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Abstract

The HMCS IROQUOIS naal destroyerwas decommissioned in 2015. Six ship hull
sections have been sent to Memorial University of Newfoundi@andetailed structural
analy®s. An investigationhas beemundertaken to determine sfgnificantimprovements
could be madeo the IROQUOIS grillage panels.dignificantimprovements were possible
it was important to determine how thellage couldthenbe optimizedThe study focused
on grillage stiffener desigmMlumerousstiffener designswere tetedby varying factors
related to the geometric and parametrized dimensidBsth finite element analysis and
experimental design techniques were implemented within the siliuy. statistical
significance of the studied factors was analyzed to develme mhetailed and specific,
experimentsControl runs were tested which consisted of blikind flat bar stiffened
panels as well as the IROQUOIS grillage panefn optimized concept grillage was

produced which demonstrated an ability to outperform ¢iméral rurs.
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List of Symbols, Nomenclature or Abbreviations

Built-T 7 a stiffener, similar to a formed Tee. However, it is built from two flat bars. Both

the web and inge have rectangular cressctional shapes.
Expl througtExp5 T Thefive main experiments conducted within this thesis.

First Yield Pointi for the purpose of this thegisas been defined #éise point where the
material discontinugto behave linearly ith respect to a force vs. displacement cuive
definition of first yield point used should not be confused with the general definition of first
yield point as it pertains to stress/strain cur¥¥ghin the text, first yield point has been

used interchangeably with first yietdshdyield point.

Global Modeli A relatively large grillage model consisting of three components: stiffeners,
frames, and sidshell plating. Effectively, th&slobal Modelis formed by combining
severalLocal Modek and adding transverse frames to connect the stiffener €nas.
versions of the Global Model existone found in Exp3 and another found in Expbe

term becomes most relevant in discussions surrouriekpd where the Global Model is

compared to &ocal Model.

Grillagei for the purpose of this thesis, has been defineal stffenedpanel sideshell
section of a ship. The basic structure consists of a design of three stiffeners attached
perpendiculato a sideshell plate.Within the text, grillage has been used interchangeably

with stiffened panehnd panel

IBST An impact, normal to the grillage siddell, directly between two stiffeners at the

middle of their span.
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Internal Energyi for the purpose of this #sis has been used interchangeably with the

energy absorption capability of the structure, as well as, simply, energy.

IOST An impact, normal to the grillage sidell, directly on a stiffener.

IOSCi An impact, normal to the grillagedeshell, directly on a stiffener at the centre of

the stiffener span.

IOSQ1 An impact, normal to the grillage sidbell, directly on a stiffeneat a quarter

span of the stiffener

L/10 or L/100i Length of the stiffener span divided by 10 or 100peesively.

Local Modeli A relatively small grillage model consisting of two components: stiffeners
and sideshell plating. The Local Model consists of exactly three stiffeners connected to
the sideshell plating.The Local Model vasused inExp4 and Exp5 The term becomes

most relevant in discussions surrounding Exp5 where the Global Model is compared to a

Local Model.

Optimizationi for the purpose of this thesis has been definedaiataining thegrillage
weight while maximizing the followingproperties of the structure: internal energy, first
yield point andoverload capacityOptimization is usually aided by delaying the onsfet

buckling.

Overload Capacity for the purpose of this thesisas been defined dee amount of
internal energy a@rillage @anabsorb after the first yield point. Within the text, overload

capacity has been used interchangeably with plastic reserve capacity. Regarding
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discussions involving internal energy within the elastic regime, sometimes thestastics

internd energy capacityelastic capacityor elastic energy absorption capacitgere used

S Corrugati on oA corudgafion shape whickh farms aosine wave when

viewed from a plan view.

Testl througiles6 1 The six main tests conducted withing2xof this thesis.

Traditional Corrugationi A corrugation shape consistent which most corrugated

bulkheads. It is similar to S corrugationgceg the corrugation consists of straight edges.

Analysis of variancé ANOVA

Boundary Condition BC

Circular Hdlow Sectioni CHS

Design of Experiments DOE

Finite Elemeni FE

Finite Element Analysis FEA

Finite Element ModéModellingi FEM

Large Pendulum ApparatiisPA

Mesh Convergence AnalysisMCA

Polar Class PC

Response Surface MethodologRSM
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Chapter 1 Introduction

Traditional stiffeners, such as bdilt(a stiffener, similar to a formed Tee, built from two
flat bars)and flat bar stiffenersre largely designed toitigatestructuralyielding. For ice
class vessels, a small amount of yielding is accep(BhGS 2019) Howe\er, for nonice-
class vesselstructuralyielding isunacceptabléPaik and Thayamballi 2003) herefore,
traditional stiffeness are designed tbave high initial stiffness and elastic capachg a
result, stiffenersoftentimeshave arelatively low plastic reservéhe amount of internal
energy astructure can absorb after the first yield point, also known as overload capacity)
Inadvertently, maximizing stiffeneb s e | a s tcould havethgeffeat of dinginishing

thestiffene® s overl oad capacity.

Under dynamic loading scenarios, most ofgtrectual strength can be lost after yielding
occurs The stiffeneris thenunable to provide adequate stéssto the surrounding
structure.In many caseshe stiffenerwould have to be replacesdter sustainingeven a

relatively smallamount of plasticity

A numerical investigatohas been wundertaken to maxi miz
provide significant plastic capacity in the event of a local colliSitve. optimzed structure

has been designed to hasgqual weight andelastic capacity as compared to industry
standard sidshell stiffenersExcept for ExpXone of he five main experiments conducted

within this thesis) a frictionless, smooth, rigid indenter hassbeused to impact the
grillages(stiffenedpanel sideshell sections of a shipfrurther details concerning the rigid

indenter can be seen in Secti@nZ Rigid Indenter DesignThe experimental simulations

have been set up be validated against testing results from the large pendulum apparatus



(LPA) to be completed at later dateThe LPA has been developed for experimental ship

ice and shigship structural interaction€sagnon, et al. 2015)The LPA is capable of
representing impacts between a test subject, and an indenter. Furthecdetaitainghe

LPA can be sen in Section3.6 Large Pendulum Apparatud/ithin the LPA, the concept
grillage will be teted and compardd a set of grillages from the HMCS IROQUOThe
IROQUOIS is a decommissioned Canadian naval destroyer. More information regarding

the IROQUOIS can be seenSection:1.2 Background

A concept stiffener design has been achiemed wascompared testandard buill and
IROQUOIS grillage stiffeners under dynamic impact loading conditiori&he concept
grillage is a variable weheight flangelessstiffenerthatis optimized for impackading
scenariosiormal to the sidshell Three impact scenarios were simulated which ctetsis

of an mpacton a stiffener at mid and quargyan, as well aanimpad directly between
stiffeners.To deform as much as the standard bli#nd flat bar control runshé concept
designwas demonstrated to require 196/more impact energyor indentationsas large

as 100anm. Concerningndentationdess than 60 mm, the concept design outperformed the
IROQUOIS grillages for all load cases studiedn€erningndentationgess than 120 mm,

the concept design outperformed the IROQUOIS grillages for five out of the six load cases

studied.

The conducted works divided intonine chapters. The introduction chapter defines the
backgroundproblem statement, and the motivatiémsinvestigating this area of research.
Chapter 2 details the literature review. Chapter 3 details the methodology and discusses

how experimental simulations were conducted. Chapters 4 thBuigbuss théve major



sets ofexperimental simulation®nenumerical investigatioper chapteralong with their
results and conclusions. Chapefiscusses the overall conclusions and significant insights

into the study, as well as future warkcommendations

1.1 Problem Statement

Modern ship design is focused nmumore on the elastic capaciy ship structuresather
thanthe plastic capacity. Therefore, existing sgihell stiffener arrangemenése often
optimized to have a high degree of elastic capa€itg. conducted work investigates the
behaviour of a vaety of both conventional and conceptual sstiell grillage stiffeners in

an attempt to increase the stiffenerds ove
elastic capacityln elastic design, the structure aptimized for transverse loads by
maximizing structural stiffness to lessen deformations. Maximizing structural stiffness also
increases the amount of internal enefgyergy absorption capability of the structure)
required for the structure to yieltHowever, @timizing a structure for elasticapacity

could compromi® the plastic reserve capacity of the structure. The conducted work
investigates how geometric stiffener alterations relate to significant plastic reserve
improvements, without compromising initial stiffness or elastic capacityloAtls were

applied transversely and dynamicallyinmpactscenarios.

1.2 Background

The Royal Canadian Navy has recentlyuretipe revitalization process of its fleet of ships.
One d the vessels that hdseen decommissioneidom this process wathe destroyer
known as the HMCEROQUOIS (sed-igurel.l). After its decommissioning in 2015, from

nearly 45 years of service life, six sideel grillages (sed-igure1.2) were cut from the



vessel 6s hull and sent to Memori al Uni ver .
analyses. Each grillage containsel longitudinal Tee stiffeners and is approximatety

by 7 ftin area

Figurel.1: HMCS IROQUOIS(Shaw 2013)

Figurel.2: One of the six HMCS IROQUOIS sigshell grillages.



1.3 Investigation Motivation

Built-T stiffeners are often used in shipbuilding due to their ability to resistspad
deflection from a central load (bending) due to their eeestional properties. In turn, the
stiffener has a tremendous amouninafal stiffness and elastic cagty. However, within
manydynamic loading scenasponce yield occurs much of the strength of the stiffener
can beost. Likely due to the inertia of the flange from the dynamic loading, the stiffener

web is unable to displace within the direction of ltteed and buckles locally

Conversely, the flat bar stiffener (Built without a flange) solves the issue of local
buckling due to the lack of a flange. However, instead of bucktiaglly, it trips. Also,
without the extra support of the flange at thelerthe stiffener often experiences end

buckling. Sed-igure1.3 andFigurel.4 for visual aids of this phenomen

Figurel.3: Local buckling within a buiHT stiffener.



Figurel.4: Tripping within a flat bar stiffener.

In current shipbuilding, the poegteld behaviour of steel is of little concesmce ship
designs do not allow fastructuralyielding (Paik and Thayamballi 2003More recently,
concerning iceclass vesselghe discussion hakeen opened to explore the pyld
behaviour of material@s most of the structural strength may lay wittiime region.
Therefore, the purpose of this investigation is to identify a more optimal stiffener that
maximizes the plastic reserve capacityntake better use of the full range of potential
stiffener deformations. An optimized stiffener should be capable of absorbing a significant
amount of energy even after large deformatiamaised by a dynamic impact loading
scenario. The grillage structuresrom the IROQUOIS were compared to various
conventional and conceptual grillage designs. The comparisons were made to better

understand how the structure could be improved.



Chapter 2 Lit erature Review

The following subsections include a reviewavkilable, relevantopicsthatrelate to the
conducted workThe major topics for reviemcludeimpact testing, finite element model
(FEM) guidelines, corrugatiortechniques overload capacity, buckling modeand
structural optimization(maintaining tle grillage weight while maximizing the internal
energy, first yield point, and overload capacit¥) full-scale version of the finalized
concept grillage is intended to be tested in tR& as a validation for the FEM used
throughout the analysis portiorf this research. Therefore, it was important to study
previous work related to impact scenarios to ensure proper setup and proper result
extraction.To simulate the collisions, several indenters have been used in the form of rigid
steel indenters as wellsavarious ice shaped indenteslso, guidelines have been
produced which detail properFEM techniques involving highly nonlinear impact
scenariosCorrugation has been widely used in the shipbuilding industry in the form of
corrugated bulkheads, but reotot is known about its use in stiffener designe literature
review also details\erload capacitywhich describes the available capacity of a struadtur
member generallywithin the plastic regime. The three distinct buckling modes related to
grillage sideshell stiffeners are local buckling, tripping, and 4natkling. Each buckling
modeis distinct from one another and often require different mitigation techniques. Lastly,
the literature review discussegtiization i atechniquethathas been emjmpyed in many
fields as a tool to ensure that processes are highly effidfreover, optimization has

been exploredpecificallyrelated to various types of steel structures.



2.1 Impact Load Testing

An example of previous research involving ttRA involves a impact panel known as
the NRC Impact PanéGagnon 2008)The NRC Impact Panglas used as the test subject
which was impactedoy an ice cone.In his doctoral dissertation(Quinton 2015)
conveniently detailed the ice formation process w@iizn modern iceship impact
interactionsThe goal of the experimemvolving the NRC Impact Panelas to verify that
the impact panel was capable of providing accurate, aatech in turn validated the
capabilities of th&.PA. The study showed that tirapact panel was fit for purpose within
the constraints of the testing environmédopper, et al. 2015More details concerning

thelmpact Modulecan be seem (Gagnon 2008)

TheLPA has been designed to facilitate other-fdale impacts, like the one proposed in
this researchinstead of an ice indenter, a steel indenter can be used to perforenieigy
impact scenarios. Using a rigid steel indenter aids in the study of the grillage side of the
pendulum by introducing enore controlled environmentThe rigid indenter side of the

pendulum does not deform plastically and deforms elastically only negligibly.

2.1.1 Sliding Loads

Though sliding loadqgor moving loads)were not investigated explicitly within this
researchrecent stuigs have found it nenonservative to omit their contribution¢ertain
structural impact scenarios. Therefore, the conclusions of such studies were cofsidered

future work.



Sliding loads refer to impacts whidoe not occunormal to the testubject (Quinton 2008)
demonstrated thatoving loads, on ship structures, can significantly decrease the structural
capacityof a ship structurdt is often not conservative to ignore sliding load effeds.
predicted by(Quinton 2008)  é&hé normal dection structural reaction of a steel plate
subject to a moving object that incites a plastic plate response is considerably weaker than
that exerted on a stationary objEtertsiveappl yi
research has shown that plastuckling is induced at a much lower load for sliding loads
compared to stationary loaqQuinton 2015) Through the use of a frictionless/rigid
indenter, the tests showed that structural capacity losses were a real cons@guienoe,

et al. 2017) Therefore, moving loads cannot be ignored whenever thexgossibility of
plasticity. The two structural members that are often least conservatively predicted by
moving loads are the hull plating and frameExtensive research has shown tha
inductionof plastic bucklingcan beinduced at a much lower load magnitude for sliding

loads compared to stationary lod@aiinton 2015)

In researchnvolving IACS design ice loads sliding load scenario was applied?olar
Class 17 (PCL7) vessels to determe the effect compared to is&rengthened vessels
(Quinton 2019) Both builtTs and flatbar framed grillages were examinédwas found
that there was no appreciable difference between sliding and statdesgyloads for
built-T frames with PCH4. However, there was a noticeable difference for #G&ssels

T the more extreme result for the moving load case. FdrdiaPC17, the sliding load case
was more significant timthe stationary casé.he residual deflections were more than

twice as mucha@mpared to the buHTs (Quinton 2019) This investigation rashown that



built-Ts offer higher strengtkthan flatbar framesconcerningthe preventon of plastic

deformation, under similar loading scenarios.

2.2 Finite Element Model Guidelines

In recent years, an extensive amount of research has been done in the BEEd of
generatiorconcerningshipcollisions. Many of these includmite element FE) validaion
models(Kim and Daley 2018)Two scholarly paperfhave been thoroughly examined
throughoutthe folowing subsections regardif¢EM creation of Rip collisions(Quinton,

et al. 2016; Ringsberg, et al. 2018)

Thestationary mpactbenchmark studwas referenced for athodelling of geometric and
parametrization s of the concept grillag&ingsberg, et al. 2018yhebenchmark study
involved collision simulations organized by the MARRUCT Virtual Institute. Fteen
researh groups participating in the studijhe main point of the study was to determine
acceptable praates for creating reasonable MEfor ship-collision purposesA case study
was analyzedwhich was analogous to a skspip (bulbous bow impacting sidell)
collision. The following information was used to control the expental process to allow

for crosscomparison of experimental data:

The geometry of the R#

Parametrized geometric dimsions

True stressstrain data from tensile strength testing of the-stakdl material
Boundary conditions (BC%)f the rigid frame

The ontact point betweetiheindenter and double hull

= =/ 4 A4 A4 -2

Rigid indenter material properties
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1 Experimental conditions such as termination time, load rate, arlisjiacement

controlledconditions

Each of the fifteerexperimenters followed the above process and submitted a detailed
report of their findings. The resuligere based on three outputse reaction forcéendenter
displacement curve, the internal enengglenter displacement curve, and a list of the
corresponding displacements at particular structural member failuresforced frame

was used to constrain the test grillage and sirad@mpedCs The indenter was slowly

(asnot to induce plasticity) pushedgainst the grillage ten times to relax the residual
stresses caused by welding the grillage to the support frémp@sysical tests, the indenter
experienced a displacement rafeél mm/s. However, withithe FE space, a higher impact

rate was used. The dynamic effects in the nodal forces were checked to ensure the
mass/inertia did not affect the results. A nonlinear elgdéistic constitutive material

model, with isotropic haehing, was used. However, since the physical tests were carried

out at relatively low speeds, straiate hardening was ignoredll mesh elements used

were fournode shell elements with fitaroughthicknessntegration pointsContact was

used to simul® the collision between the grillage and indenter. WithirDDYSNA,

Afaut omat-iosusfiataedoewas used for contact b e
whi |l e Afaut omati c single surfaced was i mp

components.

The resuls from all simulators showed low scatter and a general agreement between results
i despite model differences in element size, BCs, naterodel and material data used.

Also, it was shown that no statistical difference was observed between the resudis in

11



two FE software used for computatibotARBAQUS andLS-DYNA. The graphical results
of internal energy vs. displacemartd force vs. displacemesiiowed no trend between
the two methodsBased on the low scatter and relative agreeance of the data sthovas
that the results of the benchmark study could serve as a guidelineMar iR#olving ship

collisions.

In addition to stationary testing, sliding load guidelines were also consoitadomplete
thorough review. A recent papeprovides guidelines fdinite element analysid=EA) of
sliding loads on hull structures, causing plastic deformdt@nnton, et al. 2016)it was

assumed that no tearing ommiureoccurred

There are two basic forms of FEA code: implicit and explithile it is important to note

that both codes are not mutually exclusive, they laoevever better suited for different
situations. Ship impacts occur in a relatively short period. The need to view the FE
behaviour on a shotime-stepto adequately gaure the structural behaviour renders the
implicit method inefficientTherefore, explicit FE codes wepemarily usedTo conserve

computational power for Festing, linear elements weumsed wherever possible.

Any region of the model that wasxpectedto experience geometric and material
nonlinearities s modelled using at least five througfickness integration points to
capture to model aAlsolskehaemenwere priraadilg usedalue ol y
the structural membeaspectratios of beams and platedBeam &ments near the impact

area wer@ot recommended as they do not model localctethges in crossection shape

which can occur when considering large deformations. Once the element type was selected

and a mesh waspplied to the gauetry, adetailedmesh convergence analysidGA) was

12



conducted. A aw MCA shouldbe employedvhenever the stress gradient ofnaodel
changes. &ticular attention should be given areamear anmpact @s these areas can
experience significargeometric nonlinearitigsas well as areas consigfiof geometric
discontinuitiesThe LSDYNA default BelytschkeTsay shell elementncluding warping
stiffnessconsiderationswas found to besufficient at describing FEs involving ship
impacts(Quintan 2015) Element quality checks should always be perfornhethbefore

and after loadingo ensure the minimum quantity of elements in the model pass warpage,
skew, Jacobian, and aspect ratio checks. Hourglassing, shear locking, and volumetric
locking slould each be consideredchere appropriatedepending orwhetherreduced or

fully integrated elements are employed

It has been shown that &lmear elastieplastic model wagapable of representirthe
nonlinear behaviour of steel hu(®uinton, et al2016) However, when possible, a multi
linear elasticplastic material model should be usd@uinton 2015) In either case,
particular attention should be placed on kinematic and isotropic hardening as either could
dominate in sliding load scenarios. TheviperSymonds straimatehardening modehay

be consulted for strairate dependent plasticity when the appropriate constants are known.
As fracture was outside of the scopd@tiinton, et al. 2016}there wereno recommended

practices for representingatture strain.

Recent laboratory experiments have proven that moving load capacities for ship grillage
members were found to be inversely proportional to the stiffness @d@sgQuinton
2015) Therefore, simply applying clamped or fixB€swould not neessarily represent

the model accuratelyt is necessary to move the extents of the model fargtnaway
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from the impact that nplasticity ocurs at théBCs, to ensure that the REresults are not

dependant on thBCs.

FEA software packages, such as-D8NA, often contain many solution controlbat
affect the solution process. A potentialignificant solution control to monitavould be
the precisionlevel used to solve the model. Generally, simulations involving rtfuaa
200,000 time-steps should implement a doublerecision solver to mitigate the

accumulation of rounoff error. Otherwise a singleprecision solver can be used.

2.3 Corrugation

Corrugatedstructuresare commonly used in ship construction in the formafugated
bulkheads. Corrugated bulkheads useful because thelminate the need for stiffening
lessen corrosion rates, and make for easier maintef@angHoon and Dad=un 2018)
Perhaps most importantly, they lower timass of the structure which is vital for structural
optimization The most critical design variable for corrugated bulkheads is the depth of the
waveform(SangHoon and Dadzun 2018) Though corrugation is a common techniquie i
bulkheaddesign,t is not generally used for stifners. However, corrugated stiffeners on a
grilage may lessen the overall weight by eliminating the need for stiffener flanges.
Unfortunately, detailed calculations tmptimize the various geometric pperties of
corrugated ship plates only skfor bulkheads, natiffeners.Since the loading conditions

for bulkheads are not the samgfor plate stiffenersbulkhead corrugation practices are

not necessarilpelpful.
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2.4 Plastic Reserve(Overload Capacity) of Stiffeners

Generally, overload capacity refers to a s
is allowed by a set of rulg&drgesaar, et al. 201.8Current Polar Ruleallow for only a

marginal amount of plasticity in ship structu(ésCS 2019) Considerations fastructural

plastic reservecapacityis being neglected due to a lack of understanding as to which
geometricparameters are responsili® its increase, and because rules and regulations
currently do not allow significant structural plasticijowever, it has been shown tha
stiffenerds overl oad capacity canchangesal t er
to the crossectional parameters such as web height, web thickness, flange width, and
flange thicknessAlso, tulb flat, as well as flabar, stiffeners haveeen shown to have

significant plastt reserve compared to Buils (Kujala 1994)

Another study on overload response provides insight related to transversely stiffened
grillage panelsinder varying sized patch loaflsdrgesaar, et al. 2018The objective of
the study was taitiate the understanishg of limit states, using an iestrengthened ship,
concerningouckling and fracture of ice. Twgeometricoptionswere eploredas part of
the analysisgrillage frames and isolatdthmes Furthermore, bth model configurations

studied two frame typeflat ba and L-frames

The FEA within (Kdrgesaar, et al. 2018)emonstratedseveralkey results related to
overload capacity. The study found that there was a relationship between the patch load
length and the deformation mode. Alsathin the elastic regime, ¢hframes carry a large
portion of the load. However, once the structure yields more of the load is absorbed in

membrane plate stretching-ftames, compared to flat bars, tendedessenoverload
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capacity due to local failure within the frame. Furthermatrevas discovered that the
frames were much more susceptible to significant plastic strain compared to the shell.

Therefore, the frames were more likely to fracture than the shell plating.

The studyshownin (Kdrgesaar, et al. 2018pnceded that much wowas left to be done

within the immediate research field. The article suggested that other frame designs should
be tested to compare to the results found from flat bars afmdmies. Also, typical
geometry was missing from the models such as brackgtgehing holes, and other
reinforcements.astly, it was noted that the ice load was represented by a uniform pressure
patch. In reality, the interaction between ice and ship structures is a much more complex

phenomenonThe interaction should be considéfer a more realistic scenario.

Muchof thestructual strength may b&soundwithin its plastic reserveapacity Therefore,
the plastic response as monitoredwithin all experimerdl simulationsin an attempt to

understandhe factorsthatcontribute to its maximization.

2.5 Buckling Modes

There are three general buckling modes of concern to stiffdneedbuckling, tripping,

and exd-buckling. Local buckling occurs within the stiffener web at the impact site where
the web of the stiffener lolles. Tripping occurs, again, when the stiffener buckles near the
impact site. However, when a stiffener trips, the buckling occutiseabp-edge of the
stiffener, parallel to the sigghell. Also, trippings not always localized. DNVGL defines
tripping as a sideways buckling of a stiffener (@NV-GL 2015) Tripping can occur in

both the web antheflange of a stiffener. Lastlyendbucklingoccurs near the ends of the
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stiffener. Generally, if the stiffener ends are stife buckling is less pronouncefind

bucklingcan occur in both the web atie flange of a stiffener.

Buckling canbegraphicallyrepresented the form of force vs. displacement pl@aley,
et al. 2017) Areas of the curves where the slope becomes nonlinear are indicative of

buckling within the structure, whidk consistent with a loss in ener(fyaley, et al. 2017)

2.6 Structural Optimization

Stiffened panels are commonly used in the marine industry. To lower the weight of these
structures while maintaining stiffness and strength, optimization technicarede
employed. One of the first steps to any optimization application is to defineablsuit
investigation metho@Ringsberg, et al. 2012puring the concept grillage design phase, it

is essential to be able to identify at what point the structure is quantifiably optimized. Two
toolsthatcan be used to identify optimization areA-Bnddesgn of experiments{OE).

DOE can be used to formulate a concise set of experimental runs and analyze the results,
while FEA is used to extract results from the FEKAsce the data has been analyzed, a
thorough benchmarking process must be applied throsghies of fullscaleLPA tests.

DOE has been proven to be a fundamental tool in optimization and has been used to develop
a regression equation involvirige plastic response of ship structures due to ice loading
(Abraham 2008) Once the various factors are chosen which may affect grillage
optimization, DOE can be implementédther through to use of a factorial analysis or
response surface methodology (R$Nb determine the statistical significance of the

studied factors.
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Generally, yield strength and buckling strength are among the top choices for the design
criteria for stiffened paneléZhongwei and Mayuresh 201 Hlowever, the yield criterion

does notonsiderny plastic reserve strength thia¢ material may have. That is to stne

yield criterion is too conservativdhe highest load a structure can withstand can be

observed in its ultimatstrength(Kim and Daley 2018)
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Chapter 3 Methodology

An optimal grillage was designed to be testednm.PA in an attempt to discover a more
efficient, optimized, grillage desigRive sets ofexperimenal simulationsvereconducted
utilizing FEA and oftetimesDOE Exp1, Exp3andExp4). Each experimenvasanalyzed
to determinesignificant insights andreas of improvemeribr subsequent experiments or
future work. All experiments conducted utilizedtiffened sideshell panels The
experimentgocused heavily on the stiffener design more so than thessalkedesignAll
stiffener designs were compared against costial the form of buitT and flat bar

stiffeners. All experimental simulations were conducted dynamicallyripactscenarios.

3.1 Experiment Matrix

Within Expl, an experimental design wasnducted orflangeless corrugated stifferser
Corrugation was tested due its ability, in bulkhead desigrto eliminate the need for
additionalstiffening and lessen the overall weight of the struciangHoon and Dae
Eun 2018) Three orrugation parametemsere varied through the implementation of an
experimental desigmo determineif a corrugatedstiffener could improve the grillage
performanceThe plastic reserve capacity was yet analyzed. Agoal of Explwasto
create a controlled experimental setup without complicatingEhés It is often useful in
FEA to first start simple before complicating the design. With a complicated desgn

sometima difficult to precisely caclude the cause of effects within the results.

Exp2 was completed in the form of a more general exploratory experiment. Exp2 was

performed as an investigation to determine how alteringhlape of thestiffener would
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result ina moreoptimal design. The tested stiffeners included flat bar, bulb, gatron,

Circular Hollow Section (CHS), webracket stiffeners, and variable web height stiffeners.

In some cases, many alterations to the geometry were considered, such as web height, web
thickness, flange width, and flange thickndssias useful to teshany common stiffener
designs, in a controlled way, to determine which stiffeners performed more optimally, and

why.

The circular radius, variable web height, stiffener from Exp2 was fusthdiedin Exp3

Exp3 utilized arelatively largeFEM referred ¢ as the Global Moddh relatively large
grillage model, formed by combining several Local Models, consisting of three
components: stiffeners, frames, and sstell plating) Effectively, the Global Model
included an array of Local Mode{a relatively snall grillage model consisting of exactly
three stiffeners connected to the saihell plating)with frames at the ends of the central
stiffeners.The experimental simulations were completed to determine how altering the
stiffener dimensions affectethe optimality of the structureA rigorous experimental
design vasbuilt using DOE to accommodate a manageable number of experimental runs,
while still being capable of determining statistical results. The web height and thickness,

and flange width and thickese were varied throughout the experimental designs.

Exp4 ontinued with the circular radius variable web height stiffedesign. However,
unlike Exp3 Exp4 utilized the Local ModelWith the flange omitted, the web height and
thickness were varied withithe experimental design. As was the case with Exp3, a

rigorous experimental desigvasbuilt using DOE to analyze the statistical significance of
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the studied design factoisxp4yielded an optimal design based on the dynamic load cases

and geometry studie

Once the Concept Grillage was defined, it was compared to the IROQUOIS grillages in
Exp5 Since the IROQOIS grillage stiffener masses were slightly lower than the control
run masses, the experimental design fExp4was consulted to determina apdatedset

of optimalfactor levels based on the new stiffener weight.

3.2 Optimization Definition

Optimization has &en defined as maintaining the weight of the grillage while improving
the energy absorption capabilities of the structéideo, the first yield point(the point

where the material discontinues to behave linearly with respect to a force vs. displacement
curve) of the optimized structure must be maintained or incredsastly, the overload
capacity of the structure must be maximized, without interfering with the former
constraintslt is important to note that the term optimization was usetelyto descibe

the process of maximizifgpaintainingthe responsesf the conducted work.

Structures that were being tested for optimization were compared to a combination of
control runs in the form of built, flat bar, and IROQUOIS stiffened panels, depending on
the experimentln general, optimization was achieved by delaying the onset of buckling as

much as possible.

The energy absorption capabilities, as they pertain to optimization, were obtained from two
methods of calculating the internal energy of the stetepanel, which were shown to be

identical. The first method included integrating the BC force, or contact force, by the

21



maximum displacement of the model. The second method involved gathering the internal
energy data directly from LLOYNA. Within the text{ energy absorption has been used

interchangeably with eithenternal energyr, simply, energy.

The first yield point, as it pertains to optimization, was determined from noting the first
point at which the BC force, or contact force, vs. displacemetd pecame nonlinear. It
was defined as the point where the fedigplacement behaviour stopped behaving
linearly. The description of the first yield point used for optimization should not be
confused with the first yield point as it pertains to the netstress/strain curves. Within

the text, first yield point has been used interchangeably with first grelceld point.

The overload capacity, as it pertains to optimization, was defined as the amount of internal
energy the grillages were able to als@fter the first yield point. Within the text, overload
capacity has also been used interchangeably with plastic reserve capacity. Regarding
discussions involving internal energy within the elastic regime, sometimes thestastics

internal energy capgdy, elastic capacityor elastic energy absorption capacityere used

It should be noted that the bdilt control stiffenerwas not optimized. It should also be
noted that the flat bar contrstiffenerwasoptimized as part dixp4since the factor keels

included the flat bar shape.

3.3 Control Stiffeners

Two stiffeners were used for contieEMsthroughout the experiments: a bdiliand a flat
bar. The buiKT is a stiffener, based on the simplified panel stiffeiigeg Section7.2.1

Local Mode), used for testing within the LPA. The flat bar is a stiffener designed to have
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the same weight anglebslenderness ratio as the bdilcontrol run.The slenderness ratio
was céculated by dividing the web height by the web thickndkse that the slenderness
ratio of the flange was ignored since the flatwasflangelessBoth control stiffenersvere

meant to be comparable to one another for FEM comparisons within the exqsrim

SeeTable3.1 for the scantlings of the built and flat bar control stiffenerés can be seen
in the table, t@reate the flat bar from the built effectively, the weight of the flange was
redistributedinto the stiffener web. Therefore, compared to the {yilthe flat bar web
wastaller as well as thicker to equate the weights of the control stiffembareughout the
experimentsthe number of stiffene@nd the extents of the FEM change, but thettiogs

of the control stiffeners remain constaBeeFigure3.1 andFigure 3.2 for the visuals of

the control stiffeners.

Table3.1: Scantlings for the control stiffeners.

Control stiffener | Span | Web Thickness Web Height | Flange Thickness | Flange wWidth | Weight | Slenderness Ratio
mm mm mm mm mm kg mm/mm
Built-T 1360 7.9 170 g 102 231 21,4
Flat bar 1360 10.0 215 - - 23.0 21,5
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Figure3.1: Built-T control stiffener.

Figure3.2: Flat bar control stiffener.

Scantlings related to the vaus FEMsthroughoutExp2, Exp3, and Exp4an be found in
Appendix C2, Appendix D2, and Appendix E2, respectively. Since the scantlings of the
models within Expl and Exp5 did not change significantly between runs, they can simply

be found within the text in Section$:1 Model Partsand8.2 Model Partsrespectively.
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3.4 Finite Element Analysis

FEA was he main tool used throughout tbenducted workwhich was utilized by ach
of thefive sets ofexperimental simulatiws (Expl throughExp5). The FEMs within this
thesis were constructed based on guidelines and a benchmarkwv#fudySection:2.2
Finite ElemenModel Guidelineswhichoutlinebeg practices for modellingonlinearship

structual accidental loading conditions.

3.4.1 Numerical Model Inputs
For conciseass, thdEM inputs have beeoutlined within the following subsectior¥ote
that many of the FEMs within the conducted work consisted of similar model inputs and

controls.

With the excepion of Expl, dl experimental simulations were completed utiliziag
explicit time-integrationFEA solver.The timestep, which is calculated based on the speed

of sound through the material, will always be within range to capture nonlinear and unstable
structural behavioufQuinton, et al. 2016)The conducted work dealprimarily with

impact scenarios.

An implicit solver was used for Expl which involved a stédmding scenario with an
elastt material modelThe FEMs within Expl were solved in one tistep. Unlike

explicit solvers, timestep size can be uséefined for implicit solvers. Therefore, implicit
solvers are well suited for FEMghich can be solved ilarge timestepgsuch as static and

guasistdic analyses).
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3.4.1.1 Boundary Conditions

With the exception oExp2, the BCs used for all FEMs were fixised at the extents of
the modelgseeFigure4.4). These fully resicted conditions mimic the experimental setup
with the robust LPA grillage carriag&Vithin Exp2, symmetrical BCs were used, in

addition to fixedfixed BCs, to reduce model size.

3.4.1.2 Loading Conditions

For Exp2 through EX§ the load was applied dynamicallging the rigid indentedome

(see SectiorB.7Rigid Indenter Design in the normal direction (sdagure3.4). For Exp2
through Exp4,igid body motion of the dome was used to apply the load. Firstly, the Dome
was located 5 mm from thest subject as to ensure the parametrized thickness of the side
shell did not interfere with the solid dome. Then, the dome was displaced according to the
load curve shown iRigure3.3. The velocity of the load corresponds to 3.67. e dome
wastranslatedrom a displacement of 0 mm to 220 mm. At time 0.06 s, the dome retracted
at a velocity 0f3.67 m/s, until the termination time was reachiuk velocity was cbsen
based orthe testablémpact velocity range of the LPA'he Dome was only permitted to
translate in the -axis (see Section3.9 Coordinate Systejn all other translations and

rotations were constrained.

For Expl, a pressure was applied directly to the-siddl to simulate an applied load. For
Exp5, the dome was given an ialtvelocity to simulate an impact scenaifor additional
information concerning thiwad conditions related to Expl and Exp5, see Secfi@i2

Loading Condition®nd8.3.1 Loading Conditionsrespectively.
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Figure3.3: Exp2, Load Curve.

Figure3.4: Exp2, Dome position relative to Grillage.

3.4.1.3 Contact

For Exp2 through Exp5yittionless, automatic surfad¢e-surfacepenaltybasedcontact
was sed between the grillage sidbell and the dom#&Vithin automatic surfacéo-surface
contact a slave and mastare arbitrarily definedSince automatic surfade-surface
contact is a twavay contact algorithnthe distinction of slave and masties not affect

the FEM.The dome was defined as the slave while the sigd was defined as the master.
However, sirfaceto-surface ensuresahcontact is detected between the slave through the

master, as well as the master through the slauematic surfacdo-surface contact is
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often used in dynamic impacts where it is not guaranteed which direction the contact will

occur, due to the dynand of the collision.

Significant cases of tripping and local buckling sometimes resulted in unintended
penetration between the stiffener web and-staell. This issue could have been solved by
defining contact between the stiffener web and-sitgl. However, since the issue only
occurred in FEMs with significant cases of tripping and local buckling, the affected FEMs
were automatically determined to be suboptimegjardlessit should be noted that ith

issue did not occur for the optimal design, thétbliand flat bar control, or the IROQUOIS

FEMs

3.4.1.4 Model Controls
The only two significant controls that were altered from$ NA6s def ault set |
termination time and the timgtep. The FEMs were set to terminate once the load was

removed, and allesidual stresses had sufficiently dissipated.

Expl was solved in ort@ne-step since it was a static elastic, analysis. Exp2 through Exp5

were analyzed using an explicit solvenich automatically generatestable timestep.

3.4.1.5 Material Models

For Exp2 thragh Exp5, a blinear plastic kinematic material model was used to represent
all deformable materials within the FEMs. For Expl, a linear elastic material model was
chosen.General steel properties were chosen simply to analyze the tretwlsen the

FEMSs for statistical comparisong-or the rigid indenter dome material properties, see
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Section:3.7 Rigid Indenter DesignNo failure criteria were implemented as only trends

between the runs were being analyzed.

3.4.1.6 Element Types

BelytschkeTsay shell elements were used exclusively for deformable elements throughout
experimentation. The shell elements were given five thrdbiglness integration points

to better capture any material or geometric nonlinearitieDSNAG6s r ec o mmende d
factor of 5/6 was appliedAll FEMs were meshed primarily with quadrilateréments

Some triangular elements were sometimes required to preserve element quality wherever

significantcurvature existed in the geometry

The default constant stress solid elements were used to create the rigid indenter dome for

impact testing.

3.4.1.7 Mesh Cavergence

An MCA was completed for each experiment to ensure that the results were independent
of further refinements in the FE mesh. All controls and parameters within the FEMs
remained constant except for the change in average element size. The datdtadso
determine the largest average element size which could accurately represent the model. The
largest element size was preferable due to the decrease in the required computational

power.

3.4.1.8 Result Extraction
Data was output in the form of d3plots a8 ClII plots which produced various elemental

and nodal structural responses. Results from the d3plots were exfracteeon Mises
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stress vs. displacement plots, while results from the ASCII plots were extracted from BC
forceand contact forces. displ@ement plotsinternal energy vs. displacement plots were
also consulted which were compared to integrated force vs. displacement plots to ensure

that the plotsvereequal,and that no energy was being lost to other forms.

The von Mises stress of the highest stressed element in the model, at the end of the
simulation, was plotted against the maximum displacement in the model. The goal was to
produce low von Mises stress vatuthroughout the prescribed displacement. A low von
Mises stress is consistent with the model being able to deflect without failure occurring,
which was a product of an optimized grillagz&are should be taken when considering the
von Mises stress valussce a biinear material model was implemented with no failure
strain identified. For data collection purposes, only the trends between the von Mises data
of FEMs were consideredk should be noted that the von Mises data was collected once
the load waselaxed, and once the amplitude of dynamic vibrations withivéimeMises
stresgdata had dissipated consideralityshould be noted thatiress can be seen to build

up in the sideshell, without propagating into the stiffener web, in several of thds-E
throughout the conducted work (for example, Begire 4.8 and Figure 4.10). In thesis
instancesthe relative strength of the stiffener is much higher than thestielk Therefore,

the sideshell will yield before the stiffeneresulting in large sidshell deformations and

large stress values.

The force vs. displacement dataswlotted in two forms: BC force vs. displacement and
contact force vs. displacement. For clarity, the BC force refers to the force at the BCs. Each

data point of the BC force vs. displacement plots corresponds to the total reaction force at
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the BCs of te whole model versus the maximum displacement in the mtdekls
confirmed that the total BC force matched the total contact force within each FEM. In later
experiments, contact force was used exclusively since it experifveedlynamic effects

that poduced cleaner data.

Since internal energy is the integral of force and displacement (see Equation [1]), the goal
was to produce high force values throughout the prescribed displacement. Since the force
vs. displacement values did not often have a cohslape, the function must be integrated

to find its actual valudnternal energy was monitored sinceskatively steep decline in the

slope of a force vs. displacement curve can suggest that buckling has occurred, which was
consistent with a loss in ey (Daley, et al. 2017)For Exp4 and Exp5, energy vs.
displacement plots were analyzed by integrating the area under the force vs. displacement

curves.

The general form of the equation describing the relationséiween energy, force, and
displacement involves integrating the force with respect to the displacement (see Equation
[1]). Since the integral of force and displacement is equal to energy, the goal was to
determine which stiffener configuration providee tlowest amount of displacement per

unit force. A low displacement per unit force would produce the largest slope and would,
therefore, produce the highest energy absorption per unit force. Since, within the elastic
regime, the force vs. displacement gdadtduced a constant slope, the equation did not have

to be integrated, instead, Equat{@h could be used.

O _ 06 Q® [1]
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0 -"O® [2]

WhereE = Energy (J)

F = Force (N)

x = Displacement (m)

3.4.2 Benchmarking

The FEMs were builbased orconsiderations for best practices were outlined 2.2

Finite ElementModel Guidelines TheFE methodmplementedwithin theguidelines and
benchmark study @&s heavily incorporatedor the FEM creation phaseTherefore, te

conductednumerical investigatiorwithin this thesis is benchmarked based the

methodology of previously published benchmarked FEMs.

Since the builT and flat bar control FEMs were basedREMSs from thditerature, there
arelimitations to the benchmarking efforts. Especially concerning the conceptual stiffener
designs, it is assumed that these models which could not be benchmarked will yield
accurate resultsince the models have all beeoreated withhighly similar FEA
methodology It is assumed that the relative differences betweenF&Ms will not

invalidate the results.

It should be noted thahé built T control stiffenewtilized within Exp1 through Exp4 was
designed to be a replica of the simplified panel stifferemplified panel (see Section
(see Section7.21 Local Mode) has beenested within the LPAas part of a proof of
concept testor the research projecthe resultant panel deformations from the actual test

were withinan acceptable rangas compared to the FEM deformatigesen within this
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thesis However,the results of this actual test were insufficienfulty benchmark the
conducted work. When possibleparerigorousactualtestof the optimal desigwill be
completed within the LR, as detailed in Sectior®.2.1.1Validation Study OutlineThe
subsequent documentedsultsof this test will be used twalidate the optimal design

detailed within thighesis.

3.5 Design of Experiments

DOE was the secondary main tool used throughout the conducted work. Three of the five
conducted experiments utilizeddE (Expl, Exp3, and Exp4DOE is a technique used to
correlate the relationship between experimental factorsresgbnses by analyzing the
variation of the studied factorA.factor is an experimental variable that is manipulated to
determine its relatisship with a respong@lason, et al. 2003All factors studied in this
thesis were continuous numeric&lnalysis of variance (ANOVA) was the main tool
implemented through the use of DOE. ANOY¥&mpares differences in means of data sets

by analyzing the ariance within the data.

DOE was used maintp developa robust, minimalistic, set of experimental rtimstwere
capable of extracting the statistical significance of the studied faétotm is a singleset
of factorlevelsused to collect experimentagsultson a respons@Mason, et al. 2003A
level refers to a factor valudason, et al. 2003Factorscan eithercontain a minimum
and maximumevel, or a range of level€Concerning this researctuns were produced in
the form of FEMs with alFEA controlsand inputsremaining constant, egg for the

studied factors.
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Each experimental design contained multiple runs to gather a sufficient amount of
information regarding the statistical significance of each factor studieeéxperimental
design or designjs acomgeteset of experimental runsed to determine statistical results

(Mason, et al. 2003)

RSM was usetb accurately make predictions regarding Wiele design spadenot just

the maxima and minim&he design space, also knowntlaesexperimental region dhe

factor space, refers to all of the possible fatéwel combinations which can be explored
through experimentatioMason, et al. 2003)RSM is necessarfor optimizing factor
levels(Montgomery 2017)An optimal design was implemented to minimalize the number

of runs necessary to produce a robust de€igtimal designs are experimental desitjrad

are often used to efficiently analyze a wide variety of designs as they are capable of

analyzing irregular and nonstandard desigrisntgomery 2017)

3.5.1 DOE Result Analysis

Analyzing results from an experimental design followgaaly linear methoalogy to
ensure that the results from the design can be relied upontherft summary of the data
must be analyzed. A fit summary determines whether the results fit a linegdgdion
interaction, or quadratic curv&wo-factorinteractiors refer to joint factor effects where
the effect of one factor depends on the effect of angiMason, et al. 2003)he dfects
within the model represent the average response between twoléeiocombinations
(Mason, et al. 2003)Whicheve fit summarycurve fits the design more closely should

oftenbe used.
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The ANOVA must then be assessed. Anyghues greater than 0.05 (based on a 95%
confidence interval) must be rejected from the model. Next, the predittedu® must be
compared to th adjusted Rvalue of the modelThe adjusted Rvalue changes based on

the number of prediots in the modelThe differencebetween the predicted?Rand
adjusted Rvalueshould not be greater than §QatEase, Inc. 2018Also, the signalto

noise ratio must be checked to ensure it is greater tfatatEase, Inc. 2018)he signal

to noise ratio is a summary statistic that compares information related to the mean and

variance(Montgomery 2017)

There are three requirements for ANOVike data mustit a normal distributionhave
approximately equal variance, and be independent of the run order (randomi&ation).
replications were not necessary since thiereo (or a negligible amount of) variance
between finite element results with the same ingreplication refers to a repeat of a run
within an experimental desigMason, et al. 2003)Moreover, for similar reasoning,
randomization of the run order was nwgcessarysincethere can be no bias between
experimental results conducted usingpanputer simulatiorif the data is determined to be
unable to fit a normal distribution or have equal variance, a transformation must be applied
to thefactor levelsand the DOE result analysmsust be completed agaibeginning with

the fit summary

Once the data is determined to fit a normal distribution and have equal variance, a
confirmation run must be completed to ensure that the design is capable of predicting
accurate results within the design spakeonfirmation run is completed using a set of

factor levels nousedwithin the runs of the design. The responses of the confirmation run
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are analyzed to determine if they fall within the predicted responsed, draseconfidence
interval. A successful confirmation run indicates that the design space can be navigated to
determine an optimal set of factor levels, whereas a failed confirmation run indicates that

the design is incapable of predicting accurate resulksn the design space.

3.5.2 Weight as a Response

As seen in SectiorB.2 Optimization Definition optimality has been defined to include
the maintaining of weight for the optimal design. Initially, it was planned that each FEM
test run would be the same weighhowever, there was an issue with this. A mixture
experimental design wddibe required to ensure that eachvFtetal weight was equdbr
every experimental ryrby manipulating the studied experimental factors. Within mixture
designs, the facterare depeneht upon one anotherUltimately, this cros$actor
dependency resulta amore complicated desigmquiring additional runs tensure that

thedesign power is sufficiently higtMontgomery 2017)

To reduce the number of runs, and in turn reduce the required computational time, weight
wastreated as an experimental respofmseexperiments including DOH.reating weight

as a response allowed for stiffeners of varying weights to be tested. Once results were
obtained, the weight could then be constrained to match the control runs for direct
comparisonskor clarity, weight remained constant for all runs within Exp2 and Exp5 since

experimental designs were not implemented.
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3.6 Large Pendulum Apparatus

An apparatus has been designed and manufactured which can be used to study damage to
structural specimens mounted within the deyéagnon, et al. 2015The device consists

of two pendulums that can house various structures. Regdfdjnge 3.5, the leftmost
pendulum houses either an ice cone indenter or a rigid indenter mounted in front of three
load cells. These indenters can be used to impact various structuagdl@n the
rightmost pendulum, for scientific studies. The rightmost pendulum houses a carriage that
can contain ship grillages such as simplified panels, IROQUOIS panels, and concept
grillage panels. The associated impact energies can be calculatedobatee known
kinematic energies associated with the corresponding pendulum impact velocities (see
Equation [4]). For example, if both pendulums were set at a drop angle “offi®bn
horizontal) the impact energy and relative velocity would be approgiynat kJ and 5.32

m/s, respectivelyGagnon, et al. 2015k ach of the two pendulums of the structure consists

of four parallel arms which make up one pendulum each. Bearingsattacked to the

upper extents of the arms to ensure a negligiidéon swing. Based on the design of the
pendulum, the penduluspecimenslo not rotate in any degree of freedosthee pendulum
swings The horizontal translation helps ensure that impact interactions between each
pendulum of the apparatus occur parallel to omogteer.The apparatus consists of a toothed
braking system that prevents multiple hits per swing. Mass can be added or taken away

from either side of thePA to alter the total mass (energy) of the system.
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Figure3.5 contains a profile view of thePA. As can be seen, the leftmost side has been
modified to accommodate a rigid indenter (see Sec8afRigid Indenter Design More

information regarding thePA can be seen ifGagnon, et al. 2015)

o /,lll""

Pl }".—-

Figure3.5: Large pendulum apparatus, including rigid indentksft, and grillage panel
within the carriagé right. A modified version of the desigafound in(Gagnon, et al.
2015)

3.7 Rigid Indenter Design
The rigid indenter wsdesigned for impact testing in th®A. All modelling of the parts,

assemblies, and fabritan drawings vescompleted irSOLIDWORKS

To ensure rigidity of the structure, all of the steel, excluding the shaft, was fabricated from
HS-100 steel with a yield stress of 6BPA. The shaft was cut from a pexisting square
hollow section A crossbhean was added to the inside, which further strengthened the

structure.
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Sincethe impact interaction within th&PA occurs perpendicular to the indenter, there
weretwo types ofindenterfailure modes of concern: compressional failure, aladtic
columnbuckling. Since he length of the shafvassmallcompared to thehortestcross
section dimensiorelasticcolumn bucklingwasnot a concernDue to compression, the
maximum von Mises stss in the shafbccured from simple compression andawa
function of the applied force dividday the shaft crossectional area. Therefore, to ensure
no plasticity in the shaft, wascritical to ensure that the ratio of the maximum applied load

to the crosssectional areaid not exceed 23MPa.

As can be seen iRigure 3.8, the domewaslocated at the end of the indenter. FolMFE
purposes, since the whole struetuvas assumed to be rigid, the only part required to be
modelled was the dome. The dome was modelled as a rigid material with the following

steel material properties:

T Youngds moduPRaus 2.07e1l1

I
o
w

T Poi ssonébés ratio

f Density = 2.742e&g/m®

The densityertered into LSDYNA refleciedthe appropriate mass of the dome combined
with the rest of the rigid indenter and assembly ondfimmostpendulum arn{seeFigure
3.5), a total of approximately 314dg. The density was calculated based on the known

volume of the dome, as well as the known masses.
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The modelled dome had an effective radius of 254 mm, a wid8B4.8 mm, and a height
of 50.8 mm(seeFigure3.6). Once imported into L¥rePost, the dome was meshed with

one layer of solid elements.

Figure3.6: Rigid Indenter Dome.

The thickness of the solid element mesh was arbitrarily senitm $sed~igure3.7). Since
the Dome was rigid, ththickness of the elemendsl not affect the result3he dome was
meshed primarily with brick elements. The Dome was used for all test runs in Exp2 and

subsequent testing.
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Figure3.7: Rigid Indenter Dome Meshed in EF¥ePost.

3.7.1 Rigid Indenter Parts

The rigid indenter was formed from multiple parts. Begire3.8 for an isometric view of
the fully assembled rigid indentétigure3.9 shows the labels folllgparts dscussed within
the following subsectiongigure3.10is included to show that the crelseam sits within
the CHS beam. See AppendixA for more information regarding ¢hrigid indenter

fabrication drawings.
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Figure3.8: Rigid Indenter Full Assembly, Isometric View.

Mounting Attachment Plate

Square Hollow Section Beam (Shaft)

Cross-Beam

Dome Attachement Plate

Figure3.9: Rigid Indenter Full Assembly witbescriptions.
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Existing Mounting Plate

Mounting Attfachment Plate

Cross-Beam

Dome Attachement Plate

Figure 3.10: Rigid Indenter Full Assembly with Descriptions, excluding Square Hollow
Section Beam.

3.7.1.1 Existing Mounting Plate
An existing mounting plate, used for the ice cone holder, was modific¢apping eight
holes for indenter mounting-he resultant plateould thenbe used in both ice cone and

rigid indentenimpacttesting.

3.7.1.2 Mounting Attachment Plate
The mounting attachment plate served as a welding surface for thebeeyas The
mountingattachment plate was then bolted to the existing mounting plate. Fine thread bolts

were utilized to ensure sufficient thread engagement in the threaded hole.
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3.7.1.3 Square Hollow SectionBeam

A squarehollow sectionbeam was modified to be used as the shaft@firidenter. The

shatbs | ength was adjusted to ensure the ove
configuration, matched the overall length of & @@ cone. Weld slots were cut on each of

the four faces for crodseam welding.

3.7.1.4 Dome AttachmentPlate

The dome attachment plate served as the mounting surface for the detachable dome
(indenter head). A male plugasused to hold the dome while it was bolted in place using

four bolts. Fine thread bolts were utilized to ensure sufficient thread engaganthe
threaded holeThedome attachment plateas welded to the other end of the crbsam.

It was essential to ensure that the diameter of the dome attachment plate was less than or
equal to the dome diameter, so no interference could occur betiweedome attachment

plate and the grillage during testing.

3.7.1.5 Dome

The spherical dome served as the indenter headvak the contact point for
experimentationThe spherical shape was chosen to indboth membrane stress and
throughthickness shear within the test grillagése dome haa 1inch lip for ease of
handling since itwas a detachable componetitat required some amount of manual
handling A female plug was cut out which matched the male piuthe dome attachment

plate.
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3.7.1.6 CrossBeam

The crossheam was ftedand welded inside the squdrallow sectiorbeam for additional
compressional support. One end was welded to the mounting attachment plate while the
other end was welded to the dome attaattmpéate. Additional weldnaterialwas applied

through the squateollow sectionbeam weld slots.

3.8 Software

Rhino (Robert McNeel & Associatesyas used for lamodelling usedfor FE purposs

Once the geometric dimensiomgere assignedh Rhino, the modeilvas importedinto
HyperMesh(ALTAIR) for meshing. HyperMesh is a convenient software package that
specializes in providing a quick and efficient mesh that is often free from element quality
issues. However, element qualityasstill examined later in the pcess, when the mesh
was in its postnalysis, deformed state. The meshed geometsythen importethto LS
PrePos{Livermore Software Technology Corfor model preprocessing. LBrePost was
used for all preprocessing and ppsbcessing of all FEs. Reprocessing of the models
includes applying loads, BCs parameters, and any controls necessary to analyze the
models. LSDYNA (Livermore Software Technology Corpvas then used to process the
model and acquire results for the model. Once resuis obtainedLS-PrePost was used

to observe the resultSOLIDWORKS (Dassault Systemesyas used for creating the
fabrication drawings for the rigid indentand was occasnally used for generating
geometric dimensioning diagrani3esignExpert(StatEase, Inc.as used for all DO&

within all applicable experiments.
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3.9 Coordinate System

All softwareutilized sharethe same coordinate syst@mentationshownin Figure3.11.
The axes were defined based on a typical stiffener local coordinate system:

1 X, refersto theperpendiculadirection
1 Y, refersto the axial or longitudinalirection

1 Z, refessto the normal to the sigghell (transversgdirection

The origin was located miglate with respect to the x andaxes andvas located where

the stiffener meets the siddell with respect to theaxis.

y [

Figure3.11: Typical stiffenersideshell configuration with axes noting the coordinate
system.
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Chapter 4 Expli Corrugation

Within Expl, an experimental design wesnductedutilizing corrugated stiffener webs.
Corrugation was tested due to its ability, in bulkhead design, to eliminate the need for
additional stiffening and lessen the overall weight of the stru¢gmagHoon and Dae

Eun 2018)In bulkhead design, the additional stiffening refers to bulkhead stiffeners. In the
context of a sidahell stiffener,the concept of eliminating the need for stiffening was
extrapolated taetermine if the flange cid be eliminated. Threeocrugation parameters
were varied through the implementation of an experimental desigtetermineif a

corrugatedstiffenercouldaid in optimizing the grillage.

Two different corrugation shapes were experimemtigld within this thesig traditional(a

corrugation shape consistent which most corrugated bulkheads) 6 S6 shaped co
(a corrugation shape which forms a sine wave when viewed from a planseeiigure

4.1 andFigure 4.2, respectively). However, all runs withthis experimental simulation

(i.e. Exp]) utilize traditional corrugationThe traditional corrugation type consisted of
straight edges, whereas the 6S6 type was
information regardi ng t heWade®in depthpsdehe mastn b e
significant parameter for corrugatigiangHoon and Dad-un 2018) Therefore, the

waveform depth was varied along with the two other parameters which define the shape of

traditional corrugation.
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Figure4.1: Traditionalcorrugation type.

Figure4.2: 'S’ corrugation type.
4.1 Model Parts

The FBM consisted of a grillage modé&deeFigure4.3) which wascreated in Rhinokor
simplicity, all model parts (sidshell, stiffener flanges, and stiffener webs) were given
parametrized thicknesses of 7.93mMsn. The remaining constants reddt to the FEMs

were:

1 Sideshellwidth, x-direction=2032mm.
1 Sideshelllength y-direction= 1360mm.
1 Web height, adirection = 170 mm.

1 The material properties and FEM controls.
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Keeping constants between test subjects allowed for the dinegtarison of responses by

mitigating bias.

Figure4.3: Expl Grillage.
4.2 LS-PrePost and LSDYNA
See the below subsections for information related to the construction of the FEMs within

LS-DYNA.

4.2.1 Boundary Conditions
The BCs used in the model were fixiixed around the perimeter of the model, and at the

stiffener endsshownin Figure4.4.
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Figure4.4: Expl,BCsfor Runl. EachBCnodeasannot at ed with a bl ac

4.2.2 Loading Conditions

For subsequent numerical experiments (Exp2 thrdixgid) a rigid indenter was used t
apply the load to the sieghell of the grillage. However, Expl instead utilized a
parametrizedppliedpressureThe rigid indenter was not yet implemented in an attempt

to simplify the model.

A pressure of 70RPa was applied ta circularload patch (seFigure4.5), in the direction
normal to the sidshell in a single stepSince theanalysisperformed was static and
explored only the elastic regime of the materide magnitude of the force was

inconsequential (as long as yield did not occur).
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Figure4.5: Expl, Uniformly distributed load patch.

The load patch was located directly in the middle of digeshell, and directly in the
middle of the slant length corrugation parameter;The load patch area was 0.031h

Converting the pressuiareainto a force givesraapplied load of 2&N.

4.2.3 Termination Time

The models were set to terminate &t 1

4.2.4 Data Output
Data was output in the form displacement readings d3plotswhich were taken at the

centrenost element of the plateat the impact site.

4.2.5 Material Properties
The grillages were modelled using an elastic material model with the following stee

material properties:
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T Youngds modul us 2.07el11 Pa

I
o
w

1 Poi ssonbdés ratio

1 Density = 7833 kg/f

The main concern at this stage was proving whether or not corrugated stiffeners could
maintain high elastic energy absorption as compared to theTbaitd flatbar control
stiffeners. An elastic material model was implemented with no consideration foiypdt
behaviour since the optimal grillage must at least perform as well as the control runs to be

considered optimal.

4.2.6 Mesh Convergence Study

Several runs wer prepared based on the geometry of Run8. Run 8 was chosen for the
convergence study since it had the smallest corrugation parameters of all tHzasauk.

on Figure4.6 andTable4.1, four runs were prepared with varying average element sizes.
Since the load was applied in the form of a pressure, the corresponding displacement was
used for the analysis and then plotted against the number of elements in the Thedel.
mesh is considered converged when the results are independent of further refinements in
the FE meshAs can be seefrom Figure4.6 and Table 4.1, the mesh wasffectively
converged with an average element size ombd. Therefore, all experimental runs were
prepared with an average element size afnh@. It should be noted that no geetny had

a thickness greater than 0n.
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Mesh Convergence
2.100
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1.900
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1.800
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0 10000 20000 30000 40000 50000 60000

Number of Elements

Figure4.6: Expl, Mesh convergence plot of Max. Disp. th&number of elements.

Table4.1: Expl, Mesh Convergence @aa

# of elements | Max. Displacement | Avg. Element Size
mm mm
7698 1.739 20
13928 2,007 15
30981 2,015 10
20330 2,063 g

4.2.7 LS-DYNA Cards
Several cards were invoked within ILBYNA to achieve the desired effects intended for

the simulation

CONTROL_TERMINATION

The simulation was set to terminate usEgDTIM = 1.

CONTROL_IMPLICIT_GENERAL
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The simulation was solvednplicitly, in one step using IMFLAG =1 and DTO = 1.
DEFINE_CURVE

To simulate dinear load curve, three points were used: (0, 0), (1.0, 1.0), and (1.1, 1.0). A

scale factor was applied to achieve the desired load using SFB.= 7e
MAT_ELASTIC

An elasticmaterial model was built using tifi@lowing material properties: RO = 7833, E

= 2.07el1, and PR =0.3.
SECTION_SHELL

The shear factor was changed from 1 to 5/6 using SHRF = 0.8838.five through

thickness integrain points were used bypvoking NIP = 5.

4.3 Experimental Design, Factors, and Responses

An optimal, RSM, experimental design was implemented to determine if there existed a set
of corrugation parameters which would result in a more optimal stiffener design, compared
to the builtT and flat bacontrol runs. The experimental design consisted of 13 Tumse
factorsdefine the shape of traditional corrugation (Begire4.7). A wide range of factor

levels wa tested to ensure that the design space was adequately explored:

1. Waveform depthxs, 207 200 mm
2. Waveform breadthx,, 207 200 mm

3. Slant lengthxs, 107 200 mm
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Figure4.7: Corrugation parametef(SangHoon and Dad=un 2018)

For analysis purposes, two responses were of coficerem weight of the grillage panels

and the maximum displacement from the origin of the models. The weight of the grillages
was monitored to dermine the relationship between weight digplacementThe weight
response was measured as a perddference compared to the bdiltcontrol run.lt was

a goal to minimize the weight difference compared to the Bual$ it was ideal to produce

a lightweight grillage.Displacement was monitored as it directly relates to the internal

energy required to deform tlgeillages under the applied load (see Equation [1]).

Design Expert was used to produce a series of rund &de4.2.
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Table4.2: Expl Run Order in Design Expert.

Factor 1 Factor 2 Factor 3

Run | A: Depth of Waveform B: Breadth of Waveforn] C: Angle of Waveform
Units mm mm deg

1 194.286 194.286 57.6

2 92.3286 92.3286 45.6

3 23.4857 115.857 54

4 189.929 92.3286 56.7

5 194.286 194.286 45

6 20 194.286 65

7 20 20 45

8 20 20 65

9 194.286 85.3571 45

10 115.857 22.6143 54

11 86.2286 194.286 45

12 115.857 115.857 64.5673

13 194.286 20 65

4.4 Results

Due to thdargequantity of FEM runskFEM visualshave only been shown ftiiree runs:
the builtT control run, the flat bar control run, and BuRun8 was chosen since it was
used for theMCA. The builtT control run visualgelated to the von Mises stress and

maximum displacement datan be seen iRigure4.8 andFigure4.9, respectively.

Since the models remained visual undefedmthe von Mises stress and displacement

visual figures within this Section also servevesials of the undeformed geometry.
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Effective Stress (v-m)
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Figure4.8: Expl,Controli Built-T von Mise Stress.

2Z-displacement
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Figure4.9: Expl,Controli Built-T Maximum Displacement.

The flat bar control run visuaielated to the von Mises stress and maximum displacement

data carbe seen irrigure4.10 andFigure4.11, respectively.
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Effective Stress (v-m)
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Figure4.10: Expl1,Cortrol i Flat bar von Mise Stress.
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Figure4.11: Expl1,Controli Flat bar Maximum Displacement.

The Run8 visualselated to the von Mises stress and maximum displacement daba can

seen inFigure4.12 andFigure4.13, respectively.
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Effective Stress (v-m)
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Figure4.12: Explvon Mise Stress.
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Figure4.13: ExplMaximum Displacement.

See Appendix B1 for visuals for all run geometry, von Mises stress results, and maximum
displacement result&s can be seen ihable4.3, all of the corrugated stiffeners provided

a higher level of displacement compared to the {Judnd flat bar stiffeners.
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Table4.3: Expl, Displacement Results.

Run Number|Disp. Max.
mm
8.20
.20
1.45
9.53
3. 46
1.40
1.50
1.29
.35
9.72
3,66
9.06
13 10.70
Built-T 0.42
Flat Bar 0,50
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Note that the maximum displacement values recorddalinte 4.3 were collected for the

node at the origin of each of the models. Conversely, the maximum displacement values
shownin Figure4.9, Figure4.11, Figure4.13, andAppendix B1 refer to the maximum
displacementwithin the whole modelDue to the corrugation shape, oftentimdse
maximum displaced node was not at the centre of the medsh, thoughthe load was

applied to the centre of the model.

4.4.1 Experimental Design Model Checking

Both responses passed model checks related to the quality of the experimental design data.
An inverse transformation was applied to the weight response data set to leasiata ffit

a normal distribution and had equal varian8ee AppendixB2 for the raw data from

Design Expertelated to the model checking
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4.4.2 Confirmation Run

The confirmation run was selected based on the criteria showahie 4.4. The table

shows the criteria by which the optimal design for assessed. Both weight and displacement

were set to be maximized.

Note: Regarding able4.4, the weight response has been shown in its transformed, inverse,

scale. Therefore, it would appear that the response was being maximized when it was being

minimized.

Table4.5 shows five possible solution factor levels consistent with optimization predicted

by the experimental design. Generally, the lower the solution number, ta@ptonal the

design factor levels should bEherefore, solution 1 was chosen for the confirmation run.

Table4.4: Expl, Experimental Design Confirmation Run Constraints.

Name Goal Lower Upper Im portance
Limit Limit

A: Depth of Waveform (mm isin 20 194.286 1
range

B: Breadth of Waveform isin 20 194.286 1
(mm) range

C: Angle of Waveform (deg) isin 45 65 1
range

Weight (%) maximize 0.00692 0.0158 5

Disp. (mm) minimize 0 1.4 5
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Table4.5: Expl, Experimental Design Solut®n

Number Depth of Breadth of Angle of Weight | Disp.
Waveform Waveform Waveform (deg) (%) (mm)
(mm) (mm)

1 20.000 194.285 45.002 75.588| 0.286

2 20.000 194.286 45.201 75.413| 0.293

3 20.000 194.285 45.279 75.344| 0.295

4 20.000 194.285 45.566 75.093| 0.304

5 20.000 194.285 45.750 74.932| 0.310

Using the corrugation parameters outlined able4.5 a confirmation test was built and
run to determine whether the model was capable of predicting accurate (s=eHigure

4.14 andFigure4.15).

Figure4.14: Expl, Confirmation Runvon Mises stress.
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Figure4.15: Exp1, ConfirmatiorRuni z displacement.

The weight and the measured maximumaigplane displacement of the plateme64.4

kg and 1.564nm, respectively.

Table4.6 shows the results dfhe confirmation run. The predicted mean column refers to

the average predicted value of the corresponding response based on the experimental design
results. The 95% PI low and high columns refer to the 95% confidence interval that the
measured responsgithin FEA, will fall within the predicted value range. The data mean
column refers to the measured response. Therefore, if the data mean value falls within the
95% PI low and high values, it can be said that the experimental design is capable of
predicting accurate results within the design sp&=sed on the data mean values in the

table,the model predicted the weight and displacement accurately.
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Table4.6: Expl, Experimental Desighonfirmation Run Results.

Two-sided Confidence = 95%

Response| Predicted Predicted | Std Dev | 95% PI Data | 95% PI
Mean Median low Mean high

Weight 76.17 75.5899| 6.70115] 61.6508  64.43 97.67

(%)

Disp. 0.286 0.286185| 0.552828 -1.57463| 1.564 2.147

(mm)

Basedon the optimal design corrugation parameters suggestethlne 4.5, it was

interesting to note that the parameters approach the shape of a flat baptifadesign

suggestdthat a flat bar producithe optimal stiffener compared to the corrugation levels

tested. It seems that even with a small amount of corrugdtieninitial displacement

values were much higher than the-flatbbedstiffener.

No elementsdiled element quality checkSee Appendix B3 for more information related

to the element quality checks of the Confirmation RanExp2, additional tests were

conducted

on

corrugated

ason severabther stiffener shapes.

4.5 Discussion and Conclusions

stiffeners

(on

bot

An experimental design was completed utilizing various traditional corrugated stiffener

designs. Three experimental factors were manipulated within the experiment, each related

to the shape ohe corrugation: waveform depth, waveform breadth, and slant length. An

optimal, RSM, experimental design was used to determine an optimal set of corrugation

parameters within the factor levels tested. 13 experimental runs were prepared, along with

two contol runs in the form of a bu#if and a flat bar stiffener.
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Once the experiment was completed, a confirmation run confirmed that the design was
capable of predicting accurate resultke experiment revealed that the optimal shape for
corrugation converged on a flaar profile webshape. It appeared that any imlootion of
corrugation made the stiffener too soft and dramatically decreased its ability to absorb
energy within the elastic region. For optimality, a stiffener must be about to perform as well
as, or bettethan the control runs within the elastic re@mAn additional experiment was
prepared, in the form of Exp2, which both built off of the conclusions found within Exp1,

and also more broadly explored different stiffener types.
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Chapter 5 Exp2i Exploratory

Exp2 was conducted to examine the effect that geomégraons would have on energy
absorption as well as the relationship between elemental stresses and displacement. In
particular, posyielding behaviour was considered. Even though the corrugated stiffener
failed to produce an optimized structure, peehds postyield behaviour would be
substantially betteAlso, many other geometric structural modifications were tested in the

form of common and uncommon stiffener designs.

Unlike Exp1,this Chapter(i.e. Exp2) did not follow a strict experimental design. Instead
a more explorative experimental method was followed. Here, it was not of interest to find
the most optimal stiffener conditions. Instead, the goal was to identify some ideas which

show promise for futte rigorous experimental testing.

Thestiffener web and flange thicknesses, web heights, and flange wieltesnanipulated

on a casdy-case basis to ensure ttdfener weight and web slenderness ratios remained
constant.h cases where no flange wasgentthe thickness and height thfe web had to

be increasedio ensure thde EM6 s wei ght w a swhild gimuhageouply e s er v

preserving thevebslenderness ratio.

Exp2 was broken down into six testhd six main tests conducted within Exp2 of this
thesis,Testli Tesb). Each test consisted of beten four to seven runs. Toake the
overall analysis more manageable, each testfinssanalyzed separately. Later, all tests

were analyzed together.
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5.1 Model Parts

The FBM consisted of two basic model pareachwascreated in Rhino: the grillagsee
Figure 5.1) and the rigid indenterRefer to Section3.7 Rigid Indenter Designfor
information regarding the Rigid Intender mode&dbr simplicity, the sideshell was given a

parameterized thickness of 7.93%Wh. The remaining constants related to the FEMs were:

1 Sideshellwidth, x-direction= 330.2mm.

1 Sideshelland stiffener lengthy-direction= 1360mm.

1 The weight of each stiffener.

1 The slenderness ratio of each web as well as each flange. In the cases of CHS
stiffeners, this rule did not apply since slenderness raétwseen straight cross
sections are not comparable to those of circular esessons.

1 The material properties and FEM controls.

Figure5.1: Exp2 Grillage.
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5.2 LS-PrePost and LSDYNA

See the below subsectiofts information related to the construction of the FEMs within

LS-DYNA.

5.2.1 Boundary Conditions
The BCsat the edges of the model perpendicular to the stiffemesisted of fixedixed

BCs,shownin Figure5.2. The four nodes at tr@de shellvertices weralsofixed-fixed.

Figure5.2: Exp2, Boundary Conditions tfiebuilt-T. Each fixedfixed BC nodevas
annotated with a black fAxo.

Whereashe BCsat the edges of the model parallel to the stiffenasisted of symmetrical
BCs, shownin Figure5.3. Translations in the-axis, as well as rotations about the y and z
axes were fixed Other degrees of freedowere left free The symmetrical BCs allowed
for a smaller sidashell with less overall calculations and a shorter run time of the asalyse

Using symmetrical BCs in the manner also refddhe load, as well as the stiffener.
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However, the associated biassblocked out sincéhe bias was mimicked withiavery

run.

)

Figure5.3: Exp2, Boundary Conditions t¢tiebuilt-T. Each symmetrical BC nodeas
annotated with a black fAxo0.

It should be noted thatsaade-shellwidth of 330.2 mm (13 inches) was chosen to be large
enough so that the indenterwonle ver i nterfere with the BCs,

was 12 inchesThe sideshell widthwas also minimized to conserve computation time.

5.2.2 Loading Conditions

The load was applied as per Sectidrt.1.2Loading Conditions

5.2.3 Termination Time

The models were set to terminate at 0.875
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5.2.4 Contact

Contact was applied as per Secti8rt.1.3Contact

5.2.5 Data Output
Data was output in the form of d3plots and ASCII platafrequency of 100Hz. The

force data consisted of the BC forces.

5.2.6 Material Properties
The grillageswere modelled using a-inear, plastic kinematic, material modeith the

following steel material properties:

2ell Pa

T Youngds modul us

I
o
w

T Poissonds ratio
1 Density = 7850 kg/f
1 Yield strength = 420.6 MPa

ﬂ Etan: 308 MPa

5.2.7 Mesh Convergence Study

Several runs were prepared based on the geometry of the Circular Curve model fidm Test
Based orFigure5.4, five runs were prepared with varying average element sizes. Since the
indenter was impacting the plate with a prescribed displacement, the corresponding contact
force was used for the analysand then plotted against time. As can be seen in the plot,
there were no appreciable changes to the force vs. time plots for the different mesh sizes.
Therefore, all experimental runs were prepared with an average element sizarof 20

should be notthat no geometry had a thickness greater thanr20
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Figure5.4: Exp2, Mesh convergence plot of force vs. time.

5.2.8 LS-DYNA Cards
Several cards were invoked within {LBYNA to achieve the desired effects intead for

the simulation:

BOUNDARY_PRESCRIBED_MOTION_RIGID

Rigid body motion of the indenter was achieved using the follofwids. DOF = 3 and

VAD = 2.

CONTACT_AUTOMATIC_SURFACE_TO_SURFACE

Contactwas defined between thendenter and sidshell. To collet contact forces both

SPR and MPR were setto 1.
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CONTROL_TERMINATION

The simulation was set to terminate using ENDTIN.&75.

DATABASE_ASCII_option

Nine ASCII options were turned on for high fidelity result extraction: BNDOBIQUT,
GLSTAT, MATSUM, NODOUT, RBDOUT, RCFORC, SLEUT, SPCFORC. Eachas

given a DT of 0.00.

DATABASE_BINARY_D3PLOT

For visualizing the simulation, DT = 0.001 was used.

DATABASE_BINARY_INTFOR

The internal forces were collected using DT = 0.001.

DATABASE_HISTORY_NODE_ID

Theappropriate node was selected for ASCII NODOUT.

DEFINE_CURVE

To simulate a linear load curvimur points were used: (0, 0)0.06 0.22, (0.12 0), and

(0.13, 0)

MAT_PLASTIC_KINEMATIC

A, bi-linear, plastic kinematienaterial model was built using tHellowing material
properties: RO = /), E = 2el1, PR = 0,BIGY = 4.206e8, ETAN = 3.08e8RC = 3200,

and SRP =5.
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MAT_RIGID

The properties used were: RO = 2.742e6, E = 2el1, and PR = 0.3. Also, CMO, CON1 and
CONZ2 were invoked to properly restrict theiditpody from x and y translations, as well as

X, Y, and z rotations using 1, 4, and 7, respectively.
SECTION_SHELL

The shear factor was changed from 1 to 5/6 using SHRF = 0.8838.five through

thickness integrain points were used bpvoking NIP = 5.

5.2.9 Strain-Rate Hardening

CowperSymonds strakmate hardening wasnplementedfor the material model within
Exp2. According to Equationd], high tensile steel CowpeSymonds parameters were
used; 3200 and @aik and Thayamballi 2008)r C andp, respectivelylt should be noted
that straimrate hardening accounts for the high von Mises streksgesseen within the

results of this Chapter.

rp - [3]
Whered = Dynamic scale factor
£ = Strainrate (s)
C = CowperSymonds parameté¢t/s)

p = CowperSymonds parameter
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5.3 Results

Due to thdargequantity of FEM runs, FEM visualsave only been shown feelect runs
within eachTest. The built-T control runvisuals related to the undeformed geometry and

themaximumvon Mises stress data can be sedrigure5.5 andFigure5.6.

Figure5.5: Exp2,Controli Built-T, Geometry:

Effective Stress (v-m)

6.273e+08
5.64ﬁe+08:|
5.019e+08 _|
4.391e+08 _
3.764e+08 _
3.137e+08 _|
2.509e+08 _|
1.882e+08 _|
1.255e+08
6.2733+07:|
(.000e+00

Figure5.6: Exp2,Controli Built-T, von Mise Stress.
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The flat bar control run visuals related to the undeformed geometry anchitn@um

von Mises stress data can be sedrigure5.7 andFigure5.8.

Figure5.7: Exp2,Controli Flat Bar, Geometry.

Effective Stress (v-m)

5.427e+08
4.885e+08 ]
4.342e+08 _|
3.799¢+08 _
3.2566+08 _
2.714e+08 _
2.171e+08 _
1.6280+08 _
1.085e+08
5.427e+07 :I
,000e+00

Figure5.8: Exp2, Controli Flat Bar, von Mise Stress.
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See AppendixX1for visuals for all run geometry and von Mises stress results.

SeeAppendixC2 for information regarding thecantlingsof the experimental runs found

in Exp2.The following definitions relate to the column headings locatétppendixC2:

Deflection (Web Height) Only used in Test5 and Ti€sregarding deflection diagrams.
The deflection of a beam from deflection diagreafculations. Converted tentre span

web heght

Impact Forcé Only used in Test5 and Tt€égegarding deflection diagrams. The theoretical
impact force that would deflect a fixdked, uniform crosssection, beana required

amount.Not to be confused #h impact forces within the results of this Chapter.

Depth, x, Breadth, % Slant, x i The depth, breadth, and slant each respectively
correspond to corrugation parameters related to traditional corrugation. Reféigtoe

4.7 for moredetail.

Anglei The angle refers to the traditional corrugation angle between the slant and the depth

of corrugation. See Equati¢d] andFigure4.7 for more detalil.
OAT— [4]

Longitudinal Lengthi The longitudinal length refers to the linear length of the web that
wasconnected to the stiffener. In straight webbed scenarios, such as with the flat bar and
built-T cases, the lengthias constant dt.36m (the length of the sidehell). However, in

ca®s involving corrugation, the effective lengths larger tha1.36m due to the weaving

pattern of corrugation.
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5.3.1 Testli Traditional Corrugation

To expand on the analysis of Expl, traditional corrugated stiffeners were further examined
well into the plast regime. Sincet was shownin Expl that as the corrugatiowas
minimized theenergy absorptioaf thegrillageincreasedfour traditional corrugation runs
(Trad. Corr. 1 through 4) were compileg¢msmaller corrugation than tested in Exgach

run corsisted of a flangeless corrugated flat &t runs 1 through 4, the runs were built
with corrugation parameters;(%, and %) each equal to 1&m, 8mm, 6mm, and 4nm,

respectively.

The Trad. Corr. 1run visuals related to the undeformed geometrythagnaximumvon
Mises stress data can be seeRigure5.9 andFigure5.10, respectivelyTrad. Corr. Iwas

choserfor visual claritysince is corrugation paramats were the largest the Testl runs

Figure5.9: Exp2,Trad. Corr. 1Geometry.
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Effective Stress (v-m)
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Figure5.10: Exp2, Trad. Corr. 1 von Mise Stress.

Significantendbucklingwas observedn the web of the stiffener of each run. However,

there was no significant web tripping or local buckling at the indentation site. It seems that,
due to the shape of the cor rapgtatthetopofthe he s
stiffener which stopped tripping and local buckling from being able to occur (or at least
sufficiently delay the onset of buckling). However, corrugation was not able to eliminate

endbuckling

Regardingrigure5.11, for the four corrugation rungjithin the overload regiqrihere was
a nealinear increase in stress as the models responded to the rigid body motion of the
indenter. The models reaed a maximum von Mises stress, of approximatelyNB@, at
the end of the indentation. The control runs produced a different shape compared to the

corrugation runs. The builk reached a maximum stress quickly in the analysis, which then

78



gradually decay® Whereas the corrugated runs sloped positively to a maximum stress
state. Also,thebulT 6 s max i mum st r KRasabautt3z0Pa highesithan~ 1 2 0 O
that of the corrugated runs. Therefore, it was likely that the-Bbuibuld have yielded

before he corrugated stiffeners. The flat bar reached an overall lower maximum stress than
any of the other runs, with a value of approximately9B@. Also, the flat bar experienced

a steep decrease in stress at a displacement ohd25No other run experiendesuch a

decreaselt should be noted that the relatively high von Mises gatgentwas due to the

strainrate hardening implemented within theaterialmodel (see Sectior.2.9 Strain

Rate Hardening

RegardingFigure 5.12, for the corrugated runsyithin the overload regigrthere was a
nearlinear increase in force as the model responded to the rigid body motion of the
indenter. However, though the overall internal energy capacity of theTbarid flat bar

runs was higér than the corrugated runs, the control runs experienced a steep decrease in
force at 125nm (exactly where the flat bar was observed to have a decrease in stress). The
decrease phenomenon was consistent with, and therefore likely due to, the localgbuckli
and tripping. Moreover, a series of dynamic slope declines were visible at the beginning of
each test which was consistent with 4natkling. All things considered, even though the
control runs buckled, their ability to absorb energy even in their eddtate still equalled

that of the corrugated runs. Additionally, the elastiergy absorptionf the control runs

was much greater than the corrugated runs.
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VON MISES VS. DISP.

——Trad. Corr. 1 = Trad. Corr. 2 —=Trad. Corr. 3

=== Trad. Corr. 4 =@ Built-T (Control) ==#==Flat Bar (Control)

1400.0

1200.0

1000.0

800.0

600.0

VON MISES (MPA)

400.0

200.0

0.0
0.0 50.0 100.0 150.0 200.0 250.0

DISP. (MM)

Figure5.11: Exp2, von Mises vs. Disp. plotf@estl runs and control runs.

FORCE VS. DISP.

=== Trad. Corr. 1 w=de—Trad. Corr. 2 ==é==Trad. Corr. 3
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Figure5.12: Exp2, Force vs. Disp. plot for Testl runs and control runs.
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532 Test2i6 S6 Corrugati on

Within Test2thes econd type of corrugation was exam
The 0 S dvassirilarpneappearance to the traditional shape except it fetioav

sinusoidal shape witfewer possible areas fatressto concentrag¢. SeeFigure4.1 and

Figure4.2 for more details.

For S. Corr. 1 through 7, the runs were built with constant corrugation parameters:
wavelength = 40mm, and an amplitude of Bim. SeeFigure 5.13. The corrugation
parameters were kept constant to better co

another.

Figure5.13: S Corr. relevant snensions.

Below is a brief description of each model:

1 S Corr. 1lwasa flat bar with corrugation (similar to runs Trad. Cord)1
1 S Corr. 2wasa built T with corrugation.

1 S Corr. 3wasa built T with a corrugated web and an-corrugated flange.
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1 S Corr.4wasan L stiffener with corrugation.
1 S Corr. 5wasa built T with a corrugated web and an-corrugated spliflange.
1 S Corr. 6wasa built T with an uncorrugated web and a corrugated flange.

1 S Corr. "wasa flat bar with diagonal corrugation.

TheS. Corr. 4 run visuals related to the undeformed geometry anchthémumvon Mises
stress data can be seerfigure5.14 andFigure5.15, respectivelyS. Corr.4 was chosen

sinceit bestrepresented geometries tested withast2.

Figure5.14: Exp2,S Corr. 4Geometry.
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Effective Stress (v-m)
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Figure5.15: Exp2,S Corr. 4von Mise Stress.

Significant local buckling or tripping was present in each model, except for Runl. Each
model also suffered from a large amounéndébuckling except for S. Corr. 1. Therefore,

visually, it seems that Runl had less of an issue with buckling than tmeraitiels.

Regardingrigure5.16, for the seven S Corr. rungithin the overload regiqgrthere was a
nearlinear increase in stress as the models responded to thebodydmotion of the
indenter. The models reached a maximum von Mises stress, of approximatél 0D
MPa, at the end of the indentation. Also, the Blib s maxi mum stress st a
MPa higher than that of the highest stress S Corr. Caseflakhzar reached an overall
maximum stress within the range of the S Corr. Runs., with a value of approximately 900
MPa. Also, the flat bar experienced a steep decrease in stress at a displacememinof 125
The only other run to experience such a deereas Run4, which had an L cresectional

stiffener arrangement. It was interesting to note that while some of the other runs were also
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built-T 6 s , they did not experiencdaslS€ampd decr €

runs.

RegardingFigure 5.17, for all runs,within the overload regigrthere was a nedinear
increase in force as the model responded to the rigid body motion of the indenter. However,
several uns experienced sharp decreases in force which was indicative of buckling. Both
Runl and 2 (which experienced the least amount of local buckling and tripping) also had
the lowest elastic energy absorption capacity of all the runs. Moreover, a seriearafayn
slope declines were visible at the beginning of each test which was consistent with end
buckling. All things considered, even though the control runs buckled, their ability to
absorb energy even in their buckled state still equalled that of the ataduguns.
Additionally, the elastienergy absorptionf the control runs was much greater than the

corrugated runs.

VON MISES VS. DISP.
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Figure5.16: Exp2, von Mises vs. Disp. plot for Test2 runs and control runs.
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Figure5.17: Exp2, Force vs. Disp. plot for Test2 runs and control runs.

5.3.3 Test3i Bulb, Circular Hollow Section, and NonUniform Flange Built-T 6 s

After testing varying configurations of corrugated stiffeneitheut any success several

other stiffener variations were tested which did not contain any corrugation. A bulb
stiffener was designed according to the dimensstrosvnin Figure5.19. A standard bulb

design was chosen, then altered slightly to match the appropriate web slenderness ratio and
overall weight. Due to their distinct cressctional shape, bulb stiffenevgredifficult to

model properly using shell elemeniBhe alternative would be to use solid elements.
Howeverto ensure accurate bending calculations relative to the adjacent elements, at least
five solid elements must use ugbdoughits thickness. Therefore, meshing the bulb with

solid elements would regre much more computational power than with shells. Instead,
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the bulb stiffener was meshed using shell elements by approximating thesectesal

shape of the bulilhe dimensions of the bulb stiffener can be founéigure5.19.

ConcerningFigure 5.18, the two rectangles within the middle image represent the same
area as the mercomplicated respective shapes of the leftmost imfdgerightmost image
was meshed with shell elements with thicknesses equal to the thickness of the middle

image.

Two CHS stiffeners were created to be tested. The first CHS had a thickness equal to that
of the control runs, with an appropriate radius to ensure the weight was correct. The second
CHS was a mixture of a built and a CHSThe slenderness ratio was nald since
slenderness ratios between straight ceestionsverenot comparable to those of circular
crosssectionsDue to the added web cressctional materiadlue to theadded CHS, the

slenderness ratios were adjusted proportlgrialthe differencén thecrosssectional area.

Additionally, two noruniform flanged builT test runs were designdebr built Ts, during

a dynamic impact normal to the sidiell, the center of the web span tendsbarome
compressed between the silell and the stiffegr flange. This compression often leads
to premature local buckling of the stiffener web (see Sedi@tnvestigation Motivatioh
Therefore, both nenniform flanged runs were created with a wide flange at the stiffener
ends to decrease ebdckling. The wide flange tapered off to a narrow flange toward the

centre of the span.
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Figure5.18: Creation of Bulb geometry.

15 cim

Figure5.19: Bulb relevant dimensions
Below is a brief description of each model.

 Bulbwasa bulbstiffener.

1 CHS (Constant Thickness)asa CHS with a thickness equal to that of the built

control run.

1 CHS with Flangavasa CHScombined with a buitT.
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1 Non-Uniform Flange wasa built T with a noruniform crosssectional area
along its span.
1 Non-Uniform Flange 2vasa built T with a nonuniform crosssectional area

along its span.

The Bulb run visuals related to the undeformed geometry andn@@émumvon Mises

stress data can be seerrigure5.20 andFigure5.21, respectively.

Figure5.20: Exp2,Bulb Geometry.
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Figure5.21: Exp2,Bulb von Mise Stress.

The CHS with Flangeun visuals related to the undeformed geometry anchthemum

von Mises stress data can be sedfigure5.22 andFigure5.23, respectively.

Figure5.22: Exp2,CHS with Flangg&seometry.
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Figure5.23. Exp2,CHS with Flangeron Mise Stress.

TheNon-Uniform Flange Trun visuals related to the undeformed geometry and the

maximumvon Mises stress data can be sedrigure5.24 andFigure5.25, respectively.

Figure5.24: Exp2,Non-Uniform Flange 1Geometry.
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Effective Stress (v-m)
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Figure5.25: Exp2,Non-Uniform Flange von Mise Stress.

Significant local buckling or tripping was present in each model. Bak did not
experience significarendbuckling nor did the CHS models. Both Namiform Flange
models did experience sevemedbuckling even though the widened flange was intended

to combat thendbuckling

Regardingrigure 5.26, the two NorUniform Flange runs, and the bdiltrun performed
similarly. Throughout the impact, the btilithad an approximate 30Pa higher stress than
the other two runs. However, toward the @idhe impact run Notuniform Flange 1
ended with the highest stress at near [g9@&. The most notable case was the Bulb which
experienced a stress decrease of abouMEB® at a displacement of #@m. The two CHS
runs experienced the most steatigte behviour with a gradual increase in stress

throughout the test, with a stress range of d¥& to 750MPa.

91



RegardingFigure 5.27, the two CHS runs experienced the mosiuai behaviour with
steep, steadsptate slopes. While all other runs ended with a force of aboMN, &he two

CHS runs ended with a much higherce, of just over 1.8VIN. The force increase was
proportional to an increase @mergy absorptiarHowever,both CHS runs had the lowest
elasticenergy absorptionapabilities of all other runs. The elasticergy absorptiomust

be at least equal to the control runs to be considered for further optimal concept grillage
testing. All runs, except for the CHS ryngerformed similarly despite their dramatic
differences in geometry. It should be noted that the buckling was not apparent on the force
vs. displacement plotF{gure 5.27). It was likely that buckling started initially at the
beginning of the impact, which explained why inigalergy absorptiowas relatively low.

In totality, there was no clear advantage of either of the test runs compared to the control

runs.

VON MISES VS. DISP.
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Figure 5.26: Exp2, von Mises vs. Disp. plot for Test3 runs and control runs.

92



FORCE VS. DISP.
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Figure5.27: Exp2, Force vs. Disp. plot for Test3 runs and control runs.

5.3.4 Test4i Flat bars with Brackets

In the shipbuilding industry, a common solutiorstdfenerbuckling is to add brackets to

the stiffenerends, as well as to the web of the stiffener. Tests were completed with five
models which were very similar to the builtcortrol model, except the flange was
removed and its material was repurposed into brackets to analyze how adding brackets
would change the experimental responses. Therefore, the web height and thickness, and
flange thickness, remained the same as the b\dicep for Run5 which haa portionof

its web endsonvertedinto brackets)Note that the width of the web brackets changed

between runs, as well as the size and shape of the end brackets.

Below is a brief description of each model.
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1 Flat Bar with Brackets 1, seven rectangular web bradestsed at the middle of
the span, as well as two end brackets at each end.
1 Flat Bar with Brackets 2, nine rectangular web bracketsed at the middle of
the span, as well as a triangular end keaat each end.
1 Flat Bar with Brackets 3, seven rectangular web bradegtsel at the middle of
the span, as well as two square hollow section end brackets at each end.
1 Flat Bar with Brackets 4, seven rectangular web bradestsa at the middle of
the span, as well as a triangular end bracket at each end.
1 Flat Bar with Brackets 5, seven rectangular web bradestsal at the middle of
the span, as well as two end brackets at each end. Also, some of the material at the

web ends were moved to end braisk

The Flat Bar with Brackets 1 run visuals related to the undeformed geometry and the
maximumvon Mises stress data can be seeRigure5.28 andFigure5.29, respectively.
Flat Bar with Brackets 1 was chosen since it fbegtesented geometries tested within

Test4.
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Figure5.28. Exp2, Flat Bar with Brackets Geometry.
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Figure5.29: Exp2, Flat Bar with Bracketsvion Mise Stress.
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The brackets seemed to solve the buckling issues in several of deésnidhe only model

to exhibit buckling at the midpan (tripping in this case), was Run3. It was also the only
model with the width of its midpan brackets shortened. However, in many c#seend
brackets did very little to cease buckling at the efitie only model to show little to no
endbucklingwas Run5, which shared the same geometry as Runl, except it had a reduced

web height at the ends and an extra end bracket.

RegardingFigure 5.30, all Flat Bar with Bracket runs (except for Run5) performed
similarly to one another. Runl had the highest stress at the end of the run with a von Mises
stress of ~1178Pa. Run2 had the highest stress neab#wnning of the run with a stress
~100MPa higher than the other runs. Run5 followed a unique stress vs. displacement path
compared to the other four runs. Runb56s st
the flat bar run instead and showed the aldowest stress out of the other runs in this

test.

RegardingFigure5.31, though Run5 showed significant promise concerning its stress vs.
displacement curve, itenergy absorptiorwas rather low in its force vs. displacement
curve. All runs ended at approximately the same force, just oveviN.6However, the
elastic force of each curve varied wildly. The control runs had the highest elastic force

values, followed byrRun3, 1, 4, 2, and 5 (in order).
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VON MISES VS. DISP.
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Figure5.30: Exp2, von Mises vs. Disp. plot for Test4 runs and control runs.
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Figure5.31: Exp2, Force vs. Disp. plot forebt4 runs and control runs.
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Despite its lack oknergy absorption abilifythe only model to show little to nend
bucklingwas Run5, which was the only model with a wmform web height throughout

its span. Also, nowmniform flange width has been testeith several models, but nen
uniform web heighbhas nobeen looked into thoroughly. Therefore, varying the web height

of the stiffener was examined further in Test5 and Test6.

5.3.5 Test57 Web Height Flat Bars

Within Test5, the goal was to produce a set of test runs with stiffener web profiles
represented by deflection curves. The deflection curves were generated bemedolt

T control runs sincd had auniform crosssection The resultant deflection diagram shapes

were converting into stiffener web profiles.

When a fixedfixed beam is centrally loaded with what is effectively a point load, it assumes
a shape which can be predicted by a deflection diagram. In reality, alqgauntust be
represented by a distributed losithcethe load must act over some ar@éaerefore, an
appropriate load case was identified in the fornfriglure 5.32 which best approximates
the impact present within the FEMs.the case of the rigid indenter impacting ¢indlage,

upon analyzing theesidualindentationsn the testruns it wasnotedthat the diameter of

the impact zondjco, wasapproximately\327mm. Note thatconcerninghe FEMs, fAid o0 wii

be equal to L/2.
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Figure5.32: Fixedfixed partial uniformly distributed loa(Boeing Design Manual, Rev
G. 1994)

The deflections calculated from the distributed ladeflection diagram calculations (see
Appendix C3) were treated as if they were theentratspan stiffenerweb heights.
Calculations for the reaction forces and moments were completed according to Equations

[5] through B] (Boeing Design Manual, Rev G. 1994)

Y —pQ — — — O )

Y O 0dhY (6]

5 —— — — 1® ' [7]
b —— — — ® ¢ cQb [8]

Referring toTable5.1, it is important to nte that the impact force column does not reflect
actual applied loads on the grillage. Instead, the impact force simply refers to the required

load necessary to deflect a uniform cresstion beam to the corresponding deflection. The
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test runs were theroostructed with profiles matching the shape of the deflection curves

with centralspan web heights equal to the deflections seen in the table.

Table5.1: Calculated web heights along with their correspondpgied force.

Deflection (Wweb Height) | Impact Force
min hN

DeflectCurvel 11.97 1.6

DeflectCurve2 52.59303734 7.03
DeflectCurve3 93.21610886 12,46
DeflectCurved 1338391804 17.89
DeflectCurves 1744622519 23.32
DeflectCurved 215,0853234 2875

Based on the input forces and resultant deflections showalile5.1, Figure5.33 shows
the deflection plotted against the span of the stiffemleerefi X r@fers to the axialistance

along the sparnThe curves on the plot represent stiffener web profiles.
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250

200 o W
§ .. KK .. B Deflection Curve 1
= 150 e ® .
= @ o # Deflection Curve 2
: A e .
E 100 q:x *;0 Deflection Curve 3
= o Yo Deflection Curve 4
a

X Deflection Curve 5

>

® Deflection Curve 6

Figure5.33: Deflection Curves to be used for stiffener height.
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To ensure the web contained an equal amount of materggcim runthe stiffener end
span height was appropriately adjusted to maintain the shape of the plofidehat Runl
had such a slight web height difference at tentreof its span compared to its ends (12

mm), that itwas effectively a flat bar.

TheDeflection Curve 4 run visuals related to the undeformed geometry andhinaum
von Mises stress data can be seefigure5.34 andFigure5.35, respectively. Deflection

Curve 4 was chosen sinitgoerformed most optimally of the ma within Test5.

Figure5.34: Exp2, Deflection Curve Geometry.
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Figure5.35: Exp2, Deflection Curve gon Mise Stress.

Regardingrigure5.36, the maximum von Mises stress of the flat bar was the lowest of all
runs (900MPa). As usual, the built had the highest maximum von Mises stress at 1200
MPa. Several models showed large dases in stress over small changes in displacement.
The flat bar, Runl, Run2, and Run 6 demonstrated a large-dtogsat ~120nm. The

highest stress reported by any of the-gontrol runs was 1158IPa by Run4.

Regarding-igure5.37, each of the runs demonstrated an elastic capacity similar to both of
the control runs, marking Test5 as the first simulation thus far to be able to do so. After
first yield, a significanpattern began to emerge from RutslAs the central span web

height increased and the end web height decreased, trends can be seen in the overload
capacity and the buckling point. By manipulating the web height, it was possible to both

maximize the ovedad capacity and control at what displacement buckling occurred.
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RegardingFigure 5.37, Run4 demonstrated the highest amount of overload capacity and
showed no signifiaat evidence of energy loss due to buckling throughout the whole
displacement. However, one main concern with desigsiifigness based on deflection
curves is that the producstiffeners were likely only optimized for impacts that occurred

at thecentreof the span, based on the distinct profile shape. Tihdreugh, the next test
explored the behaviour of inverse deflection curves, as well as circular web height curves.
Circular web height curves may be better optimized for an impact anywhere along the
stiffener since they have a smaller change in web height per unit distance along the length

of the stiffener span.

From observingFigure 5.37, buckling can be seen imea form of losses in force per
displacement. By comparingigure 5.37 to Figure5.38, the losses in force can be seen
through the extent of tripping in the stiffener webs. As can be seen, Deflection Curve 4
buckled very little even after 220m of displacement from the indent8ee Appendix C1

for enlarged images of thoseownin Figure5.38.
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VON MISES VS. DISP.
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Figure5.36. Exp2, von Mises vs. Disp. plot foe$t5 runs and control runs.
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Figure5.37: Exp2, Force vs. Disp. plot for Test5 runs and control runs.
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Figure5.38: Tripping comparisons betwe&weflection Curve runs. Top rowDeflection
Curves 1, 2 and 3. Bottom rawDeflection Curves 4, 5, and 6.

5.3.6 Test61 Web Height Flat Bars (cont.)

A sixth a final test was completed for Exp2, the exploratory experiment. A model was
tested which resembled arslar stiffener design to what wasiownin Test5 with a more
general circulaprofile shape instead of thgofile shape of a fixedixed beam deflection
diagram. The radius of curvature was based on the best performing deflection curve model.
Another moe@l was created with the same circular shape, except inverted. These tests were
completed to be a more general solution to impact scenarios since the shape of deflection

curves distinctly apptsto mid-span stiffener impacts.

Additionally, three other modie were tested which consisted of inverse deflection curves
(the inverse web height of what was tested in Test5). Therefore, Inv. Deflection Curves 1,
2, and 3 had increased end stiffener height and reducesiyardstiffener height. The shape
was definedased on the same calculati@mwnin Figure5.32, Figure5.33, Table5.1,

AppendixC3, andEquations $] through B].
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