� �T�h�e�s�e� �s�u�b�e�l�e�m�e�n�t�s� �c�a�n� �b�e� �a�n�a�l�y�z�e�d� �s�e�p�a�-� 

�r�a�t�e�l�y�,� �o�r� �e�x�p�e�r�i�m�e�n�t�a�l� �d�a�t�a� �c�a�n� �b�e� �u�s�e�d� �t�o� �r�e�p�r�e�s�e�n�t� �t�h�e�i�r� �e�n�e�r�g�y� �a�b�s�o�r�b�i�n�g� �c�a�p�a�b�i�l�i�t�i�e�s�.� 

�K�e�c�m�a�n� �e�t� �a�l�[�7�3�]� �d�i�s�c�u�s�s� �a� �s�i�m�i�l�a�r� �s�y�s�t�e�m� �a�n�a�l�y�s�i�s� �o�f� �e�n�e�r�g�y� �a�b�s�o�r�p�t�i�o�n� �a�n�d� �l�o�a�d� �d�i�s�t�r�i�b�u�-� 

�t�i�o�n� �f�o�r� �t�h�e� �d�e�s�i�g�n� �o�f� �v�a�r�i�o�u�s� �v�e�h�i�c�l�e�s�,� �i�n�c�l�u�d�i�n�g� �b�u�s�e�s�,� �c�a�r�s�,� �a�i�r�c�r�a�f�t� �a�n�d� �r�a�i�l�w�a�y�s�.� 

�L�u�s�t�[�7�4�]� �p�r�e�s�e�n�t�s�,� �i�n� �a� �m�o�r�e� �m�a�t�h�e�m�a�t�i�c�a�l� �f�a�s�h�i�o�n�,� �t�h�e� �o�p�t�i�m�i�z�a�t�i�o�n� �p�r�o�b�l�e�m� �s�h�o�w�i�n�g� �t�h�a�t� 

�m�o�r�e� �e�f�f�i�c�i�e�n�t� �d�e�s�i�g�n�s� �c�a�n� �b�e� �o�b�t�a�i�n�e�d� �i�f� �c�r�a�s�h�w�o�r�t�h�i�n�e�s�s� �i�s� �c�o�n�s�i�d�e�r�e�d� �s�i�m�u�l�t�a�n�e�o�u�s�l�y� 

�w�i�t�h� �o�t�h�e�r� �d�e�s�i�g�n� �c�o�n�s�t�r�a�i�n�t�s� �r�a�t�h�e�r� �t�h�a�n� �i�n�c�o�r�p�o�r�a�t�e�d� �a�f�t�e�r� �t�h�e� �d�e�s�i�g�n� �h�a�s� �b�e�e�n� �f�i�x�e�d�.� 
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�L�u�s�t�[�7�4�]� �f�o�l�l�o�w�s� �t�h�e� �b�u�i�l�d�i�n�g� �b�l�o�c�k� �a�p�p�r�o�a�c�h� �a�s� �w�e�l�l�,� �w�h�e�r�e� �e�a�c�h� �s�u�b�c�o�m�p�o�n�e�n�t� �i�s� �c�o�n�-� 

�s�i�d�e�r�e�d� �s�e�p�a�r�a�t�e�l�y� �a�n�d� �t�h�e�n� �b�e�c�o�m�e�s� �a� �p�a�r�t� �o�f� �t�h�e� �s�y�s�t�e�m� �s�p�r�i�n�g�-�m�a�s�s�-�d�a�m�p�e�r� �a�s�s�e�m�b�l�y�.� 

�S�a�d�e�g�h�i�[�7�5�]� �a�d�d�s� �y�e�t� �a�n�o�t�h�e�r� �v�o�i�c�e� �t�o� �t�h�e� �c�h�o�r�u�s� �o�f� �r�e�s�e�a�r�c�h�e�r�s� �a�n�d� �d�e�s�i�g�n�e�r�s� �c�a�l�l�i�n�g� �f�o�r� 

�i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �c�r�a�s�h�w�o�r�t�h�i�n�e�s�s� �i�n�t�o� �t�h�e� �p�r�e�l�i�m�i�n�a�r�y� �d�e�s�i�g�n� �o�p�t�i�m�i�z�a�t�i�o�n� �e�f�f�o�r�t�.� �H�i�s� �d�e�m�-� 

�o�n�s�t�r�a�t�i�o�n� �o�f� �t�h�i�s� �i�n�v�o�l�v�e�d� �a� �d�a�t�a�b�a�s�e� �o�f� �e�m�p�i�r�i�c�a�l� �t�e�s�t� �d�a�t�a� �u�s�e�d� �i�n� �c�o�n�j�u�n�c�t�i�o�n� �w�i�t�h� 

�c�o�a�r�s�e� �f�i�n�i�t�e� �e�l�e�m�e�n�t� �i�d�e�a�l�i�z�a�t�i�o�n� �t�o� �m�o�d�e�l� �t�h�e� �c�o�l�l�a�p�s�e� �o�f� �a�n� �a�u�t�o�m�o�b�i�l�e� 

�G�i�v�e�n� �t�h�e� �i�n�t�e�n�s�e� �m�e�d�i�a� �a�t�t�e�n�t�i�o�n� �o�n� �a�i�r�c�r�a�f�t� �c�r�a�s�h�e�s�,� �t�h�e� �i�n�c�r�e�a�s�e�d� �u�s�e� �o�f� �c�r�a�s�h�w�o�r�t�h�i�-� 

�n�e�s�s� �a�s� �a�n� �a�d�v�e�r�t�i�s�i�n�g� �p�o�i�n�t� �f�o�r� �a�u�t�o�m�o�b�i�l�e�s�,� �a�n�d� �t�h�e� �r�e�c�e�n�t� �r�a�s�h� �o�f� �r�a�i�l�w�a�y� �a�c�c�i�d�e�n�t�s�[�7�6�]�,� 

�t�h�e�r�e� �i�s� �l�i�k�e�l�y� �t�o� �b�e� �a� �c�o�n�t�i�n�u�e�d� �p�u�s�h� �f�o�r� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �c�r�a�s�h�w�o�r�t�h�i�n�e�s�s� �a�s� �a� �f�u�n�d�a�m�e�n�-� 

�t�a�l� �p�a�r�t� �o�f� �t�h�e� �d�e�s�i�g�n� �p�r�o�c�e�s�s�.� 

�2�.�4�.�2� �O�p�t�i�m�i�z�a�t�i�o�n� �o�f� �S�t�i�f�f�e�n�e�d� �P�l�a�t�e�s� �a�n�d� �S�h�e�l�l�s� 

�T�h�e� �r�a�n�g�e� �o�f� �o�p�t�i�m�i�z�a�t�i�o�n� �t�e�c�h�n�i�q�u�e�s� �a�v�a�i�l�a�b�l�e� �f�o�r� �s�t�i�f�f�e�n�e�d� �p�l�a�t�e�s� �a�n�d� �s�h�e�l�l�s� �v�a�r�i�e�s�,� 

�j�u�s�t� �a�s� �i�n� �m�o�s�t� �o�t�h�e�r� �a�r�e�a�s�,� �f�r�o�m� �s�i�m�p�l�e�  ��b�r�u�t�e�-�f�o�r�c�e �� �m�e�t�h�o�d�s� �t�o� �t�h�e� �u�s�e� �o�f� �a�n� �e�x�i�s�t�i�n�g� 

�o�p�t�i�m�i�z�a�t�i�o�n� �c�o�d�e� �t�o� �t�h�e� �r�e�l�a�t�i�v�e�l�y� �n�e�w� �g�e�n�e�t�i�c� �a�l�g�o�r�i�t�h�m� �m�e�t�h�o�d�.� �A�n� �e�x�c�e�l�l�e�n�t� �s�u�r�v�e�y� �o�f� 

�t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �m�e�t�h�o�d�s� �f�o�r� �s�t�i�f�f�e�n�e�d� �p�l�a�t�e� �a�n�d� �s�h�e�l�l� �o�p�t�i�m�i�z�a�t�i�o�n� �i�s� �p�r�e�s�e�n�t�e�d� �b�y� �B�u�t�-� 

�l�e�r� �e�t� �a�l�[�7�7�]�.� 

�A�n� �e�x�a�m�p�l�e� �o�f� �t�h�e�  ��b�r�u�t�e� �f�o�r�c�e �� �m�e�t�h�o�d� �o�f� �o�p�t�i�m�i�z�a�t�i�o�n� �a�p�p�l�i�e�d� �t�o� �s�t�i�f�f�e�n�e�d� �c�o�m�p�o�s�-� 

�i�t�e� �s�h�e�l�l�s� �i�s� �p�r�e�s�e�n�t�e�d� �b�y� �T�r�i�p�a�t�h�y� �a�n�d� �R�a�o�[�7�8�]�.� �U�s�i�n�g� �t�h�e� �f�i�n�i�t�e� �e�l�e�m�e�n�t� �m�e�t�h�o�d� �f�o�r� �a� �l�i�n�-� 

�e�a�r� �b�u�c�k�l�i�n�g� �a�n�a�l�y�s�i�s� �o�f� �a�n� �a�x�i�s�y�m�m�e�t�r�i�c� �c�o�m�p�o�s�i�t�e� �s�h�e�l�l�,� �t�h�e�y� �c�o�m�p�u�t�e�d� �t�h�e� �b�u�c�k�l�i�n�g� 

�l�o�a�d� �f�o�r� �e�v�e�r�y� �p�o�s�s�i�b�l�e� �l�a�y�u�p� �s�c�h�e�m�e� �w�i�t�h�i�n� �t�h�e�i�r� �s�e�l�e�c�t�e�d� �d�e�s�i�g�n� �r�e�g�i�m�e�.� �O�p�t�i�m�i�z�a�t�i�o�n� �i�s� 

�t�h�e�n� �a�c�c�o�m�p�l�i�s�h�e�d� �b�y� �s�i�m�p�l�y� �r�a�n�k�i�n�g� �t�h�e� �b�u�c�k�l�i�n�g� �l�o�a�d�s� �f�o�r� �s�e�v�e�r�a�l� �c�a�s�e�s� �o�f� �s�h�e�l�l�s� �(�a�x�i�a�l�l�y� 

�c�o�m�p�r�e�s�s�e�d� �c�y�l�i�n�d�r�i�c�a�l� �s�h�e�l�l�,� �p�r�e�s�s�u�r�i�z�e�d� �c�o�n�i�c�a�l� �s�h�e�l�l�,� �p�r�e�s�s�u�r�i�z�e�d� �c�l�a�m�p�e�d� �s�p�h�e�r�i�c�a�l� �c�a�p�,� 

�a�n�d� �a�x�i�a�l�l�y� �c�o�m�p�r�e�s�s�e�d� �r�i�n�g� �a�n�d� �s�t�r�i�n�g�e�r� �s�t�i�f�f�e�n�e�d� �c�y�l�i�n�d�e�r�)�.� �O�b�v�i�o�u�s�l�y�,� �t�h�i�s� �m�e�t�h�o�d� �i�s� 
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�o�n�l�y� �o�f� �a�n�y� �i�n�t�e�r�e�s�t� �f�o�r� �s�i�t�u�a�t�i�o�n�s� �w�h�e�r�e� �t�h�e� �n�u�m�b�e�r� �o�f� �p�o�s�s�i�b�l�e� �d�e�s�i�g�n� �v�a�r�i�a�t�i�o�n�s� �i�s� �f�a�i�r�l�y� 

�s�m�a�l�l�,� �o�r� �c�o�u�l�d� �b�e� �l�i�m�i�t�e�d� �b�y� �s�o�m�e� �o�t�h�e�r� �m�e�t�h�o�d�.� 

�A� �n�u�m�b�e�r� �o�f� �e�x�i�s�t�i�n�g� �c�o�d�e�s� �a�r�e� �a�v�a�i�l�a�b�l�e� �t�h�a�t� �c�a�n� �b�e� �a�p�p�l�i�e�d� �t�o� �o�p�t�i�m�i�z�a�t�i�o�n� �o�f� �s�t�i�f�f�-� 

�e�n�e�d� �p�a�n�e�l�s�.� �B�u�t�l�e�r� �e�t� �a�l�[�7�7�]� �d�i�s�c�u�s�s� �s�e�v�e�r�a�l� �o�f� �t�h�e�s�e�,� �i�n�c�l�u�d�i�n�g� �V�I�C�O�N�O�P�T�[�7�9�]�,� 

�P�A�S�C�O�[�8�0�]� �a�n�d� �P�A�N�D�A�[�8�1�]�.� �M�o�s�t� �o�f� �t�h�e�s�e� �c�o�d�e�s� �c�o�n�s�i�d�e�r� �a� �v�a�r�i�e�t�y� �o�f� �d�e�s�i�g�n� �c�o�n�-� 

�s�t�r�a�i�n�t�s�,� �i�n�c�l�u�d�i�n�g� �b�u�c�k�l�i�n�g�,� �p�o�s�t�b�u�c�k�l�i�n�g�,� �s�t�i�f�f�n�e�s�s� �a�n�d� �w�e�i�g�h�t�.� �M�o�s�t� �o�f� �t�h�e�m� �a�r�e� �c�a�p�a�b�l�e� 

�o�f� �a�n�a�l�y�z�i�n�g� �c�o�m�p�o�s�i�t�e�s� �w�i�t�h� �s�t�i�f�f�e�n�e�r�s�.� �T�h�e� �m�o�s�t� �p�r�o�m�i�s�i�n�g� �o�f� �t�h�e�s�e� �c�o�d�e�s� �i�s� �P�A�N�D�A�,� 

�w�h�i�c�h� �i�s� �d�e�s�c�r�i�b�e�d� �i�n� �s�o�m�e� �d�e�t�a�i�l� �b�y� �B�u�s�h�n�e�l�l�[�8�1�]�.� �P�A�N�D�A� �i�s� �c�a�p�a�b�l�e� �o�f� �i�n�c�o�r�p�o�r�a�t�i�n�g� 

�c�o�n�s�t�r�a�i�n�t�s� �s�u�c�h� �a�s� �g�e�n�e�r�a�l� �i�n�s�t�a�b�i�l�i�t�y�,� �p�a�n�e�l� �i�n�s�t�a�b�i�l�i�t�y�,� �l�o�c�a�l� �s�k�i�n� �b�u�c�k�l�i�n�g�,� �l�o�c�a�l� �c�r�i�p�p�l�i�n�g� 

�o�f� �s�t�i�f�f�e�n�e�r�s� �a�n�d� �s�t�i�f�f�e�n�e�r� �r�o�l�l�i�n�g�.� �P�A�N�D�A� �u�t�i�l�i�z�e�s� �C�O�N�M�I�N�[�8�2�]�,� �a� �n�o�n�l�i�n�e�a�r� �c�o�n�s�t�r�a�i�n�e�d� 

�s�e�a�r�c�h� �a�l�g�o�r�i�t�h�m� �t�o� �f�i�n�d� �t�h�e� �o�p�t�i�m�u�m� �d�e�s�i�g�n� �g�i�v�e�n� �a�n� �i�n�i�t�i�a�l� �d�e�s�i�g�n� �c�o�n�c�e�p�t� �a�n�d� �d�e�s�i�g�n� 

�p�a�r�a�m�e�t�e�r�s� �s�u�p�p�l�i�e�d� �b�y� �t�h�e� �u�s�e�r�.� 

�P�h�i�l�l�i�p�s� �a�n�d� �G�i�i�r�d�a�l�[�6�0�]� �u�s�e�d� �a�n�o�t�h�e�r� �o�p�t�i�m�i�z�a�t�i�o�n� �c�o�d�e�,� �A�D�S�[�8�3�]� �t�o� �d�e�t�e�r�m�i�n�e� �a� �m�i�n�-� 

�i�m�u�m� �w�e�i�g�h�t� �d�e�s�i�g�n� �f�o�r� �g�e�o�d�e�s�i�c�a�l�l�y� �s�t�i�f�f�e�n�e�d� �c�o�m�p�o�s�i�t�e� �p�a�n�e�l�s� �s�u�b�j�e�c�t�e�d� �t�o� �i�n�p�l�a�n�e� 

�l�o�a�d�s�.� �T�h�e� �g�e�o�d�e�s�i�c� �s�t�i�f�f�e�n�e�r�s� �w�e�r�e� �i�n�c�o�r�p�o�r�a�t�e�d� �t�h�r�o�u�g�h� �a� �L�a�g�r�a�n�g�e� �m�u�l�t�i�p�l�i�e�r� �t�e�c�h�-� 

�n�i�q�u�e�[�5�9�]� �w�h�i�c�h� �i�m�p�o�s�e�s� �a�n� �o�u�t�-�o�f�-�p�l�a�n�e� �d�e�f�l�e�c�t�i�o�n� �c�o�n�t�i�n�u�i�t�y� �a�l�o�n�g� �t�h�e� �s�t�i�f�f�e�n�e�r� �s�k�i�n� 

�i�n�t�e�r�f�a�c�e�.� �G�e�n�d�r�o�n�[�6�1�]� �t�h�e�n� �f�o�l�l�o�w�e�d� �a� �s�i�m�i�l�a�r� �a�p�p�r�o�a�c�h� �t�o� �o�p�t�i�m�i�z�e� �t�h�e� �d�e�s�i�g�n� �o�f� �a� �g�e�o�-� 

�d�e�s�i�c�a�l�l�y�-�s�t�i�f�f�e�n�e�d� �c�o�m�p�o�s�i�t�e� �c�y�l�i�n�d�e�r� �s�u�b�j�e�c�t�e�d� �t�o� �a�x�i�a�l� �c�o�m�p�r�e�s�s�i�o�n� �a�n�d�/�o�r� �t�o�r�s�i�o�n�.� 

�A�l�t�h�o�u�g�h� �t�h�i�s� �a�p�p�r�o�a�c�h� �c�o�u�l�d� �h�a�v�e� �b�e�e�n� �a�p�p�l�i�e�d� �t�o� �t�h�e� �p�r�o�b�l�e�m� �c�o�n�s�i�d�e�r�e�d� �i�n� �t�h�i�s� �p�r�o�j�e�c�t�,� 

�i�t� �r�e�q�u�i�r�e�s� �t�h�a�t� �a� �m�e�s�h� �b�e� �d�e�v�e�l�o�p�e�d� �f�o�r� �t�h�e� �f�u�l�l� �s�t�r�u�c�t�u�r�e� �f�o�r� �e�a�c�h� �p�o�s�s�i�b�l�e� �d�e�s�i�g�n� �v�a�r�i�a�-� 

�t�i�o�n�.� �T�h�u�s�,� �i�t� �i�s� �m�u�c�h� �m�o�r�e� �d�i�f�f�i�c�u�l�t� �t�o� �c�o�n�s�i�d�e�r� �a� �w�i�d�e� �v�a�r�i�e�t�y� �o�f� �s�t�i�f�f�e�n�e�r� �c�o�n�f�i�g�u�r�a�t�i�o�n�s� 

�t�h�a�n� �u�s�i�n�g� �t�h�e� �a�p�p�r�o�a�c�h� �d�e�f�i�n�e�d� �i�n� �S�e�c�.� �4�.�4�.� 

�Y�e�t� �a�n�o�t�h�e�r� �o�p�t�i�m�i�z�a�t�i�o�n� �p�r�o�c�e�s�s� �t�h�a�t� �c�a�n� �b�e� �a�p�p�l�i�e�d� �t�o� �s�t�i�f�f�e�n�e�d� �c�o�m�p�o�s�i�t�e� �s�t�r�u�c�t�u�r�e�s� 

�2�.� �A�n�a�l�y�s�i�s� �a�n�d� �D�e�s�i�g�n� �o�f� �C�r�a�s�h�w�o�r�t�h�y� �A�i�r�c�r�a�f�t� �S�t�r�u�c�t�u�r�e�s� �2�5



�i�s� �t�h�e� �g�e�n�e�t�i�c� �a�l�g�o�r�i�t�h�m�[�8�4�]�.� �T�h�e� �g�e�n�e�t�i�c� �a�l�g�o�r�i�t�h�m� �i�s� �b�a�s�e�d� �o�n� �a� �n�a�t�u�r�a�l� �s�e�l�e�c�t�i�o�n� �a�n�d� 

�r�e�p�r�o�d�u�c�t�i�o�n� �p�r�o�c�e�s�s� �w�h�e�r�e�i�n� �t�h�e� �o�p�t�i�m�u�m� �d�e�s�i�g�n� �i�m�p�r�o�v�e�s� �t�h�r�o�u�g�h� �g�e�n�e�r�a�t�i�o�n� �o�f� �s�u�c�c�e�s�-� 

�s�i�v�e� �g�e�n�e�r�a�t�i�o�n�s�.� �H�a�f�t�k�a� �a�n�d� �G�i�i�r�d�a�l�[�6�8�]� �g�i�v�e� �a�n� �e�x�c�e�l�l�e�n�t� �s�u�m�m�a�r�y� �o�f� �t�h�e� �g�e�n�e�t�i�c� �a�l�g�o�-� 

�r�i�t�h�m� �a�n�d� �i�t�s� �a�p�p�l�i�c�a�t�i�o�n� �t�o� �c�o�m�p�o�s�i�t�e� �l�a�m�i�n�a�t�e� �d�e�s�i�g�n� �o�p�t�i�m�i�z�a�t�i�o�n�.� �T�h�e� �g�e�n�e�t�i�c� 

�a�l�g�o�r�i�t�h�m� �r�e�q�u�i�r�e�s� �t�h�a�t� �t�h�e� �s�t�r�u�c�t�u�r�a�l� �a�n�a�l�y�s�i�s� �b�e� �p�e�r�f�o�r�m�e�d� �a� �l�a�r�g�e� �n�u�m�b�e�r� �o�f� �t�i�m�e�s�,� �t�h�u�s� 

�r�e�q�u�i�r�i�n�g� �a� �c�o�m�p�u�t�a�t�i�o�n�a�l�l�y� �l�i�m�i�t�e�d� �a�n�a�l�y�s�i�s� �m�e�t�h�o�d�.� �K�o�g�i�s�o� �e�t� �a�l�[�8�5�]� �s�u�g�g�e�s�t� �s�o�m�e� �m�e�t�h�-� 

�o�d�s� �f�o�r� �r�e�d�u�c�i�n�g� �t�h�e� �n�u�m�b�e�r� �o�f� �a�n�a�l�y�s�e�s� �r�e�q�u�i�r�e�d� �i�n� �a� �g�e�n�e�t�i�c� �a�l�g�o�r�i�t�h�m�:� �a� �b�i�n�a�r�y� �t�r�e�e� �t�o� 

�s�t�o�r�e� �p�r�e�v�i�o�u�s� �d�e�s�i�g�n�s�,� �a�n�d� �a� �l�o�c�a�l� �i�m�p�r�o�v�e�m�e�n�t� �s�c�h�e�m�e�.� �N�a�g�e�n�d�r�a� �e�t� �a�l�[�8�6�]� �h�a�v�e� �d�e�m�o�n�-� 

�s�t�r�a�t�e�d� �i�m�p�r�o�v�e�m�e�n�t�s� �t�o� �t�h�e� �g�e�n�e�t�i�c� �a�l�g�o�r�i�t�h�m� �a�p�p�r�o�a�c�h� �f�o�r� �t�h�e� �d�e�s�i�g�n� �o�f� �s�t�i�f�f�e�n�e�d� �c�o�m�-� 

�p�o�s�i�t�e� �p�a�n�e�l�s�.� �A�n�o�t�h�e�r� �r�e�c�e�n�t� �w�o�r�k� �b�y� �R�a�o�[�8�7�]� �d�i�s�c�u�s�s�e�s� �m�e�t�h�o�d�s� �f�o�r� �h�a�n�d�l�i�n�g� �m�u�l�t�i�p�l�e� 

�c�r�i�t�e�r�i�a� �d�e�s�i�g�n� �w�i�t�h� �g�e�n�e�t�i�c� �a�l�g�o�r�i�t�h�m�s�.� �T�h�i�s� �w�a�s� �i�m�p�o�r�t�a�n�t� �i�n� �t�h�e� �c�u�r�r�e�n�t� �p�r�o�j�e�c�t�,� �a�s� 

�w�e�i�g�h�t� �a�n�d� �c�r�a�s�h�w�o�r�t�h�i�n�e�s�s� �w�e�r�e� �b�o�t�h� �b�e� �t�r�e�a�t�e�d� �a�s� �d�e�s�i�g�n� �c�r�i�t�e�r�i�a�,� �o�r� �o�b�j�e�c�t�i�v�e�s�.� 
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�3�.� �D�e�v�e�l�o�p�m�e�n�t� �o�f� �G�l�o�b�a�l�-�L�o�c�a�l� �F�i�n�i�t�e� �E�l�e�m�e�n�t� �A�p�p�r�o�a�c�h� 

�3�.�1� �I�n�t�r�o�d�u�c�t�i�o�n� �a�n�d� �M�o�t�i�v�a�t�i�o�n� 

�A�s� �s�t�a�t�e�d� �i�n� �S�e�c�.� �1�.�3�,� �t�h�e� �p�r�i�m�a�r�y� �o�b�j�e�c�t�i�v�e� �o�f� �t�h�i�s� �s�t�u�d�y� �w�a�s� �t�o� �d�e�v�e�l�o�p� �a� �p�r�e�l�i�m�i�n�a�r�y� 

�d�e�s�i�g�n� �t�o�o�l� �t�o� �a�i�d� �i�n� �t�h�e� �o�p�t�i�m�u�m� �d�e�s�i�g�n� �o�f� �g�r�i�d�-�s�t�i�f�f�e�n�e�d� �f�u�s�e�l�a�g�e� �s�t�r�u�c�t�u�r�e�s� �w�i�t�h� �c�r�a�s�h�-� 

�w�o�r�t�h�i�n�e�s�s� �c�o�n�s�t�r�a�i�n�t�s�.� �T�h�i�s� �t�o�o�l� �w�a�s� �t�o� �b�e� �b�a�s�e�d� �o�n� �a�p�p�r�o�x�i�m�a�t�e� �a�n�a�l�y�t�i�c�a�l� �m�e�t�h�o�d�s� �t�o� 

�e�n�a�b�l�e� �t�h�e� �c�o�m�p�u�t�a�t�i�o�n�a�l� �e�f�f�i�c�i�e�n�c�y� �r�e�q�u�i�r�e�d� �b�y� �t�h�e� �m�u�l�t�i�p�l�e� �a�n�a�l�y�s�e�s� �u�s�u�a�l�l�y� �p�e�r�f�o�r�m�e�d� 

�d�u�r�i�n�g� �t�h�e� �p�r�e�l�i�m�i�n�a�r�y� �d�e�s�i�g�n� �p�h�a�s�e�.� �H�o�w�e�v�e�r�,� �t�h�e� �n�a�t�u�r�e� �o�f� �g�r�i�d�-�s�t�i�f�f�e�n�e�d� �s�t�r�u�c�t�u�r�e�s�,� �p�a�r�-� 

�t�i�c�u�l�a�r�l�y� �i�s�o�g�r�i�d�,� �l�e�a�d�s� �t�o� �a� �v�e�r�y� �n�o�n�u�n�i�f�o�r�m� �r�e�s�p�o�n�s�e� �f�i�e�l�d�.� �T�h�a�t� �f�a�c�t�,� �a�l�o�n�g� �w�i�t�h� �t�h�e� �i�n�c�o�r�-� 

�p�o�r�a�t�i�o�n� �o�f� �l�o�c�a�l� �f�a�i�l�u�r�e� �m�o�d�e�s� �(�n�e�c�e�s�s�a�r�y� �t�o� �a�c�c�u�r�a�t�e�l�y� �g�a�u�g�e� �t�h�e� �e�n�e�r�g�y� �a�b�s�o�r�p�t�i�o�n� 

�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �t�h�e�s�e� �s�t�r�u�c�t�u�r�e�s�)�,� �r�e�q�u�i�r�e�d� �a�n� �a�n�a�l�y�s�i�s� �m�e�t�h�o�d� �m�o�r�e� �s�o�p�h�i�s�t�i�c�a�t�e�d� �t�h�a�n� �a� 

�s�m�e�a�r�e�d�-�p�r�o�p�e�r�t�i�e�s� �a�p�p�r�o�a�c�h�.� �T�o� �o�v�e�r�c�o�m�e� �t�h�e�s�e� �c�o�n�f�l�i�c�t�i�n�g� �r�e�q�u�i�r�e�m�e�n�t�s�,� �a� �g�l�o�b�a�l�-�l�o�c�a�l� 

�a�n�a�l�y�s�i�s� �a�p�p�r�o�a�c�h� �w�a�s� �i�m�p�l�e�m�e�n�t�e�d�.� �T�h�e� �a�p�p�r�o�a�c�h� �i�s� �i�l�l�u�s�t�r�a�t�e�d� �s�c�h�e�m�a�t�i�c�a�l�l�y� �i�n� �F�i�g�.� �3�.�1�.� 

� � � � 

�s�s� �A�N�A�L�Y�S�I�S� �P�R�O�C�E�D�U�R�E�.�.�.� 

�"� �[� �G�L�O�B�A�L�-�L�O�C�A�L� �G�L�O�B�A�L� �M�O�D�E�L� �|� �G�E�O�B�A�L�-�L�O�C�A�L�  �� 
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�F�i�g�u�r�e� �3�.�1� �S�c�h�e�m�a�t�i�c� �o�f� �t�h�e� �g�l�o�b�a�l�-�l�o�c�a�l� �a�n�a�l�y�s�i�s� �p�r�o�c�e�d�u�r�e� 
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�A�s� �i�s� �s�h�o�w�n� �i�n� �t�h�e� �f�i�g�u�r�e�,� �t�h�e�r�e� �a�r�e� �t�h�r�e�e� �k�e�y� �f�e�a�t�u�r�e�s� �t�o� �t�h�e� �g�l�o�b�a�l�-�l�o�c�a�l� �d�e�s�i�g�n� �t�o�o�l�:� �a� 

�l�o�c�a�l� �m�o�d�e�l� �w�h�i�c�h� �i�n�c�o�r�p�o�r�a�t�e�s� �t�h�e� �n�e�c�e�s�s�a�r�y� �d�e�t�a�i�l�s� �o�f� �t�h�e� �g�r�i�d�-�s�t�i�f�f�e�n�e�r� �c�o�n�f�i�g�u�r�a�t�i�o�n�,� �a� 

�g�l�o�b�a�l� �m�o�d�e�l� �w�h�i�c�h� �u�t�i�l�i�z�e�s� �a� �r�e�d�u�c�e�d�-�o�r�d�e�r� �v�e�r�s�i�o�n� �o�f� �t�h�e� �l�o�c�a�l� �m�o�d�e�l�,� �a�n�d� �a�n� �o�p�t�i�m�i�z�a�-� 

�t�i�o�n� �s�c�h�e�m�e� �w�h�i�c�h� �i�s� �u�s�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �a�n�d� �e�v�a�l�u�a�t�e� �t�h�e� �b�e�s�t� �d�e�s�i�g�n� �g�i�v�e�n� �p�a�r�a�m�e�t�e�r�s� 

�i�n�p�u�t� �b�y� �t�h�e� �d�e�s�i�g�n�e�r�.� �T�h�e� �r�e�m�a�i�n�d�e�r� �o�f� �t�h�i�s� �c�h�a�p�t�e�r� �d�e�s�c�r�i�b�e�s� �e�a�c�h� �o�f� �t�h�e�s�e� �f�e�a�t�u�r�e�s� �i�n� 

�d�e�t�a�i�l�,� �a�l�o�n�g� �w�i�t�h� �a� �s�u�m�m�a�r�y� �o�f� �t�h�e� �s�e�l�e�c�t�e�d� �a�p�p�r�o�a�c�h� �f�o�r� �t�h�e� �n�e�c�e�s�s�a�r�y� �m�o�d�e�l�s�.� 

�3�.�2� �L�o�c�a�l� �M�o�d�e�l� 

�T�h�e� �p�u�r�p�o�s�e� �o�f� �t�h�e� �l�o�c�a�l� �m�o�d�e�l� �i�s� �t�o� �p�r�o�v�i�d�e� �a�n� �a�n�a�l�y�s�i�s� �m�e�t�h�o�d� �w�h�i�c�h� �i�n�c�o�r�p�o�r�a�t�e�s� 

�t�h�e� �n�e�c�e�s�s�a�r�y� �s�t�r�u�c�t�u�r�a�l� �d�e�t�a�i�l�s� �o�f� �a� �p�a�r�t�i�c�u�l�a�r� �g�r�i�d�-�s�t�i�f�f�e�n�i�n�g� �c�o�n�f�i�g�u�r�a�t�i�o�n�,� �i�n�c�l�u�d�i�n�g� �t�h�e� 

�o�v�e�r�a�l�l� �s�t�r�u�c�t�u�r�a�l� �r�e�s�p�o�n�s�e�,� �t�h�e� �l�o�c�a�l� �f�a�i�l�u�r�e� �m�o�d�e�s�,� �a�n�d� �t�h�e� �e�f�f�e�c�t� �o�f� �d�a�m�a�g�e� �o�n� �s�u�b�s�e�-� 

�q�u�e�n�t� �b�e�h�a�v�i�o�r�.� 

�I�n� �o�r�d�e�r� �t�o� �a�c�c�u�r�a�t�e�l�y� �r�e�p�r�e�s�e�n�t� �t�h�e� �b�e�h�a�v�i�o�r� �o�f� �a� �s�m�a�l�l�,� �d�e�t�a�i�l�e�d� �p�o�r�t�i�o�n� �o�f� �a� �g�r�i�d�-�s�t�i�f�f�-� 

�e�n�e�d� �s�t�r�u�c�t�u�r�e� �a�n�d� �p�r�e�d�i�c�t� �b�o�t�h� �t�h�e� �o�c�c�u�r�r�e�n�c�e� �o�f� �l�o�c�a�l� �f�a�i�l�u�r�e� �e�v�e�n�t�s� �a�n�d� �t�h�e�i�r� �e�f�f�e�c�t� �o�n� 

�t�h�e� �s�u�b�s�e�q�u�e�n�t� �r�e�s�p�o�n�s�e�,� �a� �f�a�i�r�l�y� �d�e�t�a�i�l�e�d� �l�o�c�a�l� �m�o�d�e�l� �w�a�s� �r�e�q�u�i�r�e�d�.� �D�u�e� �t�o� �t�h�e� �c�o�m�p�l�e�x� 

�g�e�o�m�e�t�r�y� �o�f� �t�h�i�s� �s�t�r�u�c�t�u�r�e�,� �t�h�e� �f�i�n�i�t�e� �e�l�e�m�e�n�t� �m�e�t�h�o�d� �w�a�s� �c�h�o�s�e�n� �a�s� �t�h�e� �a�n�a�l�y�s�i�s� �t�o�o�l�.� �I�t� 

�w�o�u�l�d� �h�a�v�e� �b�e�e�n� �n�a�t�u�r�a�l� �t�o� �m�o�d�e�l� �t�h�i�s� �t�h�r�e�e�-�d�i�m�e�n�s�i�o�n�a�l� �s�t�r�u�c�t�u�r�e� �u�s�i�n�g� �t�h�r�e�e�-�d�i�m�e�n�-� 

�s�i�o�n�a�l� �s�o�l�i�d� �e�l�e�m�e�n�t�s�.� �H�o�w�e�v�e�r�,� �t�h�e� �c�o�m�p�u�t�a�t�i�o�n�a�l� �r�e�q�u�i�r�e�m�e�n�t�s� �o�f� �s�u�c�h� �a� �d�e�t�a�i�l�e�d� �m�o�d�e�l� 

�a�r�e� �n�o�t� �j�u�s�t�i�f�i�e�d� �g�i�v�e�n� �t�h�e� �p�r�e�l�i�m�i�n�a�r�y� �d�e�s�i�g�n� �n�a�t�u�r�e� �o�f� �t�h�i�s� �p�r�o�j�e�c�t�.� �S�i�n�c�e� �t�h�e� �g�r�i�d� �c�o�m�p�o�-� 

�n�e�n�t�s� �c�o�n�s�i�s�t� �o�f� �a� �f�a�i�r�l�y� �t�h�i�n� �c�o�m�p�o�s�i�t�e� �s�k�i�n� �w�i�t�h� �p�r�i�m�a�r�i�l�y� �b�l�a�d�e�-�t�y�p�e� �s�t�i�f�f�e�n�e�r�s�,� �a� �s�h�e�l�l� �(�o�r� 

�p�l�a�t�e�)� �t�y�p�e� �f�i�n�i�t�e� �e�l�e�m�e�n�t� �m�e�t�h�o�d� �w�a�s� �s�e�l�e�c�t�e�d�.� �B�y� �b�u�i�l�d�i�n�g� �u�p� �t�h�e� �v�a�r�i�o�u�s� �s�k�i�n� �a�n�d� �s�t�i�f�f�-� 
�e�e�,� 

�e�n�e�r� �d�e�t�a�i�l�s� �u�s�i�n�g �� �s�h�e�l�l� �(�o�r� �p�l�a�t�e�)� �e�l�e�m�e�n�t�s�,� �a�l�l� �o�f� �t�h�e� �a�b�o�v�e� �r�e�q�u�i�r�e�m�e�n�t�s� �f�o�r� �t�h�e� �l�o�c�a�l� 
�a�e� 

�m�o�d�e�l� �w�e�r�e� �m�e�t�.� 

�T�h�e�s�e� �s�h�e�l�l� �(�o�r� �p�l�a�t�e�)� �e�l�e�m�e�n�t�s�,� �w�h�i�l�e� �t�w�o�-�d�i�m�e�n�s�i�o�n�a�l� �i�n� �a� �f�i�n�i�t�e� �e�l�e�m�e�n�t� �s�e�n�s�e�,� �c�a�n� 

�3�.� �D�e�v�e�l�o�p�m�e�n�t� �o�f� �G�l�o�b�a�l�-�L�o�c�a�l� �F�i�n�i�t�e� �E�l�e�m�e�n�t� �A�p�p�r�o�a�c�h� �2�8



�b�e� �u�s�e�d� �t�o� �a�c�c�u�r�a�t�e�l�y� �r�e�p�r�e�s�e�n�t� �t�h�e� �t�h�r�e�e�-�d�i�m�e�n�s�i�o�n�a�l� �n�a�t�u�r�e� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�e�.� �C�l�e�a�r�l�y�,� �t�h�i�s� 

�a�p�p�r�o�a�c�h� �u�s�e�d� �a� �s�i�m�p�l�i�f�i�c�a�t�i�o�n� �o�f� �t�h�e� �d�e�t�a�i�l�s� �o�f� �t�h�e� �s�k�i�n�-�s�t�i�f�f�e�n�e�r� �a�t�t�a�c�h�m�e�n�t�s�,� �s�t�i�f�f�e�n�e�r� 

�g�e�o�m�e�t�r�i�e�s�,� �a�n�d� �s�t�i�f�f�e�n�e�r� �i�n�t�e�r�s�e�c�t�i�o�n�s�.� �T�h�e�s�e� �d�e�t�a�i�l�s� �c�o�u�l�d� �h�a�v�e� �b�e�e�n� �i�n�c�o�r�p�o�r�a�t�e�d� �b�y� 

�u�s�i�n�g� �t�h�r�e�e�-�d�i�m�e�n�s�i�o�n�a�l� �s�o�l�i�d� �e�l�e�m�e�n�t�s� �i�n� �a� �m�a�n�n�e�r� �s�i�m�i�l�a�r� �t�o� �t�h�a�t� �u�s�e�d� �b�y� �H�y�e�r� �a�n�d� 

�C�o�h�e�n�[�8�8�]� �t�o� �c�a�l�c�u�l�a�t�e� �t�h�e� �l�o�c�a�l� �s�t�r�e�s�s�e�s� �a�t� �t�h�e� �s�k�i�n�-�s�t�i�f�f�e�n�e�r� �i�n�t�e�r�f�a�c�e� �i�n� �s�t�i�f�f�e�n�e�d� �c�o�m�p�o�s�-� 

�i�t�e� �p�a�n�e�l�s�.� �H�o�w�e�v�e�r�,� �s�i�n�c�e� �t�h�e� �p�u�r�p�o�s�e� �o�f� �t�h�i�s� �e�f�f�o�r�t� �w�a�s� �p�r�e�l�i�m�i�n�a�r�y� �d�e�s�i�g�n� �o�p�t�i�m�i�z�a�t�i�o�n�,� 

�i�t� �w�a�s� �a�n�t�i�c�i�p�a�t�e�d� �t�h�a�t� �t�h�e� �s�i�m�p�l�i�f�i�c�a�t�i�o�n�s� �i�n�h�e�r�e�n�t� �i�n� �t�h�e� �u�s�e� �o�f� �p�l�a�t�e� �e�l�e�m�e�n�t�s� �w�o�u�l�d� �y�i�e�l�d� 

�r�e�s�u�l�t�s� �a�c�c�u�r�a�t�e� �e�n�o�u�g�h� �t�o� �a�l�l�o�w� �g�o�o�d� �c�o�m�p�a�r�i�s�o�n�s� �o�f� �e�n�e�r�g�y� �a�b�s�o�r�p�t�i�o�n� �i�n� �d�i�f�f�e�r�e�n�t� 

�d�e�s�i�g�n� �c�o�n�f�i�g�u�r�a�t�i�o�n�s�.� 

�T�h�e� �f�u�s�e�l�a�g�e� �s�t�r�u�c�t�u�r�e� �i�s� �e�s�s�e�n�t�i�a�l�l�y� �c�y�l�i�n�d�r�i�c�a�l�.� �T�h�i�s� �f�a�c�t� �w�o�u�l�d� �s�u�g�g�e�s�t� �t�h�e� �u�s�e� �o�f� �c�u�r�-� 

�v�i�l�i�n�e�a�r� �s�h�e�l�l� �e�l�e�m�e�n�t�s�.� �A�n� �a�b�u�n�d�a�n�c�e� �o�f� �s�h�e�l�l� �e�l�e�m�e�n�t�s� �a�r�e� �a�v�a�i�l�a�b�l�e� �i�n� �e�x�i�s�t�i�n�g� �f�i�n�i�t�e� �e�l�e�-� 

�m�e�n�t� �c�o�d�e�s� �a�n�d� �i�n� �t�h�e� �l�i�t�e�r�a�t�u�r�e�.� �E�x�c�e�l�l�e�n�t� �s�u�m�m�a�r�i�e�s� �o�f� �s�h�e�l�l� �f�i�n�i�t�e� �e�l�e�m�e�n�t� �a�p�p�r�o�a�c�h�e�s� 

�a�r�e� �g�i�v�e�n� �b�y� �M�o�r�r�i�s�[�8�9�]� �a�n�d� �S�c�o�r�e�d�e�l�i�s� �a�n�d� �L�o�[�9�0�]�.� �A� �l�i�n�e�a�r� �c�y�l�i�n�d�r�i�c�a�l� �s�h�e�l�l� �e�l�e�m�e�n�t� �w�a�s� 

�p�r�e�s�e�n�t�e�d� �b�y� �B�o�g�n�e�r�,� �e�t� �a�l�[�9�1�]� �a�n�d� �n�u�m�e�r�o�u�s� �o�t�h�e�r� �i�n�v�e�s�t�i�g�a�t�o�r�s� �h�a�v�e� �p�r�e�s�e�n�t�e�d� �v�a�r�i�o�u�s� 

�m�o�d�i�f�i�c�a�t�i�o�n�s� �t�o� �t�h�i�s� �t�y�p�e� �o�f� �e�l�e�m�e�n�t�.� �H�o�w�e�v�e�r�,� �m�a�n�y� �r�e�s�e�a�r�c�h�e�r�s� �h�a�v�e� �a�l�s�o� �u�s�e�d� �a�n� �a�l�t�e�r�-� 

�n�a�t�e� �a�p�p�r�o�a�c�h� �b�y� �m�o�d�e�l�i�n�g� �s�h�e�l�l� �s�t�r�u�c�t�u�r�e�s� �a�s� �a�n� �a�s�s�e�m�b�l�a�g�e� �o�f� �f�l�a�t� �p�l�a�t�e� �e�l�e�m�e�n�t�s�.� 

�A�l�t�h�o�u�g�h� �t�h�i�s� �m�e�t�h�o�d� �u�s�e�s� �a�n� �a�p�p�r�o�x�i�m�a�t�e� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �o�f� �a� �t�r�u�e� �c�u�r�v�i�l�i�n�e�a�r� �s�u�r�f�a�c�e�,� �i�t� 

�o�f�t�e�n� �i�s� �m�o�r�e� �c�o�m�p�u�t�a�t�i�o�n�a�l�l�y� �e�f�f�i�c�i�e�n�t� �t�h�a�n� �u�s�i�n�g� �a� �t�r�u�e� �s�h�e�l�l� �e�l�e�m�e�n�t�[�9�2�]�.� �T�h�i�s� �a�p�p�r�o�a�c�h� 

�i�s� �a�c�c�u�r�a�t�e� �a�s� �w�e�l�l�,� �p�a�r�t�i�c�u�l�a�r�l�y� �f�o�r� �s�u�r�f�a�c�e�s� �w�i�t�h� �o�n�l�y� �a� �m�i�l�d� �d�e�g�r�e�e� �o�f� �c�u�r�v�a�t�u�r�e�.� 

�A�n�o�t�h�e�r� �i�m�p�o�r�t�a�n�t� �c�o�n�s�i�d�e�r�a�t�i�o�n� �i�n� �t�h�e� �s�e�l�e�c�t�i�o�n� �o�f� �a� �f�i�n�i�t�e� �e�l�e�m�e�n�t� �f�o�r� �t�h�e� �l�o�c�a�l� �m�o�d�e�l� 

�w�a�s� �t�h�e� �i�n�c�l�u�s�i�o�n� �o�f� �t�r�a�n�s�v�e�r�s�e� �s�h�e�a�r� �d�e�f�o�r�m�a�t�i�o�n�.� �I�t� �i�s� �w�e�l�l� �k�n�o�w�n� �t�h�a�t� �t�h�e� �e�f�f�e�c�t�s� �o�f� 

�t�r�a�n�s�v�e�r�s�e� �s�h�e�a�r� �o�n� �c�o�m�p�o�s�i�t�e�s� �c�a�n� �b�e� �s�i�g�n�i�f�i�c�a�n�t�.� �T�h�i�s� �i�s� �p�a�r�t�i�c�u�l�a�r�l�y� �t�r�u�e� �f�o�r� �t�h�i�c�k� �c�o�m�-� 

�p�o�s�i�t�e�s�.� �T�h�e� �s�t�i�f�f�e�n�e�r�s� �u�s�e�d� �i�n� �a� �g�r�i�d�-�s�t�i�f�f�e�n�e�d� �s�t�r�u�c�t�u�r�e� �c�o�u�l�d� �b�e� �f�a�i�r�l�y� �t�h�i�c�k� �r�e�l�a�t�i�v�e� �t�o� �t�h�e� 

�3�.� �D�e�v�e�l�o�p�m�e�n�t� �o�f� �G�l�o�b�a�l�-�L�o�c�a�l� �F�i�n�i�t�e� �E�l�e�m�e�n�t� �A�p�p�r�o�a�c�h� �2�9



�o�t�h�e�r� �d�i�m�e�n�s�i�o�n�s� �o�f� �t�h�e� �g�r�i�d� �s�e�g�m�e�n�t�s�.� �T�h�u�s�,� �i�t� �w�a�s� �d�e�c�i�d�e�d� �t�o� �u�s�e� �a� �s�h�e�a�r� �d�e�f�o�r�m�a�b�l�e� �e�l�e�-� 

�m�e�n�t� �i�n� �t�h�e� �l�o�c�a�l� �m�o�d�e�l�.� �I�n�c�l�u�d�i�n�g� �t�h�e�s�e� �t�r�a�n�s�v�e�r�s�e� �s�h�e�a�r� �e�f�f�e�c�t�s� �i�n� �s�h�e�l�l� �t�h�e�o�r�y� �y�i�e�l�d�s� �a� 
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�a�t�i�o�n� �w�i�t�h� �v�a�r�y�i�n�g� �s�p�i�r�a�l� �g�r�i�d� �a�n�g�l�e�s�,� �a�n�d� �t�h�e� �q�u�a�d�r�a�t�i�c� �i�n�t�e�r�p�o�l�a�t�i�o�n� �f�u�n�c�t�i�o�n�s� �p�r�o�v�i�d�e� �a� 

�g�o�o�d� �d�e�g�r�e�e� �o�f� �a�c�c�u�r�a�c�y�.� �A� �s�e�r�i�e�s� �o�f� �a�n�a�l�y�s�e�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �o�n� �a� �s�t�a�n�d�a�r�d� �u�n�i�t� �c�e�l�l� �w�i�t�h� 

�i�n�c�r�e�a�s�i�n�g� �m�e�s�h� �s�i�z�e�s�.� �A�s� �a� �t�e�s�t� �o�f� �t�h�e� �c�o�n�v�e�r�g�e�n�c�e� �o�f� �t�h�e� �s�o�l�u�t�i�o�n�s�,� �t�h�e� �m�o�d�e�l�s� �w�e�r�e� �f�i�x�e�d� 

�3�.� �D�e�v�e�l�o�p�m�e�n�t� �o�f� �G�l�o�b�a�l�-�L�o�c�a�l� �F�i�n�i�t�e� �E�l�e�m�e�n�t� �A�p�p�r�o�a�c�h� �3�3


