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Abstract

Load transfer analysis deals witine of the most important functi@nof any engineering
structure, which is the ability of structure in transferring imposed loads to the supporting points.
A thorough load transfer analysis is how considered to be one of thsigratantelements of
structural analysis in Mechanical Engineering. Although stress value has provedaio be
efficient index for performing the failure analysigshe necessity of defining an inddgr
evaluation ofstructure stiffnes$ias led tothe introduction of the U” index theory The load
transfer index (U, is a new concepin structuralanalysiscompared toconventional stress
analysis The U index characterdesthe internal stiffness distributions, whighanindicaor of

the load transferin the analyzedstructure. Although the Undextheoryhave been proved to be
useful in designit is missing necessary steps toward beconaimgaturetheory for structural

analysis.

Firstly, as any new theory, lihdex theory needs to be examined and validated by experimental
testing. Therefore, an experimental seiproposeandtested and thevalidation of the theory
is performedby comparing theesults to the Uindextheay. This experimental validation plays

a significant role as benchmarkor any further application dhistheory in structural analysis.

Secondlya systematic comparison between dmgventionaktress analysis and theadtransfer

analysis (based on’lihdex) is lacking.To show the potentials and unique capacities of the U
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index theory a detailed comparison is made between the resulfsimdex and stress analyses
of a vehicle componenThe resultare also compardd observations of experimental testing on
theidenticalstructuralelerrent In manyaspects, there snagreemenbetween the results of U
index analysis and the conventional stress anallfgig/ever,it was showrnin this study, that in
somecases application ofconventionalstress analysis might be limited, less precise or even

useless

Thirdly, design modificatiortapabilitiesareone of themost important features of the ihdex
theoryand therefore it is necessarydemonstratehatreal life problems can benefit from this
factor. In this study sample structuresepresenting the components mwiultiple passengsr
carrying vehicles are selected andnalyed by U™ index theory. Based on the results of this
analyss design modifications are proposed and implemented on the structure. The results of

these modifications are shown to have better structural performance.

Lastly, as anywell-developedstructural analysis method, the lndex theory shoultbe applied
to different types of problems, including nonlinear domain. Hence, to remove the limitations of
linear analysis thats a part of the original theory, an extensiohU" index theory to the
nonlineardomain is proposed and tested. This extenssowiewed as the first step toward

achieving a general Uindex theory.

In summary, U index theory providesan understandable explanatiaf load transfer in the
structure which in turn, provides designers witn general awareness regarding structural
performance and better vision for improvement opportunitigdased on the results of the
current study itan be claimed thahe existing methods of structural analysis héregtationsin
certain aspects thatwé#e overcoméyy combining theperspective ot)” index aalysisto the

existing structural analysis paradignThe further development of the ‘Undex theory and
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expanding its applicatiom industrialproblemscan provide a new, useful and weihtured tool

for achievingengineerigndesigrs with efficient structural performance.
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Chapter 1: Introduction

1-1) Background and Motivation

In the twentyfirst century,the automotiveindustryis challengedy major environmental and
economic concerns. Froan environmentaperspective, the global warming has become a real
threat to the environment. According to statistics almost 30 percent of all U.S. global warming
emission is produced via transportation devices and 18% of this amount is made by buses and
similar heavy vehicle[1]. As a result, vehicle industry in general, and heavy vehicle
manufacturersspecifically are obliged morally and legally to produce vehicles with lower
emission rates. Moreover, economic problems in last decade have urged customers to buy
vehicles with lower fuel consumption. Therefore, manufacturers have no other choice but to
modify their cesigns to shrink the fuel consumption. Lower fuel consumption and lower
emission can be achieved mainly by two approachies.first way is to design hybrid vehicles

that will provide an acceptableamount of power while producing less toxic fumes. Some
examples of studies focusing on this approach are studies on modifying hybrid engine
performance and application of moddmaking systems in vehicles by Fazeli et @, 3]. The
secondway is to reduce the overall weighf the vehicle which will accordingly reduce the fuel

consumption and emissions significantly. Effect of vehicle weight reduction on fuel consumption
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Chapter 1 Introduction

of different vehicles have been studied and presentgd]irMany of prevous studies about
weight reduction in vehicles were mainly about the effect of using lighter materials to lower the
weight [5, 6]. Although modern light weighted materials have shown to be very effective in
achievinglow fuel consumption, there hadways beera challenge to use these materials and
keep the integrity of the structure in the vehicle within the acceptable safe zone. Another
criterion coupledwith the vehicle weight reduction is the passive safety ofclehi Designers

are supposed to design vehicksch thatpassengersn accidentsremain as safe as possible.
There are strict standards and regulations for different types of accident that a vehicle should
meetbefore it gets the permission to enter the market.ekample in the caseof a rollover

impact of buses there are different regulations like EE6 [7] and FMVSS 220[8]. The
requirements of these regulations have sometimes led designers to add excessive material to the
structure to ensuradequaé overall stiffness and integrityThus in some cases, designs are

affected by regulation limitations and more fuel is consivexause of higher weight.

Therefore, it seems that industry can benefit a lot from adesignevaluation approach that

can provide a new paradigm of structural analysis. Such an approach should probe the global
behaviorof the structureAlso, it shoutl be capable of finding meaningfutelation betweerthe
performanceof different segments of the structure and the overall stiffness of the structure. Such
relationship can help designers to distribute the mass in the structure more efficiently. In this
study load transfer analysis is studied deeply as a candidate thabrgan provide the new
approach for designers to get a global understanding of the performance of the structure along

with a numericatool for stiffness evaluation of the structure.

Load transfer is one of the fundamental objectives of designing and manufacturing engineering

structure. However, the study of load transfer in the engineering structures has achieved less
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attention compared to other types of structural analysis, espesigdksstrain analysis. As a
result, more research seems to be necessary on the subject of load transfer analysis to provide

engineers with a new and reliable tool for design evaluation and modification.

1-2) Objective of dissertation

In this researchthe man purpo® was toinvestigate the load transfer analysis as an emerging
branch of structuranalysis.The basis of thigesearctwas theexisting industrial problems of a
motor coach manufacturer. Several componentthefmultiple passengsrcarryingvehicles
were chosen based on theatlife problems presented by the manufacturer and structural

analysis with a focus on load transfer was performed on them.

The U index theoryis the chosenmethodology for load transfer analysis. This theory was first
studiedthoroughly and it was shownthat this method providevalid and reliable results for
design evaluatiorReal life problem®f vehicle industrywere addressedy the U index theory

for load transfer analysisand the capabilities of this theorywere shown and compared
systematicallyfor the first time with the existing structural analyses method4oreover, two

majorcontributiors were madéo the existing Uindex theory for load transfer analysis.

Firstly, the U index theorywas validatedhrough experimental testing. This validation was done

for the first time in the literature and can provide a reliable reference point for further application
of this theory in industrial problems. Secondly, the ibdex theorywas extendedo the
nonlinear case of analysisThe original U index theoy is limited to linear analysisHowever

the presented extension of the theory showed that not only the concept of load transfer analysis

with the U index appliesto the nonlinear case of analysis, but also it is necessary to use the
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Chapter 1 Introduction

presented nonlinear extension of Wddex in some case$n summary, the objectives of this

dissertation cabe categomedas:

1 Investigation otheloadtransferanalysis with Uindex method

1 Experimentalalidation of U Index theory

f Theoreticakxtension of U index theory to nonlinear criteria

1 Application ofthe U" index theory inthe structuralanalysis of components olie

multiple passengerehicles.

1-3) Organization of Dissertation

In this section different chapters of this dissertatiare presentedith a short description about

each of them.
Chapter 1

The frst chapter of this dissertation is @atroductory part. It explains where the work performed
under this researchits. It brings up industry needs regarding a new approach in structural
analysis that can provide designers with information abieeiglobal behaviorof structure in
transferring the imposed loads to the constraidiso, the first chapter defines research
objectives and tasks leading to their achievement. This description of the dissertation

organizatiorcloses up the chapter one.
Chapter 2

Chapter two contains a literature revielw.the beginning it describesthe necessity of load
transfer studies in the modern structural analylen, the two major approached to load
transfer analysis are presented and compdiee.next section shortlgresents published work

on theload transfer analysis using the iddex theory It brings up shortcomings and overly
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simplifications in some of thesesearclstudies It also explains the need for further studiyhe
U’ index theory and its application the vehicleindustry. Finally, a conclusioris madeupon the

literature review that highlights the motivation and objectives of the presented work
Chapter 3

Chapter three describes the theoretical preliminaries of tiedex theory. This theory is the
main theory used in this dissertation for load tranafelysis and this chaptesummarzes the

fundamentals of this theory and the design criteria defined based on this theory.
Chapter 4

Chapter four introducea procedue for the very first experimental validation of the tdex
theory. The motivation for this experiment is descriliedhapter 4 followed by the testing
procedure. Finally, the results of the experiment are presented and compared with simulation

resultsto validate the Uindex theory.
Chapter 5

Chapter five containa thoroughdescription of three cases of application ofitwlex theory for
load transfer in real industrial structurés.multiple passengsrcarryingvehicleis choserfor

this research ah three load carrying components of this vehicle are siuéfiem load
transferring perspective. The first part to focus on is the strut of the parcel radkadtransfer
study on the strus accompaniethy an experimental testing that can cleatypwsome of the
exceptionalcapacities of the Uindex theory.In the next section of this chapter, twindow

pillar, which is one of the main load carrying parts of the coach is studied using thee

theory and also experimental testihgthe las$ section of this chapter,kay section of theoach
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Chapter 1 Introduction

is modeledand analyed by U’ index theory. This analysis shows the potentials ofildex
theory for design modifications.

Chapter 6

In chapter sixa theoreticalextension is proposed for Unhdex theory. ThebasicU™ index is
limited to linear elastigproblems and in thisresearcha mathematical extension to nonlinear
elastic problemss proposedTwo sample case studies are presented in the next sectithis of

chaptetto show the diffeznce between the original ihdex and the proposed yJ index.
Chapter 7

This chapter includes theummary of theadissertationand the conclusions resulting from the

research.
Chapter 8

Chapter eight contairsslist of references used in thasssertation

6] Page



Chapter 2: Literature Review

2-1) Introduction

In the last 50 years, Finite Element Analysis (FEA) has been developed and widely applied to
study the response of engineering structtioedifferent loading conditions. These studies have
covered diverse aspects of mechanical engineering, fnenstatic and dynamic analysis, to
vibration and fatigue studig®, 10]. The stress analysis providgsantitative and localized
information about the structure response toltlaelings and the stresses are the direct indication

of potential structure failurédowever one of the main functions of any engineering structure is

to transfer the load efficiently to the supporting points. Some st(elig$11] and[12] ) in civil
structure design have considered tbad transferringin the structure However, machine
componentsare subjected to different loading and boundary conditions and have specific
requirements for their structurdesign Consequentlythe conventionalload transfer analysis

used in civil engineering cannbé appliedo mechanical systems.

Load transfer analysis will provide information regardimgrnalstiffness of thestructurg and it
can be used to evaluate different parts of a complicated structure. Such evaluation can determine

if the structure is performing, as expected by desigmeithe load carrying process. There have
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Chapter 2 Literature Review

been some studies targeting different aspects of load transfer and load path thretigictine

but this concept still needs to be investigateste as it evolves to becoraevell-maturediool in
structural aalysis. The two main approaches for load transfer analysis are reviewed in the
following sections to show the capacities and limitations of each one. Then, a conclusion is made

based on the presented literature to clarify the direction of this reseatgh stu

2-2) Stress Trajectory Method

Kelly et al. [13] proposedthis methodin 1995 as one of the first efforts to introduce load
transfer analysis in mechanical engineering. In that study, KellyEtsidy presented the first
rigorous definition of the load path as the course taken by a unit of applied load within a
structure, beginning at the point of application and ending at the equilibrating boundary
constraint[13]. This ddinition became a stepping stone ftire further development of this
methodin different research studi¢k4], [15] and[16]. In 2001 Kelly et al[16] provided a more

clear description of their method based on FEM results. They defined the load flow for
components of the applied loads lying in an arbitrary set of orthogonal axes. They claim that
there is always a staté equilibrium between the loads applied to the systethe structureand

the according reaction forces. Thus the separation ofghked load into a set of orthogonal
components can help designers to find a load path by a simple equilibrium. To shawiso

works a small review on the original paper by Kelly efE3] can be helpful.

Unlike a fluid flow in which continuity law governs, theormal force on a surface in
conventionalstress analysis will not follow the continuity. Instead, by assuming a set of
arbitrary orthogonal direction equilibrium guarantees tin&t components of the force will
follow continuity. Figure 1 shows an example fr¢b6]. In Figure 1a the continuity of flow in a

fluid flow is shown whilea normal forcas appliedon theleft surface of the structuie Figure
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1b. A combination of shear and normal stress react the applied load and resulting moments. For
each component of ¢hforce, a passage cae mappedhroughoutthe structure in which that

component remains constant.

ﬁ <0
7 T4
(a) (b)

Figurel) a: Continuity of a flow field and b: Equilibrium of forces in the structure €L&merald Group

Publishing

In simple words, the load path for a force in a given direction is a region in which the force in
that direction remains constgdf7]. By assuming that the structure of interest is the one shown

in Figure 2[16], definition of the load path means~F,

F +— F,=llo, d4

Figure2) Sample structure and horizontal component of applied load®{Esherald Group Publishing

If Figure 3[16] illustrates a small section of the side surface of this structure with a unit area,

then a normal vector for this surface can be imagined as \&ector
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Figure3) a unit area of surface of the side wall along with the novenztbr, and horizontal components

of the total stress [1&) Emerald Group Publishing

Following the approach presented[it6] the force components acting on the area shown in
Figure 3 can be found using the total stress ve@nd the components of the normal vectoy (

and it carbe showrthat the tangent vector of the load patldefinedoy component®f the total

stress vectorAppendix A of thisdissertation reviewthe details of this approach along with an
example.In summary, thetotal stress vectors define the local direction of transfer of a
component of the applied load. After developing the theory an algorithm was proposed by Kelly
et al.,[17] to detect load paths in real world problem; using total stress components and Runge

Kutta method17]. Appendix A of this report reviews basic steps of this algorithm basgbi7¢n

Using this algrithm some application case studies for detecting load paths can be fahed in
literature. One of the best examples is the investigation db#upath in impact response of a
helicopter fuselage framd8]. Although thisstudy applied the concept of load path detection
with stress trajectory method in a dynamic analysis, it lacks providing meaningful results that
cannot be achieved by conventional FE stress analysis. Complicated stress distribution of
structure forced autrs to combine deformation results to evaluate the load path in the structure.

Therefore, it seems that there are shortcomings in using this method for load path detection.
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Kelly, Reidsema and Lee[17] showed aother example ofhe applicationof this approachfor
detecting the load paths in tiseructure. Theystudied theoad path topology for a yacht hull

using stressrajectaies[17]. However, the structure chosen for this study had a simple geometry
that implies the inefficiency of following total stress vectors in a more complicated mechanical
structure. Nevertheless, this theory has shown capacities in dealing with compositalsitateri

Load path trajectories predicted by this meth@ie usedn [19] to improve the efficiency of the

fiber steeled composite joints and in another sf@dy} similar concept was used to impsothe
strength offiber steering around a pin loaded hole. Howewer20] the stress path term was
used, which clearly shows the direct relation between the stress distribution and the load path
detected by this methods. So it can be concluded that although stress trajectory method for load
pathdetection hashown some poterati in simple mechanical structurisiasmajor limitations

due to four main reasons:

A Following total stress pointing vectors can be very difficult or impossible in some cases.
Therefore, additional set of information, like displacement field, will be sszcg to
follow the load path;

A The predicted load path directiijjustrates the stresdrajectory, thusthe information
provided by this method is very close to outcomes of a conventional stress analysis

A Stress concentration, which is a common feature @fhanical structures, can haae
misleadinginfluence on the predicted load patidext section covershis aspect in
details, as the next method of the load path detection is introduced.

A This method merely predicts load paths in the structure and pinogides limited

information for design modifications.
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Therefore, there was a necessity for an alternative approach for load path detectioretfibds

had to apply to complicated machines, provide additional information compared to the
conventional stressanalysis antbeimmuneto local features as stress concentration. Moreover, it
would be very beneficial to designers if the alternative approach was able to provide unique
information abouthe designof the structure thavther methods of analyseanna find. This

alternative is the Load Transfer Index Jttheory thais coveredn the next section.

2-3) The U index Method

The U index method for load transfer analysis providesimeical index that can quantify the
loadtransfer in the structure and predict the load pa#hgroup of Japanese scientists introduced

the foundation of the Uindex theory in 199921]. A study on relative rigidity, done by
Kunihiro Takahashi in 198@2] was the main inspiration for thddaof an index forinternal
stiffness. I n that study, the term Arelative
toward abetterdefinedtheory for load transfer ih995[21], in which U index isintroducedand

derived.

Mathematical details of this theoaye presenteh chapter3 but in summary, the Uindex is a
parameter that shows the degree of connectivity between the loading point ayneappintin
the structure. This theory provides a general picture of load transfer in the structure and evaluates

the overall internal stiffness of the strustu

In one of the earliest applications of thiieory inthe vehicleindustry, Hoshino eal. [23] used
the theory of load transfer paths to reduce the vibratioth@tabinin a heavy duty truck.
According to then]23] one simple approach to reduce vibration in the structure is stiffening the

rigidity of the body. However, it is essential to use a systematic appfaachoosng locations
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for stiffeners to avoid addingnnecessargnassin randomplaces. Therefore, Uindex theory can

be helpful in locating the best places for adding stiffeners. To perform such analysis, Hoshino et
al. [23] had to correlate the vibration reduction study, which usually invalresvibration
modes, to the static analysis of load paths withiridex theory. Therefore, they used a simple
mass spring model to define the relationship between the values of the spring constants for the
connecting components and the characteristicshefcab floor vibration. Thus, with some
simplifying assumptions they discussed the vibration reduction as a static p{@Blerio be
precise, the Uindex theory was used to study the load transfer from the cab mounts to the cab
structure and the role of each component in this proceas evaluatedrinally, Hoshino eal.

[23] were able to find out discontinuities of tbaransfer in the frontal cross member of the

cabin, whichis directly effective on the noise and vibration of the structure.

Although substituting the conventional modal analysis of vibrating structures with a static
analysis can be a questionablgsumpbn, thereare two important aspects of this study that
make itbe a significant research in the field of load transFkarstly, it was one of the very first
times that U index theory was applied to solve a real life problem in vehicle industry and
secondly, three design criteria were introduced asetin this study based on the’ ihdex
analysis. These criteria that wible discussedn Chapter 3 carbe employed for desgn
improvements. Moreover, they can provide quantitative data as new goal functions for
optimization In other words, using Uindex theory will open a new window for structural

optimization

In less than a decade from the fiistroduction, the Uindextheorywas developedo such an
extent thatvarious variations of the theory along witbifferent calculation methods were

introduced by 2007. For instance in 2007, Sakurai ¢24].proposed a method for reducing the
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calculation time of Uindex. The significance of this modification will lmeuch cleare in the
bigger structuresvith their massive FEA calculationd=or asamplemodel with around 350
nodes, the modified method needs about 2000 seconds to calculateitfu)for all nodes
while the basic method requires 10,000 seconds for a model with just over 100[2#jdes

Chapter Joresentshedetails of this time efficient approach.

In another extensioaf the U index theory, Sakai etal. [25] extended the theory of lindex
calculation for multiple loading points and in a more significant research amdex, Wang et

al. [26] introduced the new U index. This new indexcan besummarizedas a theory to follow

the load transfer in a structure with distributed loading, while the originahdéx theory is

more efficient in cases witboncentratedoading condition. Later in 2009, this extension was
applied[27] to study the load paths in a vehicle body structure under eigenmodes deformation of
bending vibration. Initially, a natural frequency analysass performedn a passenger vehicle
structure. Then, the obtaingdration modeswereimposedasforceddisplacements to all nodes

in the structure and the reaction forogere measured at the designated supporting points.
Finally, these reaction forces were imposed to the system to regenerate the bending mode in the
structure. Due to theature of the structure and selected loading points, allistd loading
condition wasnecessaryand thus, the newly introduced Undex was used to follow the load

transfer in this structure.

In a more recent study, Wang et E28] used both Uand U" indices toevaluate the load
transfer in the truck cab structuretireinitial phase of a frontal collision. This study showed that
the distribution of Uand U’ indices for the assumed loading and boundary condition are very
similar while the exact values of the indices were significantly different. The most important

feature of thisstudywas to apply Uindex analysis, which is fundamentally applicabldiriear
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problems, to a frontal collision case, which is clearly nonlinear. Waay [@8] proposed two
approaches to overcome the conflict between the nonlinearity of the problem and the limitation
of linear U index theory. Theifst method was theo-calledfi S u b s t- Bttess Metlmog i

which the structure is assumed to have two distinct areas: one in nonlinear and the other one in
the linear domain. In this methodyeforethe U analysis, the stresses are applied on the border
between the linear and nonlinear regions and thus ibeastatedhat the nonlinear effectre
reproducedn the linear regiof28]. However, due to the computational diffiteess, this method

was not used by Wang et §28]. Instead, they used a hypothetical linear modulus for the
nonlinear region. In thiapproach whi ch i s call ed the ASubstitut
linear modulus &;) will be modified by a parametém), and the modified modulu€&Ei/m)

will be consideredor the nonlinear zon¢28]. Clearly, this will lead tohauvng less precise

results because of thapproximateapproach that was used to tackle nonlinearities in the
structure Although Wang et al[28] opened up a new approaftr applying U™ index theory in

the nonlineardomain their methodhad significant simplifying assumptions, such as considering

a safety cage in the cab that remainthalinearzoneduring the impacand also an approximate

method to cover the nonlinearities.

Research studies of the literaturave demonstratedhat U index analysishelps designers to
achieve abetter designregardingmore efficient load transferring and lower structure weight.
Along with the previously mentioned, lihdex based design criteriahich were introducedn

[23], there are othewariatiors of U™ index theory that help engineersto get a general
understanding regarding te&ucturalbehavior of the design. One of thenitis U"sumindex that

will be coveredn Chapter 3.This index combines the load transfer indices for both applied

loads and the reaction forces and provides a global tool to quantify the effectiveness of each
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component of the structure the load transfer processKoboyashiet al. [29] applied the U

index theory to a vehicle structure in 201Jaistudydone by Honda Research and Development
Centre. They used the 4J index to perform a comprehensive study to compare the results of
load transfer analysis under different loading conditions. Accordi@9o there is a tendency

that U" indices go higher in parts with higher coupling rigiditrrespective of the loading
condition. Thereford29] predicted that there should be similarities in load transfer arinidex
distribution under different loading conditions. Four loading conditions were considebsd to
applied to the vehicle structure from the suspension: torsional loading, lateral loading,
longitudinal loading and bending loading. Then, the,\ distribution for each case was
calculated and compared. It was sholwpa comprehensive comparison of tlesults, that the
torsional loading condition displays a high level of similarity to the other loading conditions
from load transferring perspectiy29]. These resultsvere usedo evaluate the ability of the
structureto transferdifferent kinds of loading efficiently. Moreover, thesimilarity analysis
proved that the structure was designed to carry the torsional loadings in the most efficient way in
comparison tahe othertypes of loading This research is important besa it highlights another
important application of Uindex theory. Following the same idea as Koboyashil.ef29],
designers caevaluatetheir design to find out the most dangerous loading conditions that can
harm their structure or they can select loading and boundary condition in a way that an existing

structure can provide most efficient load transfer.

Since U theory quantifies thinternalstiffness ofstructure it can be used efficiently to modify
the design of a structure to achieve desirabkrall stiffness without adding excessive weight to
the structure. Naito et g30] used the Uindex theory to evaluate weight efficient structures.

The significance of this research tige applicationof histogram of Uym values to study the
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distribution frequency of W,m values and provide a macroscopic understanding of the body
structure. Nat et al.[30] extended the research that was done on the vehicle under for load
condition[29] and used the results of 4}, to locate areas with low stiffness. Then, thickness
optimization was congtted for different parts of the vehicle to achieve an efficient design with
improved stiffness. Although the optimization was done based on the stress values and not based
on the U index distribution- an obviousdrawback- it can be stated that authdi®0] were

capable of stiffening the structure using thendex theory.

Following the same line of thinking, canbe concludedhat the results of the Undex analysis
canpotentiallyhelp designers to choose best locatifamsnaterial removal without lowering the

internalstiffness in an extreme manner that might put the integrity of the structure in danger.

In another application, Undex theory has alspeen useéh the evaluation of welded structures.
Naito et al[31] used the Uindex theory to study the sheet steel joints with spot welds in 2012.
They used the Undices values as an expressadrihe strength of connectiohetweerthe load

points and support points. Such expression stoength is an aid in the design of welded
structures that will be highly effective in increasing stiffness. Naitb. §81] selected simple but
widely used structures of vehicle industry to study the capacities dfidéx theory inthe
evaluationof spot weld locations. They studied {shiaped section beams and selected three
differentspotsfor adding welds, ahecenter of the top face of the beam, near the edge of the top
face and the side faces of the beam amahpmred the Uindex distributions. Then using a
consistency analysis they chose the best location for spot welds for efficient load transfer using

the results of a Uindex analysi§31].

In 2013, Nambu et aJ32] approached the Undex theory from a statistical point of view. Using

the histogram of U, they defined a new statistical concept, called/atiance[32]. Nambu et
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al. [32] suggesthat t is desirable to have low Wariance values in the structuféhe U” index
variance shows the distribution of the stiffnéssoughoutthe structure and since a desirable
design should distribute the loamostequally in allcomponentf the structure, a low U
variance value represents a relatively equal contribution of all parts of the structurdoadthe
transfer process. Nambu at [32] studied a vehicle body under 18 loading condgitm
provide adatabaséor statistical comparison. Using different loading condgitirey managed to
create a relationship between the stiffness and thetiance. These results candraployedby
other researchers who work in vehicle fietdsa benchmarkto compare the Uvariance of

different parts with the existing data for boulyrts.

In recent years there $iheen more research &xtend the application of Undex. One of the
most important one ofthem is thestudy presented by Takahashiat [33] in 2013. They
proposed a method to consider the effect of inertia in the calculationinéiéx. Satoshi etl.

[34] describedthis approachin English in a more recerstudyin which they opened new
window for application olJ” index theory for impact problemsThe details of thisstudyare
presentedn [34] in which, the new indexwas appliedto side impact of thevehiclg and the

effect of design variations to the load transfasstudied,considering the effect of inertia.

2-4) Conclusion

Based on the presented literature it can be concluded the load transfer analysis is getting more
and more attention from engineers to stuldg structural behavior of mechanical machines.
However, fromthe two major existing approaches, the Undex theory has shown more
potential,fewer drawbacksand has been appligd moreindustrial problems Therefore, in the

presented work, the Undex theory is selected for performing load transfer analysis.
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There have been several studies in literature trying to extend and completerttiextheory to

make it awell-stablishedtheory as theconventionalstress analysis iddowever,certain s¢ps
shouldbe takertoward achieving such goal, which seems to be missing in the literature. Firstly,
asconventionaktress analysis has been in application for more than half a century, it is essential
to havea comprehensivand detailed comparison of lihdex theory with the stress analysis.
This way, all the unique capacities of the ibdex theory can baighlighted and agreements
between outcomes of the hdex and stress analyses can verify the accuracy ioflex results.
Therefore, in the preséed study after goinghroughfundamentals of the ‘Uindex theory a
comprehensive comparison to the convention stress anayperformedon real life vehicle
components under working loading conditiodoreover, although U index has shown
exceptional capacities in literature, it is missing a rigorous experimental validation. Thus, an
experimental validation testing proceduseproposedand conducted in this study to create

solid referral point for future computationablslies.

Another aspect that put limitatioren the applicationof this theory is its linear foundation.
Consequently, to extend the concept of load transfeheémonlineardomain a theoretical
extension is proposed and tested computationally fload transfer index for structures with
geometrical nonlinearities (M.). Although the newly proposed index will not cover all types of

nonlinearities, it can open gpaceor further extensions of the theory.

Finally, almost all of the application of the lindex in literature are limited to the floor and
frontal panels of passenger vehicles. Therefore, in this study, several components of a multiple
passengarvehiclewere selected and analyzed for load transferring usirigdex theory. These

componentvary from a parcel rack holder structure (also nameitthestruf) of a motor coach

! To be discussed in chapter 6
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in working loading condition, to the window pillars of the frame of the coach in most severe
loading conditionsand the roof and emergency exit of the superstructure iollaver impact
scenario.Moreover, some of these components were tested physically under same loading

condition to evaluate the results of theittlex analysisn comparisorwith real testing.

The outcome of this research will be beneficiahtdomotive industry, especially for structural
analysis of heavy or multiple passenger vehicles. This study can help designers to modify their
design based on the results of load transfer analysis, while the structure still meets the
requirements based dlne failure criteria on one side, and safety requirements on the other side.
Achieving a generalawarenessegardingthe structurewill lead to designs with an optimum
massstiffness relation. Such goal cdre acomplisked by considering the load transfer and

stressanalysisJike two wings for designers in their journey toward a perfect design.
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Chapter 3: U” index Theory

3-1) Introduction

The U index theory[21] presents a numerical indicator for inéernalstiffness of the structure.

The theory claims that the imposed load to #$ieicturewill be carriedthrough parts with
highest U value; i.e., a load path will be the path on the structure that connects the points with
the highest Uindex values. This theorg basedupon a mathematical foundation presented in
[21], whichis reviewedi n THeareticAlPreliminarie® s ect i o wvaluesUtsréemew U
design criteriafor structural analysisvere introducedhat will be discussed n  tDésgn i
Criteria0 s e Ghese pamametergerethen used to evaluate teucture, selected as the case

studesin thisdissertation

3-2) Theoretical Preliminaries

In this study, the methodology introduced by Shinobu in 1924] is used todefine and

calculate the Uindex. This index quantifies thénternal stiffness between any points in the
structure and the loading paojnthich is the first and probably the most important aspect of the

U" index theory. As Shinobu et aj21]c | ar i fi ed, Al nternatranséet i f f ne

index (U) theory is not the same as thenventionaktiffnessmatrix calculated by summing up
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the local stiffness matrices defined in Finite Element Analysis.irtkrnalstiffnessof any point

in the structures the degree of connectivity metenthatpointand the loading point

The U index theoryis basedupon total strain energy of the system under different boundary
conditions. Consider the structure shown in Figdee which is loaded at point A and
constrainedat point B. This structure can be illustrated with three linear springs, as shown in
Figuredb. In this figure, point Athe loadingpoint, is connected to the supporting point (point

B) and an arbitrary point (point C) with two linear springs.

P, d, Py, d, Py, dy

Loading
Point

A A A

Arbitrary
Point

Supporting
Point

(a) (b) (c)

Figure4) Sample structure for Wnalysis: (a) Original structure, (b) Spring model and (c) Modified

constraints

The total strain energy of the structure shown in Figbrean be calculated using Equation

Y Z00Q (1)

alhe

whereb is the total strain energy that stored in system ananid g, are respectively the applied
load andresultingdisplacement at the loading point (point A).Since the springs were assumed to
be linear, they follow the linear elasticity equations. As a tetha force-displacement of the

springs will follow Equation 2:
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In this equation Ri=A,B,C) represents the applied loads at each end of spdn@s4,B,C) is the
according displacement and; K,j=A,B,C) represents the internal stiffness of each spring. It is
important to note that the;Kmatrix is not the conventional FEM global stiffnesatrix, andit
represents the actual stiffes of each illustrative springe. K; shows the actual internal stiffness
between any two points of i and(ijj=A, B, C, éih the structure. Considering the boundary
condition, shown in Figurdb, the only loading pointh the selected sample structisgointA,

and theforce-displacement for this structure will be as Equation 3:

C

0 Q 0 Q (3)

where, R is the applied load on the structure anchdd @& aredisplacements at point A and C.

The termKc in this equation is the stiffness of the illustrative spring between paiatsd C.

Kaa IS not an independent parameter, it can be shown that for rigid translation of the structure,
Kaa have the same magnitude as summation of the stiffness of the dptag=en point A and

the other two points; i.et + + . By substituting the Pfrom Equation 2 into

Equation 1, thetrain energy of the systemill be as
~ P . C o
Y c v Q U QQ 4)

All terms of this equatiorhave alreadybeen definedn Equations 1 to 3ln the next step, a
modificationshouldbe madeon the loading and boundary condition of the system. As Figpire
shows, the arbitrary point C is constrained, while the same displacemgrg $¢dpposed tde

keptat the loading point. Therefore, the necessary load for creating same displacespenl (d
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change fromO toO . For this system, gland ¢ are equal to zero and using the similar

procedure showim Equation4; thestrain energy cahe writtenas:

Y 0 Q 0 QQ (5)

"all he)

P
C

where,5 is the stord stran energy in the modified systeand O is the requiredoad that
should be applied tthe modified systenmfor achieving the samdisplacemerftla) at point A
(loading point).Here theload transfer index (UIndex) can be defined based on the proposed
equation if21]:

Y

Tom ©

~ Y
prp

In this equation is Uis the load transfer index andstshownthis index is proportional to A¢?.

In other words, the Uindex is an indicator for thmternalstiffness between the loadippint

(point A) and any arbitrary point (point C) in the structure. By calculating thiedéx for every
pointin the structure, the Wistribution carbe found As shown in the schematic demonstration

of the U distribution in Figures, the U index will be equal to 1 at the loadipgint, and it will

be equal to 0 at the supporting point.

TheU” index quantifies thenternalstifiness of the structure, and the applied load tends to pass
through parts with highesaternal stiffness Therefore, based on the definition of theiktex
theory,the main load path is the path that connects the loading point to the supporting point
passing over the point with highest thdex (highest degree of connectivity to thading

point).S o , i f ifintredecedso r o

2 Appendix B provides a simplified explanatory example to show the proportionalitytofKc
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Then, the successively traced | i[88 Inabkinpleg t

case like the structure shown in Figiiethe main load path is simply the ridge line of the

contour curves of Udistribution.

Main Load
Path

Figure5) The U Distribution and the main load path for the sample structure

The calculatedbad transfeindex predicts the transfer of applied load in the structure, which can
be namedas U index. By implementingthe sameconceptit is possible to follow the reaction
forces that go back through the structure from the supporting point. The resulting index for load
transfer of the reaction forces cae nameds U,. Then, to achieve an index that can represent

a complete picture dbad transfer in the structure 4, [29] can be defined as:
% Y OY (8)

The higher Usumin a partof the structure represents more significant role in load transfer and
vice versa. Moreover, since 4, value of any point in the structure representsigsificancein
the load transfer, creating a histogram of all {4, values can depict how balanced the load

transfer in the structure is.
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The concept of U,m variance of the (4um histogramwas introdued more recently[32]. The
U’sum variance can be used to find out how cooperative are all giatte structure in the load
transfer process. A low variance of ¢l histogram implies that all partsf the structure
contribute to thdoadtransfer relativelyin the samemanner Therefore, achieving a design with

low U'sumVvariance cae considereds a nevgoal in the design process.
3-3) Design Criteria

It was shown in the previous section, that theindex is an indicator fointernalstiffness and
consequently the load transfer in the structure. However, unlike the smgssorybased
methods for load transfer analygik3], which can only predict the load path; the iddex
method carbe usedor both load path detection and design evaluation. The design evaluation
capacity of U index theory isan excélent featureof this theory for structural analysis that can
give a general awareness regarding the global behavior of the structures. Basetheory)
three main criteriare introducedor design evaluatiof23], which havebeen appédto several
case studies itheliterature[31, 35}
These design criterishownin Figure6 and Figure7, are as follow$23]:

1) Uniformity: Uniform decay of Ualong a load path (FiguGa);

2) Continuity: Smoothness of the curvature of &long a path (Figuréb);

3) ConsistencyCoincidence between the main load paths from the loading point and from

supporting points (Figur@).

Since U theoryis basedupon modeling the structures using illustratsgings the ideal case
(dashed lines in Figu®) represents theariationof U” index (or its curvature) ira linearspring.
Clearly, in a linearspring, the Uindex value varies linearly from 1 at the loading point to 0 at

the supporting point. Accordingly, the curvature ofvdriations will remain constant zero along
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the spring.However,in the engineering structures, it is probable that thevasiation (orits
curvature) does not follow the safehavioras inthe spring.Therefore, there will be deviations
between the curves for real case scenarios (dotted curves in 6)guré the ideal ones (dashed
curves in Figures) which canbe seenn Figure6 as shaded areas. Engineers can improve the
structure behavior by design modifications that can lead to reducing these shaded areas.
Optimizing the design can also be achieved by considering a minimum shaded area as one of the

goal functions of the optim&ion process.

15
T N N E —— Real Variation
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= o\ E — = = Idea Variation
(= R 5

0 D~_"B &}

0 Path Length 1 0 Path Length 1
(a) (b)

Figure6) U based design criteria a: Uniformity, b: Continuity

The other useful design criteridmasecbn U index is the consistency of the main load paths.

the ideal case of a linear spring, the load pathboth U, (index for applied load) and U

(index for reaction forces) are consistent. Figure 7a shows a schematic métdesirable
consistency of load paths. However, in the engineering structures, the load paths of applied load
and reaction forcemight probably pass through separate courses. Such deviation between load
pathsis shownin Figure 7b. Designers can modify their design to achieve a more desirable load
transfer in the structure by making changes that lead to a smaller (or a minimustipdearea

between the two load paths

27| Page



Chapter 3 U" index Theory

A A
|‘ —— Consistent Load Paths
' = = = Inconsistent Load Paths
2 . 2
(a) (b)

Figure7) Load path consistency criteria, a: Ideal Consistency, b: Undesirable consistency

3-4) Development of the Algorithm for Calculation of U

Since U is a relatively new concept, it is not available conventionalcommercial FEA
softwaré. In this study, a prograris developedor calculating U following the framework

proposed by Shinobu et §21].

Based orEquation 6,to find the U value at each point, the total strain energy of the system
should be calculated for two different boundary conditions (free and fadetipt point (like
point 6 in Figure4). Consequently, the boundary condition should be changed by fone
node at a time (poirt), while keeping the rest of the nodes free in all directions. Therefore,

calculation of strain energy shall be performed by the number of nodes.

A computer program, writtem Matlab (2012b, The MathWorks, Inc. Natick, Massasx#tts,
United States), is developed for the repetitive task. This computer code will automatically
generate models with different boundary conditions and send them for FEM analys&s. The
housedevelopedprogram will then use the results of these FEMIym®s to calculate the U

value on each node of the structure. MBBSTRAN and ANSYS Mechanical APDLwere

¥ MSC Nastran in Japan is developing an additional, optional, toolbox fadek calculation
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employedin this study to perform the required FEM analy$egure8 is a schematic illustration

of theexplained algorithm.

Total strain energy(U)
calculation

|

—3] Fixing nodei and imposing
da at loading point

|

Total strain energy
calculation for modified
system b )

Isi > number
of nodes?

Finish

Figure8) U calculation algorithm of current study
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Chapter 3 U" index Theory

3-5) Time efficient approach for U” index calculation

The proposed method of Shinobu et [all] for the U'index alculation is justified and the
proposed algorithm in this study for implementing the discussed methezdcofationhas been
proved to be valid (to be discussed in SecBeB). Nevertheless, there is a limitation in this
approachthat makes itoughto apply it for analyzing large structures like multiple passenger
vehicles. For measuring ldt anysolepoint on the structure, the boundary conditions shbeald
modified, and the FEM analysis shoubd donegor the new boundary condition. This procedure
is very time-consuming Some basics of FEM analys&re pointedout hereto prove a better

picture

Finite Element Methoatan be divided into two main method§36]: the displacement method
(Stiffness method) and the force meth@dexibility method). MSC Nastrganas most of the
commercial softwarejs designedbased on the displacement method, and in displacement
method, whenever the geometrical boundary condition changes, structural stiffness matrix should
be calculate@gain. Asa resulfin the current algorithm, each time the Matlab code send the new
input file to the MSC Nastramuchtime will be consumed on generating new stiffness matrix.

Therefore U calculation is dime-consumingprocess.

3-5-1- New U calculation method

Sakurai et al[24] proposedthe solution to this problem in 2007. As Sakurai et al. claim,
replacing the multiple geometrical boundary conditions into multiple mechanical boundary
conditions will lead to significant redtion of the calculation time. Their main idea for

performing this task is to fix the loading point and impose a set of independently linear
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inspection loads on the arbitrary pointin this way, for each poirt, the following information

can beeasily derived:

A Reaction forces on the previously loaded pointyd)(

A Displacement of poirth, due to the imposed inspection lo#2l §.
Based on these datanecan easily calculate the stiffnesstérnalstiffnesst ) between point
0 (loading point) and any arbitrary poitt Then, by inserting the calculatéd in equation 6,
U’values for each point can be derived. As Sakurai 24].has shownthis method decreases
the calculation time significantly. It should be mentioned that this time difference is more

noticeable as the number of nodes in the structure exceeds 500 nodes9jFigure

/

1.6

—
[S¥]

Conventional method

/ Inspection loading method
Y a— 3

0 500 1000 1500 2000
Size of FE model (nodes)
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(=
o0

=
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Figure9) Difference in calculation times by ordinary and new method céldulation[24]

3-5-2- Development of an algorithm for implementing new method

Similar to theregularmethod ofU” calculation,it was necessary to develop alyorithm for

apphyng the proposed method of Sakurai et [@4]. A Matlab programwas written which
generates models with three linearly independent loads on each node (one node and one load at a
time). These modelwere thensentfor FEM analysisby MSC Nastran. The results obtained in

FEM analysis were used the Matlab program to calculate tiernal stiffness between the

loading point and each nod€onsequentlythe programcan calculate the Uat each node. A
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Chapter 3 U" index Theory

schematic demonstration of this algoritierdepictedn Figurel0. It is important to notice that
in Figure 10 dc represents the actual displacement of the arbitrary point C under actual loading
while D is thedisplacemenof this pointunder inspectiotoading while both points A and &e

fixed.

Total strain energy (U)
calculation

.

Fixing the loading and
supporting points & applying
inspection loading on node

v

Measuring displacement at
nodei (D) and reaction forces
at loading point (R)

v

>

O YO
. Y
Y P T o 1o

Isi > number
of nodes?

Finish

Figure10) Schematic flow chart of proposed algorithm
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3-6) Verification of proposed algorithms

Since U is not a default variable in this software, the calculatedalues for all of the nodes
were assigned to them as the valokthe temperature variable. The distribution on the plate
with a circular hole in the middle, which has been already stuayeoboyashi et al[29]
(Figure11a), can be considered as the perfeatchmarkio validate the developed programs in
this study. Figure 11b and 11c show the results ofhe current study for deriving the U
distribution on the similar plate with the two proposed algoriti@isziously, the results are in
complete agreement with results [@9], and theproposedalgorithms canbe usedfor the

structure in the case sied

*

*

e TR T
(a) (b) (©)

Figure1l) U distribution on a plate loaded on left face a: Results from literéReerinted with
Permission from SAE Internation@0], b: Results from initial algorithm (changing geometrical

boundary condition) and c: Results from secondary algorithm (changing mechanical boundary condition)

It is also beneficial to point out a significant advantage ohtex theory for load path detection
to stress based methods using the provided exampigoife 11.For the given structure with
the marked loading and boundargndition the load paths are predicted to diverge from the

edge of the circular hole in the middle of the pldtewever, if stress trajectory methodere
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Chapter 3 U" index Theory

used to detect the loadtpa, the load path would have converged to the circular chadeto
stress concentration effectSuch prediction is clearly false, as the hole cannot bead
transferring part of the structure as it has no material. Although a full comparisonirude
theory is presentedn chapter 5, this example can provide some preliminary information

regarding the advantages of iddex theory for load path detection.
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Chapter 4: Experimental Validation of U index Theory

4-1) Introduction

As the literature review sectisshowed several researchers have used therdex theory for
differentstudiesin the mechanical engineering fieldowever, most of these studies focusthe
application side of the Uindex theory Therefore in this section ofthe dissertation the main
objective was to present a stepping stone for further theoretical expansion of the theory by
providing the first experimental validation of the iddex theory. This experimental validation
proves that U index is a true measur load transfer in the structure. Thisction will show

that a load pathwhich includes points with higher Undex valuesin the simulation, indeed

carries mee load in he physical testing.e.is the main load path in the structure.

4-2) U’ index theory validation

Based on the definition, the lihdex theory is supposed to be able to predict the significance of
different parts of the structure in the load carrying process. In other words, this theory suggests
thata path consisted of pointgith higher U index value carry more load in the strure. A
structure with different possible load paths under one loading conditaan considered to

validate the U index theory.First, the main load pattwas identifiedphysically through an
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Chapter 4Experimental Validation of Undex Theory

experiment Then, theesults ofU” index simulation of the same structure were comparéieto
experimental results to validate the accuracy ofltlael transfer index theory, (i.60 validate

thatthepath connecting the pointgith high U values carries the majority of thead).

4-2-1) Experimental testing

The test setupf the proposed experimenbntained a tabishaped maimpartand two loading
bars. The tablshaped structure was made of Aluminum and is markéBas$ A0 in Figurel2,
while the two loading baysnarkedas Rart B, were made of stedPart A has two circular stands,
marked as thé Ticko andf Wino shafts in Figurd 2. These shafts carry th@glied loadgo the
structuretoward the supporting poird The standsare both 8" (20.32 cmong, and their
centroids are 5" (12.7 cm) apart from each otRggure 12 includesliaother dimensions of the

structure.

Shaft
5.08cm @

Figure12) Test structure of the experiment

The test proceduriaitiated by placing thanain structureRart A on the two force plates shown
in Figurel3, such that each shaiftas locatean one force plate. These force platese builtin

the BERTEC instrumented treadnfii7], which can measure@mponents of loading witan
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accuracyof 0.1 N. However, in this test only the vertical loading was of intefidstn, the
external norbody forcewas appliedto the system by placingteel barsRart B on the two
edges of Part A.The cylindrical sha# carried this load to théceplate This loading process

was repeatedhree times with the same setup to verify the repeatability of the experiment.
Moreover,to make sure that force plates were behaving identically, the whole experiment was
repeated completely after rotating theusture on the force platesichthat each shafitood on

the other force plate.

The primary measurement during this experiment was the vertical component of load on the
force plates using thbuilt-in, 16-bit digital data acquisition system of the forgktes. Tl
measuredligital data was then amplified with an external amplifier and recorded on a computer.

Figurel3depicts a schematic picture of the whole experiment setup.

Loaded Structure on the
force plate

Figure13) Testing specimen on the force plate

The data acquisition in this experimewas performedn two stages. In the first stage, only Part
A was placedon the force plates. Consequently, the gathered data in this step showed the
di stribution of the structureds weight (body

phase, to solely measure the added external-fodg) force to Part A, the readjs of the
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Chapter 4Experimental Validation of Undex Theory

software were set teerqg and therthe external loading (nemody force) was applied to Part A
by placing Part B on top of {fFigure12). In other words, in thistage the force plate were
ignoring the initial weight of Part Aand themeasued data on each force plate showed the
portion of the external load thatas carriedby the shaftstandingon that force plate. This
information was representing the ending point of load paths in the structurevasdsed to
detect the amount of load thahs carriedhrough each path. Finally using the iddex theory,
the main load path for the externally applied {baaly force in the structumgasdeterminedand

the resultwvasthen comparetb the experimentallyetected load path.

4-2-2) Computer modeling

After the experiments, the Undex distributionwas calculated computationally fare model.
Then the computationally detected load path was compared to the experimesulb to
validate the theoryThe FE modeling was performed using ANSYS Mechanical APDL software.
Solid 185 (Tetrahedral) elementgere used to eshthe structure The model contained 2072
nodes andit was constrainetly fixing the nodes on the lower surface of the shate results

of the computer modelingre presentedh the next section along with comparisonto the

experimental testing results.

4-3) Results and Discussion

By performingthis testand simulationst was shown that the ‘Undex theory is a valid measure

of load transfer in the structure, and thus, can be applied for predicting the load paths in the
structure The experiment was designed to show if the theoretically detected load path using U
indices is accurate. The phgal test results are presented in the next section to show the real

load path in the structure. Then, the load path predicted by ‘tttheOry ispresentedn the
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Simulation Resultsection to provide an opportunity for comparison of the resultvalmhtion

of the theory.

4-3-1) Physical test results

As statedn the test setup descriptiothe measured data the experiment was the vertical load
applied on each force plate through the supporting shafts of the testing specimen.1&igure
demonstrates the readings of thw force platessthe percentage of the load that was carried

by each shaft with or without external loading. During the initial phase of the experiment, the test
specimen (Part A) imposed 77.2V of bodyweight loadon the force plates, out of which 59%

was carriedhrough the thicker shaft and 41% through the thinner shiaérefore the structural

stiffness of the systems dictdtihe amount of body weight that passed to each force plate.

80 7
70 | /
Z 60 —— /é
S 40 - é %;‘ 7
= 30 ,7 ?; % j: %
o H H
= H H
= 20 % % H
2] / / & /
g 10 | E é
= N 2 i
Unloaded Structure External Loading
. (Body Weight) (Non-body loading)
@ Total Measured Load | 71.27 40.7
OLoad Carried by Thick Shaft| 44.89 17.22
& Load Carried by Thin Shaft 31.54 23.48

Figure14) Results of Experiment

In the second step of the experiment, corresponding to the external lapgireglby Part B on
Part A, the data measurement setup wasrdgtto read the added external loadidg shown in

Figure 14, steel bars RPartB) applied a load of 40.M™ on Part A. The thicker shaft camlienly
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42% of this external loading, while the thinner sliaftnd to bethe main carrier of thexternal
load with 58% load carryingapacity These neasurementmeanthat in the presented caske

shaft with higher structural stiffnessascarrying a lower amount of load

4-3-2) Simulation results

An computationaload transfer analysis with Undex can prove whether the ihdex theory is
capableof predicting thecorrect load path Figurel5a shows the Uindex distribution in Part A
due to theexternalloading applied on the system by placing the Part B dtatrting from 1 at

the loading pointthe U index goes to zero at the supports at the end of the shafts

0—U" J1  0—U 02
(a) (b)

Figure15) U" indexdistribution: (a) throughout the whole Structure (b) through the shafts

Figure15b shows the Udistribution in the crossections of the shafts. Clearly, the thinner shaft
shows higher values of Ustarting from 0.204, while the ‘Walues in the thick shaft are much
smaller.Different pathswere consideredn the shafts and the U valueswere followedalong

thosepathsto compare the Undex variation on tem.

Figure 16 shows the ‘Undex variation along the edges of circular shafts. As ithmseerin
this figure, the thinner shaft exhibits higher\lues along the edgealso, the main load paths
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on each shaft wemeterminedand the U variation along these path&scalculaed The results

are shownn Figure 17.

U* IndexVariation on Edge of the Shafts

0.25

02
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@
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-+ -Inner Edge - Thick Shaft
-e-Innerr Edge - Thin Shaft
—=—Qutter Edge - Thin Shaft

U*index Value
<)

Path Length (s/L)

Figure16) U index variation along the edges of the shafts

Based on the Uindex theory, these results reveal that for this loading conditi@ninternal
stiffnessof thethinnershatft is higher than that of the thiclare and thus the thinner shaft is the

main carrier of nofbody external forces in this model.
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U* Variation Along Main Load Paths
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Figure17) U’ index variation along the main load paths of each shaft

4-3-3) Discussion on he results

The experiment suggests that the thicker shaf
first stage of the experiment (only body weight); however, the thick shaft had a less significant

role in carrying the external (ndyody) loadappliedto Part A by placing Part B on it. So, based

on the experimental results, the main load path for carrying this type of loading in the testing
specimen passes through the thin shaft. On the other side, the computational load transfer
analysis with he U index shows that the thinner shaft has higheindex values compared to

the thicker one and according to the ibdex theory, it carries a greater portion of the applied
external load.This conclusion is in complete agreement with theerimentalresults and

validates the Uindex theory for the load transfer analysis. additional conclusion that can be

made based on the results of this experiment is the clarification of the significancenteé !
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stiffness in determining the load transpattern in the structure.Was showrnn this experiment
that the thicker shaftarried the lower amount ofexternal (norbody) load to the supports.
Instead, the thinner shafivhich had the higher U index carried the main part of thiead
Consequently, it cabe concludedhat theinternalstiffness, whichis quantifiedwith U index, is

an adequate measure for identifying the load path and load transfer in the structure

4-4) Conclusion

In the presentedection the first physical validatiofor the U index theorywas proposednd

tested successfully. This theory has achieved a growing attention in the autoengiiveering

and by using the suggested test setupait showrthat the U index is an adequate measure for
load transfer in a gicture. In tls test, it waspointed outfor the first time in a physical
experiment, that the ‘Undex is representing the degree of connectivity of different points in the
structure and the loading point. From a different perspective, this test alsed ptoat
conventional stiffness of an elastic body is inadequate when used for following the load path in
the structure. Instead, the degree of connectivity between the loading point and gpoartan

the structure (i.e. thiaternalstiffness), governs the amount of load that passes through that point

in the structure which cdre quantifiedvith U™ index.

Finally, to prove that Uindex theory isapableof following changes in thimternalstiffness, the
loading condition, whichsi one of the two governing factdiis defining theinternal stiff ness
was modified in the expermert and simulationA detailedexplanation of this modified study

and resultare presentemh Appendix C.

* Loading condition and Geometry are proved to be the two parameters that control the load
paths
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Chapter 5: Application of U™ index Theory in Vehicle

Industry Problems

5-1) Introduction

This chapter covers three case studies in whicintlex theory was used to perform structural
analysis on the load carrying components of multiple passeogeyingvehicles. All of these
case studies, as any otha@milar applicationoriented research are necessargteps toward
getting a more maturtheory of load transferHowever,in eachcasedifferent features of U

index theory are highlighted to show ttensiderable distinct significancesSthem

The first componento study waghe strut of a parcel rack. The strut is steicturethat carries

the baggage load of the parcel rack into the vehrelme and it is essential to evaluate its
design due to safety and weight efficiemeguirementsUsingthe exampleof the strut, the first
rigorous comparison of Uindex theory toconventionalstress analysisvas performedand
capacities of Uindex theorywere showrclearly. The secondasewas a window pillar ofa
multiple passengsrcarryingvehicle This structure undergoes sevedéferent loading in the
vehicle and in the psented study a detailed analysis was done to select the most severe one.

Then, the load transfer analysis with iddex was performedn thestructure and the results
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Chapter 5 Application of U index Theory in Vehicle Industry Problems

were comparetb experimental testing. In this case study, thewhalysis results welater used

to perform designmodifications and themodified structure was as well analyzedshowthe
efficiency of the U index theory for design improvemenEnally, the superstructure of the roof

of the multiple passengerehicles was analyzed totsdy the load transfan it. In thisstudy, the

initial moment of a rollover impaatvas selectedor analysis based oa proposedndustrial
problem In suchimpacs, there are strict regulations for different parts of the structure. Based on
the standardsand the structural behavigrsome design modificationsere suggestedhat can
potentially improve the behavior of the structure under rollover impact loattinthe next

sectiors, thesethree sample studiese describeth detalils.

5-2) Load transfer analysis of the strut of a parcel rack

A strut of aparcelrack froma multiple passengswehicleis the selecteccase study in this stage
of researchFigure18 shows the parcel rack and the striihe strut is connected tioe pultrusion
componentf the parcel rack and the roof frame, usfivg sets of bolted connectiormn the

markedlocations ofFigure18a.

Baggage

Compartment

I_l

Pultrusion

Handrail

(a) (b)

Figurel18) a: strut and boltholes, b: strut and parcel rack in a +paisengers vehicle
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First, a set of experimental testasperformed on the structure to providenchmarkdata for
evaluation of computemodelingandverifying the predictions of Uindex theory Then,using
the U index theoryload transfer analysiwas performedn thestructure and the resultsvere

comparedo conventionabtress analysis results aexperimental data.

5-2-1- Experimental testing of the strut

To provide a reliableompaison platformfor the FEM resultsand to compare the results of U
analysis with the experiment, a set of failure tests performed on the structure. These
experiments focused on certain loadaunditionsand for each loadingondition three samples
were used to assure that experiment is fulfilling the repeatabditgitions and the results are

not undettheinfluenceof some exceptional characteristics or flaws of a sigggeimen

During the first stage of the experiment, tteut of a parcel rack was mounted on the test
machine table bed, using the aluminum mmg plates (Figurd9a). Then the strut was loaded
in the middle of its horizontadortion while theloading condition was pulling at a crosshead rate
of 10 mm/min.The perimentshowed that the peak load thefailure was about 17800 N. In
the next &p, the side loadingrofile was consideredor the test This loading condition
represents the imposed load on the strut at the very initial stage of a frontal amgba&ctehicle
Figure 19b shows the strut under side loading. By imposing a constant displacef&nt
mm/min, failure occurred in the strut at approximately 31142§dmmon failure locations in both
setups are marked and named in Figure 19 and details t&fstheutcomavill be discussed later

in the results section.
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Mount
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1 Aisle Ceiling
P |
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2 Mount

f Loading

Figure19) Failure testonfigurationand failure locationsa: Vertical loading b: Side loading

5-2-2- Computer Modeling

After producing the CAD model based on the actual strucauF&M analysisvas performean
the model withMSC PatrafNastran The materialsed for manufacturing thetrut is Nylon, and

Table 1sumnarizesthe Nylon properties.

Tablel) Material Properties of Nylon [38]

Material Name Nylon
Young Modulus'( 0)A 2.5
Ultimate Tensile Strength (0 A 79
Poisson Ratio 0.4

Density @ A1) 1.15

Two major loading profilesvere chosenfor the simulation.Based on the requirements of the

manufacturer,hte parcel raclshould be able to carrd000 Nin the baggagecompartment and
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tolerate a handrail loading of 667 N per foot. Baggage compartment and hamereaghownn
Figure 18b. This loading condition was takeninto accountas one candidate for computer
modeling. However, due to experima@&ainfiguration, it was also necessary ¢tonsidercomputer
simulations with doadingprofile similar to the testTherefore, the computer modeling included
vertical loading and side loading as in teeperment andan additionalfiworking loading
condition T woekingll o a d ¢omfiguéationwas choserbased on the requirements of the
manufacturer, in whickhe loading application regiongereselected to be the frontal bolt holes
of thestrut The loading was divided between them (1294 N ontltbalke number 4 and 627 N on
bolt-hole number 3 Figure 20). The bolt holes connecting the strut to the vehicle fraraee

fixed as the constraints of the model.

- -
627 N ll‘
1294 N

Figure20) Isolated strut and one of the selected loading scenarios

The nodel was meshed in MSC Patran using Tet Elements with Tetl0 topology. The MSC
Nastran washenused tocalculatevon Misesstresdistributionalong with the total strain energy
of the system in a linear static analysis. These wWataused later for Uindex calculation and

load transfeanalysis.
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5-2-3- Results and Discussion

The resultsare dividedinto two sections. In the firsbng the experimental results, which
includes vertical and side loading conditions, are reported, followed by the corresponding
computationalstress and Uanaly®s. This part will compare the capacities of stress analysis
with U" analysis. Then, in the secosdction the unique capabilities of the lindex in design

evaluation are presented and discussesid on the loading condition of Figure 20.

5-2-3-1- Comparison of U analysis with stress analysis and experimental results

a) Vertical Loading

In the vertical loading test, the failure occurred at 17800Th\erefore to simulate the load
transfer at the moment of failure, the same loading magnitademposedo the middle of the
strut. Figurel9 shows the most common locations of failure in teeperimentnamedas the
aisle ceiling mount and handrail mount of the strut. The stress analysisfoeghits loading
condition is illustratedin Figure 21a. Based on the distribution @bn Mises stress on the
structure the stressmagnitude in some locations (Area 1 and Area 3 in Figlde® exceed the
ultimate strength of Nylon (781P3a), which implies that the strutould experience failure at
these locationsThe upper neck othe strutis one of theplaces that the strut failed imll of the
attempts irtherealtesing, and as the simulation showhis segmenof the strutis experiencing
high stress (around 8VIPa). Thus,as expectedstress analysis results cpredictfailure in the
structure.However,it doesnot givea preciseexplanation regarding the reason for the bigir
lower stressvaluesin different parts of the structyrer any information on how the performance

of the structure can be improved.
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In the next step, the load transfer analysith U index theorywas performecn the strut.
Figure 21b shows the Udistribution on the strut. As expected from the theory, thedlle
starts from 1 at the loading point and decreases gets closer tthe geometric constraints, on

which the U indexis equal to zero.

Loading point: *
Supporting point: A\

Area#1

% Area# 3

Area#2
o (Von mises stress) U’ (Load Transfer Index)
1.4E2 Pa 4= 3. OE7 Pa 0 Ce——) |
[ _UHEN  DEEEES | L D S |

(@) (b)

Figure21) a: Stress distributiorvén Mises), b: Uindex distribution

It is more beneficial tdocus onthe front and rear part of the strut separat&lyrovide a more
clear evaluaion of the structural behavioof the stut using the Uindex distribution.Each of
these selected segments contains a suppgtimg, and different load transfer behavicainbe
expectedin them. Following the concept ofiniformity of U™ index variation, introduced in
Chapter 3, and by tarting with the front membe(Figure 22a), a rapid drop and increase in U

indexvalues can be observed near the lower bent flange which is a cleafsigdesirabléoad

transfer.
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Figure22) a: Undesirabldoadtransfer near the actual failure point in experiment (compared to ideal case

for a linear spring; bU” variation along the mailvadcourse of rear part vs. the idé&lvariation

Such load transfdoehaviorindicatesan inappropriate stiffness variation in this area which can
lead to failure under severe loading conditioAs. experiment showedone of the failure
locations for U is theso-calledwire clamp hole (Area 2 in Figurla). However,surprisingly
enough, the stress analysigl not show high stresses as a significant threat in that location
(Figure21a). On the contraryU indexanalysis reveals there is a major problem in the course of
transferred load in comparison with the ideapectedbehaviorshownin Figure 6a In other
words, it was shown by Uanalysis that there is complicated and rapid stiffness variation in the
structure near the Areaof Figure2la. Therefore, it cabe statedhat poor load transfer in this
area, dudo the bent flange in the structuracreases the risk of failur&his conclusionis an
excellentexample of the cases that the combination of the stress’d@ndexanaly®s provide a

tool fora comprehensiveidgment about structural behavior in failure.

Moving to the rear part of the strut, variation ofibdex along the main load path is depicted in

Figure 22b. Results show that although thesea slight dropin U” valuesnear the rear bent
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flange, theoverall behavior of the rear part in transferring the load to the supporting point is

close totheidealcase.

In another interesting application,” Undex analysis can be used to interpret the stress
distribution on a structure. For instance, an area high-stressvalue haseen showron the
Figure 21a, as Area Jhere are no sing corners or holes on this area. Neverthelsgsss
magnitudes ardigherin Area 3compared tats neighboring areasthe reason for suchigh-
stressvalues can be found using the lndex distribution. Asit can be interpretedrom the
thickness of coloredegmenton Figure 22athe right edge othe vertical section has thinner
colored contours or in other wordsthe rate of Uindex variation on the right edge is much
higher than the rest of structure. Such a sharp change iimdex valueimplies rapid decay in
stiffness of this segment, which in turn will leadhigher strain andstressvalues. In contrary,
the gradual reduction of ‘Undex value on the left flange of the vertical segment suggests a
desirable loadransfer and as showm Figure 21a, that area is not toleratimigh-stressvalues.
Soit can beconcludedhat U indexis apowerfultool which in combination with stress analysis
provides abetter approactior locaing the failure locations and interpret the reason tfer

existenceof weak points in the structure.

b) Side Loading

Next set of simulationsvas performed to examine the load transfer during the side loading.
Figure19b shovedthe experimental setup for this test. After three sets of experiments the strut
showed failureat multiple points but one common failure point in all setshefexperimentvas

the aisle ceiling mount, whictvas markedin Figure 19b. Thevon Mises stresslistribution is

shown in Figure23a, while the U distribution from loading poiris illustratedin Figure23b.
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Loading point: *
Supporting point: 4\

Failure
Location in (a)
Test

o (Von mises Stress)
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|__DEN _—SEEEES
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- 0.6
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Figure23) Results for side Loading Analysis; a: Stress Distribution, tDistribution, c:U" variation

along the path on frontal segment and dvétiation along the rear segment of strut

The results show that thmaximum stress occurs near the uppethefstrut neck (close to the

bent flange on theop section) and at a loading of 3609, stressvalue reaches 89Pa, which is

more than the ultimate strength of the Nylon and will lead to failure. The experiment showed the
same failure location at the similar loading values&hon the experimental results ang
comparing the peak load valwf 3336 Nin the sideloadingwith the 17792 Npeak load of the
vertical loadingit canbe concludedhatthe loadtransfer in the structure in case of side loading

is not desirable. Now the “lindex theorycan be tested to see if it is capable of providing the

same conclusion and additional informat@mmnstructural behavior.
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The less than perfect performance of the structuteaimsfering the loads to supports cédoe
detectedn Figure23c and23d, wherethe U variations for front and rear pargse illustrated
respectively As shown inthe results not onlythe bent flanges impose sudden changethé&
decayrate of stiffness, but also in segments with no geometric irregullrityydex variation is
very sharpThis behavioris againstthe idealexpected performance of an engineering structure
illustrated in Figure6a and Figure23d and impliesa rapid change ofinternal stiffness in the
structure. Here another capability of iddex can be pointed out. Comparing the results of stress
and the U index analyss, shown inFigures 23a and23b, indicatesthat conventionalstress
analysis is not givingletailedinformation on possible structural problems in rear péotvever,

U" indexanalysisrevealecthateven the rear part is not perfectly carrying heavy kidds and

design can benefit from removing the rear bent flange to avoid sharp changes in stiffness values.

In summary, it cate concludedhat although stress analysisaigaluabletool for locating areas

in the structure that might fail, the combination of its results with results ahalysis isvery
importantto cover areas that might not show alarming stiedseswhile poor load tansfer
behavior puts them in danger. Moreover, to understand the reason for different stress values, U
index hagrovedto bea very usefulindicatorthat will enhance the engineers witte ability to

interpretthe stress distribution in structures

5-2-3-2- Design evaluation based on the Undex analysis

To show howthe U” index theory can provide useful information for design evaluation and
structuralmodification, a loading condition close tioe expected working loadin the strutwas
applied to the model. The results are then described in details to provigaltpieture of load
transfer in the structure, and show how U index can help designers by providing additional
information to the results of stress analysis. As demonstrated in Rdaiyr@ symmetricaket of
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loadswasimposedon the frontal bothole shanksBased onhe stress analysis results shown on
Figure 24b it is clearthat almost the same arefasind in theprevioussimulation the upper
neck andhewire clamp holg are tolerating highest valueswdn Mises stress. However, due to
a lower magnitude of thamposed loads, none of them reaches the critical str@s®s for
failure. Then U index analysis was performed for the new loading conditibm.carry outa
comprehensive load transfer analysis, after finding the distribution oflhd transfer index
from theloadingpoint) U, (load transfer indexof the reaction forc§swas also calculated for

all points of the structure.

ht

‘i v o (Von mises Stress)

4.5E2 pa «——> 2.06E7 pa
B R [ o

U*(Load Transfer Index)

0 < > 1

Figure24) a: Computer model for the workload configuratidmvon-Mises stress distribution, c:

Distribution of U index for the appliedoed, d: Distribution of the U, index for reaction force

Figures24c and24d showthe U; and U, distribution on the strufThe U™ index value starts
from onenear the loading points amptaduallydecreases to €lose tothe constraints Next, the

detailedanalysis on Uindexis presented based on the results of Fig2de and24d.
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Starting from the front part of the strut, in Figu2sa and25b the U index is shownfrom
loading point and the supporting point, respectiv@lgparently the bent flanges in lower and

upper parts of the structure have led to some undesirable behavior in load transfer.

0.8

0.6

U*1

0.4 ~U*1

0.2

0 0.2 0.4 0.6 08 1 0 0.2 04 0.6 0.8 1
Path Length Path Length
(@) ()
U*1 u*2

~U*2

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Path Length Path Length

Path Length: Normalized
(© length from loading point to the @
supporting pointin each case.

Figure25) U'variation along the:-aFront path from loading point; Front path from the support; Rear

Path from loadingointand d Rear path from the support

Fluctuating values for Unear the bent éinge in lower part represents an undesirabiftness
profile in that area which shoulak considereds an alarming sign of potential problerbis
area was shown to lme of the common places ftire failure of the strutin the experiment.
Moreover it shouldbe noticedhat since the loading values are much lower thaexperiment

the stress values are all lower than failure criteri@onsequently, based on stress results

designers might consider that the structure is performing in a desirable manner, ibdéexU
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analysis shows (Figur25b) a rapid decrease in lihdex values in the upper bent flange which
represents a rapid decay Gffsess in that area. Based on iddex variation a modified design

of thetop bent flangeseems to be essential

Next, the rear part haseen takennto consideration. As Figureézbc and25d show, the load
transfer behavior of this segment is desirable and the stiffness decay sat@las to the
behavior of dinear springNeverthelessthere is a slighy odd decay in U index near the bent
flange but it is not as severe as the frortal part. Thus, U index analysisshows that this

structure is transferringerticaly imposed loads properly to the supports in the peair

Thelast design parameter to consider is the consistency of load paths on the sffhetunein
load paths on the structuaeedisplayedfor both U; and U, in Figure26a. It canbe notedhat
rear part of the strut shows a perfect consistency ofpa#its but the situation of load pathe

the front part is not desirabl€his conclusions in agreement with the previooses indicating

guestionable stiffness variationtime frontal segnent

; —— Consistent Load Paths
Inconsistent

Load Paths

= == Inconsistent Load Paths

& A
Desirable
Consistency "
: B B

(a) (b)

Figure26) Consistency analysis of load paths a: Current Study b: Examptessisten® inconsistent
paths
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Figure 26b showsan example ofconsistentand inconsistent load patlts a general sample
structurefor comparison with the results tife preentstudy. Therefore, it cabe concludedhat
consistency of load paths, drawn based oindexvalue, is a valid measure for evaluating load
transferbehaviorin different structures. This aspect of lddex analysis helpso find certain
parts of the structure that will or will not perforefficiently in a given loading scenariés a
result designersansave time and expenses by focusing on improving areasingibinsisten

load paths.

After separate evaluation of load transtérthe applied loading and reaction forcesw the
overall picture of load transfer behavior can be presentedy us s, The index of Usym
provides a complete picture of structural performance in carrying the ajmidiohg and the
reaction forces. Figur@7 demonstratethe distribution of U,y in the structure. It shoulte
notedthat the colored fringe is mainly representing slgnificance of each padf the structure,
in carying the externallyapplied loadsAs shown inFigure27, the lower part of the front dhe

strutis showingundesirabldoad transfer.

Complicated

U,m variation

“\ Non ImportantArea ‘

*
sum

u
0.13 < 1.06

Figure27) U’ mdistribution in the strut
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This fluctuating stiffness as showm previousstepshas led to failureAlso, in themiddle of the
strut, there is a relatively large area witinimal significance in load carrying. The reason is the
low degree of connectivity between this area and the loading; p@ntnsignificant internal

stiffness.

U’sumindex canbe considereds a very valuabletool for design modification on the structure.

As shown in the above example on the strig,kindexis capable of identifying areas with ron
desirableinternal stiffnessvariations and mre importantly, it can point out areas which do not
have a signitant role in load transfer. Sincguch parts of thestrudure have low internal
stiffness, they can be removed in a weight reduction process on the structure without decreasing
the overallstifiness This capability of Us,mindex can be applied in vehicle design process to
achieve an optimum design witequag stiffness along with low fuel consumptiaiue to

lower weight. It is worth to mention the stress analysis cannot predict areas that are suitable for
material removaWwithout affecting the overall stiffness of the structurer examplethe stress
distribution shown on Figure 24b shows lowest stress valudginear segments of the strut.
However,asdepictedin Figure 27, that area shows significant role in the load transfer process
(main load path passes this arBgure26a) andit alsohas a very higinternal stiffness. Thus,
removing material from this section might not be desirable for theabbvategrity of the

structure and defectively alters tload pathin the rear part.

Finally following the recently introduced concept of hdex variance by Nambu et aJ32]
distribution ofdifferent U"s,m index values wasnvestigated throughout the structufégure28

illustrates the histogram of U,mindexdistribution between nodes.
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Figure28) Statistical evaluation of load transfer in susing U, histogram and comparison of 4,

variation with statistical dat2]

The horizontal axis shows the 4}, indexvalues and the vertical axieepresentshe number of
the nodes withthe sameU’ s index value. Calculationfound that the mean value of this
histogram is 0.77andthe variancef the U¢,mof the systenwas0.03. Comparing the variance
magnitude to statistical data from research of Nambu et al. (264&3le that theU" variance

of the strut undethe selectedloading conditionis relatively low andis in the range okome
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other automotive body compartmen@onsequentlydespitesome norideal distributions of U

indexin thefrontal partof the strut, this coach component hasacceptablelesignfor thetarget

loading condition but with room for improvemerithis analysis proved that tHd s, index
variance is another important feature of the load transfer analysis. It demonstrates if most parts of
a structure share thleurden of carrying the appliesh a uniborm way. Such evaluation is

certainly very useful foachievinga homogeneousesign

5-2-4- Conclusion

Through a comparison of conventional stress analysis, the experimental results and the load
transfer index (0), it has been shown that lihdex is a useful parameter which can enhance

designers with a thorough understanding of the stralatesponse texternal loading.

The main advantages of using this innovative concepbedistedin four categories. Firstly, U

index can provide adudional information to the stress analysis, and such information can be used
to justify the complex stress distributions in the structure. Secondlyjridex characteresthe
structural performance in term of transferring the load, which is one of the primary functions of
engineering structures. Such indicati@as locate the main load paths in the structure and can
provide a guideline for structural design modificatiomsirdly, the Usum value provides an
essential tool to identify the role of the different parts of the structure in the load carrying
process. Therefore, this index can help designers to locate the appropriate points for adding
stiffeners or removing ex@ and unnecessary material for weight reduction. LastlyumU
variance quantifies the homogeneity of the structure, which carbalssedor evaluating the

structureefficiency in load transferringn comparison to other engineering structures
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5-3) Load transfer analysis of the window pillar of thecoachstructure

In this section, the introduced index basectriteria for design evaluation were applied to

determine the efficiency of thHead transfer in a major load carrying component of a multiple
passeagervehicle The windowpillar of such vehicle, shown in Figure 29, is selected for this
analysis.Thesepillars carry the load applied to theshicle structurdetweenthe roof and the

lower superstructure.

(b)
Figure29) Window pillar structureof the coacha) Testing specimen, b) Computer Model

It was necessary to selegp@perloading condition for the window pilldveforeperforming the
computational load transfer analysis and also the experimental teSsirgresult, in the first

step a full model ofthe vehicle was used to obtain loading condition for the window frame

5 Provided by the manufacturer and modified for a better mesh by author
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structure. Figur&0 shows this full model. MSC Nastranftware packageas used to perform a

static analysisf the structure undeifferent loading conditions.

Figure30) Full vehicle FE model used for static analysis for loading condition determination of the

window pillar

Details of this model are not in the scope of teisearchhowever, insummaryit canbe stated

that no constraints for the vehichere consideredand inertia relief method was applied to the
system insteadThe model included 332,402 elements, out of which, just 1749 were beam
elementghat created the superstructure of the vehitke majority of the used elements were
Quad Shells that formed the lower section of the vehicle along with the roof cover. The model
was created using Aluminum and Ste®terial,based on the real coadmaerials The MPC®
feature wasused to connect the shell and bealementgdogether The correct mass distribution

for the structure waachievedusing 566 maspoints thatrepresated almost 80% of theotal

19.23tonsof structural mass.

6 Multi Point Constraints
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The full vehiclemodel was analyzed using several loading conditibaswere proposed lje

manufacturelas the most crucial onegable2 shows the considered loading conditions for the

structurein the coordinate systeof Figure30.

Table2) Full vehicle modeling Different loading conditions

Loading Type | Acceleration (X dir.) | Acceleration(Y dir.) | Acceleration(Zdir.) | Conclusion
Vertical 1 G 0 -1g 0 Least severg
Vertical and Medium
0 -19 0449

Lateral 0.4 G Severity
Vertical and

-0.65¢ -1g 0 Most Severe

Braking 0.65 G

Then, based on the von Mises stress values obtained from these analyses, the most severe

loading case was chosen for a detailed load transfer analysis sel¢ittedcomponent.The

braking loading condition hati¢ highest maximum von Mises stress inrtialel

F Pillar D Pillar

]
I
1

7\\ CTI/\\ RS AV N

o T
— —— e ]
| [
Displacement (mm)
0.485 12.7
| || [ [

Figure31) Displacement of beam elements in Wehiclemodel under vertical and braking loading
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Figure 31 shows theisplacemenof the beams ithe superstructuref the coach due to the most
severe loading conditioitisc | ear t hat t hePiplilldrmao mar&epdenrmiser
def ormati on mode c¢ompar ePllar.d Figureo32 lillestrateg thd viora r s |

Mises stress in the vicinity oivb of the window pillars.

-248 Von Mises (MPa) 244 -53.8 Von Mises (MPa) 86.3

Figure32) Stress distribution istrucure and close the window pillar

Therefore, braking loading conditievas choseis the reference for the loading conditiorihef

computer modéhg andexperimentatesting of the window pillar.

5-3-1- Computer Modeling

The window frameconsistsof three main components, shown in Figu@a 3he upper arc
shaped part, the horizontal tulznd the vertical tubeThese three parere connectedia two
welded joints in the front and rear sides of the structdifee model provided by the
manufactureihad oversimplified modeling for the windopillar, as it was modeled merely by
beam elements. Although susimpiificationis justifiedfor large vehicle model, in this study a
detaled model of the pillar was created using MSC Patran/Nastran to provide a clear picture of
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load transfer in this component. The model was created using 2508 CQUADA4 shell elements.

Table3 summarize the necessary information forodelingthe window pillar.

Table3) Mechanical and geometrical properties of the window pillar

Yield Strength Ultimate Strength| Youngo6 s
Material PoissorRatio
(MPa) (MPg) (GP9
SS 41003 346 513 200 0.3

For the modeling staganitially, all of the applied loads on the window pillar were extracted
from the full vehicle model. Then, those loadsre imposean theseparate pillar model shown
in Figure 33b. Conventional stress analysigas perbrmedfor thisi Fu-L b §ded o model

futurerefaerce

Fixed Point 4\

Loading Point ‘

M= 366766 N.mm

Horizontal .7 Upper Arc

Tube

| Vertical
| Tube

y

M,=-202128 N.mm

() (b) (©) (@

Figure33) Window frame structure, a: Physical test specirbefrully loaded modek: Single loading at

bottom (final model) and d: single loading at side
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Dueto the limitation of the experimental equipment, it was necessary to choose only one loading
point for the modelTherefore, based on the highest magnitude of loading and the expected
failure mode two optionereselectedaspotential experimental loadynconditions Figure 33c

and Figure33d show theeloading and boundary conditions. Based on the simulation results, the
modelof Figure 33c, with aloadingmagnitude of 2 kNwas selectedor further analysis. This
model can provide similar failure mode to and results to the fully loaded model. This model was

then used to conduct the structural analysis for the window pillar.

The von Mises stress variation along the connection betweea parts of the window pillawas
comparedwith the i Blly-Loade@ pillar (Figure 33b), to verify the selected single point loading
condition (Figure 3c). The results are pretty similar and can justify $bkection of theoroposed loading
condition. Figure34 and Figure 35 show two sample of such comparisenbetween stress variations

alongthe interfaces.

] Fully Loaded
| Model /

99.576

von Mises (MPa)

11.231

0 Path Length (mm)

100.16°

One Point
Loaded Model

von Mises (MPa)

11.147

I I I I

0 Path Length (mm) 48

Figure34) Sample stress variation alotige upperside connection patfor experimental loading

justification
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Figure35) Sanple stress variation along the lowear connection paths for experimental loading

justification

As shown in Figure34 and 35 the von Mises stress variations along skéctedpatls follow

the similar pattern fothe selectedmodelwith one loading point and the fully loaded ofhe.
contrary, theotherloading condion candidate(Figure 33d)hasinconsisteh stressvarations

with the fully loaded modeFigure 3 isan example of such behavids a result, the proposed

one point loadingt the bottom of the pillarfgure 3c) was an acceptable assumption for the
analysis.The computer models were considered to have perfect bonding instead of the welds to
evaluate th weak points that can occur even in an ideal perfect welding précdisis. way, the

load transfer analysis predicts the parts with questionable stiffness and can focus on design issues
rather than the welding problems. Any design improvement on thikelnean make sensible

improvement tdhe actuabtructure, regardless of welding quality.
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Figure36) Inconsistent stress variation along tbeerrear connection path

5-3-2- Experimental testing

The experimental testing on the window pillar was performed to observeettaiorof this
structure undetheloading and boundargonditionsusedin the computational model. Figug¥

shows this experimental setup.

Figure37) Experimental setup for the window pillar
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The testingspecimen is the same window pilshown in Figure3. It is made of steel (SS
41003) ands fixed on three marked locations of FiguB@ using a rigid fixture. It is important to
notice that thewelding of the fixture was made deliberately stronger than tbennections
betweerthe different parts of the specimen itself. Thus, the fatareoccur at the structure and
not at the constraint3.his way, the testingspecimerhasa closer behavior to the windagpvlar

in the real vehicle.

The experimentinitiates by applying a vertical tensile load at the marked loading location of
Figure37. Loadingis imposedby an MTS loading atarateof 10 mm per minute. Thequivalent
applied force and the displacements weneasuredand the force-deflection curve for the
experimentis derived Comparison of the linear segment of fedisplacements of the

experiment and simulation can later verify toenputermodeling process.

The measured data at this test was the peak load at the failure. Then, based on the objective of
this experiment, failure locations were used to evaluate the accuracy of predictionerénat
madeby the U index analysis. The results of ‘Undex simulatio and the experimenare

presentedh the next section

5-3-3- Results and Discussion

In this section the simulation results and the experimental resaiés presentedFirstly, the
experimental results are shown and then the results from load tranafgsis with U index for
the same loading and constraints conditiothefphysicaltestare presented herefore, they can
be comparedor further evaluation oftructurd behavior in load transfer process. Finally, a
design improvement is suggested dshon the U index results and its effect on structural

behavior is evaluated by another set of load transfer analysis
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5-3-3-1- Experimental Results

By applying a quasstatic loading, the structure was pulled vertically from the marked location
in Figure37. The structure was behaving linearly up to 4.5 kithefapplied load and then the
first signs of failure occurred. Therefore, the selected Ilgadimagnitude of 2kN for
computationalload transfer analysis with ‘Uindex, which should be a linear analysis, is
acceptable. The first failure was the buckling that happened in the tubes. Bgshiews the
deformed structure. Byfther loading, the fitscrackswere initiatedin the structure at around
10.1 (kN) The location of these cracksyarkedin Figure 38, is at the corner of connection
between horizontal and vertical tubes, i.e. the beginning of welded joint. In thesewdxin

these results are compared with simulation results to prove the validity of modeling process.

Figure38) Deformed structure with marked buckled tube and the initial failure location (cracks)
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5-3-3-2- Structural analysis resultsand discussion

A finite elements modelvas usedfor the computational analysis of the load transfer in the
structure. The model was verified using the experimentally gatldeatecand then the structural
analysis was performed on the model, starting with a conventional stress analysis for comparing
the failure locations with thexperiment to validate the modelhen, a detailed load transfer
analysis with U index was performed othe computer model to evaluate the load transfer and

effectiveness of the existing design for providing a desirable load transfer.

a. Model Verification
A computer simulatiomnvas conductedn the model by@plying the same loading and boundary
conditionasfor the experimental testinghe computer modeling was in the linear range while
the experiment starts in a linear range and continues to higher loading and plastic deformation
which is nonlinear. Therefore, the model validation can be done using tree lpase of the
experiment.The force applied to the structure for a given displacemastextractedising the
experimentally gathered daf@hen, this load was applied to the computer model usergote
force application. The resulting displacemems comparedto the measuredalue of the
experiment. The resultgeshown in Tablel andcan verify the accuracy of the predicted results
by computer modelingA displacement of 3.5052 mm in the linear region of the experimasit
chosen and the measured dding for thatdisplacementabout 2.8 kN was appliedto the
computermodel. Then, the resulting displacemerdas measurefom computer model which
shows thathe computermodelis in good agreement with the experimevith only 9.8% of
error. It canbe concludedthat the modeling process ascurateand the simulation results are
valid. In the next sectigrtheload transfer analysis ressifire presente@nd further discussias

madeupon those results
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Table4) Force Displacement results for experiment and simulation

Applieddisplacement, Measured force for the Applied force in | Measured displacemer

in the experiment applied displacement| the simulation for the applied force

3.5052 (mm) 2838.72 (N) 2838.72 (N) 3.16 (mm)

b. Conventional stress analysis results

Considering the same loading and constraints that were used in the test and shown BB8&igure

the simulationsvere doneon the computer model. FiguBd shows the stress distribution on the
model. Since the appliddading (2 kN)is extractedrom the full vehicle model under braking
loading conditiof, it is far | ower than the peak | oad
Consequently, the maximum stress value of the model ikeisafe zone for SteeBSS 41003

(around 150 MPa). However, the maximum stress is occurring at the same location as the initial
cracks were happening; i.e. the tip of the welded joints in the actual strutCtuseresult

providesa general verification for the modeling procedure.
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Figure39) von Mises stress distribution on the structure

"Table 2 shwed the justification for selectin this loadipgpfile.
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c. TheU’ index analysis results

The load transfer analysigasconductedor the extracted loading and constratondition and
the U index distribution in the structuris shownin Figure 40. The U; index distribution

represents the pattern of the load transfer of the externally imposed load in the structure.

Figure40) U’; indexdistributionin the structure

The U index in the structure starts from 1 at the loading area and goes down to zero as it gets
closer to the supporting points. A detailed study of thevériation and the resulting load pash
shownin Figure41l The main load path (dashed line on theddtne in Figuretl) is plottedby
connecting the points with highest tJ starting from the loading point and ending at the

supporting point following the algorithm provideg TakahashandSakugi [38].
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U, Variation Along Load Path (Case Study vs. Ideal Case)

Load
Path
== U, variation along load path
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03 ha = = [deal U"; variation
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Figure41) U', variation and main load along with the Uniformiyalysis

Uniformity analysis of the load path reveals that the structure shows acceptable behavior in
transferring the applied loads in the vertical sectionasudden cange in the decay rate if the

U, happens just @heinterfaceof the vertical and horizontal tubeEhe connecting edgesere
probedin more detailso investigate the U variation at this interfaceThe resuliis shownin

Figure42.

High
stiffness

Low
stiffness

-

Figure42) U'; variation at the lower interfacdump in the ( values along thiower surface of the

interface
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Clearly, there is a significant drop of ihdex, and thuinternalstifiness, as load passes from the
vertical tube to the horizontal one. Such suddelue jump in stiffnesscan lead to dangerous
behavior of the structurand stress concentrations due to sueldenincrease of strain. e

experimentlsoshowedthatfailure occurred at this location.

Since the area with concerning dex variation is closer to the supporting pajritswill be

more beneficiato evaluate the load transfer of the reaction forces imposed to structure from the
supporting points. Figuré3 shows the ( distribution in structure. As ivas expecteche U,

value is equal to 1 at the supporting points and its value drops down till reaches zero at the
loading point. One of the main load path o Ustarting from the side supporting poistalso

shownin this figure

Figure43) U", index distribution and the main load path of the side support reaction forces

The main load path for carrying the reaction forces wasmttted based on the values of U
index. Then, e uniformity analysis of Uindex along this main load path can highlight areas
with more concerning load transfer issues. Figutshows the ( variation along the depicted

load path. The undesirable load transfer at the intersanarkedin Figure 44.
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U”, Variation Along The Load Path (Case Study vs. Ideal Case) ‘g

U’, Value

=+-U*2 Variation along the Load Path
= -Ideal U* Variation

0 0.2 0.4 0.6 0.8 1
Path Length (s/L)

Figure44) Uniformity analysis of U, variation along the load path.

Although the main load path is found to go through the vertical and horizontal tpbe,tlae
reaction forceis alsobeing transferredo the upper arshaped section. Therefor® have a
global understanding of load transfer in thgucture it was necessary to study the U
distribution and load paths in the upper arc too. Figlirehows thdoad path for theeaction
force passing thapperarced shape part of the structufee extreme changés the U, values

are visble on the sle surface of the arc. Such ramecillations in the U values indicate
undesirable stiffnesgariationin the structure that can lead to poor load transfer; or the in severe

cases, might end up failure.

The uniformity of U,index is studiedo provide aquantitative evaluation of stiffness changes in

the side surface of the ar€learly, as shown ifigure 45,the internal stiffness along the side
surface experiences severe changes at the marked logdtioh arethe interface of the

different tubes. These results suggest that the connection between the three components of the

structure is not effient fora proper load transfer
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Figure45) U, distribution loads pattand Uniformity analysisn theupperarc of the structure

Since both U, and U, analysesvere performen the structure, it was possible to evaluate the
overall significance each part in tleadtransfer process using dJmindex. Figure46 shows the

U sumindex distribution in the stature.

|

%
Y
J

?.‘

Low - High
Load Transfer sum Load Transfer
€ >

Figure46) U’ distributionin the structure.
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As discussed in the description of theibdex theory, the higher ki, value represents a more
significant role in the load transferring process and vice versa. A desirable load transfexr needs
smoothtransition of the (,mvalues fromhigh magnitudes to lower ones. Moreover, significant
differences in the W.m values of different location in the structure is a sign of unequal load
transfer by those parts, which @®nsideredan undesirable factor in design evaluation. To
evaluate how close is the role of differguartsof the structure in load transfer the histogram of
U’sumindices carbe usedFigure47 shows the histogram along with the variance aof &) The

mean value of (4, of all points in the structure is 0.84high demonstratehigh rigidity of the
structure and the Y, variance is 0.011Clearly; low values of Us,mVvarianceindicatesthat the
generaldistribution of stiffness in the structuieacceptabl¢32]; however, locaproblems found

at the interfaces, as discussed in this section

140 T 1 I I I I

120} Mean Value: 0.84 i
U*,m Variance:0.011

100

(o]
o

(=2}
(=]

Number of Nodes

-y
o

]
o

U value
sum

Figure47) Histogram of the U,mand the Uy, variance of the window pillar
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To focus on weak points of the design and to compare the resultexpiimentit can be more
beneficial toconcentrateon the interfaces of the connected tubes. Figdrsummarizeghat

analysis.

Concertation
of load
iﬁnfier;i?\: """ Potential for
gStr;’ss . stiffener location
. (Candidate
concentration .
welding)
() (b) [
Jump of
stiffness Poor load

transfer:
Potential for
design
(d) improvement

Figure48) The distibution of a) von Mises streds, ¢ and d U',nindex in the in the inneand outer

surfa@sof the horizontahnd verticatube.

Figure48ashows the stress distribution in the infezeof the horizontal tube through the cross
sectionof the connecting interfaces. Figard8b, 48c, and 48d are demonstrating the dJn
distributionin the same locatiofrom different views Here capabilities of Uindex theory are
used to describe the reason behind scwimplicatedstress distribution and also to provide
design modification suggestion that can improve the efficiency of load traRgfares 41 and

43 depicted the main load paths in the structure that suggest the major part of the applied loads
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goes through the marked location in Figure 48wer&fore, based on'lihdex theory, the reason

for theshownaccumulated stress is thgcessive load transfer from a single point.

Moreover, in the marked location of Figut8b, there isa hugegap in the stiffness value. This
jump of stiffnesscan lead to high stress and dasreducedy adding stiffeners in the marked

location of Figuret8b and 48c

Lastly, Figure48d illustrates one of the best candidates for structural improvement. Clearly,
based on experiment and simulafigdns necessary to lower the concentration of load transfer on
the single point at the edge tfe tube interfaces. Adding stiffenersto dictate a new load path
can potentially improve the load transfer. However, it is essential to choose the besh kacatio

have efficient load transfer with minimum added weight

The Ugm values shown irFigure 48d suggestthat side surface of theertical tule has a
minimum contribution in loadransfer andthusconnectingthe stiffener to this surface will have
minimum effect on improving loadrarsfer. Insteada thin and light triangulabbulkheadcan be
added to transfer thwad from frontal face of the vertical tube to the frontal facetiod
horizontaltube. This modification canefficiently improve theload transfer between the actual
load carrying components without adding excessive materrahomlocations. Details of this

design improvement and resudtie listedn the next section.

5-3-4- Design improvemant based on U index results

As discussed above, the design improvement can be suggested based on the result shown in
Figure 48d. Clearly, the side wall of the vertical tube carries a very limited amount of load.
Therefore, to improve the load transfer, and reduce the load transfer from the tip of the welding,

a bulkhead can be add@gst to the frontal surface of the tubésgure 49a shows a sample
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modified structureThe modification has onlgeen madé¢o one sideof the pillar to magnify its
effectiveness itomparisorwith theotherside. The resulbf stress analysis for the experimental
peak loadis shown in Figure49b and poves that the modification, proposed based on the U
index theory, igndeedlowering the stress concentration on the side with the added bulkhead.
Therefore, the modification can potentially increase thekimg load for this structurevith only

adding 095 % tothe mass of the pillar

-
LA

A 4
| Added bulkhead

High stress

0.24 von Mises stress 160
(MPa) (MPa)

(a) (b)
Figure49) a: Modified structure with bulkhead on one side, b: von Mises stress distribution

Moreover, since thignodification was suggested based on the load transfer analysis, it is
necessary to show if thiwad transfer has also improved. Figus® shows the U index

distribution in the modified structure.
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Figure50) U" index distribution of the modified design

Figure6b showed that in an ideal structure, the curvature ahtlex should remain constant,

zero, along the main load paths. However, as Figfe shows, the curvature of Undex
variation along the left edge load path (original design) faces a rapid change at the intersection of
the horizontaland vertical tube (dashed line of Fig&g®. In contrary, the added bulkhead has
made the load transfer much smoother on the wglge of thepillar, and the variations of

curvature of Uindex is not significant (marked line in Figusa).

For aquantitativedemonstratiorof the improvements in the load transfarcontinuity analysis
was conductedn themodified structure. As proposed [@3], one of the design criteria that can
quantify the efficiency of load transfer ssudyingthe variations ofcurvature of U index along

the load paths.
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Continuity Anlysis of U” Index Curvature

15

——Curvature on right load path
- - Curvature on left load path
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Curvature of U® index Variation
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-185

Path Length (s/L)

Figure51) Continuity analysis of curvature of lihdex along the left (original design) and right

(proposed modification) edges of the pillar

This analysis clearly proves the improvement of load transfer behavior in the structure because
of the proposed bulkhead. iShexample shows how Undex theory can improve the structural
behavior of vehicle componentsy adding an insignificant amount efeight to the most

efficiert location which is an important aspeuf vehicle design.

5-3-5- Conclusion

In thisstudy, a load carrying component of a multiple passengers vehadeanalyzednd sing
the U index theory thénternalstiffness of thisstructurewasinvestigaed undera severetype of
loading condition. One of the significances of this studyhis justification of the selected
loading and boundary conditio® full vehicle model was analyzed under thr&gnificant
loading conditionsto correlate the Uindex theory tdheactual neeslof themanufacturer in the
vehicle industryThen, the most severe loading cases choseifor submodeling of the selected
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component. The selected loading conditisas used to definean experimental testing of the
component which was later used tdigtate the simulation process.

Based on the Uindex theory, the load transfer behavior in the struciae evaluatedand
locations with questionable stiffness were determined. Althoughdéx theory is not supposed
to bea failure criteron, a jump of U™ values in theadjacentparts suggest jumps in tlrternal
stiffness that can baconsiderablealarming sign for potential failure in the structure. Based on
these results, a design modificatias proposedand a computer modelas developedor the
proposecamendment in thdesign

The modified design had lower stress values in palnese the failure occurred in the original
designand the experimentMoreover, the U index analysis was performed on the modified
modeland using one of the design criteria proposed in thiadéx theory, the improvements in
load transferwere shownin a sensibleand quantified approach. The resuitedicate that U
index theory can be used to evaluate structural behavior and propose design modifications that
can improve load transfer, stiffe& variation and overall behavior of the structure, with a

negligibleadded weight, which is a critical factortime vehicleindustry.

5-4) Load transfer on roof structure of the coachin the initial phase of
impact

In the final case study of thiissertation, the Uindex theory is used to follow the load transfer
on the roof ofa baysection of amotor coach.The structureof a multiple passengewvehicle
undergoes severe loadindaring impacts and there are several safety regulations for different
vehicles indiverse types ofaccidents.On the other hand, manufacturers are encouraged to

modify their design for producing lighteehclesdue to environmental obligations. Therefore, it
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is necessy for engineers to use every possible tool to imptbesstructuralbehaviorof vehicle

during impacts without adding excessimegterial to the structure. Here, Undex theory is

considered to provide a new insight toward such design improvement.

5-4-1- ECE 1 R66 regulation for rollover impact

One of thewell-knownregulations for bus safety during rollovers is the BHR&6 standardi39].

This agreement providedetailedrequirements fodifferent parts of the bus structumuring

rollover impact. As Figure 52

showéor testing structural behavior based BEE-R66, bus

strucure should be placed on a tilting platform with 800 mm distance frongrbiend Then, by

slowly rotating the platform, th

unstable point. Then, it will hit

e structure starts to rollravgh a zero velocity as it reaches the

the ground as it doeaiallover accident

7
o)
s
t ooo ooo
$ T 1

£
AN
tilting platform

ASSAN

in horizontal

starting position

axis / N_

of tilting

Figure52) Test/Simulation setup for ECE66 rolloverstandard39]

In one of theaspectsof this regulation, engneers measurethe overall deformation of the

structure. It can be done on the full vehicle, or doag sectionof the model.Details of this

regulation are not ithe scope

of this research but in geneeaparticulararea inside the bus,
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shall not be intruded by any part of the structure, for passenger safety Msuesver, ECE
R66 requires the emergency exit of the coach to remain clbdgaty the rollover impact.
However the emergency exit hates male of plasticandin the case ofmotor coach that was
investigated in this research, the hatidesnot have any mechanical connection to the structure
to transfer loads. Therefore, two major reasons can potengadlyo failure in ECER66 testing

for the emergency exit:

1) Failure in the lockmechanisnof the hatch due to excessiaeceérationatimpact, which
is not in the scope of this research as it is not related to load transtenctral analysis
2) Excessive load transfer in the structural beams in the vicinity of the emergency exit,

which canbe studie using the Uindex theory.

Therefore, lowering the deformation without addtog muchweight can probably improve the
chance ofstructure for passing standard requirements. Theindiex theory is used in the next
section to analyze the load transfer in the roof, in a bay section, in the very initial phase of roll

over impact.

5-4-2- Load transfer analysis with U index theory

Currently, the U index theory is not a part of necessary simulationsssessig strucural
behavioraccordingto ECERR 66. Nevertheless, to keep consistency with other methods of
simulation, requirements of EER66 is consideredor the presented studyhe baysedion of

the full vehicle was chosen fthis analysis, as it is one of the acceptable models of simulation
based on the regulation. The Isagion is extracted from a full vehicle model, provided by the

manufacturer, and includes major features ofdinecture including thepartial superstructure,
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two kinds of window pillarsseatstands andthe emergency exit structure. Figure 53 shows the

bay section structure modeled in Ansys APDL.

Figure53) Bay section model

The struatire wasmodeled using 17440 Shelll&lementsand the material properties were
selected based on the original fukhicle modef. For the loading and boundargondition
selection, the ECER66 requirementsvere takeninto consideration. As proposed in the
regulation, the structure will rotate as it leaves the tilting table. Consideringitiaé 800 mm
distancefrom the ground and thieeigh of the superstructure, the loading condition at the initial

impact momentan be estimated using Figure 54.

8 Structural Steel.
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\

L=2871.5 mm "\‘
\
\ / Q
\ 4
4
4

A
) \ & Constraints

—

=
o

Ground
Loading ‘

Figure54) Loading and boundary condition of the rollover model foirldex analysis

As shown in the figure, as the structure hits the ground the beams on the roofl%ieke
degreeswith the normal force direction. Therefore, the loading cée divided into two
components, one in the-direction and one in thez-direction, according to Figure 54. The
magnitudeof the load is not a matter obreernfor U™ analysis asthis index is basedn aratio
and is insensitive to loading magnitude. Therefore, a 100 N Wz selectechs a sample
loading whichwas dividednto a-96.3 N in thex-directionand a-26.8 N in thez-direction The
structuredoes nothave an actual fixed point in reekpermert proposed in ECIR 66, but as
this analysisvas performedor the very first moment of impact thewer section of thestrucure

canbe considereds the physicatonstaints of the system, i.e. the ending point of all load paths.
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5-4-3- Preliminary Results

TheU” index distribution in théaysection and its upper sectiare presenteih Figure 55.

0 U” Index 1 0.72 U’ Index 1
[ [ [UNNEN | CENNEEEEEEENN |
(@) (b)

Figure55) U” index distributiorin a) the baysection and) unmodified roof section

The results of the full baysection show that the apgied was transferredmainly from the
outerhorizontal beam (Beam #1) of theof to theedgebeamgBeams #2pand fromthereto the
vertical pillars(Beams #3pandfinally toward the constraint&lthoughit is the main load patlit

is not the only one, antivo potential waysan be observed in Figure 5&bimprove the load
transfer performancand improve the chances of the emergency exit to meet the requirements of

ECE-RG66.

1) The dashed marked &m of Figure 55bis showing 30% lower Uindex values

compared toits surrounding beams. Therefore, the dashed marked beam is not
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contributing enough in transferring the initially applied impact load due to lowemnal
stiffness and it carbenefitfrom some design modifications.

2) The marked area close to the emergency exit area is showing high stiffness. By
conventima definition, high stiffnesssuggestsliower displacement. However, as
discussed earlier, there is no mechanical connection (e.g.wedd) between the shown
beams on the roof and the plastic hatch ofaimergencyexit. Thus,roof deformations
probably not the mainreasonfor potertial failures. Therefore, high stiffness etonot
seemto be necessary. In contratyansemring too much load toward the hatch location
can provide potentials farxtreme acclerationor stress concentrations that dead to
failure in other stages of the rollover impads a result design modificatiomn this area

canalsobe helpfulfor achievng a better behavior in caseanfllover.

In the nextsection three different design modification are presented based opréhminary

results of U index analysis on theaysection.

5-4-4- Design Modification 1

Based on th@utcomeof the preliminary U" index analysis of théaysection the first design
modification was proposedor the roof structure. As Mvas addressedbove, the bar, marked
with adashedine in Figure 55b, was not significanttypntibutingto the load transfer process.
Therefore to increase its role in tHead trarsferand to diverge some of the applied loads from
the vicinity of the emergency exihe fist design modificatiowas proposedFigure 56 shows
thebaysectiorwith the modifiedroof. As itis highlightedin Figure 5%b, two bars were added to
creat a potential new load path for removing the load carrying pressure from the emexgency
area. The arrows on Figure 56b arellustrative representatiof the expected new load paths

which is theobjective of the proposed design.
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Figure56) First design modification and ewf theexpectechew load paths

To verify the efficiency of the proposed design load traresfalysis was performed on the new

model. Figure 57 shows the thdexdistributionin the baysection and on the roof.

The results reveal that the first objective, which wagdasinghe significace of themarked

beam of Figure 57b in load transfer process, lbesn achievedHowever, there are some
remaining concerns. Firstly, the thdex values in the vicinity of the emergency exit area did not
changeconsiderably and secondly the modificationwas doneby adding relativelybig steel

beams into the structure, which seems to be an expensive way to improve the design due to
weight limitations.Findly, the maximumdeformation is still very close to the previous model,
though reduced a bit (From 10.51 mm in original model to 1hARin the first modification).
Therefore, a second design modification was proposed to improveellagior of the roof

structure, considering the result of first proposed alteration.
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0.8 U™ Index 1
[ UNEEN [ CENENEEEERENNC
(a) (b)

Figure57) U" index distribution in a) tharkt modified model of the baysection and b) the roof structure

5-4-5- Design Modification 2

In the second proposed design, the added b&gres movedrom their initially proposedplace
to the new marked location of Figure 58&is modification can potentially increase the role of
the dashed beam of Figure 58b in the load transfer, witmiegnum added weight. The results of

the U index analysisire showrin the roof section in Figure 58b.

The results indicate that the marked beam of Figure 58b was this time actively participating in
the loadtransfer and the lower amount of materialas usedn comparison to the previous

modification, which isa considerable improvement.
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(2) (b)

Figure58) The second designodificationa) Full baysection geometry, b) ‘Uindex distribution on the

roof

However, maximum deformation has dropped only 0.02 mm from the first modification (10.40
mm in the new desigeomparedo 10.51mm of the original model). Moreover, the emergency
exit area was stilbehaving almostidertical to the inital design Therefore a thiranodfication

was proposed that wille discusseth thefoll owing section.

5-4-6- Design Modification 3

The third desgn was suggestd to reduce the amount of transferred load to Heams,
surrounding the emergency exit. Thearkedbeams in Figure 59a are not contributing the
stiffness of the structure in case of bending of the vehicle, as there is a gap for placing the

emergency exit. Therefore, they can potentiady removedrom the structure without major
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issues Figure 59b shas the modified design, in which the potentialiynecessarpeamswere

eliminatedand twosmadl beams were added just lipeeviousy proposeddesign.

The U index theory was used for this model asll, and the results showed promising
improvements. Noonly the loadtrarsfer was improved as the small added beams increase the
load carrying contribution of themarkedbeam of Figure 59a; but also, the overall weight of the

structurewas reducedby removing thainnecessarypeams close to the emergency exit.

Beams with
low stiffness Beams with low Added beams
against ‘o contribution in load for better load
bending of ! transfer transfer
the coach | (symmetrical)
along its axis

(a) (b)

Figure59) Baysection model a) original, Ib&st modification

Moreover, as Figure 60 shows, based on théndex values, all main load paths diverfgem
the beams in the emergency exit neighborh@l the desigrhas potentially increased its

chances for passing the E¥66 requirements for emergency exit.

95| Page



0.75 U™ Index 1

Figure60) U" index distribution in roof structure of the last modification

In the nexisection a summary oéll modificatiors and results of each steppresented

5-4-7- Summary of modifications

The loadtransfer analysis on the original structure revealed that one optimeary horizontal
beams, close to the impact location is not contributing entwutite load transfer process at the
initial impact. Moreover, the beams close to #mergacy exit area were showing high"U
index values and thus some dahe mainload pathswould pass through them, which is not a
desirable situation consideringequirements of ECE-R66. Therefore, three different
modificationswere proposetbr the baysection design and the results of each of them is listed in

Table 5.
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Table5) Summary of design modifications on the roof structure of the baysection

0
N/A N/A 10.51 (mm) N/A N/A
Original
Heavier AlImost
same deformatign
1 None Figure56b | 10.42 (mm) Better Load Transfer
Load paths close t
E.E?
Almost same
Better LoadTransfer
2 None Figure58a | 10.40 (mm) deformation Load

Lighter
paths close to E.E

Better Load Transfer )
Potential concerns
Lighter, Less
3 Figure®a | Figure58a | 10.23 (mm) due to beam
deformation Less load

eliminations
transfer close to E.E.

5-5- Summary and Conclusion

In this chapter of thelissertation three different case studiegere selectedor load transfer

analysis with U index theory. All samples were chosen from a multiple passengers vehicle and

° Emergency Exit
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based ortechni@al problems proposed by industry, which is a significant matter as it proves the

ability of U" index theory for application in real life problems.

In the first sample, the strut of the parcel rack was modeled and analyzed under different loading
conditions.The load transfer analysis results, which were also verified by experimental testing,
provided the firstrigorousand systematic comparison of lhdex theory withconventional

stress analysis. As stress analysia well-maturedtheory, such comparison was essential, but
missing in literature, fofurther development of the Uindex theory. Based on the analysis a
completedesign evaluation was performed on #ieit and its resultsvere later used another

researclprojectfor a more efficienstructual design’

In the second analysis, the window pillar of the same vehiakechoseffior structural analysis.

To perform arelevant research taeeds of industry threpossible loading conditionswere
proposed by thenanufactureof the vehicle and the worst case scenario sedasted based on
the full vehicle stress analysis. Then, using theindiex theory, loadrarsfer aralysis was
performed on the structure for tiseleded loading. Based on the results the reasons for the
complicatedstressdistributionwas explained and theweak pointsin load transfer andnternal
stiffness varnations were located and best location for efficientlesign improvementswas
determined. Finally, a design improvementvas suggestedand enharementsin stress

distribution and load carrying capacity of the improved desigme showmuartitatively.

Finally, theloadtrarsferanalysis with Uindex theory was used evaluate the baysection of the
studial vehicle. The significance of this study was the out of box thinking method that was used

to deal withan establishedegulation for bus roll over, EGR66. This regulation defines certain

“Wwang, Q., Pejhan, K., Wu, C. Q. and Telichev, I.
component based on load transfer analysis usingtdd e x © Proceedings of the | n:
Engineers, Part D: Journal of Automobile Engineering. In Preparation
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requirements for different components of the busjuding the emegency exit kinematic
behavior andoverall deformation of the structure. Therefore, it seems, ahdourseis,
necessary to perform dynamic analysis of the rollover impact and the kinematic analysis of the
emergency exit for testing the structusahavior based on ECIR66. However, itvas showrfor

the first time in this study that relatively simplestaic aralyss with U" index theorywould

provide a generawaenessregarding the structure that can be useprdéposemodifications on

the design before any expensive analysis on such huge models. Three different modifications
were put forward for thetructure and the Uindex analysis showed step by step improvements
that led to a lighter structure with lower deforioat Moreover, by detecting the load paths, it
became possible to alter the design such that less amount of load would pass close to the

emergency exit, which can potentially improve its behavior during the impact.

These three casstudiesfirstly exploredthe capacities of the ‘Undex theory in comparison to
maturedcurrentmethodof structural analysisSecondly the accuracy of the Undex prediction
wasillustratedusing experimentatesults andinally, it was demonstratethat U index theory
opers new windows fordesign analysis and improvements, even in caseseve strict
regulations, dynamigohenomena or Ige models can make any other metheery time

consuming.
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Chapter 6: Extensionof U™ index Theory to The Nonlinear

Domain of Analysis

6-1) Introduction

Although asdiscussedn the literaturereview, the U index has shown many usefielaturesit
has alwaydeen limitedo thelinearelastic domain. This limitation is due tioe definition of the
U’ index theory thats basecbn the linear elasticity equations. In the presestady, the main
objective was to extend the ihdex theory tahe norlineardomain for the first timeAs the first
step, the geometrical nonlinearity due to large deformations in the structsrgets the center
of focus It was showrin this studythat a revision in the Undex theory can lead to a modified
index (Un.) which is capable of quantifyinthe internal stiffness of the structure under large
deformation.

This new indexwas then useth some sample cases of structures in nonlinear dorttavas
shown using the proposed exampléise applicationof nonlinear analysis and |l indexwould
lead to more reliable load transfer analysis due to more accurate predictiba iofernal
stiffness of the structureAccurate Uy, index values becomea necessitywhen structural

integrity has the highest priority. In other words, inaccuratevalues for structures ithe
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nonlineardomain can lead to false decision makings. For exampleéhe caseof design
modification for making lighter structures, underestimatedvalues can result in material

removal from parts witha significant role in load transferring. Such decision endangers the
integrity of the structure. Another example of cases in which high accuracy fealles is

crucialis location selectionforstéfner s att ac hment . It i s a commo
ends at locations with highest,$0 it is necessary to haseeliableU” index value for choosing

thebestplacefor stiffeners.
6-2) Mathematical extension of U index theory to nonlinear domain

The theory extension of tHé indexis proposedy considering tht therepresentative springs

in Figure 4b can function in anonlinear elasticdomain It is agreedupon that a good
approximation forthe reality of nonlinear springs is to assume thlaé ForceDisplacement

relationis in theform of a polynomial[40]. Ther ef or e, instead of the
force displacement relationship, it can be written as:

OO 0O OO VO VO E VO 9)

Alternatively,in a closed form:

Ow (VA (10)

In this equationK; (i =1, é, n) is the spring constant pare
equation and X is the displacement. It is showrjdit] that accepted behavior for nonlinear

spring canbe presentedby progressive (hardening) or degressive (softening) curves for force
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displacement (Figurél). As a result,the assumptionof polynomial relationship isa fair
consideration for spring behavior.

Softening

NL Spring

Linear
Spring

Force

Hardening
NL Spring

Displacement

Figure6l) ForceDisplacement curves for typical nonlinear spriffy

Now the force displacement equatioof the system shown in Figurd £an be ravritten for

springs without linear simplification

0 T o o q T o T q
0 N T T 0 N Q E
0 N Q T 0 Ko O 0] Q
. . . 1D
Q T T 9
T o T o
M o Q

where R (i=A,B,C) is the force vector at each pojnk (i=A,B,C) represents the displacement at
the corresponding point addjm (i,j=AB.C& m=1, 2, é, n) , i s the interna
loading pointEand the arbitrary poirifor the ni" term of the polynomialThe above equation

canalsobe writtenin a closed form formulation:
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0 Q0 0 q
0 B Q@ 0 0 q (12)
0 T 0 0 0

Considering the constraint of the system=@):

~ ~ ~

O 0 B 0 Q 0 Q (13)

For this nonlinear system (as in Figu#b), the strain energy can be calculated using the

formulation found forO :

Y . B LwQw - &) B — 0 & (14)

whereUn.-poly Stands for the stored strain energy in the nonlinear system with polynomial force
displacement equation. Inspired by theiund e x def i ni ti on by Takahash
index, Uy, for load transfer in structures thate governedy a polynomial nonlinear Foree

Displacement equation

- QY

Y p C~Y— (15)
Herg 5 is the strairenergy stored in the system, in case that point C is,fexsdl ¢ is
applied to point ATheterm B — + 8\ of Equation 14 isa constant value for given

value of n (egreeof polynomia). It will be straightforwardto showthat by substituting the

Equation14 into Equation 15, the nonlinear load transfer irdey Y canbe writtenas:

Q'Y
B QO & 0O (16)

’F‘Y p
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Clearly, this index is proportional to the internal stiffness between the loading and the
arbitrary point CEE ) and thus can quantify the degree of connectivity in the structures that
follow the proposed nonlinear polynomial equation (EquatibjyConsequentlyit canbe stated

that the proposed extendedyUindex quantifiesthe internalstiffness andhus is arindicatorof

loadtransfer in structures in elastic nonlinear domain

6-3) Case studyi Application of U” index theory in nonlinear domain

In this section, to evaluate the significance of applying lh structures witHargedeformation
(geometrical nonlinearity}wo sample cases weselectedand the load transfer stugyas done
for them with both UandU’y, indices. The comparison will show the effect of consideration of

nonlinearity in load transfer analysis.

6-3-1- Load transfer analysis of cantilevered beanm large deformation

The first sample case is a simgkntileveredoeam. The beam is modeled to be long with a
0.018m? rectangular cross section. One end of the beam is fixed completely (cantilesaney
and the other ends loadedvertically. To show that application of ) is justified it is

necessary to check the foraisplacement curve. The proposed index iy @alid if there is a
polynomial relationship betweeforce and displacement and as the Figé shows, such

relationship exists for the beam under large deformation
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Force vs. Displacement
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Figure62) Force Displacement Curve (Simulation data gradynomial fitted curve)

Clearly, the curve from actual datareatedby MSC Nastran)is entirely consistent with a
polynomial curvsitted to the nodaldatain Matlah As a resultthe proposed index can be used

to predict the load trafier behavior irthe structure.

The necessary FEM data, including displacement and stnairgieswere extracted using MSC
Nastran and the ‘Uand Uy, indices were calculated using arhousedevelopeda program
using Matlab. In the first set @imulations the large deformation condition was ignored to see
how basic U” index predicts load transfer for a simplified (linear) analysis. Then)attye
deformation condition was assumed in the simulation and usiog-Bnearimplicit analysis the

load transfer analysis folhe nonlinearcasewas executed
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6-3-2- Load transfer analysis of a thin plate under edge loading

In the second case study, a thin plate shown in FigBireexplored in both linear and nonlinear
domains. The dimensions and loading and boundary condition for this modelibustedited in

Figure63.

Supporting
Points

0.2 (m)

-

-
=]
-
~

gy

Figure63) Structure and boundary conditions for th&case study

Just like the previous caseudy; it is necessary to show that the fedisplacement relationship
can be assumed to be polynomial, i.e.: it shdglgustifiedthat theU . appliesto this problem.
Figure64 demonstratethe force vs. displacement curve at the loading point for both linear and
nonlinear analyse#\s it canbe seenthe polynomial curve fitted on the extracted nonlinear data
is exactly consistent with the forcksplacement curv@roduced bythe nonlinearsimulation.

Therefore, application for |, for load transfers analysis is feasible.
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Force vs. Displacement
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Figure64) Force vs. Displacement curves for linear and nonlinear analyses and the polynomial fitting
6-3-3- Results and Discussion

In this section, the results of load transfer analysis of the proposed case atagiessented

along with a discussion based on a comparison between the achieved resulandfW,

indices.
6-3-3-1- CaseStudy 1: Results

In the first casestudy, the load transfer analysigas performean the structure. By considering
the large deformation of the beam, tHe . index was calculatedor all nodes of the beam.

Figure65 shows thedJ . index distribution on the beam.

107| Page



Figure65) U'y. index distribution in the beam withrgedeformation

TheU'\. value is equalo oneatthe loading point and goes down to zero at the supporting point.
Then, to compare the effect of considering nonlinearitythim analysisthe U valueswere
calculatedfor the linear case and the comparison of the resudt® showrin Figure66. As itis

shownin this figure, theJ"y. can show higher valuéap to 12% morgthan the linear Uindex.

NL Anlaysis and L Analysis Differences (%)

14

12

D

[==]

/ \ =—differences %

U* difference %

2 \t
0 —

0 0.2 0.4 0.6 0.8 1

Normalized Distance From Fixed End (m)

Figure66) Percentage dfifference between tand Uy, values in a cantilevered beam

6-3-3-2- Case study 2: Result

In the second case studiie samecomparisoris mace betweenthe U andU"y, values. In this

structure the variation of the U™ and U"y. valuesalong the crosssections in the platere
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compared The results, shown in Figé&zdemonstrate the significance difference between the

load transfer indices found thelinearand nonlinear analysis.

U* variations on a vertical cross sections

0.25 — A.*—-"'J—k_d' 2t R Yoy
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mes -=-U*variation along path1- NL
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Distance from upper edge of plate (m)

Figure67) U” and Uy, variations along two sample cross sections in the plate

The results show that the nonlinear analysis predicts much higher values for load transfer index
(U'wL) while the basic U analysis underestimated theternal stiffness along these cross
sectionsThe differences between thé thlues orfive cross sectionsf the structurere shown

in percentages in Figuré8 to get a more general picture of the effect of nonlinearity

consideration on load transfer analysis

109 Page



Percentage of difference in U" and U"y values
300
280
260
240
220

Cross-section 1

~ 200

X

\; 180 N T m— e —— S mm====- Cross-section 2

g 160 sseescses (ross-section 3

=

o 140 = « = Cross-section 4

)

& 120 e e e A — i — e — A

= 100 ==[J*NL-U* differences_Path 1 (%)

*; 80 == U*NL-U* differences_Path 2 (%)
60 ===J*NL- U* differences_Path 3 (%)

-#-U*NL-U* differences_Path 4 (%)

Distance from upper edge of plate (m)

Figure68) Difference of Uy, and U index values along different cross sections

The resultsndicatethat the difference between predicted wdlue of linear analysis and n.
value of nonlinear analysigaresfrom almostzeroclose to the loading locatioil® morethan
280 %, close to the constraints of the system. Based on the achieved results in these two case

studies a discussion can be made that will follow in the next section.

6-3-3-3- Discussion on the results

In the first case study (the cantilevered beathe U andU’y, variations along the beamere

calculated Due to simple geometry, the distribution of both indices seems to be close to each
other, though, th&/'\,val ues tend to be hi gh e his diffarenceo s t of
reached up to 1percentswhich is a significant amourdf error ina simple structure like a

beam.

A completeevaluation of the differences between thevdlueswas performedn the second

case study. ltwas demonstratedhat considering the linear "Uindex, despite the large
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deformation (geometrical nonlinearity) can lead to underestimating the significance of different
parts of the structure in load transferring; due to lower predictecalles. Moreover, thimad
transfer behavior of a structure cha evaluatedy following the trend of Uvariation in the
structure. Therefore, the linear and nonlinear analysis can lead to different conclusions from this
perspective too. Comparing they, and U variationalong thecrosssection shows that linear
analysis predicts a lower rate of Wdhange; this carbe consideredas anoveroptimistic
evaluation of stiffness variations along the crssstion under the proposed loadiAg. a result

the results othelinearanalyss are less reliable for cases, in which designamot make any

compromise irtheaccuracyof their evaluatioa

The results of following Uvariations alonga different cross section of the plate showed that
there isa huge gap between the predictions of linear and nonlinear analysis close to the
constraim points. Although the loading area did not shegignificantdifference between linear

and nonlinear analyses, ircebsssectionfar away from both loading and suppogiareas (cross
section 3 in Figuré8), the U index values are about 20% less than the predicted values for

*

U NL-

One sample problem that might occur by using the lineandéx is misjudgment for material

removal; i.e. designer might calculate thevalue of a parbf the structure up to8% lower

than its actual magnitude. Such a conclusion might urge the designer, to remove material from
this part because of its apparerdy significance in load carrying process; while the nonlinear
analysis mig t change the designer 64 wnvaluedor theysaneh o wi n
part. As a result, in cases that integrity of the structure is much more important that its, weight

the nonlinearanalysiswould bethe reliable approachand U y. is recommendedt shouldbe

notedthat since Uindex theory does not include certain numerical criterh for evaluation
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(unlike stressanalysi$, using the proposed indefU n.) mainly dependson the precision

required by the designer.

6-4) Conclusions

This section of the@resentedtudy proposes the first extension of load transfer indexttidory

into the nonlinear domainanalysis. By assuming nonlinear elastic equations for the basic
concepts of the Uindex theory, it was showrthat a modified index fothe nonlinearproblem

(U"\L) could be calculatechumerically and it is proportionaland can quantify, thénternal
stiffness of a structure under geometrical nonlinearities. Then, to show the significance of this
extended index in engineering application, two welbwn problems of cantilevered beam under
vertical tip loading and thin plate under transverse loadings @ealyzed using the proposed
index. The results show that linedagid U” index tends to predict lower than real values for
internal stiffness of the structure. These results can lead to underestimating the significance of
certain parts of the struceuin load carrying process. Such conclusion might end up to material
removals that can endanger the integrity of the structure. Moreoweasishowrthat the U
changes in the structucanbe different in linear and nonlinear analyses. Assalt a nanlinear
analysis of load transfevith Uy, can provide a more reliable picture of the overall behavior of
the structure in load carrying process and can provide designers with more accurate information

for decision making

The presented extension is the first step toward achieving a comprehensive indidasat of
transfer. At thisstage the new indexs limited to cases with geometricabnlinearitiesand the
calculationprocess which uses themplicit method of analysisis time-consumingfor more

complicatedstrudures. Also, it is necessary to point out that the presented approach for this
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extensionis basedon considering nonlinear springs in defining the theoretical foundations.
Therefore, the comered geometricahonlinearity covers the softening or stiffening effects in

the structure. In other words, there is potential fiother development toward achieving a
complete nonlinear index that can include other casemminearity; as rigid body motion of
elements, material nonlinearity, plastieformation etc Moreover, application ofxplicit
methods for solving the nonlinear problem can guarantee the convergence of the solution, though

it would increase the calculation tirsgnificantly.

Nevertheless, this extension opens up a new door for more development orirttiexttheory.
Future extensions can look for material nonlineausing multi-linear material models, or can
tackle computational issues by providing an expkeialysis method whictvould remove the

converging problems aurrentmethods of analysis.
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Chapter 7: Summary andConclusion

7-1) Summary

In this chapter a summary of all completed tasksthe dissertations presentedAs shown in
chaptersoneto seven load transfeanalysisis a new emerging aspect of structural analysis that
can provide a general awareness regarding the structural performance. ifidextheoryfor

load transfer analysis provides a global viefathe structure thtain combination with a local
analysis, ke stressanalysiscan providepreciousinformation about performance and efficiency

of design in mechanical structures.

In the presented study, after introducing the itdex theory and reviewing its theoretical
background, the first experimental validatioithe theory was presenteBince U index theory
is arelaively new paradigm in structural analysigresentingan experimental validationvas a

majornecessity tavard developing thitheoryto a fully matured one.

The experimental validation provides a reliable benchmark for application of iheléx theory
in future industrial and academic problems. The presented test setup also clarified the concept of
internal stiffness and its effect in load transfer in comparison to the conventional stiffness

definition.
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After providing the very first experimental validation of the ibdex theory, it was appliedo
three real life industrial problems. All the selected casdéiasswere choseffrom a heavyehicle
which provides significant distinction from the existingsearchin the literature, whictwas
mainly focusedon the lower section of a passenger car. Moreover, in each samplstudge

one of the capacities of lihdex theory wasestedand its effectivenessas presented

It is also importanto point out that experimental testing was considéoedwo of the case
studies to show the accuracy of the analysis results made ingéx theory and to depict the

unique capacities of this theory.
The outcome of the sample studies presented in this dissertatibe sammarizeds:

 Verificationof U" index theory prediction with experimental results,

f Systematic comparisasf the U™ indextheorywith conventional aalysis,

1 Load path evaluation imajor load carrying components of a multipfassengers
vehicle,

f Explanation of complicated stress distributionniechanical structures using lihdex
distribution,

T Designimprovemat usingtheU” indexanalysis results,

T Application of the U index theory for performance behavior of the strugture

consideringstandardsafety regulations.

Finally, asthe U index theory is relatively new ithe field of structural analysis, compared to
other methods like stress analystsyas, and still imecessary to extend thiseoryto different
aspects to achieve a more mature theory. Therefore, irstidy, the very first step twward

achievinga nonlinear U index theory was taken As shown in Chapter 6, a mathematical
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extensiorwas proposetb the nonlinear domain of analysis by considetimgnonlinearelastic
relationship between force and displacement for lthstiative springs. This foredisplacement
relationship has to be in a polynomial format but can be nonlinear yofdegree.From a
mechanicaboint of view such extension cdme appliedto structures that undergo geometrical
nonlinearities, like a beam with a large deflectiBy. providing the new Uy index for such

types of nonlinear problemi was provedhatinternalstiffness is proportional to the new L

index. Then, this indewas appliedo two sample case studigswhich itwas demonstrateithat

the proposed Ui, index would predict the load transfer index with much more accuracy
compared to a simplified linear ihdex.In conclusionthe proposedJ’y, index isproved to be

a usefultool for load transfer analysis in cases that designers need higher levels of accuracy in

performing structural analysis.
7-2) Conclusion

The presented research dam considereds a major step in the ongoing process ofiidex
theory development. Throughotitis dissertationa full and systematicomparson was made
between the loadransfer and conventionalstress analyses. This comparison showed the
exceptionalcapacities of Uindex theory and proved theecessityof consideration of load
transfer evaluation in structural analysiades One of the significant outcomes of this research
was the first experimental validation of dex theory that was missing in literature anakes

this a referral point for futerstudies Design evaluation arichprovementusing U index theory
that was performedor the selectedndustrial cases is a clear example of the new toausfer
orientedapproach for designers. As another necessary step toweeli-developednethod, U

index theorywas extendetb thenonlineardomain of analysis. Although the new index requires
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expensive calculation due to complexities of nonlinear analysssyigwedas an important step

forward as it has opened a new field of study ondex domain.
7-3) Suggestion for future work

The U” index theory can nowe usedn any academic or industrial problem focusingtba
structural performance as it has been validated, testiediustrial applicatiors and extended to
nonlinearity in the presged disertation. However, there ad coursemore ways tadevelop

and apply the Uindex theory. Some of the main studies that are necessary and in case are

undergoing in thigield can be categorized as:

1) Extension of the Uindex theory tacompositematerialsUndergoing Research.
2) Extension of the Uindex theory to nonlinear materials

3) Extension of the Uindex theory to fully dynamics criterion.

wang. Q, Pejhan. K, Wu. C. Q., and Telichev. iLoad Transfer Index for Co
ASME 2015 International Mechanical Engineering Congress and Exposition. American Society of
Mechanical Engineers, November 2015
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Appendix A: Stress trajectory method for load path analysis

The stress trajectory method was the first established method for load path detection in
mechanical engineering. Although it has its shortcomings as covetbd literature reviewit

had its applicationgoo, and it can be beneficial to review this theory and the proposed algorithm
based on this theory for load path detection. Therefotkisrsection a general overview based

on[16] and[17] is presated to summarize the stress trajectory method for load path detection.

This theory defines load path as a path along which a constant faoegngs transferredin
structural mechanics, unlike fluid flows, there is no continuity for the applied force. However,
continuityapplies to components of the force in an arbitrarygetthogonal directions because

of the requirements of equilibriunTherefore for the stature shown in Figure Akquilibrium

suggests thatEF,.

- F,=jo_ dA

Figure AQ) Samplestructure and horizontal component of applied [d&§© Emerald Group Publishing

If Figure A2 is asegmentwith unit areaof the side wall of the structure shown in Figure Al,

then thenormalvector of this surface can be defined as

5 & & & & (1-A)
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Appendix

Then, using the normal vector and the components of thestogakit will be straightforwardo
find the force components applied on the surface of the side wall shown in Figure A2 as shown

in Equation (2A).

GX.\'

Figure A2) A unit area of surface of the side wall along with the normal vector, and horizontal

components of the total strdd$]© Emerald Group Publishing

v piteERY pteQY pie (2-A)

where the total stress vectoase madeof three components (e.gh K 8 z o z B.

Therefore components of the total stress vector farea A can be rewritten as:

¥ o, 6¢ T 06& 1 6¢ (3-A-1)
Y t 0& , 0& T 0¢f (3-A-2)
¥ t 68 t 0& , O¢ (3-A-3)

As equilibrium of force componentsuggest, there should be no contribution in the force

components (e.X-direction) from the side wall. Therefore, fordirection:

Y , 08 T 0¢ t 0¢ m (4-A)
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This equation can be-written as:

.t ot & n (5-A)

The above equation is the mathematical conditionti@r vectors to be orthogonal. Since the
vector T is the normal vectoof the surface of the load path, the stress vector is a tangent vector
of the load pathThe tangent vector of the load path is therefore defined by a component of the

total stress vectdd 6].

An example ofthe applicationof this theorywas presenteth [16]. The aircraft wing spoiler
shown in FigureA3-a was electeds the case study. The structigesupportedy three hinges
on the front spar. These hinges cannot carry any moment however they resisviskoad
normal forces. An actuator is placed behihd central hinge to carry the momerislly et al.

predicted the deformed shape of this wing spoiler as shown in Figdbeusi®dig MSCNastran.

(a) (b)

Figure A3) a: WingSpoiler & constraints, b: Deformed shageminimum principal stress contoUytss]©

Emerald Group Publishing

Figure A4 shows the load flow and load paths detected by the stress trajectory method for two

arbitrary orthogonal directions; sparnse in Figure Ada, and chordvise in Figure A4b.
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(a) (b)

FigureA4) a: Sparwide load paths, b: Chondide load path§16]© Emerald Group Publishing

Although considering the location and nature of the hinges, the predicted load paths are in
agreement with the physics of the problem; istil not very clear how one should depict the

actual paths. Therefore a review on the algorithm propodddjmran be more clarifying.

It was showrabove thatdad paths can be defined by plotting contours aligned with sotds

66pointingdd vectors gi vel[d7] bhesepdingngecdrsccanbes o f

defined as:

@ , QtQtQ (6-A-1)
A T, Qt7Q (6-A-2)
A tQQtQ, (6-A-3)

So, to find the load path the thefirst stepthe pointing vector® ® AT @& should be formed
and normaleed (6s p) based on the calculated stress components. Then a-twddh
RungeKutta scheme can then be used to find thetarefield for load path detection. If poift
is the first point on the load path (e.g. the loading point) and the second pointpaithtisd®

the following equations can calculate the exact locatidh of
Qn o os Vi (7-A-1)
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Qn s Vi (7-A-2)

Qf as Vi (7-A-3)
Qi as i (7-A-4)
p (7-A-5)

n n 6'Qr‘1 ¢Qn can Qn
whereb is the next point in the load patBs is the value of the vectordid V, evaluated at

point p andYOis a scalar spatial discretization that represents a small increment along the load

path[17]. Figure 5A shows a schematic load path created using the presented alfbfithm

Load Path
Contour

A 4

Figure A5) Nodal pointing vectors and Rurgetta vectors for path creatigh7]© Emerald Group

Publishing
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Appendix B: Correlation of U’ index and Kac

The U index theoryrepresats the structre with (at least) three linear illustrativapring. The

third chapter of this dissertaticcbvered the fundamentals of the lddex theory indetails

However, one would still wonder about the core claim of the theorywdmmbuiltupon Equation
6. This egation ispresetedhere again as EquationB

n Y % D N Q L & Q
PN P T oo P b & 0

(B-1)

Throughoutliterature it hasbeen mentionethat higher U index at anypaint in the structure
represents greagr degree of connectivity between that point and the loagmagt, i.e. higher
Kac. However it is not straightforward to show throportional dependence between ihdex

and Kac from Equation B1.

It is necessary tetudythe relationship of Uindex value with théocationof the arbitrary point
C in the structure, before discussing the dependence ifdex to Kuic. Figure B1 shows the

illustrative repregntdion of the system with linear springs whialas discusseth Chapter 3.

PAodA PA-dA PA'tdA

Loading
Point

A A A

Arbitrary
Point

Supporting
Point

(a) (b) (¢)
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Figure Bl)lllustrative representation of the actual stune (a) using linear springs (b) and with modified

constraints for Ucalculation (c).

The strain energy of the systeshown inFigure B1b, is theterm“Yin EquationB-1, and the
strain energy of the modified system (Figure®1is the termY. Point C, in FiguréB1-c, can
be any point in the structure and if converges to point B, which is the actual constraint in the

system, structures shown in Figure-Band Blc will beidentical In other words:

6 odY Y Y m (B-2)
Following the similar approach, it cdre showrthat as point C coincides with the loading point
(A), U index value converges to 1.

6 06d Y p (B-3)

In conclusion, U index valuegoes up as point C gets closer to the loadipgint, and its

magnitudegoes down as point C goes toward the supporting point (B).

Moving on to the correlation of Undex and Kc, the structure shown in Figure Bican be any
mechanical structure, includirg spring. By assuming the structure to be a linear spring, U
index calculationstands based on the same procedure, which is representing the system with

three illustrative springs. Figure B2 shows the real structure aifidstsative repregnation

The original system, shown in Figure B2 has a certain stiffness (e.g. 100 N/m). The spring

represetation of Figure B2 should have the same overall stiffnelserefore in this case:

0 Q — T pPpmm (B-4)
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while K is theactualstiffness of the structure, akg (i,j = A, B and C) is thenternalstiffness

between points i and j.

(b)

Figure B2) Selected engineering structure for studying the dependencedéito Kuc: (a) original

structure, (b)llustrativerepresentation dhe structure.

In the model shown in Figure B2 loading point (A), and primary constraint(B) are now

moving. Thus, ks will have a constant valuAssumingQ v T & hthen:

~ T UTT (B-5)

To calculate Uindex for the whole structure, point C shall move around the system. Howfever,
point C coincides with the constraint (point B), then $peing withthe stiffnessof Kcg will
vanish and based on the assumed values in previous equatignsgillkhave amagnitude of 50
N/m. Now, by moving the point C away from teappat (Point B), Keg will reappear in the
system and calculations. Moreover, ag:kand Keg are in seriesthey haveindividual values,

larger than their equivalent stiffness (in this caség, 50
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In summary, as Kg appearsn the structurgit will have nonzerovalues.Therefore both Kac
and Kcg will have magniudeslarger than 50N/min other wordsas point C moves from the

supporting point (B) toward the loading point (A)dalue increase

On the other handt was showrin Equations B2 and B3 that U index values increase from
zero to one, as point C moves from support to the loading point. So it cancheledthat both
U’ index and K¢ value increase as the arbitrary point C gmegardthe loadingpoint andvice

versa; i.e.:'Y @ 0
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Appendix C: U” index response to loadingariation

In chapter 4 of thidissertation the first experimental validatioof U™ index theorywas
presentedFor thattest a certain loading conditiowas selectedand the predicted load path of
the U index theory was proven to lecurae by comparingit to the actual load path determined
in the experiment. Therefore,ig now showrthatinternalstiffness is the governing factor for
load transfer paths. Howevehe internal stiffness of any point in the structurefisction of
geometry lpocation ofthatpointin the structure) and loading condition. Consequetdlprovide

a thorough experiméal study on U index theory it was necessary to evaluate tiesponsef

the U” index theory to loadingariation too. Thus, the setup for the presented experiment of
Chapter 4 was modified so a new loading condition lwariestecand the response of thé

indextheoryto this modification caibe evaluated

Figure C1 shows the new loading conditibmcontrary to the original test setup (Chapter 4) the

loading barswere placedn themiddle of the tableshapedesting specimen.

6"

e

Figure C1) Loadingonditionon the testing speciméar the modifies test setup

As in the original validation experimerihe gathered data in both stages of this experiment was
the vertical component of the force appliedhe force plates=irstly, the results were showing

the portion of the body weiglhat was carried by each shaft. Thére measurement was done
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just for the additional external load thahs appliedo theableshaped structurby placing the
steelloading barson it. These dataepresented the ending point of the two load paths going
through the shafts. Data gathering was performed using tHatifigital data accusation system

of the force plates. The gathered information was then amplified using the external amplifier of
the DAQ system andvas recordeadn a Core i7, 3 GHz computer for further processkigure

C2 showshe result of this experiment.

Thick Shaft ::,

Thin Shaft i

(a) (b)

Figure C2)Load carrying significance of shafisder(a) No external loadingp) External loading in the

middle

The first stage of theexperimentwas the exact replicate of the presented results in Chapter 4.
59% of the body weight was carried by the thicker sh@fen, all the readings on the
measurement devicegre seto zerq andtheexternal loadvas appliedo the sgtem by placing

the loading bars in the middle of the tableaped structure. This time, the thick shaft carried
almost all of the external load (71%) which is in contrary to the results of the loading condition
of theexperimentin Chapter 4, in whiclonly 42% of the external load was carried by the thick

shaft

These results show thetternal stiffness varies with loading condition, as well as the geometry
variations. Now iwas necessary validate that Uindex theory was capable of following these
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changes or not. Therefore, the analytical load transfer analysis witindeéx theorywas
performedon the modified computer modé&lhe resultsare presentedn Figue C3 andshow

that as the loading condition changed in the model, the degree of coripegdtievery point in

the structure and the loading points has changed. This time, the thicker shafts shows higher U
index values (FigC3-b), which corresponds to a more significant load transferring role for this
shaft under this loading conditionThese results are incomplete agreement with the
experimentally determined load patfigierefore, thi:iewexperimentnd simulation revalidated

the U index theory and also proved its capacityfdtiow the changes in thimternal stiffness

due to loading variations.

Max U”
in shafts (0.2)

0 U 1 0 u- ,0.2

(@) (b)

Figure C3) Uindex distribution; (a): In the complete structure, Ifpjhe supporting shafts

In conclusion, it carbe statedhat based on the presented analysis inapendixand also in
Chapter 4,internal stiffness is thetrue governingparameter in load transfer enginering

structure and Uindex theory is now a reliabteol to study theénternalstiffness in the structure.
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