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EXECUTIVE SUMMARY

Therecentintroductionof the BoeingB-777 aircraft, and the planned development of everiarg
aircraft, will have significant efects on thenaion’s airportinfrastrudure The Federa Aviation
Administration (FAA) has undertaken a mulegr research effort aimed developingnew
computer-based models for airport pavement dedigyucial to this effort is the developmaenit

a three-dmensional (3D) finite element model that is capabé of accuradly deermining stresses

in rigid pavements @usel by arcraft with multiple-wheeal landinggear configurations.

This reportdescribeshe developmenbf a 3D pavement model usirtige finite element pragm
NIKE3D. Some important features of the model described herein are:

. Explicit modding of multiplewhed arcraft gears

. Finite e ement representdion of finite-sizeslabs

. Finite element representation of multiple structuragisyand lagr interfaces

. Incorpordion of linear eastic joint modé

. Rapid,automatic gneration of three-dimensional finite element meshBse procedure

for computer-based meskrgeration is described in detail.

The developed 3D model is capable of captuspecialfeaturesof rigid airport pavements
including slab sies, joints, stabilizd-base lagr, and the interface effects betwePortland
cement conaete (PCC) slds and base courses. The potentias of utilizing the 3D finite element

method (FEM) to develop better desigprocedures for rig airport pavements areell

demonstrated.

A sensitivity andysis was peformed to establish minimum véues of modd parameters sud as
mesh desity and oveall modd dimensions. Theresults of thesensitivity andysis ae disaissel.

Examplesare providedof rigid pavements anagd usingthe developed finite element model.
The sample finite dement results indude edge and inteior arcraft loads. Modd results are
validated bycomparison with other analg methodsincluding theFAA Advisory Circular (AC)
150 desig method for rigd pavements and.ayered Elastic Desigi/Federal Aviation
Administration (LEDFAA). In addition, some comparisons to field data frtdme Denver
International Airport (DA) Instrumented Pavement Project are included.

Thereportincludesrecommendationfor further development of the 3D finite element model.
is sugested that efforts should be made to reduce run timesmipyoving computational
efficiency. It is also recommended that more validawbthe finite elementmodelbe performed
usingfield daa from DIA and dda from thefull-scale Nationd Airport Pavzement Test Machine
(NAPTM) currentlyunder construction at theilfiam J. Hughes Technical CenteAtlantic City
Internaiond Airport, New Jersey.

iX/Xx



INTRODUCTION

As part of its onging effort to advance the state of the art in airport pavechesitn, the Federal
Aviation Administration (AA) began development ofa new, three-dimensionabiscretizd
model for computingigid pavement responses to aircraft loadifitpe specific requirementer
therigid pavement modé¢ are tha it explicitly modds the interactions caused by individud tires
of multiple-whedl aircraft landing gears; thd it incorpordes multiple slabs of finite size tha it
makes use of available public-domain software; and the aidaptabldo future advancements
in joint, interface, and raterial modek.

A three-dimensionafinite element model meetinghe above criteria was developed and
implemented. Numaeaica computdions ae paformed usingthefinite eement progam NIKE3D

on a UNK workstation platform. Finite element meshes for ng pavementsare generated
automaticallyusinga user-friendlynesh gneration progam that incorporates thgiblic-domain
progam NGRID as a preprocessor.

This reportcovers the development, implementation, and tesifripe three-dimensional finite
element model for rigl pavementsThe report is orgnized asfollows: Thefirst sectioncovers
the development of a preliminanumerical model and describes tariouscomponentghat
were included in the final modellThe second sectiothescribegshe computerprogamfor mesh
generationand presentsexamplesof computer-gnerated meshesln the third section, several
exanples of rigid pavenent analses usng the tree-dmensional finite element model are
presented. Three-dimensional plots of stress and deflection causemirbraft static loadsare
shown. The fourth section disaisss themodé sensitivity andysis and vdidation of thefinite
element model bgomparison with other computational methods and with available dakal
Thelast sectionhighlights conclusions and recommends areas for possible further development.
The work describedn this report took place over a 20-month period betweepteégnber 1995
and May1997.

BACKGROUND.

The recent introduction into commercial service of the BoBiWy7 aircrafthashighlightedthe
need for new advanceddesign methods for airport pavements usirglvanced computer
technolog. As aircraftlandinggears continue toaly heavier and more complek has become
increasinty clear that the traditional designodels well known tgavementengneersare
oversimplifiedand inadequateo assess the effect of the new aircraft design the nation’s
airport infrastructure.For rigid pavements, the problem is especialdute. The currentFAA
design standards for rig airport pavements, as encompasseBAA Advisory Circular (AC)
150/5320-6D,are largely based on a classical theoretical model (thestéfgard model) that
fails to account for such factors as slab sizethaticharacterizethe entiremultilayer pavement
structure below the slab laysinde parameter (the modulus of suéde reaction).

Rigid pavementsare fundamentallydifferent from flexible pavements in several wayUnlike
flexible pavements, rigd pavements ae typicaly assenblages of jointal slabs, with vaious
types of load transfer devices used to transmit loads from one slab to ar@loausestresses
occurring atthe edgs of rigid skabs are usubl the criical stresses for degin, the slabedges and



joints must beconsideed in any andytic modé of rigid pavzements. Slab sizeand joint spaing
may also influence the pavement response to lodasther important differencis thatin rigid
pavemenslabs,the bendingstresses dominate the response to loattirg significantly greater
degree than in flexible pavement layers dueto thehigher stiffness of Portland cement conaete
(PCC) méerials rdative to esphdt materials.

Flexible pavements @n often beidedlized as closal systems cnsistingof severd linear eastic
layers, with each dyer both uniform in thickness andnfinite in horzontal extent. This layered
elastc approachd pavenent modeingis unsutable forrigid systens becauset ignoresthe joint
disoontinuities. For rigid parzements, thethree-dimensiona finite eement goproah is supeor
since slabs of finite é&nt can be modeled, as well as jointsacks, gaps, and other
discontinuities. In addition, the finite element method frees the awalyom the restriction to
linear dastic, isotropicmaerial modds tha characterize thelayered dastic theory. Currently, the
biggest dravback to the three-dimensiond finite dement gpproah is tha it is very time
consuming The solution to a sig problem mayrequire on the order of tered hours of
compute time. The time required for a finite dement solution @n be divided into two
cate@ries: model preparationand model execution. In the past, the model preparation phase
(including mesh construction) accounted for angigant part of the total solution effort.
However, with automaed mesh generation agorithms,the preparation phaseof the solutionis no
longer a sigificant time consideration.On the other hand, the numericadlution of large
systams of finite dement equaions is still atime consumingproaess ad will likely reman so
pendingmajor advances in computer processor techiyolog

OBXECTIVES

The project objectives were divided into three pats: deselopment of the modd, sensitivity
analsis andmodelvalidation,and identification of testingequirements.The specific objectives
of each partvere as fdbws.

DEVELOPING A THREE-DIMENSIONAL DISCRETIZED NUMERICAL MODEL FOR
RIGID AIRPORT PAVEMENTS. The main objective of this part of the project was to specify
implement, and test a discreitz computational model for computing thesponseof rigid
airportpavementso arbitrarily configuredaircraft gears. The model should represent the correct
stress behavior of rigid pavements subjeted to loals from multiplewheel arcraft gears and
should be able to accommodate different ggs of rigd pavement construction, including
stabilizzd baseslIn order to achieve this objective it was necesgappnsider the wideange of
numerical analsis techniques availableA secondarybjective related to the model specification
was to desiqh and implement a procedure for rapid, automagnegation of the discreted
meshes required for the numerical model.

SENSITIVITY ANALYSIS AND VALIDATION OF MODEL PERFORMANCE The
objective of the sensitivity andysis was to identify variables affecting the finite element modd
responsendto quantify the sensitivityof the critical model response to the different variables.
Data collected in the sensitivity andysis will be useal to furthe refine the modé in future
implementations. A second objective was to obtain numerical solutions utiegdeveloped




finite element modd and to @mpae the finite dement solutions to reults obtened using
standard BA methodologes.

IDENTIFICATION OF TEJING REQUREMENTS FOR MODEL VALIDATION. It is
expectedthatmodelpredictions will be compared to results of future response tests conducted at
the National Airport PavementTest Machine which is currentlyunder construction at the
William J. Hudhes Technical Center. The last objestive of the project was to identify test
requirements to vdidate the finite dement modé. These requirements indude instdlation of
sensorst variouslocationsin thetest pavement to record pavement responses and performance
of tests for haracterization of pavement maerials in thefinite dement modé.

DESCRPTION OF THE FNITE ELEMENT MODEL

TECHNICAL REQUREMENTSFOR THE THREE-DMENSIONAL MODEL.

Development of the three-dimensional computational model waked bya set oftechnical
requrements, all of which were net in the final model A shortdescmption of each requement
and the reasons for its inclusion follows.

EXPLICIT MODELING OF NDIVIDUAL GEAR TIRE LOADS. Oneof the advantagsof a
true three-dimensional finite element model is that problems involving multplés and
complex gar configirations are no more difficult to solve than those invohimige loads.
Thereforethe equivalent singe wheel concepthas no partular advardge in the finite element
method. By representinghe tire loads individualland in theircorrectgeometricrelation,rather
than lumpingthem together in an equivdent sinde load, it becomes possibleéo usethe modéd to
explore the tire interactions d various levels and loations within thestrudure The ability to
represent tire interactions wa an explicit motivation for thedevelopment of a three-dimensiona
discretizd model.

While the tires comprisingthe gear trudk were modded seaately, theindividud tire loads wee
assumedto be distributed uniformlyon a rectanglar load patch. Nonuniform pressure
distributionsand nonrectanglar load patches were considered at the prelimirgtag but were
not used in the final model because preliminatydiesindicated that the variation in the
computedresponsedue to these factors was niggible and did not justifythe exra effort
involved in definingthe loads.

STATIC LOADING. The model considers static rathtran dynamic loading since the
maxmum staticresponses normally usedasthe basis for desig For a particular aircraft, the
staticload is the maxmum load transmitted to the pavement bye main gar under stationary
condtions. For most aircraft types he maximum stresses occur wheihé gear acs atthe shb
edee (edege loading. However,for the twin-tridem B777 main @ar the interior load case may
be moreseverghanthe edge load case under certain conditiorfr this reason, the model was
designed from theoutse for d@ther edge loading or inteior loading (see figure1).

MULTIPLE S ABS OFFINITE SFZE. Oneof theobjectives was to beable to modé finite-size
slabs and varioad transfer properties between adjacent sl&os.the preliminarynodel,25 by




25 feet was chosenas a typical slab size for airrport pavenents. Nine shbs were arramegl as
shown n figure 1 b acconmodat either ed@ loading or interior loading on the cengr slab.

/COARSE MESH /COARSE MESH
REGION REGION
4 '
= =
TRANSITION TRANSITION

LOAD —— REGION LOAD REGION

/ . FINE MESH / FINE MESH
JOINTS L REGION JOINTS AL REGION

(a) Edge Load Case (b) Interior Load Case

FIGURE 1. ARRANGEMENT OF $ABS IN NINE SLAB SYSTEMS

LINEAR ELASTIC JOINTS (SHEAR SPRING). In realpavenents, loads arerainsferred across
joints bymeans of dowels, ksytie rods, or otheloadtransferdevices. While thefinite element
method can be used to create detailed models of specific load transfer mech#mesms,
developmentof advancedmodelsfor particular joint tpes was not within the scope of the
current project.Hence, no attempt was made to model individiatelsor otherload transfer
devices explicitly. Instead, asimplified linear mode was usel thd is broally applicable to the
range of load transfer devices used in practice.

The simplified modé of joint behavior usel in thefinite dement modd assume tha the joints
actaslinear elasticsprings, transmittingvertical loads between adjacent slabs in shear throug
the joint. The shear force is assumed linegrtpportionalto the relative vertical displacement
betweenslabs(Hooke’slaw). The joint is charactered byan equivalent shear stiffneksin,
expressedn unis of force per redtive vertcal displacenent per unt length of the jpint. No
moment siiffness s assgned b the jint, consstent with the widely accepéd view that joints
transfa loads primaily in sher and thd the contribution of momat transfe is rdatively smal.

DISCRETFED MULTIPLE SUPPORT AYERS. Base andsubbaseéayers for rigid pavements
may be of various stiffnesses, either stabilized or unstailized, and ma resist loals in sher,
bending and vertical compressionTo represent the correct stress behavior of differgrastyf
supportlayers, including stabilized baselayers, it was essential that the model include full
discretiationof (ata minimum) the base and subbasestay Full or partial discretiation of the
subgade layer was dso ®nsideed desirable. The final modd was implemented with full
discretization of base and subde lagrs, but with an option to substitutespring foundatiorior
the discretied subgade lagr.




REPRESENTATION OF NFINITE SUBGRADE CONDITION. Typical desig procedures for
rigid airportpavementassumeaninfinite depthof subgade. While it is possible to use infinite
elements to model an unbounded domain in the fieiéenentmethod, more commonly an
artificial boundaryis imposed on the computational domainhe artificial boundaryor fixed
base, is located at a depth so thatshl@tiondoesnot differ too muchfrom the solutionfor the
original (infinite) problem.In practice, the location of the & base is a matter of judgnt.

LAYER INTERFACE MODELS. Horizontal interfaces n the tiree-dmensional model meetthe
requirements of a full unbonded interface between the slab and base course and a full bond at all
other horzontal interfaces. No atempt was nade to implement advancednterfacemodek, such

as partial bond or friction models, in the current model.

The standardf a fully (100%) unbonded interface between the concrete slab and the lease lay
and 100% bond at the other hanital interfaces is based omrker et al. L] In additionto
saisfying this requirement, the mode includes patial layer sgparation béween theslab and base
course.

PUBLIC-DOMAIN SOFTWARE. The modé incorpordes existing softwae to peform
numerical calculations.Existing progams in the public domain were stringreferredover
commecial progams for inclusion in the modée. A mgor consideation tha led to the
requrement for public software was the needd have acces®tthe source code dumg model
development.

PRELIMINARY THREE-DIMENSIONAL FINITE ELEMENT MODEL.

Thefirst stage of the work involved specification of a prelimindigite element model primarily
for testingand evaluation of the various model components and numerical opliotiss stage,
potentialmodel componentsand optionswere evaluated in terms of their effect on the overall
speed and efficiencgf the model operation and on thensistencyof the predictedresponse.
Basedon the conclusions of the preliminaapalysis, components were either included or not
included in the final model.

FINITE ELEMENT SOFTWARE.

The finite elementmethodwas chosen as the basis of the discediznodel because of its
versatility, proven reliability and the availabilityf tested, public-domain softwaréhe finite
element packa@ used for he conputaons was hie packag of pubic-domain codes devebed

by the Lawrence livermore National &boratories, which includes the codes DYNAS3D,
NIKE3D, and INGRID. DYNA3D is a gneral finite element code based omplit time
integation intendedfor solving highly dynamic structural problems such as those involving
explosions or impacts or wave pro@ign. The companionprogam, NIKE3D, is a finite
element code basad on impliat time integration and suitdle for a@ther dynamic or quasi-stdic
structural analgis. [2] For the problem ofigid pavementaunder quasi-staticdoading it was
evidentthat NIKE3D is the more suitable progam, so it was adopted as the computational
engnefor theprdiminary modé.



INGRID, [3] the preprocessor pram, is a companion progn toNIKE3D andDYNA3D. It
generatesa three-dimensionameshand input file for NKE3D. In order to useNGRID, it is
necessaryo write aninstruction file in a unique pregmmingcode. To eliminate the necessity
for the user to learn theNGRID code, a front-end computer praghn was developedor
INGRID. Automaic mesh generation proedures will be disaussel in thefollowing section.

For handing contact the NIKKE3D code has abrary of interface nodek including tied surfaces,
sliding surfaces wth separabn preverdd, and slding surfaces wh gap formaton allowed. The
sliding surfaces are based on a pen#dtynulation. The principal disadvantagf NIKE3D asa
code is its limited librarypf element tpes. NIKE3D supports justhreeelementtypes: 8-node
solid (hexahedron)elements4-nodeshell elements, and 2-node beam elemer@snsequently

al finite dement modés submittel to NIKE3D for solution must @ntan only these three types

of elements. This difficulty was overcome in the final model, which uses 4-node shell and
8-node solid elements only

ELEMENT TYPES

Two-dimensiona shdl elements ae useal to reresent thesleb layer and three-dimensiona solid
elementghexahedronsjor all otherlayers. Hexahedral elements in IKE3D have eift nodes,
locaed atthe ekment corners. Element stresses are cgmuted at the 2x2x2 Gaussintegration
points. The numerical integtion scheme for solid elements inKE3D is fixed and cannobe
changed by the user. Shell elements have four nodes located at the corrf@irsilar to solid
elements, numeical integration in the plane of the shdl is based on aGauss 22 integration
scheme that cannot be user modifidgdowever, integation throudp the shell thicknessanbe
controlledby the userat the input level. A five point Lobatto integation scheme (see appendix
B) was substitutd for thedefault two point Gaissscheme, enabling theprogam to computethe
stresses directhat the upper and lower surfaces of #iell. For concreteslab analysis the
computed stesses athe bp and bdbm surfaces are ofrgakstinterestsince hese represeie
extreme fiber stessesn the shb.

The ability to computestresseslirectly at the surface, rather thanteapolate to the surface from
an interior integation point, is a clear advantagf usingNIKE3D shell elements to represénée
slab. Another advardge is that conpared © hexahedralelement, fewer eément are neededt
model the shb. This is because aisgle layer of shel elements is abk to representhe bendng
behavior of the slab while a reasonadgroxmation of bendingusingthe NIKE3D hexahedral
elements reuires aminimum of four lgers.

A third advanage of shel elements over hexhedralelemenssis tied to geometric consderatons
in the slab.Good mesh desmgrequires that aspect ratios of the finite elements be contrdited.
the caseof hexahedral elements,horizontal dimensions should notregtly exceed vertical
dimensionsandthin, platelikeelementshould be avoided if possibl&iven a slab of thickness
t, the slab should be divided intolayers of hexhedrons such that the hbtgof the heghedral
elementis t/n. In order to preserve a reasonable aspect ratio, theohtaizside of heshedral
elements throdgput the slab mesh should be limited to some multiple of thetlslighiness say
6t/n. This restriction results in &cessivdy dense meshes away from the load, increasing the



element count beynd what considerations of engeringaccuracyalone would require.The
sane restiction doesnot appl in the case of sheklement. Since shdl elements are wo-
dimensional, the ratio of element side to shell thickness can be a®famall as requiredlhis
propertyof shell elements permits aagd deal more flakility in meshing

Onedimensiond beam edements weae usal in cnnection with thefirst joint modé developed
(se= Joint Modds).

JOINT MODELS.

Joint modelingpresentsspecialdifficulties in NIKE3D. The ideal springonnection, as shown
in figure 2, would be one that providesextical springforce proportionalto the relativevertical
displacenent betveen adacent slab edgs but does notconstain movenent in any other
direction. Unfortunately NIKE3D does not support such a sproannection.

Node |

shell element shell element

Node j

FIGURE 2. IDEALIZED LINEAR JOINT

The prdiminary mode usel short NKE3D beam dements to g@proxmate a sher spring
connection. A schematic of this model is shown indig@ 3. It should be emphasied that,
althoudh beam elements were used, the intention of the prelimimasynot to model the joirats
a beam mechanism nor to model the individual dowel b&snsequentlythe spacing ofthe
beam elements shown in fige 3 does not correspond to the acgpdcingof dowel barsnor
does the short span leghg) correspond to the actuadygbetween pavement slabs.

In figure 3, node$ andk are constrained to act wiger in both they and z directionswhile
relative horizontd motion in thex direction is unonstraned. Rdative rotationd moveanent is
also permittedin all directions. From elementarymechanics, the relative displacemét
induces a shear forcé in the beamas wel as a mmment M at nodei. For the stdically
determinate beam, the induced momenivem by

M =VJo



Since he beamspan éngth o does not correspond to an actuap gvidth, it can be made
arbitrarily small. It should be chosen small enbutp make the value d#l negligible. In the
preliminary model a value of 0.1 inch was used fr For the shear beam, the equivalent
stiffness of joint pe unit length of joint is gven by

5EI
kJ'oint = (1+ lJ)é h2

whereh is the heght of the beamelementand u is Poisson’s réo for the beam maerial. The
required beam stiffnedsl (pe unit length of joint) is clculated for theindividud beam e ement
from theassume vaue of Kigint.

/oint AXxis
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Q
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FIGURE 3. PRELUMINARY JOINT MODEL USING DISCRETE EEAM ELEMENTS



After the prdiminary finite element modé was developed, it was disovered tha the beam
elements in the above joint model are not compatible thélpreconditionectonjucate gradient

(PCG)solverin NIKE3D (see linear Solvers).In order to make use of the PCG option, a joint

model with3D elementsvasdevelopedfigure4) andimplementedn thefinal model. Thefinal
joint modd uses three-dimensiond solid dements with liner eastic, orthotropic maerial
properties. As opposed to the previous model where discrete beam elements wereaptheed
nodes, here the solid elements form a continuous joint.

Shell __ ——
Element
\

Shell
Element

FIGURE 4. FINAL JOINT MODEL USING ORTHOTRORC SOLID ELEMENTS

Orthotropic materials have different elastic properties in otthaldirections. Stress-strain
behavior is defined in the material modelrbgeindependenelasticconstantsYoungs moduli
Ex, Ev, Ez; sher moduli Gxy, Gyz Gzx; and Poisson’s ratioSxy, Uyz Uzx. The subscript, Y,
andZ refer to local coordinate ag that mayr maynot correspond tthe globalaxesx, y, andz
In NIKE3D, orthotropic elastic solids correspond to materiaé tyo. 2.

In figure 4, thejoint is paallel to they axis, sothe local axes are aken b concide with the
globalaxes. A shear moduluss,; for thejoint dement can becalculated from theassume joint
stiffnesskioine. The shear modulus is defined as the ratio of shear sixe$s shear strairy,
where he shear sain y, in figure 4 can be calllated as he ande defned by the relative



displacenent A divided bythe element lenh 0. The shear stresgy, in the eement can be
related to thejoint sher stiffness pe unit length by
A
Oy, = kjoint F

whereh is the element hdig. Usingthe definition of shear modulusvgs

o _kjoint5
Y xz h

As with thebeam modé, the joint dement sidelength é doesnot correspond to the actuaim
betweenthe slabs,so it can take on angonvenient value.lt is most convenient to assighe

sane nunerical value b ¢ andh so that G has he same numrerical value as Kiint. All of the
numerical exanples n this reportwere conputed usng the valiesh = = 1.0 in. The 1-inch
dimensionwas chose to providea suitable aspect ratio for the 3D solid joint éements. While a
smaller dimension, say= 0.1 in., maybe closer to a realistic estimate of ttap width, it was
found that the resultinghigh aspect ratio leads to numerical problems in the finite element
solution. In particular, the stresses computesingd = 0.1 in. do not differ sigficantly from

those computed usinhO in., but due to the thinness of the joint elements, the required solution
time is much longr (cf. runs no. 9 and 63 in appendixor a comparison of run times).

The other elastic constants were assdyappropriate valuesin particular,Ex was assiged a
low nomind vaue (Ex = 100 psi) to allow independent hayital movementof the slabson
opposite sides of the joinPoisson’s ratio was 0.3 in all directions.

The nodes in the upper Ethat are not connected to the sledimentamustbe constrainedo
prevent rotaion of thejoint dements and to force thejoint elementsto deform in shear, as shown
in figure4. This is accomplished in the model bgnstraininghodem to have the sane vertical
and horiontal displacements as nod@nd similar constraints are applied to the noales(j, n),

(k, 0), and(l, p).

INTERFACE MODEILS.

Horizontal interfaces that were completddgnded requirecho specialtreatmentin the finite
element method.For other interfaces, in particular for the interfdatweenthe bottom of the
slab and thetop of thebaselayer, NIKE3D provides anumbe of built-in options. The available
interface nodek are:

Type 1 - Tied. No seaation or slidingis pemitted. (This option is preticaly equivdent to a
completely bondedinterface, but allows the mesh to be discontinuous across the
interface. It was notused in the currenimodel)

Type 2 - Sliding only.  Allows frictionless glding of contct surfaces wh full con@ct
maintained betveen surfaces.
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Type 3 - Sliding with gaps (se bdow).

The last option, sliding with gaps (Tye 3), is the eneral contact option available within
NIKE3D. Despnatd side surfaces ay be n contctor fully or parially separagd. The final
contactsurfaceis obtained byequilibrium iterations and does not have to be knawpriori.
This option is paricularly usefulfor modeing gap formation in rigid pavenents wheresurfaces
initially in contactmaybecomepartially separated under the application of lo#&& with Type 1
and Type 2 interfaces, the mesh can be discontinuous across the interface.

For rigid pavements in egdoading it is common for thelabon the unloadedside of the joint
to become sepaated from thebase layer. This @ndition is modked by ddining the interface
betveen shb and base as afg/ 3 side surface (&lling with gaps).

Anotherfeatureof Type 3 sliding surfacesn NIKE3D is the abilityto treat slidingfriction. It is
possible to desitpte both static and kinetic friction coefficients applicablehe whole slide
surface. These opbns were noused n the currenimodel due b the satic naure of loading and
becausedinclude friction woul be b departfrom elastc theory

All of the NIKE3D contact models are based on a penftynulation. This means that in all
problems involvingcontact, a small but finite amount of penetratimtweenthe contacting
surfaces mst occur n order b devebp the pendl forces. In NIKE3D it is possble to contol

the degee of penetation by adjusing the “penaly stffness sca facor” for penaty forces,
althoudh penetratiorcannever be reduced teem. In NIKE3D the default value of the penalty
stiffness scale factor is 1.0From repeated trials of the pavement models it feamd that
NIKE3D’s defaultsettings led to excessive penetration at the slab-base interface, and a factor of
10.0 was needed to reduce the penetrations to accefmablalues. The costassociatedvith
increasinghe penaltystiffness scale factor is slower conwemge of the numerical solution.

FOUNDATION/SUBGRADE MODELS.

The numerical options available to model the infinite galig were anabed. The following
aternaives were identified and studiel:

1. Artificial fixed base In this option thesubgadeis discetized usingfinite elementsto an
arbitrary cutoff depth. The contribution of the subgde below the cutoff depth is
ignored.

2. Compliant foundation. The discretizd subgade is replaced by compliant mat
foundation. The base lagr of nodes is not fied but isassigneda stiffnessbasedon the
theoretical response of a dense liquidrflder foundation) or @emi-infiniteelasticsolid
(Boussinesq foundation)The three-dimensional discredizon of the baseand subbase
layers is reained.

3. Infinite elements. Infinite elements are speal finite elements that are exended b
infinity in one or mre drecions byusing noninear shape funicins whose vale decay
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to zero at infinity. Because theyo not increase the node count, but singa@gtribute an
additional stiffness to nodes at the base, infinite elementsantagllybe thought of asa
kind of compliant foundation.

4, Finite element/boundarglement higrid model. By coupling boundary elementsto
standardfinite elements it is possble © produce a nugrical model enconpassing the
entiresubgaderegon. A schematic of such a bgid model is shown in figre 5. The
model in figuire 5 is based on special boundaryelementformulation (the Mindlin
formulation)for which the fundamental solutions are the solutions for a linear elastic half
space.[4] The advardge of a hyrid techngue b that a rektively small regon is
disaetized, yielding substatialy fewer equaions than a compaable finite element mesh.

In figure 5, only the slab and base laxs are discreted. Also, the boundaryegon,
which is not discretied, automaticallyaccounts for the infinite ¢ant of the problem
domain. A major disadvantagis a lack of qualified public-domain software to handle
boundaryelement or higrid problems.

Load
\r Finite Element Region

/% % /%

A

\ 4 & L 4 \ 4 & L 4

Boundary Element Region

FIGURE 5. FINITE ELEMENT/BOUNDARY ELEMENT HYBRID MODEL

The comparison consisted of three stepsst, node and element counts were made based on
hypotheticalmodel of a rigd pavement consistingf nine slabs and a basedagupported on an
infinite subgade. For smplicity, joints and siding interfaceelement werenot consderedin the
calculations, nor wee equilibrium iterations ®nsideed. Next, estimates wae made of the totd
numbe of mahematical opeations (alditions, multiplications, root extractions) required to
completelysolve the linear system produced bgach of the above alternatives usenglirect
method of solution.Finally, these estimated operations counts were convastestimatedun
timeson a work stationcomputer. Because all of the steps were done on paper, there was no
need to atudly implement thevarious modés and timetham.

The hypotheticalmodelusedfor the comparison is shown in fige 6. The slab lagr consists of
1,940 4-node shell elements for a total of 2,137 nodé® base lagr consistf a singe layer
of 8-nodesolid elements for a total of 900 solid elements and 1,922 ndéwmsthe artificial
fixed base option, a discre¢éid subgade consistingf 10 layers of solid elements in eegular
mesh was usedThe total number of additional elementghie discretizd subgadeis 9,000and
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the total number of additional nodes is 9,61The option of usinghigher order,20-node
serendipityelements for the discreéd subgade was also considered.
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FIGURE 6. DISCRETEED MODEL FOR RUN TME ESTMATES

Table 1 lists nodal counts for the various numerical optiongetisasestimateof the numberof
equationspperationcounts,and centralprocessingunit (CPU) solution timesExcept as noted
below, operationcountsassumethat the swtem of linear equations is solved direatiging a
banded Choleskprocedure (DL" decomposition). The Choleskymethod applies to banded,
symmadric, positiveddinite marices and is moreefficient than standad Gausselimination for

these problems. The number of operations (flops) needed smve the system is given
approxmately by the formula $]

OC=np’ +8np+n

whereOC is the operations coumnt,is the number céquationgi.e., the numberof unconstrained
degees of freedom in the stegm), ang is thehdf bandwidth of thestiffness marix.
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Choleskydecomposition cannot be used for the finite element/bouredanyent higrid method
becausethe matrices produced bythis method are not symetric. Banded, nonsymetric
systans @n be solvad directly using Gauss dimination (LU decomposition andoack-
substitution), for which the appriowate operations count isvgn bythe formula p]

OC = 2np® +4np

with n andp as defined aboveEstimates of run times are based onagsumptiorthat the
microprocessormperforms calculations at a rate of 10.7 nafigps per second (10.7 £0°
operationgersecond). Thisratewas based on observations of the actual performance of an SGI
Indigo® work station with 128 metpytes of random accesaemory (RAM) progammedto
perform repetitive multiplications. The run times in table 1 represent only the solutiontime for

the linear sgtem. However, for problems of the sizonsiderecere,the linear solutionphase

can be egected to account for in egss of 90 percent of the total CPU time chdrg

TABLE 1. COMPARISON OF OFEERATION COUNTSAND ESTIMATED CPU TIMES FOR
VARIOUS MODELING STRATEGIES

No. of Equations Operation Estimated (U time,
Description Nodes | (Estimated Bandwidth) | Count, MFlops hours
Discretizd subgade,
fixed base 13681 ;15‘:366007) 1.53x 16 39.7
(8-node elerants)
Discretizd subgade,
fixed base 9797 (3;?78185? 7.99x 16 20.7
(20hode elerants)
Conpliant foundation, 18660
Winkler subgade 4071 (4310) 3.47x 106 9.0
Conpliant foundation,
Boussinesq 4071 (148361%3 3.47x 106 9.0
Infinite elenents
18660
4071 (4310) 3.47x 106 9.0
Finite elenent/
boundaryelenent 4071 (138264633 3.93x 10 10.2
hybrid

From table 1, it is apparent that the discedizubgade with a fixed base ishe mostexpensive
foundation option in terms of run timeHowever, it is also the simplestto implementand
requres only that the fixed base bedcaed ata suffcient deph to yield accurae resuts. |If
20-node elements are substituted for 8-node elements (lmasede higher-order element
replacing eight linear dements) then a CPU time savings of nerly 50 pecent is achieved.
However, as mentioned above, thesehbérigorder elements are not includedtie standard
NIKE3D elementlibrary. The various compliant foundation options, includitige infinite
elements option, are all virtualgquivalent in terms of run time, and the choice should therefore
be based on considerations of accurag ease of implementatiofhe estimate for thénite
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element/boundarglement higrid does not reflect the #snsive numerical integtion needed to
form the boundary element stiffnesses. If this exra computational effort is added in
(approximately 3.3 x 10* Mflops) then theestimated CPU timetotd for that optionincreases to
11.0 hours.

Thefinal modelusesthe optionof a discretied subgade with fixed bases.An alternative model
was developed that substitutes anWer springfoundation for the discretizesubgade layer

(but reains the disaetized finite thickness bae layers). This aterndaive modd, which is

discussed in the section on Automatiaite Element Mesh GeneratiomsesNIKE3D material
type 17 (Bundation BundarySpring to represent the Wkler foundation.

The finite element/boundarglement higrid option was not pursued.t was felt thatthe
moderate time saviisg did not justify the considerable progmming effort involved in
developingand qualifyng a progam to handlanixed three-dimensionalFE/BE computations,
especidly in view of thefact tha greater potentia time savings ae available with a compliant
foundation approach.

LINEAR SOLVERS

Theestimates in tdble 1 ae based on adirect solution &gorithm. While direct algorithmssud as
Gaussor Choleskydecompositiorarethe best known, thegre not necessarithe most efficient
solution tools. In paticular, thefamily of PCG solves mg providemud faste solutionswhere
large numbers of equations are involvedn addition, PCG solvers afford considerable data
storag saving as compared to direct methods.

A full descriptionof PCG methodsis beynd the scope of this report, but reference is made to
Atkinson [6] and Hudpes and Blytschko [7] for a fuller treatment. Basically, the conjugate
gradients are a sebf n independent vectors, or search directionssgisfying the orthogndity

property[6]

p/Ap,=0 1<i,jsn i#]

with respect to A, whae A is the rea, synmdric, positive definite marix of stiffness
coefficients, andn is its rank. If the vectors jpareused ashe search decions n an terative
scheme,jt can be provedthat the solution must be found in a nixim of n iterations, and
generally convergnceis far faster. Various preconditioners can be applied to makixo
improve its condition number and to speed conmecg of the conjugegradient(CG) solution.
An advantag of the preconditioned conjatg gadient method as applied to finite element
problems is that all of the matroperations, includingreconditioningcanby performedat the
element level, so thee is no ned to form ad storethe whole globd stiffness marix (as direct
solution methods require)lhe abilityto do computations on alementby-elementbasis rather
than globdly is thekey to thestorage savings asocated with PCG. A related advantage is tha
there is no need to minimize the matoandwidth in the element-bBlement method.
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NIKE3D includes both an efficient direct solver (calld&FLE) and goreconditionedonjucate
gradient solver with various preconditionimaptions. Use of the PCG solver iNIKE3D is

somewhat restrictedModels involvingbeam or truss elementsy, discretesprings or dampers,
arenot supported byhe PCG solver.Since the material pe 17 foundation boundaspringis

essentiallya systemof discrete spring placed at boundamodes, it is also not supported e
PCGsolve.

The finite element modé disaussel in this setion was formulded to becompdible with the
NIKE3D PCG solver. Hence it does not include beams discretespring (except for the
Winkler foundation option). NIKE3D allows the user th@ption of storing elementand
conjucate gadient data in core memofthe option recommended bye NIKE3D originators)or
ondisk in temporay storaye files (necessay for very large modds). Usingan SGlwork stdion
with 128 megbytes of RAM, models of up to 100,000 degs of freedom emerated bythe
automatic procedure discussed in the followgegtion have been successf@gcuted in core.

Generally problems involvingmore than about 10,000 equations Wi solved more quickly
using a PCG solver insiead of an efficient direct sover. However, dued the natire of he
iterative process, the exact solution timefor a speific problem is difficult if not impossibleto
predict (see gppendix A). In NIKE3D, theinitial linear solution is iteatively improved until an
equilibrium convergnce criterion is satisfiedBetween equilibrium iterations, internal forcase
recomputed and the set of nodes in contact atbagslidinginterfaces maye adjusted.The
total solutiontime therefore depends on both the coajeggadient iterations (the inner loop)
and the number of iterations to achieve equilibrium corerexrg (the outer loop).

AUTOMATIC FINITE ELEMENT MESH GENERATION

Automaed daa preparation is an important pat of a suaessful finite element implementaion.
Before any finite element computations can take place, aelamghount of numerical data is
needed to describe the meskometry loading parameterspoundary conditions, material
properties, etc.For a tyical three-dimensional mesh the number of n@hekelementscanrun

into thetensof thousands.Also, the specific form of the mesh is problem dependent, influenced
by suchfactors as number of wheed and wheehrrangment load nagnitude, bad case (€.,
edge loading or integior loading), synmery, and parement layer design. Clearly, the task of
organizing the data andegeratinga usable input file is best done cymputer.

NIKE3D has a companion preprocessor paag(INGRID) that generatesthree-dimensional
meshes in a format readable M\(KE3D. Like NIKE3D and DYNA3D, NGRID is aFortran77
progamthat can be compiled to operate on a workstation in axt#divironment. No personal
compute version is airrently available. In contrast to may commercial preprocessors,INGRID
has verylimited interactive capabilities.The user isrequiredto preparean ASCII input file
containingspecific meshingnstructions for NGRID. Instruction files mayun to hundredsof
lines of code and must bewritten in acomplex progamming language tha can bedifficult to
master. The langiage and commands are documented in M&RID User Manual. 3]
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In order to simplifymesh gneration for the user, ®indows-basedront-end progam for
INGRID was written in the Visud Basic language. The front-end progam (caled PreGrid)
acceptsinput from the user and then automaticalignerates the instruction file foNGRID
based on the user-provided informatiohhe ReGrid interfacdas interactiveand user-friendly
Thereis no ned for theuse to learn theINGRID progamming code

At the current stag of development, 3 steps arexjuiredto generatethe NIKE3D input file.
First, the NGRID instruction file is gnerated on a personadmputer(PC) running Wndows95
or higher using PreGrid. The genegated instrudion file is then transfared to the UNIX
workstationor other computer runninfNGRID. Second, NGRID is run usingthe PreGrid-
generated instruction file as inpuflhis step producea valid NIKE3D input file, but onethat
lacks information aboutegr loads and certain nodal constraint and control datard, the
intermediate NKE3D input file is automaticallynodified, adding themissing data,using
ReGrid. ReGridwaswrittenin Fortranwith a Visual Basic front end. Specific modifications to
the NKE3D input file performed byhe ReGrid progam are the following

1. The NKES3D input file format is charegl from Version 2.0 of NE3D to Version 3.0.

2. Information about nodal loads is added to the input file.
3. Boundaryand synmetryconditions (if applicable) are added to the file.
4, Constrainedhodepairsaredefined for the joint elementdt is necessario constrain the

movement of pairs of nodes in the joint elements to force the joint to deform inasigear
preventrotationof thejoint about its longudinal axs. The continuous linear joint model
is described in detail underdiht Models” in a previous section of this report.

5. Nodal coordinatesare scaled to conform to slab dimensions selectetthdoyiser. Joint
stffnesses are aomatically recatulated to agee wih the scaéd gap width. Thusthe
joint stiffnesskioine input bythe user is not affected lge scalingoperation (see Model
Sding).

6. Data for numeical integration throudn the shél element thickness byLobdto’s rule is
added (see appends).

7. Foundation boundargpring(NIKE3D material No. 17) cards are defingdneadditional
materialcardis definedfor eachnumerical value of springtiffness assiged to a node on
the foundation.Foundation Node BundaryCondition cards are appended to émal of
the file when Material No. 17 is defined.his applies to th&Vinkler Foundationoption
only (see Whkler Foundation Option).

Theaboveautomatic mesheayperation process involves three separaterprog and considerable
transferof daia from conputer to computer. Thisis necessarpecausehte NGRID progam that
performs the actual meshimgnot set up to rum Windows. Oneoptionunderconsiderations
to compile the INGRID codeon aPC, ad then combinethe three progams PreGrid, INGRID,
and ReGrid into one integated mesh gneration progagm whose sole output would be the
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NIKE3D input batch file. The effect of the integted procedurgvould be to makethe actual
mesh generation transpaent to theuse.

WINDOWS-BASED INTERACTIVE FRONT END

The main interactive window for PreGrid is shown irufig 7. User data input for thiprogam
is limited to three general categories: arcraft data, pavement layer data, and load case. Sdection
of the aircraft gear s made as easwys posdile. The user sekcts an aicraft from a pul-down
menu at the kft. Aircraft types are orgnized accordng to arcraft manufacurer, wih a nunter
of generic geartypesincludedas well (e.g sinde wheel, dual tandem)The list of aircraft is
adopted from the list included in theylered Elastic Desigh/Federal Aviation Administration
(LEDFAA) pavenent desgn standard. §] When e user sekcs an aircraft, the main gear
footprint appearsn the large graphicswindow. Usingthe “Edit Wheels” buttons on the g,
theusercanadd, remove, or move wheels to create a new aamafign. Information about the
distribution of loads to the individual wheels in theagis shown in a table under thaghics
window. The followingvariables are assigd default values from the aircraft librabut can be
modified interactivelyfrom the PreGrid window: Gross Vehicle Wght (GVW), Percent of
GVW onMain Gear, Tie Ressure.The lbad case (edgor nterior load) 5 sekecied in the boxat
the lower right. For edge loading, theddault orientaion of thegear is paallel to thejoint, buta
perpendicular orientation can be selectedtmckingthe appropriate box
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B-737-700
B-737-800
B-747-200 Add |
B-747-400
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FIGURE 7. MAIN WINDOW DISPLAY FOR PreGrid
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The pavemenstructure is entered in a separate window, the Pavement Structure window shown
in figure 8. Layer thicknesses and properties can be entered or modified atagyprior to

final generation of the mesh instrution file. Propeties an beentered for four lavers: thePCC

slab, layr 1, layer 2, andthesubgadelayer. The PCCslabandlayer 1 arerequired. In addition,

either a discreted subgade lagr or a Wnkler foundation mudbe entered.In mostcases|ayer

1 is the base lay and lagr 2 represents a subbasklowever, if no subbase is required for a
particular section, then enterirmgro for the lagr 2 thickness causes the pragy to skip that

layer. Each active lagr requires two elastic constants: Yolsnmodulusk and Poisson’satio L.

For thePCC slb, these dastic constants ae interndly sd to E = 4,000,000 psi and = 0.15.

'@ PAVEMENT STRUCTURE M=

-Slab ~Slab Dimensions —
Thickness: |14 -

Young's Modulus E  4.000.000 psi cELlmemes: B >

Poisson's ratio 015

Joint Spring Constant: |1E|IZIDDEI

% Dimension: |25 -

~Layer 1 -Cracked Base
Thickness: IE! -.-|
Young's Modulus E: IFEDDD vl - Base Layer
Cracked

Poisson's ratio: |0.35

-Layer 2

Thickness: IE! v|
Young's Modulus E: [75000 -] . 0%

Poisson's ratio: |0.35

-Subgrade Layer Foundation Options

Younqg's Modulus E: [15000 -
Poisson's ratio: |E|,4

# Subgrade Layer

" Winkler Foundation

FIGURE 8. PAVEMENT STRUCTURE EDT WINDOW FOR PreGrid

By default, the progam generates athree-dimensiond subgade mesh with elastic propeties as
assiged in the Pavement Structure windown option allows theuserto substitutea dense
liquid (Winkler) foundation for the discreed subgade lagr. If the Winkler Foundation option
in figure 8 is selected, no subage mesh iseperated. The Winkler option,andcertainlimits on
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its use, are discussed below second option, Bse Layer Cracked,generatesa meshwith a
disoontinuityin thebaselayer at thelocation of thejoint. The disontinuity is modéed as afully
unbonded, vertical pe 2 slidinginterface. This option is particularlysefulfor analyging the
effect of cracks in high-stiffness stailized base layers tha frequently form & the joint location.
The cracked-baseption is sekected bycheckng Base layer Cracked n the Ravement Structure
window (figure 8).

As discussed in reference 8, the perg PreGrid actuallproduces two ASCltext files. The
first, gven afile nane with an extension .ing is theactud INGRID instrudion file. The second
file, giventhe samebasefile namebut with the etension .rg, is a file containinglata for the
load geomdry usel later by the progam ReGrid. Once dl data entry is complee, the use clicks
on Go Mesh (figre 7) to gnerate the files.

MESH GENERATION USNG INGRID.

INGRID produ@s modéds by generating pats and cmbiningthem into larger assenblages viaa
nodal mergng process.Controllingthe mergng process can be the most difficult aspeatsihg
INGRID, which is whythe PreGrid progim wasdevelopedunder this researcheffort to
aubmate the process andake it transparento the end usersThreetypesof pars areavaiable
“Standard” parts areused for gneratng three-dmensional meshes. “M AZE” parts are used for
generating two-dimensiona el ements (e.g., shdls) and can dso bestacked to form rgular three-
dimensional meshesTransition elements can be used to provide 3:1 otrarisitionsin mesh
densty betveen adpcentMAZE parts. The tird type of part one-dmensional beampars, is not
used in the final model.

In thefinal model, all three-dimensional mesh it (base, sulbgde, joints) use standard parts,
while the two-dimensional slab i@ is meshed usinglAZE patrts.

SYMMETRY CONSDERATIONS

PreGrid automdically checks themesh and theloading to ascertain whether synmdry exists. If
symmdry exists, then the appropride synmery planes (one or two) ae formed in the mode.

For inteior loading, d@ther one or two planes of synmdry may exist, dgpending on the gear
geometry For edg loading only one planeof symmetry (the x-z plane) is possible Symmery
planesareformedby imposingappropriatedisplacement or rotational constraints on nodes on the
plane of synmetry By takingadvantag of synmetry, the siz of thefinite elementproblemthat
needs to be solved is substantiafigguced.As an option, NKE3D allowssymmetryplanesto be
defined based on a penaftymulation similar to theliding interfaces. However,this NIKE3D
feature was not used in the current model.

BASE AND SUBGRADE LAYER MESH.

Figures9 and 10 showtypical three-dimensional meshes for the base andradégegn. In
figure 9, circular and sphericalmeshpatternswere used to transition from a fine mesh in the
vicinity of the loadto a coarse mash n the far feld. A reasonald ekment aspectraio was
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maintainedthroudhout all partsof the three-dimensional meshThe maxmum element side
length usel for three-dimensiona elements in thevicinity of theload is 5 intes.

Rigid Airport Pavement
INGRID Display of Mager Slide Stface

FIGURE 9. THREE-DIMENSIONAL MESH FOR BASE AND SUBGRADE LAYERS
(EDGE LOAD CASE)

The “truncatedpyramid” shapeof the subgade meshes shown in diges 9 and 10 is influenced
by two principles. The Dne of influencef theappliedverticalload tendsto expandwith greater
depth below the slab, so a largarea must be meshatigreatersubgadedepths. At the same
time, the effect of the applied load diminishe & the distance from thepoint of loa gpplication
increases, justifying a coarsa mesh dasity in the pats of themesh fa from theload. The
horizontal &k andy) coordinatesof the nodes are scaled lineamyith depth, resultingn a
pyramidalshapedneshwhosenodaldensitygraduallydecreases in all directions awiagm the
load, as shown in figes 9 and 10The horiontal scale factors ametsothatthe nodeson the
side boundaries of the mesh slope at a 4%e#=nde to the vertical, while nodeson vertical
planes of synmery reman vertical.

The mesh in figre 9 was gnerated assumingdge loadingof the centeslabby a B-777 main
gear(seefigure 7). For this type of problem there is one plane ofrsyetry(thex-z plane). The
PreGrid progam detected the silggplane of sgnmetryand consequentlynstructediINGRID to
producea meshfor only one-half of the problem domairf-or interior loadingproblems where
two planes of aymetryare detected, one-quarter of the problem domain is mesheck(1iQ).
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FIGURE 10. THREE-DIMENSIONAL MESH FOR BASE AND SUBSRADE LAYERS
(INTERIOR LOAD CASE)

The upward-paiting arrows n figure 9 ndicae an area where adihg interface s defined. The
interface areadthe conact surface bateen he bp of basedyer andthe baseof oneof the 25-
by 25-footslabs. The basedyer surface $ definedasa master surfaceandthe slab surface(see
figure 11) asaslavesurface putthis is a pureharbitrarydesigation, as Tge 3 slide surfaces in
NIKE3D are synmetrical with respect to master/slave deaigpn. In the edge-loading model
shown (figures 9 and 11) there are a total ofd@fined slidesurfacespnesurfacecorresponding
to each oflie shbs n the nodel

SLAB LAYER MESH.

Figure 11 showsa top view of a meshproduced byNGRID for the slab lagr. The problem is
thesameas in figure 9, edgloadingby a B-777 main @ar. The slabs are separateddaps of 1
inch thickness & thejoints to dlow room for thejoint dements. A ddail of the fine mesh area
with the B777 load is shown in fige 12.

Figures 11 and 12 illustrate the mesh pdtern use@ for 3:1 ad 2:1 trasitioning in two
dimensions.Typical elementside lenghs in the coarse mesh reg are 12.5 inchesBy the use
of a row of 31 transtioning elements and hen a row of Z transtioning elements, the element
lengh in the fine mesh regn is 2.083 inches.
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Rigid Airport Pavement
INGRID Display of Slawe Slide Stface

Slide Surface ("Slave")
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FIGURE 11. TWO-DIMENSIONAL MESH FOR SIAB LAYER (EDGE LOAD CASE)
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FIGURE 12. DETAIL OF SLAB MESH WTH B-777 MAIN GEAR LOAD
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The slave slide surface in fige 11 correspondini@ the master slide surface indig 9is shown
by the curved arrowsBY the right hand convention, the arrows point downward, indicattiad
the surface facehi¢ bp of he base courseThe reference phe for shélelement coincides
with the shbbase mterface n al cases.

MODELING THE AIRCRAFT GEAR LOADS.

DETERMINATION OF THE NODALLOADS. Figure 12 shows the mairegr footprint forthe
B-777 aircraft superimposed on the surface md3be to singg-plane sypnmetry only four of
the six wheek comprising the gear appeami the figure. Wheelloads are appd to the surface
mesh bya tributaryarea method accordirig the followingrules:

1. The wheelload s assuned to be unformly distributed on a reengular loadng path.
The shapeof the load patch is the equivalent rectarngr load patch developed for irig
pavement desig by the Portland Cement Association (PCAThe dimensionsof the
rectande are 0.8712 k by 0.6 xL, where Lis gven bythe formula

L= | A
05227

andA¢ is the noninal tire conact area okdined bydividing the ire load bythe nominal
contact pressureThe PCA load patch is described in references 10 and 11.

2. Nodal loadsare computedby a tributary area method, with the tributaprea for each
node computed followinghe diagam in figure 13. The nodalloadis the productof the
tributary area andrite noninal contactpressure fortte gear.

3. The cengr-to-centr dimensions of he bad pathes areequalto the actual cener-to-
cener dimensions of he wheed conprising the arcraft gear.

4, For the ed@ loadng case, lte edg of the shb Ines up wih the bng side of the
recangular load path. For the nterior load casethe geometrical cener of the gear
coincides wth the cengr of the shb.

TIRE PRESSURE [EHTRIBUTION. A preliminary study was conductedto evaluatethe
possibility of using nonuniformtire pressures or nonrectarigr tire load patches in the finite
elementmodel. For comparison with the uniform distribution, an ideatiznonuniform tire
pressuredistribution basedon the work of Tielking [12] was assumed (see dig 14). The
following conclusions were made from this study

1. A relatively high nodal density in the tire contact regn is needed to capture the
nonuniform pressure variation within the tire contactaeg
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FIGURE 13. NODAL LOAD DISTRIBUTION BY TRIBUTARY AREA METHOD

Data colleced by Tielking [12] indicates hat severalfactors affectacual pressure
distributionsin aircraft tires, includingire inflation pressure and tire desi¢pias versus
radial, ec.). As aresult, distributions for diffeent arcraft may not besimilar. Tielking
comparedmeasured pressure distributions for & tire to predictions from a finite
element modé (see figure 14). His results sugest tha tire pressurevariability is manly
in the lateral direction, with the loitigdinal pressure distribution close to uniform.

For the rigd pavement case, critical stresses predicte@dsyminga nonuniform tire
pressure distribution did not varmignificantly from critical stresses predicted far
uniform distribution. Likewise, stresses for the nonrectalag PCA loadpatchdid not
vary significantly from thosefor therectangular PCA loa pach.
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Table 2 contains stress comparisons for nonuniform versus ungassuredistributionsand
nonrectanglar versus rectamgar load patchesStresses in tab2werecomputedor the caseof
BoeingB-737 singe tire (ed@ stress) usinthe finiteelementprogam KENSLABS. [11] The
critical stressis the maximum bending stresscomputel in the base of the sléb. Assumptions i
as listed in table 2.

TABLE 2. EFFECT OF NONUNFORM TIRE FRESSURE DISTRIBUTION AND LOAD
PATCH SHAPE ON ANITE ELEMENT COMPUTED CRTICAL STRESS FOR
B-737 SNGLE-WHEEL LOAD

Critical Stress,
Base of Slab Percent

Description of load (psi) Variation
Uniform pressure distribution, PCA rectaay load
patch 495.37 N.A.
Nonuniform distribution in the lateral direction, PCA
rectangular load path 494.86 0.103%
Uniform pressure distribution, PCA oval load patch 494.88 0.99%
Assumptions:
1. Slab siz120 x90 x12 in (15 x10 x 1 ft)
2. Edgeloadingon longedge of slab
3. Winkler foundationk = 200 pci
4. Concrete properties: £4 x1° psi, = 0.15
5. Loading B-737 sinde wheel, Total load = 30,000 Ibs., Contact pressure = 155 psi
6. Uniform pressure distribution in lortgdinal direction
7. Nonuniform pressure distribution in lateral direction, seerédL0.

Basedon the studythe use of nonuniform pressure distributions or nonreatantpad patches
was not justifi@ in thepresent modé.

CONTROLLING THE MESH DESGN.

In the finite element method the optimal mesh degiges the required level of accuragging
the fewest dements. Oneway to control thenumbe of dementsin the meshis to limit the size
of the fine mesh region rdative to therest of themodd. Anothe way is to limit the mesh
densty. Because eablishing approprate mesh dmensions for a gven classof problens is
largely a trial and eror proess, theautomdic mesh generation progam was designed to alow
modifications to thebasic mesh to bemade easily by changng oneor moreinterndly se control
paameers.

The automdic mesh generation progam aeates a mesh for theslab layer consistingof two-
dimensional shell elements as shown iuffes 11 and 12The fine meshregon may be larger
or smaller as needed, dependionthe main gearcharaceristics of the aircraft type sekeced. For
example,multiple-wheelgearssuch as the B77 will require a more é&nsive fine mesh regn,
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hence more nodes in the mesh, thanletadneel gars. To handle this meshingquirement, the
automatic mesheameration progam assigs different values to the control dimensi@m®wnin
the diagam in figure 15. The distances shown asc', ande ddfine the limits of thefine mesh
area. Similarly, a, a, and b ee paameters thd ddfine thelimits of thetransition meh aea.

a a
< Joint B
§ :
b
c' c
2e 2f — i
N b
DR300
SLAB 2 SLAB 1
A —
J d \ | |
Fine Mesh Region

/Y 2:1 Transition Elements

R 3:1 Transition Elements

FIGURE 15. CONTROLDIMENSIONS FOR SIAB MESH (EDGE IOAD)

In the framework of figre 15, fine mesh density related to coarse mesh dengityhe slab by
6:1 rdio defined by the two layers of transition éements. Layer 1 consistsof 2:1 transition
elementsn the regon defined by2f-2e and (d+§-(c+c’). Layer 2 is a 31 transtion ebment
regon immediatelyadjacent to the coarse elementioeg Practically the fine meshcantakeon
only discrete values related to the slab dimensidfs. example, if the lenth of the side of slab
1 is takenas 300 inches(the defaultvalue) and the coarse mesh spads@2.5 inches (i.e., 24
elements equaly spaced ang the shb sde), hen he sde of an element in the coarsemesh
regonis 12.5inchesdivided by 6, or 2.083 inches.If the coarse mesh spacingre chaned to
20inches(15 elementsalongthe slab side), then a fine mesh spachd.33 inches would result,
and so forth, alwag/in a 6:1 ratio.In this way the finemeshdensityis controlledaswell asthe
extentof thefine meshregon. The effect on model response of alterthg fine mesh densiig
disaussel in thesection “Modd Sensitivity Anaysis.”
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Care must be taken to choose combinations of parameters that respitbpesandvalid mesh
when processed biINGRID. For example, candc” in figure 12 nust be chosen as even
multiples of 24, where4 is thefine mesh éement sidelength (i.e, 84, 124;, etc.). Otherwise,
an invalid mesh (that is, invalid for KE3D) mayresult, as shown in fige 16. In orderto
avoid the tpe of meshingerror shown in figre 16, the control dimensiorier a given gear
geometryare determined from the flowchart shown irufig 17.

Rigid Airport Pevement
[MGRID dizplay

L

FIGURE 16. DETAIL OF INVALID SLAB MESH RESUITING FROM NCORRECTLY
CHOSEN PARAMETERS

The method for assigng nodal loads based on tributagyeas requires that the entireag
footprint be locatedwithin the regilar fine mesh area, and that none of the wheels be located in
the transtion area. The flowchartprocedure (fiure 17) resus$ in a valid NIKE3D mesh for
arbitrarily configured aircraft gars and a fine mesh reg that exends begnd thegearfootprint

area bya minimum of 30 inches aall sides. The 30-inchoverlapensureghatplots of computed
bendingstress and deflection created usiing mesh are visualgmooth.
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Data: X,Y,A¢,s,,s, Input Data Definitions:

X, Y Main Gear Dimensions (in.)
A,  Fine Mesh Element Side (in.)

c ECX]+30)/5X S, §, Scale Factors

e [{Y12+30)/s,

n CINT e/, ) Y
m CINT (e/38,) 0 0.+

-
C |:(E|3)|:33f l4—No Yes—»l C E(E+2)[3Af
+2 1
‘ a [CBAY E@IT %@15 ‘

o e i

e E(E."‘3)mf 4—No Yes—» C E(E-}Z)IZ?Af
b raa) caT 2 H 15
R E@‘ O3 O H ’ a’ 121N,
f el @T@JQ% ¢’ BTN,
3 » d' [BIN

FIGURE 17. FLOWCHART FOR COMPUTNG CONTROLDIMENSIONS N AUTOMATIC
MESH GENERATION PROGRAM (EDGE LOAD)

NODAL MERGING.

Each of the large two-dimensiona areas created by the divisions in figire 15 ®nstitutes a
separatd NGRID part.[3] Likewise, the three-dimensional mesh shown inrég 10 and 11
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consists of multiplethree-dimensiond parts. When initially created, these pats are disjoint
(unconnected). Prior to execution of the finite element pragn the disjoint parts must be
mergedvia a process that eliminates redundant noddse nodes are mezd bysendinga “part
tolerancng’ instucton © INGRID where he blerance $ the specfied distance between
adjacent nodes in egss of which the nodes will not be mealg The currentmodelspecifiesa
toleranceof 0.01 inch. Since the assiged width of 3D joint elements is 1 inch, nodes opposing
each other across a slab joint will not meerg’he horiontal planecoincidingwith the sliding
interface betveen he shb lyer and he basedyer is assgned az-coordinate of ero. In order
that nodes on opposite sides of the slidingerface not merge during the part tolerancing
processa “NOMERGE” instuction is issued ¢ INGRID for each defied side surface. The
NOMERGE instruction appliesonly to nodes on opposite sides of the slidintgrface that
would otherwise meet theegmetric mergng criterion.

MODEL SCALING.

The default slab sig for the automatic meshegeration progam is 25 by25 feet. This siz
conforms to the preliminamnodel specificationHowever, if the actual slab under consideration
hasdifferentdimensionsit is possibleto scale the model to conform to the required dimensions.
The slab dimensionsare enteredin the progam PreGrid in the Pavement Structure window
(figure8), butthe actual scalingf nodal coordinates is performed within the pamg ReGrid as

a modification of the intermediate mesengrated byINGRID. The enteredslab dimensions
define scat facbrs s and § asratios of theactud to theddault sleb size i.e,

s, =L, /300
s, = L, /300

whereL, andL, are theentered sléb dimensions in thex andy direcions respectely, in inches.
The scat facbrss, ands, are gpplied to thex andy nodal coordinates respectivebllowing the
x andy slab dimensions to be independentliried. Vertical nodal coordinatexz €oordinates)
are not affected bthe scalingoperation.Default values of botk, ands, are 1.0.

CRACKED-BASE OPTDN.

High-stiffness base and subbasestaymaydevelop vertical cracks, particulady jointlocations.
In order to model this cracked-base condition, the automatic neashagon progam contains
an option for gneratingthe mesh with a discontinuity the basend subbasdayer mesh. The
discontinuityis located under the principal joint as shown inifegg18.

Selectingthe “Cracked-Base” optionin figure 8 suppresses nodal meaggbetween lagr 1 and
layer 2 mesh parts located on opposite sides of the assumed crack lingréni@y Instead a
doublerow of nodes is created at the crack locatioru(®gl9) and PreGrid instructdGRID to
definea Type 2 (sliding only) sliding interface there With the Type 2 slidinginterface, opposing
surfacesare maintained in confact but shear forces are prevedtfrom devebping across te
interface.
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WINKLER FOUNDATION OPTION.

Selecting the Winkler Foundation option in fige 8 replaces thaiscretizd subgademeshby a
numerical appraxnation of the Wnkler support conditionThe Winkler modelassumeshatthe
rigid slab is supported on a dense liquid foundation charaatdonyz a modulusof subgade
reacton k. The modulus of sulvgde reaction has units of force per unit tanger unit areaand
represents a foundation spristiffness associated with a unit area of the supported slab.

The Winkler foundation can also be conceptuatizas a bed of vertical sprsngupportinghe
bottom of the slab.In the finite elementmodel, the Winkler foundationis approxmated by
discretesprings asshownin figure 20. One end of the sprinig connected to a foundation node
and the otherendis fixed on a horiontal plane. The springconstant is the product of the
assumed value and the tributargrea for the foundation node (fige 20). The finite element
model with a Whkler foundation differs from \&tergaard’s idealiation of a slalsupportecby

a dense liquid in that the basedayand subbase, if presera)e modeledusing discretethree-
dimensional elements, and onthe subgade is represented lyspringfoundation.

Tributary area

Load \ for node |
D\ D\
A\ 4 A\
H H EPCC Slab \
|

| S _

\ Subbase

\ J = {

Foundation Njpdes —

Foundation Springs
(@) (b)

FIGURE 20. SCHEMATIC OF WINKLER FOUNDATION SHOWNG (a) FOUNDATDN
NODESAND SPRINGSAND (b) NODAL TRIBUTARY AREA
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NIKE3D supportsthe spring foundation concept. NIKE3D material tpe 17 (Fundation
BoundarySpring is usedin the current model to define aiWkler-type springmat foundation.
Material type 17 is not a true material but rather a matfixspring constants definin@ three-
dimensionabkpring (Thespringconstantsare gven in appendiXC.) Each desigated foundation
node is associated with a siagnaterial definition. Since the springonstantsare fixed, the
numberof requiredmaterialdefinitionsis equal to the number of des@ted foundation nodes
having distinct tributaryareas. The progam ReGrid contains a routine fevaluatingthe
tributary areas and determininthe required number of materialpty 17 definitions and
associatedpring constants.In order to avoid unnecessampliferation of material definitions,
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two desighatedfoundationnodes are assigd the same foundation sprisgffnesses if their
tributaryareas do not differ byore than 1.0 fn

The Winkler Foundationoption always resultsin a model with fewer equations to solve than the
equivalent model with a fuly discretzed subgade. However, becausethe Winkler model
involves discrete sprirgg(the foundation sprisg, it is not possible to use the PCG solver to
solve the model in ME3D. Models created usinthe Wnkler Foundation option mushe
solved in NKE3D with the direct solver (seanear Solvers).Selectingthe Winkler Foundation
option in theautomdic mesh generation progam automdically causes the NIKE3D direct solve
FISSLE to be invoked at ecution time. If the Winkler Foundationoptionis not selectedthen

the PCG solver is automaticallyvoked at egcution time.

SAMPLE FINITE ELEMENT RESULTS

This setion presents sometypical results from thethree-dimensiona finite element rigid
pavement model.All of the solutions presented in the followirsgction werecomputedon a
Silicon Graphics SGI Indigo” work station with 128 meipytes of RAM and 4.5 igabyte hard
disk storagge capecity.  Solutions wee computel in @re mamory using NIKE3D'’s
Preconditioned Conjude Gradient (PCG) solver with block doagl preconditioning [2]
Graphicalresults were prepared usifpfURUS, a postprocessingrogam developed byhe
Lawrence livermore National Bboratoryfor use with NKE3D and DYNA3D.

ANAL YSIS OF B-777 EDGE I0ADING.

Edee loading of the sixwheel B777 main gar was anaied for the followingcase:14-inch
PCCslab (25- by 25-ft. sld dimensions), 8-inb stailized base (E = 500,000 psi), and infinite
subgade E = 15,000 psi). The pavement used in the arsyis summaried below in table 3.
The base lagr was assumed continuous (no crack assuniBag.load data isigen in table 4.

TABLE 3. LAYER PROPERTES FOR B777 AND B-727 EDGE IOAD ANALYSES

Variable PCC Slab Base layer (Layer 1) Subgade
Youngs modulus E 4.0 (106 psi 5.0 L0 psi 1.5010 psi
Poisson’s ratiqu 0.15 0.20 0.40
Thickness 14 in. 8in. N.A.
Cutoff depth N.A. N.A. 1500 in.
Joint stiffness 100,000 Ib./in./in. N.A. N.A.

TABLE 4. LOAD DATA FOR SAMPLE FINITE ELEMENT ANALYSES

Percent of
Gross Weitt, | Gross Weidpt on Number of Individual Wheel Contact
Aircraft lbs. Main Gear Wheels in @ar Load, Ibs. Pressure, ps
B-777 680,000 95 6 53,833 215
B-727 172,000 95 2 40,850 160
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The finite element mesh for the-B7 problem was prepared usitige automatic mesh
generation progam described in the previous sectidrhe mesh data are summadan table 5.

TABLE 5. MESH DATA FOR B777 EDGE IOAD PROB_EM

Number of Nodes 29,150
Number of Shell Elements 21,982
Number of Solid Elements 4,264
Number of linear Equations 92,177
Number of Side Surfaces 6

Run dataarereported in appendi as Test Run No. 30The solution for this run was found
after six equilibrium iterations (i.e, six cals to the PCG solve), and the average numbe of
iterationsrequiredfor convergnceof the PCG phase was 1,450Hence, the total number of
iterations in the solution (number of PCG calls times aweri@gations per PCG call) was 8,700.
Total solution time for this run(CPU plus sgtem time) was 34,346 s (9.5 hours), of which 94.9
percent, or 32,609 s (9.1 hours), was spent in the linear equation solver.

Figure 21 showsthe computeddeflection basin for the -B77 load. In the figure, the sixarrows
depictthe locationsof wheelloads for a B777 landinggear, which is applied to one slab héx
the joint shown.Although the solution was computed assumaymmetryon thex-z plane, he
full domainis shownin figure 21 for clarity. As expected, the mamum deflection occurs at the
edee of the loadedslab under the center wheel of the tridem ameamgnt. The maxmum
deflectionpredictedby the modelfor this load case is 0.111 incithe maxmum deflection on
the unloaded slab is 0.108 incHlence the computed ratio of deflection on the unloaikelof
thejoint to ddlection on theloaded sideof thejoint (3, /9, ) is 0.97.

For design purposs, the quantity of greatest interest is themaximum tensile stress ocurring on
the botom surface oftie RCC slab. Figure 22 s a pbt of the principal bendng stress n the base
of the slab for the B77 analgis. Distinct stress peak®rresponding ttheindividual wheelsin
the gear can be observed cleantythe plot. The maxmum principal stress for this case is 428.7
psi, which occurs under the center wheel closest to the ddge plotconfirmsthat peakstress
does nobccur drecly on the ed@ of the shb adacentto thejoint. Rather,it occursat anoffset
from the edge, in this @se gpproxmately 6 inches towad the center of the load pach. The
computed maxnum stress on the edgwhich is less than the peak stress, is 411.1 phie
maxmum stress on the unloaded slab, which does occur at teeie@31.0 psi.The computed
ratio of maximum stress on theunloaded sideof thejoint to maimum stress on thdoaded side
of thejoint (o, /o, ) is 0.54.

The above stresses were computed NDKE3D directly at integation points in the shell
elements. NIKE3D returns bendingtresses at points on the bottom of the PCC slab directly
basedon the Lobatto integation scheme discussed above in the section “ElemepesTy
NIKE3D alsocomputesbendng moment resutants for each sheklement The bendig moment

35



FIGURE 21. VERTICAL DEFLECTION OF PCC SBB (B-777 EDGE IOAD)

resutants can be used tevaliake the stessesn each edmentatthe extreme fibersin accordance
with thin plae theory

N, ,6M, _ _N, M,
t t2 Yoot t2

whereNy, Ny are the norma resultants, My, My are the bendingnoment resultants, arids the
plate thickness. Normdly, the dement stresses computel from momat resultants will be close
to thestresses omputa directly a the Lobéato integration points. However, they will not agree

exacly due b the factthatthe NKE3D shel elementdoesnot assune a linearvariation of stress
throudh the shell thickness, as implied the above plate bendiregiuations.As an illustration,
the maximum bending stress onlie botom surface ofthie PCC slab computed from the moment

resultants is 434.3 psi, compared to 428.7 psi computed dirattihe integation point

(adifferenceof 1.3 percent). Stress plots drawn bihe TAURUS progam (e.g, figure 22) are
based on the moment resultants.
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FIGURE 22. PRINCIPAL BENDING STRESSN BOTTOM OF PCC SIAB
(B-777 EDGE IOAD)

For edge loading, the prindpd bending stress @inddes with thestress in thedirection paallel to

the joint (oy in this andysis). The bending stress norméto thejoint (oy) is theordticaly zeo a

the edge of the slab, sin@ the joints ae not designed to traxsmit aay moments. At points avay

from thejoint, oy is not z2ro in general, so the principal stress has to be computed for those
points.

Figure 23 shows the distribution of principal strain in the bottom of the PCC slaflhe
distributionis similar to that for prindpd stress (figure 22), but whilethe stress is farly evenly
distributedanmongall six wheek, a geater distribution of stain to the tree whea abngthe shb
edge is noted. As is the case with the stress, themaximum pringpd stran does not ocur
immediately at theslab edge but dose to thecenter of thewhed.

Figure 24 shows the distribution of vertical stress in the tape$ubgadelayer. As expected,

the vertical stress is concentrated under the jaWumericalresultsfor the B-777 finite element
analsis are sutmarized in table 6.
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FIGURE 24. VERTICAL STRESSN TOP OF SUBRADE LAYER (B-777 EDGE IOAD)
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TABLE 6. SUMMARY OF RESULTS OF FNITE ELEMENT ANALYSIS

(B-777 EDGE IDAD)

Conputed at htegation Points

Based on Momnt Resultants

Maximum principal stress,

loaded slab (psi) 428.7 434.3

Maximum edge stress,

loaded slab (psi) 411.1 423.6

Maximum edge stress,

unloaded slab (psi) 231.0 224.0

Maximum deflection,

loaded slab (in.) 0.111 0.111

Maximum deflection,

unloaded slab (in.) 0.108 0.108
g, /0, 0.54 0.52
0y /0, 0.97 0.97

In the above finite element ansly; onlya small amount of separation was observed between the

slab and base layon the unloaded side of the joirkhis is due to the relativelyigh stiffnessof
the joint (Koine = 100,000 Ibs./in./in.).As the joint stiffness is decreased, the separaifaihe
slab and base layincreases.Figure 25 shows in detail treeparatiorof the unloadedslabfrom
the base course fané casejin: = 10,000 Ibs./in./in.The other properties are asenin table3.

For greaterclarity the vertical deflection has beenaggerated bya factor of 500 and the joint

elemens are notshown.
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FIGURE 25. SLAB-BASE SEPARATON AT JOINT (B-777 EDGE IOAD)
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ANAL YSIS OF B-727 EDGE I0ADING.

A secondnumericalexampleinvolves edge loading by the dual-wheel 27 main gar. The
pavement properties listed in table 3 were also used in-#&7Enalgis. Loaddataaregivenin
table 4. The mesh data for theB27 analgis are summared in table 7.

TABLE 7. MESH DATA FOR B727 EDGE IOAD PROB_EM

Number of Nodes 27,334
Number of Shell Elements 21,958
Number of Solid Elements 2,523
Number of linear Equations 83,301
Number of Side Surfaces 6

Run dataarereported in appendiR as Test Run No. 49The solution for this run was found
after six equilibrium iterations (i.e, six cals to the PCG solve), and the average numbe of
iterationsrequiredfor convergnceof the PCG phase was 1,176dence, the total number of
iterations in the solution (number of PCG calls times aweri@gations per PCG call) was 7,056.
Total solution time for this run(CPU plus sgtem time) was 24,990 s (6.9 hours), of which 92.5
percent, or 23,124 s (6.4 hours), was spent inlitfear equationsolver. TAURUS plots of
vertical deflecion of he shb surface and prcipal bendng stress n the botom of the PCC slab
due to the Br27 load are presented indigs 26 and 27Numericalresultsfor the B-727 finite
elementanaysis are surmarized in table 8.

TABLE 8. SUMMARY OF RESULTS OF FNITE ELEMENT ANALYSIS
(B-727 EDGE IOAD)

Computed atritegation Points | Based on Moment Resultantg
Maximum pringpd
stress, loaded slab (psj) 400.7 405.2
Maximum edge stress,
Loaded sib (ps) 387.6 398.4
Maximum edge stress,
Unloaded sib (ps) 188.2 182.0
Maximum dédlection,
Loaded sib (n.) 0.0386 0.111
Maximum dédlection,
Unloaded sb (n.) 0.0358 0.108
I /0L 0.47 0.45
9y /0, 0.93 0.97
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ANAL YSIS OF B777 NTERIOR LOADING.

A third numerical eample analges interior loadingyy the twin-tridem B777 main gar. The
pavement properties listed in tablev8realsousedin theanalysis. Loaddatais givenin table4.
The mesh data for the-B/7 interior analsis are summared in table 9.

TABLE 9. MESH DATA FOR B777 NTERIOR LOAD PROB.EM

Number of Nodes 10,408
Number of Shell Elerants 1,998
Number of Solid Elerants 7,075
Number of Linear Equations 33,316
Number of Slide Surfaces 4

Run dataarereported in appendiR as Test Run No. 21The solution for this run was found
after six equilibrium iterations (i.e, six cals to the PCG solve), and the average numbe of
iterationsrequiredfor convergnceof the PCG phase was 1,40Z2ence, the total number of
iterations in the solution (number of PCG calls times aweiri@gations per PCG call) was 8,412.
Total solution time for this run(CPU plus sgtem time) was 12,109 s (3.4 hours), of which 95.2
percent, or 11,534 s (3.2 hours), was spent inlitfear equationsolver. TAURUS plots of
vertical deflecion of he shb surface and prcipal bendng stress n the botom of the PCC slab
due to the Br77 load are presented indigs 28 and 29Numericalresultsfor the B-777 finite
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FIGURE 28. VERTICAL DEFLECTION OF PCC SBB (B-777 NTERIOR LOAD)
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FIGURE 29. PRINCIPAL BENDING STRESSN BOTTOM OF PCC SIAB
(B-777 NTERIOR LOAD)

element analys are summared in table 10. Comparingtable 10 with tables, a significant
resut is thatthe maximum stress dued interior loadng exceedstie maximum stressdueto edge
loadingfor the B777.

TABLE 10. SUMMARY OF RESUIDTS OF FNITE ELEMENT ANALYSIS
(B-777 NTERIOR LOAD)

Computed at Based on
Integration Points Moment Resultants
Maximum principal stress (psi) 493.6 492.8
Maximum stress inx-direction (psi) 493.6 492.8
Maximum stress iny-direction (psi) 388.3 388.0
Maximum deflection (in.) 0.100 0.100

MODEL SENSITIVITY ANAL YSIS

IDENTIFICATION OF VARIABLESFOR ENSITIVITY ANAL YSIS.

The modd sensitivity andysis consideed two types of vaiables. In the first category were
variables,suchasthe meshdensity that affect the response of the numerical model, but do not
affect the response of the idealiz phwical swtem beinganalged. The second categy
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contained variables, includingavement structural properties, which affect both the id=hliz
pavement response and the numerical solutibramples of theéwo typesof variablesarelisted

in table 11.

TABLE 11. VARIABLES AFFECTING MODEL RESPONSE

Type 1 Variables

Type 2 Variables

2D Mesh Density

3D Mesh Density

Discretizd Subgade Cutoff Depth
BoundaryConstraints

Interface Rnalty Scale Facor

Quantitative
Load Magpitude

Slab Thickness

Base Llayer Thickness
Base Layer Modulus
Subgade Modulus

Joint Stiffness

Quditative
Load Georetry

Presence of Subbaseyker
Presence of @ck n Base layer

In general Type 1 variables havea conputatonal cost assocted with them For exanple,
increasing the subgade cutoff depth alds alditiond layers of dements to the mesh, thereby
increasing the solutiontime. The god of the andysis was theefore to identify the minimum
cutoff deph consstent with an accur& solution; i.e., a saltion accembly close to the
theoretical solution for an infinitely degp subgade Similarly, higher mesh dasities ald
significantly to thenumeical solutiontime, hence an effort was maleto find theminimum meh
densty consstent with an accura&numerical solution.

Type 2 variables magr maynot have a computational cost associated with thidowever,the

god of theandysis was not to minimizehe cost asocated with Type 2 vaiables, but meely to

quantify the dependence of the numerical solution on these varialemg datafrom this

andysis, the sensitivity of the finite dement solution to avariable sud as subgade elastic

moduluscanbe comparedo the sensitivityof other methods of solution (e.dayered elastic) to
the sane variable. Thus, thedaa collected in thesensitivity andysis phae of this projet may

facilitate a more gneral comparison between computational methods.

BENCHMARK RESPONSE FOR ANALYSIS.

The response of a rd) pavement to aigen static loadingcan be measured in rmimber of
differentways. Possiblebenchmarkresponses are the masum deflection of the slab surface
under load, the compressive stress in the subbaass,|ay thebendingstressin the slab. For
design purposeghe most useful measurement is the maxm bendingstress occurringt the
bottom of theslab. Therefore themaximum (tensile) bending strasin the extreme fibers of the
slab is used as the reference response for all ssagnd comparisons this report, except
where oherwise noed.
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EFFECT OF ANE MESH DENSTY.

A seriesof test runs was performed to assess the influence of the 2D mesh deositthe
computed critical stressHigher mesh densitiegield more accuratenumericalsolutions, but
solution times and storge requirements ingease rapidly with thenumbe of dements. Table 12
summaries the testruns for 2D meshdensity Based on the results in table 12, a imaxm
elementsidelengh of 2.083 inches in the fine meshi@gywas used since itgtds the computed
critical stress with acceptable numerical accurEdgss than 0.4%.

TABLE 12. EFFECT OFFINITE ELEMENT MESH DENSTY (SLAB MESH)

Element Side éngth, in. | Number of 2D Elements| Run Time, hrs] Ciritical Stress, psi
4.167 343 0.5 94.450
2.778 510 0.9 95.906
2.083 781 1.1 97.218
1.667 1110 1.3 97.596

Layer Properties: Load:

14-in. PCC Slab, E 4,000,000 psi = 0.15 Singe-WheelLoad (hterior Load)

No Base lLayer Gross Waight = 30,000 Ibs.

Infinite Subgade,E = 15,000 psiy = 0.15 Wheel Load = 14,250 Ibs.

Tire Pressure = 75 psi

EFFECT OF §BGRADE CUTOFF DERH.

Theassumptiorthatfor design purposes the rig pavement sulsgde exends to infinitypresents
a specal problem for the finite element analsis. While in theory the subgade byer can be
extende to any arbitrary (finite) depth in orde to goproxmate theinfinite case, in pratice it is
desirable to limit the numbe of 3D dements by minimizing the depth of the subgade layer
includedin the computationadomain. The targt cutoff depth is thus the minimum suhde
layer depth for which the computed response is virtuatjpalto the responsdor the infinite
subgadecase. “Virtually equal” means that vergmall errors, sajess than one tenth of one
percentof the conputed stess, are négcied.

The target cutoff depthwas establishedor a range of load types and pavement section¥he
procedure was to perform repeated finite element test rumgich the subgade depthwas
varied while all other anadis variables weréeld constant. The minimumsubgadecutoff depth
in the test runs was 300 inchds each series of teminsthe cutoff depthwasfirst increasedo
420 inches then increased in subsequent runsdogments of 36Mchesuntil furtherincreases
did notyield significantchangs in the conputed valie of he criical stress. Thefinal valuethus
obtained was taken as the value for the infinite cdigcase.

Results of the test runs are shown irufgy 30, and the properties fibre testseriesareshownin

table 13. For each series of test runs, the nornealizesponse was obtained dividing the
computedstresdor a particularrun bythe stress for the infinite sutagle case (i.e., the stress for
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the final run in the series}rom figure 30 itis apparenthatthe load case(edge versusinterior)
has a relativelyminor influence on the required cutoff depithile the effect of otherfactors,
such as theeaar tye and the sulbpgde modulus, is more sificant. ComparingseriesD andE,
it is seen that the hingr subgade modulus results in the hgy normalied stressfor the same
cutoff depth (cf. Series D and E)Likewise, theheavier aircraft gear producesthe lower
normalizd stress for the same cutoff depth (cf. Series A andICvas also found that the
presence of a ph-siffness baseayer did not significanty affect the cutoff deph (cf. seresA
and B.
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FIGURE 30. COMPUTED CRTICAL STRESS (NORMALZED) AS A FUNCTION OF
SUBGRADE CUTOFF DEFH

TABLE 13. PROPERTES FOR TEST SERES N FIGURE 30

Stabilized
Series Aircraft-GVW Load Gsse PCC Sab Bas Subgade
A SWL-30 Interior 14 inches none 15000 psi
B SWL-30 Interior 14 inches 8 inches 15000 psi
C B-777-680 Interior 14 inches none 15000 psi
D B-777-680 Edge 14 inches 8 inches 15000 psi
E B-777-680 Interior 16 inches 8 inches 4500 psi
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Of the five series shown in fige 30, the most critical case ®eriesE (B-777 load and

Esy = 4500 psi). Even for this worst case, it is seen that a sadhg cutoff depth of only

300 inches yes a value of critical stress in the slab thatéatgr than 97 percent of thesumed
infinite subgadecase. Whenthe subgadecutoff depth is increased to 1140 inches, the variation
from the infinite case is less than 0.1% for all the serigased on these results, it is fétata

basic cutoff depth of 1140 inches provides sufficient accui@cthe model. Indeed, asmaller
cutoff depth, say 20 inches could be justified for slegvheel aircraft loadbasedon figure 30.
Exceptas otherwisenoted,all of the numerical results presented in this report are based on a
cutoff depthof 1500inches,sothe influence of the cutoff depth on the results presented below
can be considered riggble.

EFFECT OF BOUNDARY NODALCONSIRAINTS.

The type of constraint imposed on the nodes altimg slabedges can affect the computed
response.The simplest approach is to assume that theesdgs at the boundaryof the model
arefreeof constaints. This approachd consstent with the stuation atthe edg of a runway for
exanple, where lte shb edg is unconstained ands free 0 rotate or transhte. For a nine-shb
model intended to analy a lar@r continuous stem of jointed slabs, where the boundafrthe
model does not necessardprrespond to a free eglgadditional constraints can lmposedat
the boundaryedges to approimate the partial constraints provided joynts in the phgical
pavement.Provided the boundamdges are at a sufficient distané®m the load, the difference
in computed stress between the case with unconstramedlarieandthe constrainedoundary
case will be relatively smadl.

In the current nine-slab model, the effect of wragythe nodal constraints at th@undarywas
analyed by comparingthe results from two similar test rungn the first test run, all of the
slabedge nodeswere unconstrainedThe second test run was identical to the firscegx that
nodes on the slab alorige edgs y= +451 in. were subject to the rotational constrépt 0

(i.e.,rotations about the-axis were suppressed)n both caseshe edges at x = -451 in. and
x=451in. were unconstrained. Locations of the constrained nodes are shown urdig1.

From a practical viewpoint, the no constraints case represents a lower bound, complete
suppression of rotation of an upper bound, and the partial constraint is provicked joynts.

A third run was planned in which vertical translationté edge nodeswas suppressedn
addition to thex-axis rotational degge of freedomHowever, it wasoundthatimpositionof this
constaint causechumerical problems with respecto the slding interface betveen he shb and
base. Specifically if vertical movement of the slab is suppressed, this leads tolaiitg of the
stiffness marix. Therefore, thefull fix ity case was not amined.

Table 14 conpares resis for the wo test cases.Computed peak sesses and deftionsat the
load are compared, as well as moment reactions aetbedzdegees of freedomFrom table 14,
it is seen hat the effectof the rottional edge constaint on conputed criical stress § minor.
There is a reduction of 1.5 percent in the computed valgétmfal stressfor the edge caseand
no sgnificanteffectfor the nterior case.
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FIGURE 31. BOUNDARY CONSTRANTS FOR TEST PROBEM (EDGE LOAD CASE)

TABLE 14. EDGE CONSTRANT COMPARISON

Test Case 1 Test Case 2
No Constraints Rotational Constraintt = 0)

Edge Interior Edoge Interior
Maximum bendingstress, 428.6 493.6 422.3 493.6
bottom of slab (psi)
Maximum délection 0.109 0.100 0.111 0.100
(inches)
Total bendingnoment 0 0 9.70 x10° 1.07 x10F
reaction (Ib.-in.)
Properties: Load: B-777, GVW= 680,000 Ibs.
14-in. PCC Slabk = 4,000,000 psi = 0.15 Wheel load = 53,833 Ibs.
8-in. Base,E = 500,000 psij = 0.20 Tire Pressure = 215 psi
Infinite Subgade,E = 15,000 psiy = 0.40
Joints: Kipint = 100,000 Ibs./in./in.

JOINT STIFENESS AND JOINT EFFICIENCY.

The effciencyof load tansferfrom theloadedto the unloadedslabis contolled in the 3D model

by adjustingthe dastic stiffnesskiin: assigned to thejoint maerial. Increasing the vaue of Kigint
stiffensthe joint and causesnore of the response to be distributed to the unloaded slab, thereby
decreasig the criical stess n the lbaded sb.
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Two conmon and usefulvays of reporing the lbad tansfer effciency are as(1) the ratio of
maximum stressin the unloaded sleb to maimum stres in theloaded slab (oy/ay) or (2) the

ratio of maxmum vertical deflection of a point in the unloaded slab to imam vertical
deflection of a point in the loaded slél/d.). Generally du/d, is greaer thanoy/o;. for a gven

joint. Table 15 lists véues of kiint, 0u/01, du/d, and criical stess for he nodelwhere he lbad
isaB-777 main gar (680,000 Ibs. GV\Vand the pavement section properties are as indicated in
table 15.

TABLE 15. EFFECT OFJOINT STIFFNESSK;int ON COMRUTED RESPONSE

Kioint, Critical Stress, Number of CG
Ibs./in./in. aulog oul oL psi Cdls
1x10° * * * 30
1x10" 0.45 0.90 445.6 21
5x 10 0.50 0.95 4355 11
7.5 x10" 0.51 0.95 434.8 7
1x10 0.54 0.97 428.7 6
2 x10° 0.61 0.98 412.2 4
Section Properties: *Process failed to conveegafter 30 CG callg
14-in. PCC SlabK = 4,000,000psi, u = 0.15)
8-in. Base monolithic(E = 500,000 psiy = 0.20)
Infinite Subgade E = 15,000 psiy = 0.40)

Oneaspect of thedata in table 15 thd affects execution times for themodé is thd, as the joint
stiffness parameer is decreased, the numbe of calls to the conjugate gradients within the
NIKE3D solve goes up siquificantly. Hence the execution times for problens with low kigin: are
significantly higher than those for problems with higoin. The explanation for this trend is tha
when thejoint stiffness is dereased thesegaration baween the(initially in contect) slab and base
layers inaeases, hence, alarger numbe of iterations is neded to develop the final equilibrium
con@ctsurface

EFFECT OF BAE LAYER.

Most rigd airport pavements are constructed withigh-quality baselayer underthe PCCslab.

The effect of the stabilizedbaselayer on the pavement response ishitygcomplexand not well
understood. The FAA desigh method based on the édfergaard solution assumes that the
stabilizedbaselayer provides an increase in foundation support that is reflected inhartig
value. When a stabilized layer is present, the kvalue used for desigis the probabl& value at

the top of the stabilizedlayer, determined from figre 3-16 of AC 150/5320-6D.The “top of
subbase&” approachalthoudn convenientjs theoreticallyunsatisfactory It attributes 100% of
the structuralbenefitfrom the stabilized base to lhigr foundation stiffness and fails to consider
otherpossible sources of structural benefit, foample the connection between a stiffened base
layer and improvel joint peformance.
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TEST RUNS USNG B-777 LOAD. Several series of test runs were performednalyze the
effect of the stabilied subbase lay on the model responsén each series of ruribe value of
the joint stiffness paameter kioinr Was variedin the rang 10,000-200,000 Ibs./in/in while the
other layr properties were unchaad. Results were anatgd for the followingthree series:

Series 1: 14-in. PCC slab directiy subgade with no base.
Seies 2: 14-in. PCC slawith 8" stabilized base (E = 500,000 psiy = 0.20) - monolithic.
Series 3: Same as series Z;ept that the stabilized base is assumed cracked under the joint.

In the last test series, the crack was assumed to be vertical and parallgbiiot #wed running
directly beneath the jointThe crack etends throug the whole depth of the base daput does
not exend into the subrgde. Furthermore, the crack plane nsodeledas a shear-freesliding
surface;i.e., no spng siffness or frctional coefficient was assued for the interface. In all
threeseriesthe loading aircraft wasa B-777 with a goss vehicle weigt of 680,000 Ibs.The
properties of the sulbbgde werde = 15,000 psi ang = 0.40.

Theresultsof theanalysis are shown in figres 32 throulg 35. In figure 32, the critical stress in
the bottomof the PCC slab is plotted as a functiorkgf for all three casesThe criical stess
is the maximum prindpd stress @mputel from momeat resultants (se page 37). The joint
efficiences, o, /o, and §,/0, , are plotted as functions dfun: in figures 33 and 34

respectively The percentagof load transferplotted in figure 35 as a function of Kiint, IS

computel goproximately as the ratio of o to (oy + o.), where the latter sum is asumeé to
representhe stess for a hgotheical free edg.
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The results of the finite element test runs confirm #aaling athin, continuousbaselayer to the
structure reduces the critical stress below the case of no Basedg loading the amountof
stress reludion is substatialy reduced when a crack is assume, indicating tha for the
uncracked case arbe partof the beneti is atributable to addtional load tansferin shear
throudh the base Furthemore the addition of a stebilized bese layer, whether cracked or
unaacked, dters therdationship béween thelinear eastic joint stiffness and the load transfe
efficiencyfor a gven badng.

Specific trends identified in figes 32 throulg 35 are as follows:

1.

Critical stress, percentf load tansferg, /o, , and §, /9, all depend on the value of

Kioint, With the strentl of the dependence influencedthyg tye of baselayer. In general,
a high-strengh base lagr causes the pavement respottske lesssensitiveto changs in
the value oksint, cOmpared to the case with no baselayn addition, one effect of the
high stiffness bae layer is to m&e the relationship béween kit and he load transfer
morelinear.

For high vdues of the assumd joint stiffness kioin;, the conputed ratoso, /o, and
0, /90, (figures33 and34) for the joint overa cracked base approadiose for he case
with no bae Theratios for thejoint ove amonolithicbaseare somavhat higher.

Similarly, for high védues of theassume joint stiffnesskiint, the conputed loadtransfer
percendge (figure 35) for he jpint over a cracked base approaches fior the casewith
no bae Theload transfe pecentage for thejoint ove amonolithicbaseis higher.
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4. Figure 34 showshiat for the cracked baskyer, the conputed deflecion ratiod, /4, is

intermediatédbetweerthe continuousasedayer and no base lay. This is not the case for
the stress ratio, as shown inuig 33, where the model preditighervaluesof o, /o,

for the case wh no basedyer than for he case wih a cracked baseayer, for values of
kioint @above about 25,000 Ibs./in./irAt very low values ofkiint, On the ordeof 10,000
Ibs./in./in., the situation is reversed, withe computedratioo, /o, higher for the

cracked baseyer case lhan for he case wh no baseéayer. The percentof loadtransfer
(figure 35) follows thepatern established bythestress raio.

Detailed analsis of the finite element stress results shows that aneffexst of introducingthe
crack in the baselayer is to redistribute the stress under the wheelBgure 36 shows two
distributions of bendingtress at the bottom of the PGlab,both computedor the B-777 main
gear and bdt with idenical properies except that one has a crackeohselayer. Eachpeak
correspondgo the stress under one of the wheels in the tridddat only are the ratios of the
local peaks dferentfor the wo cases, bubor the cracked baseyler, the dobal peak has sfted
from the center to theoutsidewhesl. Thejoint stiffness asume for figure 36 was kipint = 10,000
Ibs./in./in. For highe joint stiffnesses thee is less stras ralistribution dueto thecracked base
than for lowe joint stiffnesses.

— Cracked Base

— -Uncracked Base

0 } } i } }

-150 -100 -50 0 50 100 150
Offset from Gear CL, inches

FIGURE 36. COMPARISON OF STRESS BTRIBUTIONS ALONG SIAB EDGE FOR
CRACKED AND CONTNUOUS BASE LAYERS (B-777 LOADING)

TEST RUNS USNG B-727 LOAD. A second set of testinswas performedin which a joint
over a continuous base &iywas compared to a joint over a cracked basa.ldwn this setof test
runs, the pavement layproperties were based on the test runatdyenverinternationalAirport
(DIA). The assumedayer propertiesare listed in appendiA (Layer, Properties Group H).
Loadingwasby a B-727 aircraft (136,500 Ibsrgss vehicle weilgt) oriented perpendicular to the
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joint. In the cracked base model, the frictionless cradkreded throulg both the 8-inch-thick
cement-treatedase(CTB) layer (1,200,000 psi) and the 12-inch-thick lime-stabilized subbase
layer (440,000psi). Onceagain, it was found that both predicted critical stress and load transfer
are stronty affected bythe assumed presence of a crack in thé-kidgfness lagrs under the
joint. Figure 37 conparesthe conputed criical stress n the botom of the lbaded sdb as a
function ofkiein: for thetwo cases.Figure 38 corpares e percenof load tansfer as a funicin

of kit for the two cases (where, as for fige 35, the percent of load transfer is calculated
approxmately by the method above). The computed load transfers from urg 38 are
significantly less than the comparable values computed urdi@5 for the B777 loading
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EFFECT OF IOAD GEOMETRY.

Loadgeometry aswell asload magiitude, can influence the computed responseparticular,
the computel vdues of joint raios g, /o, andg, /o, can be quite different for loads of tekame
maghitude but with different numbers of wheels or wheel camijons. The effectof the wheel
configuration, independent of the totaday load, is reported in table 16.

TABLE 16. COMPUTED RESPONSESOR VARIOUS AIRCRAFT LOADS

Maximum Stress, Bttom _ -
of PCC Slab Joint Efficiency

Load Unloaded | Deflection Ratio | Stress Rtio
Case Load Description Loaded Slab Slab a /o o, /o,

A B-777 (680,000 Ib.GVW) 428.7 231.0 0.97 0.54

B SWL (30,000 Ib. GVW) 114.8 45.6 0.90 0.40

C SWL (680,000 Ib. GVW) 2602.9 1026.6 0.90 0.39

D B-727 (172,000 Ib.GVW) 400.7 188.2 0.93 0.47

All load cases:

144n. PCC E = 4,000,000 psii = 0.15); Slab Diransions 25 x 25 ftkigine = 100,000 Ib./in./in.
8-in. Treated Base CoursE € 500,000 psiy = 0.20)

Subgade E = 15,000 psiu = 0.40)

As shown bythe data in table 16, bothy, /o, and g, /d, are sgnificanty increased byhe
redistribution of thetotd gear load to sixwheels insted of one(Case A to CaseC). At thesane

time, alinear increase in theload magnitude of the sinde-whedl load (SWL) on thesame load
patch(CaseB to Case C) results oniy a proportional increase in the stress response and no
significantchang in the jpint stress and dedicion ratos (asexpecedfor alinearelastc system).

This numerical result supports theplyhesis that joint efficiency thefield is a function of the
loading gear characteristics a wel as thejoint propeties.

MODEL VALIDATION

VAL IDATION BY COMPARISON TO OTHER COMRTATIONAL METHODS

Oneof the objectives in developing the current finite d ement modé was to exsuretha its stress
predictions are @nerally comparable with stress predictions bther commonlyused rigd
pavementesign methods. The otherstandard methods are thes$tergaard method and lased
elastic analgis. The Westergaard method is used to calculate desittesses for rig pavements
in FAA Advisory Circular 150/5320-6D[13], and the lagred elastic anafygs method (as
implemented in the progam JULEA) is the basis of the LEDFAA design standad. [9] The
purposeof the conparisons that follow is to denonstate that the finite element numerical
solutionsarereasonablén comparison with these methods, but it is nqiexted that the three-
dimensional finite element model will exactly reproduce the results obtained Iether
Westergpard analsis or layered ehsic anaysis for a partcular case. On the contary, both
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TABLE 17. COMPARISON OF ANALYSIS METHODS

Conputed Critical Stress, psi
(A) (B) ©) D)

Finite Finite Elenent Linear Elastic
Interior Load Case Element w/Winkler Base Westergard (JULEA)
SWL (30K GVW) No 97.2 100.8 102.1 96.9
Base
SWL (30K GVW) 93.7 97.6 92.6* 93.3
8-in. Treated Base
B-777 (680KGVW) 515.7 537.3 510.7 509.0
No Base
B-777 (680KGVW) 493.6 515.7 443.1* 490.0

8-in. Treated Base
* kincreased per figre 316 of AC 150/53206D to account for treated base

(A) (B) (© (D)

Finite Finite Elenent Westergard Linear Elastic
Edee Load Case Elenent W/Winkler Base (FAA) (LEDFAA)
SWL (30K GVW) 114.8 - 139.7* 157.4
8-in. Treated Base
B-727 (172KGVW) 434.7 - 523.9 567.7
No Bese
B-727 (172KGVW) 400.7 - 456.0* 547.7
8-in. Treated Base
B-777 (680KGVW) 451.3 - 582.0 496.1
No Bese
B-777 (680KGVW) 428.7 - 427 .5* 477.6

8-in. Treated Base
All cases: 14n. slab,E = 4,000,000 psiy = 0.15 (slab siz25 x 25 ft)
SubgadeE = 15,000 psik = 141.385 pci)
Kioint = 100,000 Ibs./in./in.
Treated Bse: 8 in. thickE = 500,000 psiy = 0.20
* kincreased per figre 316 of AC 150/53206D to account for treated base

Westergaardand LED employ numeroussimplifications and assumptions that mezguse their
solutions to divege significantly from the more redlistic three-dimensiona finite element
analysis. This is particularlytrue for complexstructures and loadisguchasthe B-777 edge
load case.

Table 17 comparescritical stresses callated for varous paverent structures and dadngs by
four methods. The first method (A) is the three-dimensional fintlementmodel that is the
subjectof this report. The second method JBs the alternative three-dimensional finite element
modd, in which the slab and bae layers ae disaetized usinglinear finite dements, but the
discretizd subgadehasbeenreplacedwvith a Winkler-type springmat foundation.Solutions for
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methods(A) and (B) were found usingthe NKE3D progam. The third method (C) is the
Westergaard method(for interior loads)and the Véstergaard/[AA method (for edg loads) as
implementedin AC 150/5320-6D and eplained below. Westergard stresses were obtained
from the Pickett and Ragtress charts for interior and @dgading [14] The fourth method (D)
is the lagred elastic method as implementedtbg progam LEDFAA. Stressesrecomputed

in LEDFAA usingthelayered dastic progam JULEA.

In the Westergard method it is assumed that the slab is either infinite (interior load) or semi-
infinite (edge load) and that it is continuoustypported by dense liquid (\vikler) foundation.

The Winkler foundation is characteed bya sinde propertyk, called the modulus of sutayle
reaction. The modulus of sulvgde reaction is commonlselated to thesubgade Youngs
modulusEsg by the followingempirical correlation], 9]

k ) Ijsg %77%
"o

Based on the above formula, equivalent valuek ofere usal in this rgort for Westergaard
stress calculationsThe equivalent values used are listed in table 18.

TABLE 18. EQUIVALENT MODULUS OF SUEB5RADE REACTION

Subgade Young Modulus Esg), psi Equivalent Modulus of Sub@de Reactionk), pci
4500 55.3
15000 141.4
22500 193.9

Westergpard edge stressanalsis yields a value of stress for he free edg case. In order b

account for the effects of load transfer, it is necessamducethe free edge stressy anamount
equalto the stressdistributedto the unloaded slab via load transfer devicéslvisory Circular

150/5320-6D specifies the percerday load transfer as 25 percerffAA critical edge stresses
in table 17 were obtained brgducingthe computed \&tergaard free edgstress by25 percent,
in accordance wth the AdvisoryCircular.

The FAA desig standard specifies that the modulus of satbg reactiork should be increased
to account for the presence of a stteeged base lay. The amountof the increaseis
determinedoy figure 3-16 in AC 150/5320-6DFor the comparisons in table 17, g 3-16 of
AC 150/5320-6D was used to determine the proper @lleis cases involving treated base
layer, based on the equivalent sudek from table 18.

MODEL VAL IDATION WITH INSTRUMENTED RUNWAY DATA.

As partof a major AA-sponsored research project to collect in-servical nqavement data, an
instrumented test pavement was constructed in a section of raiviagDenverinternational
Airport (DIA). A total of 460 sensors were installed to record in situ strains and deflections
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caused bycommercial aircraft traffic. Operation of the test pavement begn 1996 and is
expected to last for 10 yars. During tha peiod the DIA will be the primay sour@ of in situ
field dda for compaison to paement strud¢urd modds. The collected daa will be storad in a
database and made available to the public vianteeriet.

An objecive of he currenforojectis to conpare nurerical predctions bythe hree-dmensional
pavemenimodelwith the response data collected thye DIA sensors for actual aircraft arrivals
anddepartures.To compareto the finite element model for awgn arrival or departure record,
three types of information must be known:

1. Wheelpath. Thetrack of te arcraft can usudy be deérmined farly accuradly by the
response of position strairauges located near tHegnning andendof the testrunway
section.

2. Aircraft type. The aircraft tpe can be determined lmpmputingthe wheelbase from
sensor data.

3. Aircraft gross weitpt. The goss weidpt of the aircraft must be knowirom independent
sources. In some cases theags weifpts of departingaircraft are known from airline
schedules.

PEAK STRAIN COMPARISONS Initially, stran recorded & the Denver Interndiond Airport
(DIA) sitewas compaed to stran predicted by the three-dimensiond computdionad modd using
properties appropriate for the Dtest pavement (table 19).

TABLE 19. DENVER INTERNATIONAL AIRPORT TEST RUNVRAY—
PROPERTIESFOR FNITE ELEMENT ANALYSIS

Property Value Source
PCC Slb:
Youngs Modulus E 4,410,000 psi LaboratoryTest (6 in. PCC core)
Poisson’s Ratiqu 0.22 LaboratoryTest (6 in. PCC core)
8-in. Cement-Treatedde (CTB:
Youngs Modulus E 1,200,000 psi HWD Analysis
Poisson’s Ratiqu 0.20 Assumed for HVID
12-in. Lime-Stabilized Subbase:
Youngs Modulus E 440,000 psi HWD Analysis
Poisson’s Ratiqu 0.25 Assumed for HVID
Silty-Clay Subgade
Youngs Modulus E 15,000 psi Lab. Resilient Modulus (M)
Poisson’s Ratiqu 0.40 Assumed
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To conpare he conputed stains b the neasured sins, he folowing steps were used:

1. An aircraft departure record was identified for which the above thipesof information
could be determined.

2. Based on position auge response data, th@pproxmate track of the aircraft was
determined.Then the track of the aircraft was plott@aa mapshowingthe locationsof
H-Bar strain guges in the slabs (fige 39). From this plot the appramate offsetfrom
the quges b the wheekengrline coutl be scadd.

3. For the departure record under consideration, up to ten H-bar sttey® iggsponses with
the highest signd-to-noiseratio were identified. The sighds wee andyzed automaically
usinga filtering progam. Each of thesdected stran gauges was categorized as an edge
or an interior guge and as a top or bottogauge (nearthe top or bottom of the PCC
slab).

4. Edge and interior finite element anals were performed usirtge known gossweight
of the arrcraft from arline sthedules. Analyses were paformed using theestimated
properties for the D\ pavement shown in table 19As shownin figure 39, the slab
dimensiondor the DIA test pavement are 20 .75 feet. For edg load analges, the
orientaion of the gear was deermined by the type of joint. For transvese joints, the
orientaion of thegear was pependicular to thejoint. For longtudind joints, a parallel
orientation was used.

5. Fromthefinite element anal/ses perforred n sep 4, he dstributions of principal strain
werecomputedn the slabon a plane correspondintp the depth of embedment of the H-
barstraingauges. (Thedepth of embedment of eachuge is known from measurements
madeat the time of construction. Generally gauges at the bottom of slabs were placed
suchthat the centr of the gauge is locaed 1 nch fromthe phne of he botom of the
slab.) Contour plots of computed principal strain in the slab were produced.

6. Using the offses from thewhed pah centerline calculated in stg 2, thestran gauges
weresuperimposed on the contour plots produced in stdp Srawingthe strain guges
to scak, it was assumd thattheyare 6 hchedong Theinterpolated strain valuesat each
end of the guge then provided a raegf computed strains to be compared withpgbak
value measured e strain guge.
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FIGURE 39. STRAIN GAUGE LAYOUT AT DIA TEST RUNWAY

An example of a contour plot of computed strain, with H-bar strairges superimposed on it
for comparisonjs shownin figure 40. The aircraft is a B/77 (data file no. 05617181.d96).
Because of current FAA interest in theding B-777, it was decidethat someof the initial
comparisonsvould involve that modelTo date, onlya few comparisons have been made for the
B-777 due to the limited availabilitpf aircraft goss weidpt data. In general, the comparisons
made so far indicateogd ageement betweethe recordedand predictedpavementresponses.
Comparisonsalso were made for theAR’'s B-727 test aircraft, and these likewise indicated
good ageement. Table 20 summares the peak strain comparisons made to date f62 Band
B-777 aircraft. Table 20 includes strains computed assunbiotly cracked and continuous base
layers, with theassumé joint stiffnesskisin: €qual to 100,000 Ibs./in./in. in all caseAll of the
gauges listed in table 20 are located near the blattom. Although datafile 01016340.d96n
particular indicates some sificant discrepancies between measured @nedictedvalues,the
discrepanciesould be causedyy uncertaintyas to the exct track of the aircraftegr. (Although

the gearwasassumedo track straift alongthe longtudinal joint as shown in figre 39, there
mayhave been some wander.)

60



J:I:- Hires1t | .i.-4.|

L liisde o |.I.;|.F:.|:|.-:_'|_l

iTep@ rale factor 3. LmAacal

FIGURE 40. DENVER INTERNATIONAL AIRPORT TEST RUNVAY—CONTOURS OF
COMPUTED STRAN IN PCC SIAB AT 1-INCH EMBEDMENT DEPTH (B 777 EDGE IOAD)

TABLE 20. DENVER INTERNATIONAL AIRPORT TEST RUNVRRY—STRAIN DUE TO
AIRCRAFT LOAD AS RECORDEDN SITU AND AS PREDCTED BY THE THREE-
DIMENSIONAL FINITE ELEMENT MODEL

PeakStrain Predcted Strain Rarge, Microstrains
Data File Aircraft/ Edge or Microstrains (3D Finite Elerent Model)

Gross Weight) Sensar Interior. (Sersor Readirg) Base Cracked Base Continuous

HBO5 E 21.89 26.1-33.6 21.0-25.8

HB21 E 12.99 20.0 - 23.2 19.1-19.8

DENG3 HB25 E 22.44 36.3-38.6 31.4-33.1

13%'3%%7“:3) HB26 E 19.51 36.3 - 38.6 31.4-33.1

’ ' HB29 E 10.39 36.3-38.6 31.4-33.1

HB66 | 14.96 - 29.9-30.3

HB77 | 15.88 - 28.7-29.2

05617181.d96 HBO5 E 32.11 28.4-32.6 22.8-27.6

(B-7771 HB23 E 32.59 28.4-32.6 22.8-27.6

371,424 bs) HB29 E 3053 24.8 — 25.0 20.2 - 20.3

01016340.d96 HBOS8 E 15.93 - 40.3-41.3

(B-7771 HB58 E 17.41 - 40.3-41.3

428,351 bs)) - - -
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Two additiond compaisonswere made for the stran distributions in thePCC slb and the
deflections a thejoint. For stran distribution ©ompaisons it wa assume thda thetime history
of strain provided byhe dyamic sensor is apprimrately analogus to thestaticdistribution of
strainin the PCC slab.Thus, byknowingthe vehicle speed, the shape of the straiygrecord
can be compared ¢ the conputed satic distribution of stain obtined fromthe 3D finite element
model. However, the assumption that the influence of a molwwagl on strain at @oint is
similar to the static strain distribution is theoreticallyvalid only for continuous, linear elastic
pavenents where lhe dyhamic effecs arenotdomnant Forrigid pavenents, wherethe slabsare
separatedy non-moment-resistingpints, the dynamic record of strain would not necessarily
give a true picture of the static strain distributidn.addition,suchphenomenasgappingunder
the slab, slab uplift ahead of the load, andvasgtric joint responseould affect the dynamic
strain and cause it to depart from the predicted static distribution.

STRAIN DISTRIBUTION COMPARBONS Figures 4land 42 comparethe computedstatic
distribution of strain alon¢ghe longtudinal loaded slab e@do the strainrecordedat H-bar strain
gauges HB)8 and HB8, respectivelyfor data file01016340.d96seefigure 39). The computer
plot of strain is presented for the case where affsagre assumed monolithic (continuous under
thejoint). Thefigures wee produ@d by multiplying thetime sale of thedynamic gauges by the
vehicle speed evahied as he gear crosseshe guge  obtin the equivalent distancescak. All
strainshavebeen normalied to the peak strain at the center whéebm figures 41 and 42, the
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FIGURE 41. DISTRIBUTION OFSTRAIN AS COMPUTED B FINITE ELEMENT MODEL
AND AS RECORDED AT STRAN GAUGE HBO8 (B-777 EDGE IOAD)
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FINITE ELEMENT MODEL AND AS RECORDED AT SRAIN GAUGE HB58 (B-777
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similarities and differences beéween measured and wmputa distributions of stia may be
summaized &s follows:

Both the finite element model and he recorded datshow hree dstinct strain peaks
correspondingo the three wheels in the 7 tridem.

In nather the finite element solution nor the recorded daa is thee significant stran
reversal observed between the peaks.

3. Both strain guges, HB)8 and HE8, indicate that the maxum peakis under the
leading wheal in the tridem; wheeas, the finite element modé predicts the maximum

strain under the center wheel.

Strain gauges record significant strain reversal before and a#r the event
phenomenon is not reproducedthg static finite element model.

1.

This

The finite element modé predicts a smdler pesk-to-troudh raio than the stran gauge

data.

SLAB DEFLECTION COMPARISONS Slab deflecions conputed by the finite element
method can be compared to measurements of the linear variable differential transformers

(LVDT's) installedin the DIA testpavement. Thelocationsof LVDT'’s areshownin figure 43.
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FIGURE 43. SINGLE- AND MULTIPLE-DEPTH DEFIECTOMETER LOCATIONS
AT DIA TEST RUNWAY

Two types of guges are usedsinge-dept deflecobmeters (D) coniain oneLVDT locakedat
mid-depth of thePCC slé, and multipledepth ddlectomeers (MDD) contan four LVDT's, one
of which is locatd atmid-deph of the RCC slab. Deflecion gauges are anchoreat either 10 or
20 feet below ade as indicated in fige 43.

Figure 44 showsdeflectiongauge reading for gauges SDD17 and MDD6 (Gaedl), located at
mid-depth of the PCC slab, on opposite sides of a transverse joint as showmed3ig The
loadingaircraftis a BoeingB-727 (file DENO3) whose track is also shown inufig 43. Since
gauges SDD17 and MDD6 are situated on opposite sides of the joint, ¢haybe used to
evauae the in situ peformance of thejoint. Joint eficiency (i.e., theratio of ddlection of the
unloaded sab ed@ to deflecion of he baded sib edg) is conputed from the curvesin
figure 44astheratio of C to Ain the forward direction, or as t® D in the backwarddirecion.
The nmeasurerants C andA are the measured responses afgg MDD6 on the unloaded slab
and gauge SDD17 on thdoaded, respectively, & the time before the whedl was movingacross
thejoint. Similarly, themeasurements B andD represent the measured responses after the wheel
had gne over the joint.

Table 21 compares theagge deflections from figre 44 tothe equivalentcomputedslab

deflections from the finite element modé&baug reading for boththeloadedandunloadedside
of the transvasejoint are reported, and thedeflection ratio for the transveasejoint is omputel
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FIGURE 44. DENVER INTERNATIONAL AIRPORT TEST PAVEMENT—RECORDED
SLAB DEFLECTIONS ON OPPOSJIE SDES OF A TRANSVERSEQINT (B-727 LOAD)

TABLE 21. SLAB DEFLECTIONS AS MEASURED B LVDT GAUGES AND AS
PREDICTED BY THE THREE-DMENSIONAL FINITE ELEMENT MODEL

Measured (VDT) Predicted (3D Fiite Element)
Forward Backward Base Cracked| Base Continuous
Deflection (in.),
Loaded &b 0.00624 0.00567 0.02111 0.01988
Deflection (in.),
Unloaded @b | 200472 0.00469 0.01991 0.01933
Joint efficiency 0.76 0.83 0.94 .
5U /5L

for both the forward and reverse direction€omputed values o$lab deflection are given
for both the cracked and uncracked (continuous) base lmder the joint. For both cases
(base lagr cracked and base kaycontinuous) the value of joirgtiffness usedwas Kigint =
100,000 Ibs./in./in.In contrast to the case with strain, whtre recordedvalueswere closeto
the conputed valies, he conputed valies of shb defecion are significanty higher than the
gauge reading. This discrepancys possiblyexplained bythe fact that both MDD and SDD
displacement @iges are anchored at 10 or 20 feet as noted abatwthis depth itis reasonable
to assura that there s significant movenent of the anchorag, which would havethe effect of
reducing the recorded dedcions bebw their absolte values. Therefore, he cauge readngs
should probablye adjusted upward to account for estimated anchorexyement.

MODEL VALIDATION WITH FULL-SCALE AIRPORT PAVEMENT TEST MACHINE.

Three-dimensiona finite element modéd predictions will be vdidated usingdaa from thefull-
scale airport pavement test machine currenthgler construction at the iliam J. Hudhes
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Technical Center, Atlantic City Internaiond Airport, New Jersey. Initially, thetest mahine will
have ninetest itans of whid three will be rigid pavement test itans. During thefirst year of test
machineoperation,two seriesof testswill be conducted. Response tests will measure the
pavement response to static and movaagls, while traffic tests will measure the numbeoafl
repetitions required to cause failure of the test items under controlled condikmmsurpose®sf
finite elementmodelvalidation, the response tests are agest interestTable 22 lists input
data requred for each gid pavenent test item constucted for validaion of the three-
dimensional model.

TABLE 22. AIRPORT PAVEMENT TEST MACHNE INPUT DATA FOR THREE-
DIMENSIONAL MODEL VAL IDATION

Data Description Test, Procedure, or Standard

Poisson’s Ratiqu

Treaktd Base hyer:
Layer Thickness
Youngs Modulus E
Poisson’s Ratiqu

Layer Thickness
Youngs Modulus E
Poisson’s Ratiqu

Subgade
Youngs Modulus E
Poisson’s Ratiqu

Joints (Longtudinal)

Unbound Agregate Base Layer:

PCC Slb:
Slab Thikness Nomind
Youngs Modulus E ASTM C-649

Standard value 0.15

Nomind
CoreSample
CoreSample

Nomind
Resilient Modulus Test (AASHTO T-294-94)
Standard Value 0.35

Resilient Modulus Test (AASHTO T-294-94)
Standard value 0.40

Load Transfe Efficiency (LTE) Falling Weight Ddlectomeer

Joints (Transverse)
Load Transfe Efficiency (LTE)

Falling Weight Ddlectomeer

The modéd will be validated by compaing mode predictions of strans, ddlections, and joint
efficiencies with the correspondingeasurements from the in-service test itumng response
tests. Strans will be usal for thecompaison rather than stresses singe strans, unlike stresses,
are a directlymeasured quantityin order to obtain a valid comparisdhe following quantities,
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at a minimum, should be recorded byinstrumentation in the rnd pavement test items:
horizontal strain in the top and bottom of the slab at critical locations, vertical deflection of the
cener planeof the slab atcritical locatons, vertcal deflecion of he bp of he basedyer at
critical locatons, and dferenial movenent betveen adacentslabs (pint deflecions). The
critical locatons for stain measurerantare adacentto the longtudinal andtransversgoints and

at the center of loaded slabStrain guges located in the interiors of slabs should be orieimted
both prindpd directions, while a sinde stran gauge oriented paallel to thejoint is suffigent &
slab edges. For deflecion measureranss the criical locatons are lte shb edgs and corners.
Wherepossible, multiple-depthdeflectometer¢MDD’s) should be placed in pairs on opposite
sides of a ¢int, in order 6 observe he rebtive shb novenent. Joint displacenent gauges
should also be placed strategjly for measurement of differential joint movement.

SUMMARY AND CONCLUSION

A three-dimensiona finite eement modé for linear dastic, stdic andysis of rigid airport
pavements was developed and implemenidde model has the followinigatures:

Multiple slabs of vaiable dimensions.

Multiple eastic layers.

Linear dastic joints.

Sliding and separation between the PCC slab and base lay
Explicit modding of individud wheels in multiplewheel arcraft gears.
Edge or interior aircraft loading

Base lar crack modelinguinder joints.

NoghrwdpE

The finite element model empleya combination of shell and solid elemenEaur-nodeshell
elements are used for the PCC slab andteigde solidelementsfor other pavement
componentsincludingthe subgade. The infinite subgade is modeled as a discretizsolid with

a fixed base. An analyis of possible alternatives to this suéde model was conducted
consideringboundaryelement/finite element hyids, infinite element formulations, andrious
compliant foundationmodels. Based on this anadis, it was concluded that the discretiz
subgade mode was the easiest to implenent with available softwae but tha the compliant
foundationapproactpromisedconsiderablexecution time savingy The final developed model
provides a Wihkler Foundation option that allows a sprifgundation to be substitutddr the
default discretied subgade lagr.

Samplenumericalcomputationsvereperformed usinghe public domain pragm NKE3D with

a PreconditionedConjucate Gradient (PCG) linear equation solver. Computations were
performed on a SGdigo? UNIX-based workstation.Typical problem solution times on the
workstation were in the raegf 1 to 36 hours, depending the sie of the problem andn other
factors, induding the assume joint stiffness. A drawback of the NIKE3D progam is tha in its
currentversionit doesnot allow spring foundation models to be solvedcept bythe direct
(Gaussian) solve, which is moretime consumingfor large problems.
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Three-dimensiona finite eement meshes were generated by compute using automdic mesh
generation software speciallgeveloped for that purposeThe automatic mesh generation
progam incorporates the public-domain prag NGRID as ameshingengne. Usingthe mesh
generation progam, finite element meshes for KE3D can be produced rapidifor any
combinationof rigid pavement properties and aircraft loadinéircraft gear properties malge
taken from an @sting library of standard gars and modified as required.

A sensitivity analysis was conducted to identifyariables affectinghe model response and to
refine themesh. Someof thecondusions of thesensitivity andysis ae as follows:

1. A mesh dasity of goproximately 2 by 2 inches for shdl elementsin theload region is
sufficientfor the degied accuracy

2. A discretizd subgade cutoff depth of 1,140 inches is sufficient to simulate the infinite
subgade condition. A smaller cutoff depth mabpe justifiable forsomeload types. A
smaller cutoff deph is desrable since fewer edments transhte into shorér run imes.
The minimum cutoff deph is not significanty affeced wheher by the lbad cases
interior or edge loading.

3. The computed load transfer is affectedaoyiumber of input variables includigycraft
gear gometry, elasic joint siffness, he presence or absenog a high-siffness base
layer, andthe presencer absence of a crack in the basesiagt the joint location.The
percendge of loadtransfer s not significanty affeced bythe lbad nagnitude whendad
maghitude is considered independerafythe wheel gometry

4. Computel load transfea for multiple-wheel gears was highe than for sinde-wheal gears.
For the B777 gear, the computed load transfer washkigthan the 2percentassumed
by the FAA standard.

5. A high-stifiness base lay has the effect of makinthe critical stressresponseless
sensitive to dhanges in thejoint stiffness.

6. Introducinga crack in the base layunder the joint, iradditionto increasinghe critical
response, mawfluence the distribution of stress in the PCC slab.

Numaeica solutions obtaned usingthe three-dimensiona finite e ement modé were compaed

to other solutions found usinidpe Westergard-based &A desigh method and th& EDFAA
method (lagred elastic anadis). Comparisons were made for various logaetyandases.The
point of compaison in d cases was themaximum tensile stress in thebottom of thePCC sla.
Thefinite element solutions were found to be in reasonabileeagent with the standard methods
for the cases sidied. In most cases, e criical edg stess predited by the tiree-dmensional
finite element model was less than the corresponiéi®y edge stress when a linear elastic joint
stiffnessof 100,000 Ibs./in. per linear inch of joint was assumed for the finite element model.
Compaisons wee also made between thefinite element modéd and gauge readings from the DIA
instrumentedrunway project. Peak strains, strain distributions, and slab deflections due to
aircraft loadingwere comparedPeak values of strain recorded at seveaabgswerefound to
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be within the range of strans pralicted by the three-dimensiona finite element modé for the
DIA runwayproperties and loadisg

It is expected tha additiond validation of themodé performance will come from the Nationd
Airport Pavement Test Machine currentigder construction at theililam J. HughesTechnical
Center.

In conclusion, the three-dimensional finite element methiabides a practical method of
computingrigid pavement stresses due to aircraft loadiaging into account such factors as
multiple-wheel interaction, finite slab size, multipledayconstruction, and variablpint
stiffness.
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APPENDIX A—SUMMARY OF TEST RUN DATA

TABLE A-1. INPUT DATA AND RUN TIMES
Load Pavement Noof Run
Weight, | Load | Prop. | Cutoff Kioint, Linear | Time,

No. | Aircraft | Ibs[10® | Case| Group | Depth, in.| Ibs./infin | Equations| hrs. Notes
1 SWL 30 Int. A 300 100,000 21,614 0.§

2 SWL 30 Int. A 420 100,000 22,174 0.9

3 B-777 680 Edg B 2220 100,000 104,609 8.5

4 SWL 30 Int. A 780 100,000 23,854 1.0

5 SWL 30 Int. A 1140 100,000 25,534 1.1

6 SWL 30 Int. B 300 100,000 21,614 1.

7 SWL 30 Int. B 420 100,000 22,174 1.6

8 SWL 30 Int. B 780 100,000 23,854 2.3

9 B-777 680 Edg B 300 100,000 71,457 6.5

10 SWL 30 Int. B 1140 100,00 25,534 2.7

11 B-777 680 Int. A 300 100,000 27,716 1.4

12 | B777 680 Int. A 420 100,000 28,276 1.6

13 SWL 30 Int. A 1140 100,000 23,218 0.5 1
14 | B777 680 Edg B 420 100,000 73,529 7.1

15 | B777 680 Int. A 780 100,000 29,9564 1.9

16 B-777 680 Int. A 1140 100,000 31,634 1.

17 | B777 680 Int. A 1500 100,000 33,314 1.8

18 SWL 30 Int. A 1140 100,000 24,115 0.9 2
19 | B777 680 Edg B 780 100,000 79,745 8.4

20 SWL 30 Int. A 1140 100,000 27,243 1.3 3
21 | B777 680 Int. B 1500 100,00D 33,316 34

22 | B777 680 Int. C - 100,000 15,868 0.6 4
23 | B777 680 Int. D - 100,000 15,868 1.1 4
24 | B777 680 Edg B 1140 100,000 85,961 9.4

25 SWL 30 Int. D - 100,000 9,766 0.3 4
26 SWL 30 Int. C - 100,000 9,766 0.2 4
27 | B777 680 Edg A 1500 100,000 92,177 18.p

28 | B777 680 Edg B 1500 100,00¢ 92,177 6.9 5
29 | B777 680 Int. B 1500 100,000 33,316 34 5
30 | B777 680 Edg B 1500 100,000 92,177 9.5

31 SWL 30 Edge B 1500 100,000 81,489 11]8

32 SWL 680 Edge B 1500 100,000 81,844 12.8 6
33 | B777 680 Edg B 1500 1,000 92,177 77.8 7
34 | B777 680 Edg B 1500 10,000 92,177 36.9

35 | B777 680 Edg B 1500 50,000 92,177 15.p

36 | B777 680 Edg B 1500 200,00(¢ 92,177 7.1
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TABLE A-1. INPUT DATA AND RUN TIMES (CONTINUED)

Load Pavement No. of Run

Weight, | Load | Prop. | Cutoff Kioint, Linear | Time,
No. | Aircraft | Ibs[10® | Case| Group | Depth, in.| Ibs./infin | Equations| hrs. Notes
37 | B-777 680 | Edge B 1500 75,000 | 92,177 | 10.8
38 | B-777 680 | Edge B 1500 10,000 | 92,458 | 23.3 8
39 | B-777 680 | Edge B 1500 100,000| 92,458 9.4 8
40 | B-777 680 Int. E 300 100,000| 27,716 3.4
41 | B-777 680 Int. E 420 100,000| 28,276 4.8
42 | B-777 680 | Edee B 1500 50,000 | 92,458 | 10.8 8
43 | B-777 680 | Edge B 1500 | 200,000| 92,458 9.5 8
44 | B-777 680 Int. E 780 100,000 29,956 5.6
45 | B-777 680 |Edge| A 1500 50,000 | 92,177 | 35.0
46 | B-777 680 Int. E 1500 100,000| 33,316 6.6
47 | B-777 680 |Edge| A 1500 10,000 | 92,177 | 32.3
48 | B-777 680 |Edge| A 1500 | 200,000 92,177 | 11.0
49 | B-727 172 | Edege B 1500 100,000| 83,301 6.8
50 | B-727 172 |Edge| A 1500 100,000| 83,301 9.2
51 | B-777 680 Int. E 1140 100,000| 31,636 6.1
52 | SWL 30 Int. A 1500 100,000| 27,214 1.1
53 | SWL 30 Int. B 1500 100,000| 27,214 2.9
54 | B-777 680 | Edge B 1860 100,000| 98,393 8.0
55 | SWL 30 Int. B 1860 100,000| 28,994 2.4
56 | B-777 680 Int. A 1860 100,000 34,996 1.9
57 | B-777 680 Edge E 1500 100,000 92,177 17.6
58 | B-777 680 Int. E 1860 100,000 34,996 6.9
59 | B-777 680 Int. F 2220 100,000| 36,676 6.2
60 | B-777 680 Int. E 2220 100,000| 36,676 7.2
61 | B-777 680 Int. G - 100,000| 15,868 1.1 4
62 | B-777 680 Int. E 2580 100,000| 38,356 7.5
63 | B-777 680 | Edge B 300 100,000| 71,457 | 68.1 9
64 | B-727 | 136.5 | Edge H 1500 100,000| 95,277 | 10.3 | 10,11
65 | B-727 | 136.5 | Edge H 1500 10,000 | 95,277 | 109 | 10,11
66 | B-727 | 136.5 | Edge H 1500 50,000 | 95,277 | 10.6 | 10,11
67 | B-727 | 136.5 | Edge H 1500 200,000 95,277 10.4 10,11
68 | B-727 | 136.5 | Edge H 1500 100,000| 98,167 | 16.6 | 8,10,11
69 | B-727 | 136.5 | Edge H 1500 10,000 | 98,167 | 26.6 | 8,10,11
70 | B-727 | 136.5 | Edge H 1500 50,000 | 98,167 | 15.3 | 8,10,11
71 | B-727 | 136.5 | Edge H 1500 | 200,000 98,167 | 13.3 | 8,10,11
72 | B-727 | 136.5 | Int. I 1500 100,000| 34,279 3.7 10
73 | B-777 | 371.4 | Edge I 1140 100,000| 106,698 | 19.0 | 10,11,12
74 | B-777 | 371.4 | Edge I 1140 100,000| 106,545 | 17.2 10,11
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TABLE A-1. INPUT DATA AND RUN TIMES (CONTINUED)

Load Pavement No. of Run
Weight, | Load | Prop. | Cutoff Kioints Linear | Time,
No. | Aircraft | Ibs[10® | Case| Group | Depth, in.| Ibs./in/in | Equations| hrs. Notes
75 | B-777 | 371.4 | Edge I 1140 100,000| 107,062 | 16.2 | 8,10,11
76 | B-777 | 428.4 | Edge I 1500 100,000| 100,041 | 17.5 2,10
77 | B-777 | 428.4 | Edge I 1500 100,000| 100,558 | 15.9 | 2,8,10
78 | B-777 | 428.4 | Edge I 1500 100,000| 100,041 | 16.7 | 2,10,13
TABLE A-2. SUMMARY OF COMPUTED RESPONSES
Maximum Bending Stress, Bttom of PCC Slab (psi) Slab Deflection (in.)
Loaded &b Unloaded &b Loaded | Unloaded
No. IP MR P MR Slab Slab
1 96.875 96.610 N.A. N.A. 0.00555 N.A.
2 97.093 96.824 N.A. N.A. 0.00587 N.A.
3 424.666 429.791 243.937 237.652 | 0.17043 | 0.16828
4 97.203 96.935 N.A. N.A. 0.00628 N.A.
5 97.218 96.950 N.A. N.A. 0.00643 N.A.
6 93.309 93.020 N.A. N.A. 0.00527 N.A.
7 93.535 93.252 N.A. N.A. 0.00560 N.A.
8 93.654 93.374 N.A. N.A. 0.00601 N.A.
9 423.181 428.657 223.655 216.334 | 0.08921 | 0.08614
10 93.664 93.386 N.A. N.A. 0.00616 N.A.
11 508.505 507.983 N.A. N.A. 0.08357 N.A.
12 512.829 512.276 N.A. N.A. 0.09055 N.A.
13 94.450 93.477 N.A. N.A. 0.00642 N.A.
14 426.553 432.071 228.057 220.861 | 0.09656 | 0.09352
15 515.179 514.663 N.A. N.A. 0.09958 N.A.
16 515.579 515.029 N.A. N.A. 0.10310 N.A.
17 515.679 515.097 N.A. N.A. 0.10498 N.A.
18 95.906 95.431 N.A. N.A. 0.00642 N.A.
19 428.476 434.015 230.709 223.590 | 0.10573| 0.10272
20 97.596 97.435 N.A. N.A. 0.00642 N.A.
21 493.640 492.815 N.A. N.A. 0.10019 N.A.
22 537.258 536.575 N.A. N.A. 0.07606 N.A.
23 515.703 514.823 N.A. N.A. 0.07130 N.A.
24 428.625 434.237 230.909 223.959 | 0.10922 | 0.10620
25 97.587 97.310 N.A. N.A. 0.00507 N.A.
26 100.827 100.568 N.A. N.A. 0.00534 N.A.
27 451.312 459.977 244.685 234.574 0.12153 | 0.11556

IP = computed directlat Lobatto integation points MR = computed from moment resultant

A-3

v



TABLE A-2. SUMMARY OF COMPUTED RESPONSES (CONTINUED)

Maximum Bending Stress, Bttom of PCC Slab (psi) Slab Deflection (in.)
Loaded &b Unloaded &b Loaded | Unloaded
No. IP MR P MR Slab Slab
28 422.345 427.251 239.422 233.014 | 0.11076 | 0.10811
29 493.616 492.814 N.A. N.A. 0.10010 N.A.
30 428.725 434.317 231.009 224.025 | 0.11108 | 0.10807
31 114.751 116.037 45.575 44,132 0.00843 | 0.00756
32 2603.944 2631.965 1026.569 997.229 | 0.19113 | 0.17125
33 * * * * * *
34 445,573 445.539 199.668 197.910 | 0.11352| 0.10253
35 435.474 438.897 218.594 213.597 | 0.11175| 0.10617
36 412.167 420.869 250.360 240.654 | 0.11055| 0.10851
37 434.819 439.223 223.301 217.403 | 0.11135| 0.10576
38 473.655 480.155 194.475 191.821 | 0.11854 | 0.10111
39 400.524 455.520 226.412 220.773 | 0.11331| 0.10846
40 635.110 634.123 N.A. N.A. 0.16123 N.A.
41 644.660 643.649 N.A. N.A. 0.18139 N.A.
42 405.895 460.145 208.779 202.375 | 0.11490| 0.10690
43 394.390 448.667 238.531 232.797 | 0.11240| 0.10942
44 651.160 650.127 N.A. N.A. 0.20922 N.A.
45 462.144 469.948 231.855 224.422 | 0.12356 | 0.11342
46 652.360 651.227 N.A. N.A. 0.22622 N.A.
47 509.751 514.379 182.847 180.704 0.13264 | 0.10166
48 441.274 454.754 256.024 240.119 0.12041 | 0.11704
49 400.651 405.199 188.204 181.958 | 0.03860 | 0.03584
50 434.684 440.355 187.364 178.593 | 0.04266 | 0.03830
51 652.110 651.065 N.A. N.A. 0.22024 N.A.
52 97.218 96.953 N.A. N.A. 0.00652 N.A.
53 93.674 93.392 N.A. N.A. 0.00624 N.A.
54 422.195 427.101 239.423 233.037 | 0.11202 | 0.10937
55 03.648 93.362 N.A. N.A. 0.00628 N.A.
56 515.679 515.125 N.A. N.A. 0.10617 N.A.
57 598.184 604.935 435.007 428.217 | 0.26883 | 0.26571
58 652.410 651.369 N.A. N.A. 0.23006 N.A.
59 610.316 609.627 N.A. N.A. 0.22201 N.A.
60 652.460 651.393 N.A. N.A. 0.23277 N.A.
61 589.110 588.612 N.A. N.A. 0.11269 N.A.
62 652.460 651.393 N.A. N.A. 0.23478 N.A.
63 424.375 430.980 218.079 213.436 | 0.09011| 0.08577
64 177.146 177.161 105.668 104.947 | 0.02283 | 0.02217

IP = computed directlat Lobatto integation points MR = computed from moment resultant

v
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TABLE A-2. SUMMARY OF COMPUTED RESPONSES (CONTINUED)

Maximum Bending Stress, Bttom of PCC Slab (psi) Slab Deflection (in.)
Loaded &b Unloaded &b Loaded | Unloaded

No. IP MR P MR Slab Slab
65 180.172 179.051 103.078 103.183 | 0.02294 | 0.02202
66 178.655 178.112 104.373 104.098 | 0.02288 | 0.02210
67 174.990 175.805 107.261 106.125 | 0.02277 | 0.02227
68 197.978 204.980 88.999 86.653 0.02451 | 0.02251
69 213.467 218.336 68.646 67.863 0.02567 | 0.02112
70 200.392 209.963 81.669 79.685 0.02489 | 0.02210
71 200.053 199.312 96.104 94.498 0.02407 | 0.02282

72 186.905 187.082 N.A. N.A. 0.01876 N.A.
73 215.106 215.788 115.575 111.803 0.04093 | 0.04014
74 215.979 216.905 115.674 111.602 | 0.04304 | 0.04024
75 212.436 240.199 103.130 100.232 | 0.04170| 0.03991
76 213.647 215.717 121.141 120.705 | 0.05515| 0.05396
77 199.726 242.330 112.582 108.925 | 0.05666 | 0.05399
78 211.971 217.423 121.322 120.932 | 0.05514 | 0.05397

IP = computed directlat Lobatto integation points MR = computed from moment resultant

Notes

1. Minimum side lenth for 2D slab elements: 4.167 inches.

2. Minimum side lenth for 2D slab elements: 2.778 inches.

3. Minimum side lenth for 2D slab elements: 1.667 inches.

4, Winkler base (Direct solution method used).

5. Slab ede rotational derges of freedom constrained.

6. Load patch dimensions same as 8. (Sinde-Wheel Load).

7. Failed to converg after 30 calls to conjade gadients — aborted.
8. Base layr cracked under joint.

9. Similar to No. 9, &cept tha thejoint gap width d was reduced from 1.0 to 0.1 inch.
10. Model of DIA test runway

11.  Aircraft gear oriented perpendicular to joint.

12.  Longtudinal and transverse slab dimensions reversed.

13. PCG with Gauss-Seidel EBmethod.

Layer PropertyGroups for Test Runs

A. 14-in. PCC SlabK = 4,000,000 psii = 0.15)
No Base
Infinite Subgade E = 15,000 psiu = 0.40)

A-5
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14-in. PCC SlabF = 4,000,000 psiy = 0.15)
8-in. Stabilized Bse (E = 500,000 psi, = 0.20)
Infinite Subgade (E = 15,000 psi, = 0.40)

14-in. PCC SlabK = 4,000,000 psii = 0.15)
No Base
Infinite Subgade (k = 141.4 pci)

14-in. PCC Slabg = 4,000,000 psiy = 0.15)
8-in. Stabilized Bse (E = 500,000 psi, = 0.20)
Infinite Subgade (k = 141.4 pci)

16-in. PCC SlabK = 4,000,000 psiy = 0.15)
8-in. Stabilized Bse (E = 500,000 psi, = 0.20)
Infinite Subgade (E = 4,500 psiy = 0.40)

17-in. PCC Slabg = 4,000,000 psiy = 0.15)
8-in. Stabilized Bse (E = 500,000 psi, = 0.20)
Infinite Subgade (E = 4,500 psjy = 0.40)

16-in. PCC SlabK = 4,000,000 psi = 0.15)
8-in. Stabilized Bse (E = 500,000 psi, = 0.20)
Infinite Subgade (k = 55.4 pci)

17.3-in. PCC SlabH = 4,410,000 psiy = 0.22)

Slab Dimensions: 20 ft. (longby 18.75 ft. (trans.)

8-in. Cement-Treatedde (E = 1,200,000 psi,= 0.20)
12-in. Lime-Stabilized Subbase (E = 440,000 pst, 0.25)
Infinite Subgade (E = 15,000 psi, = 0.40)

(DIA Test Runwaysection)

17.8-in. PCC SlabH = 4,410,000 psii = 0.22)

Slab Dimensions: 20 ft. (longby 18.75 ft. (trans.)

8-in. Cement-Treatedde (E = 1,200,000 psg1,= 0.20)
12-in. Lime-Stabilized Subbase (E = 440,000 pst, 0.25)
Infinite Subgade (E = 15,000 psi, = 0.40)

(DIA Test Runwaysection)
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APPENDIX B—FORMULAS FOR LOBATTO INTEGRATION

Lobatto’s formula for numerical integfion is

below.

+1

[0 dx=wf (-D+ 3 wf(x)+w, (D)

where he nunerical values of abssisasx; and weidpts w; for variousn are gven in the table

n-1

TABLE B-1. ABSCISSAS AND WEIGHTSFOR LOBATTO INTEGRATION

n * X Wi

3 1.00000 000 0.33333 333
0.00000 000 1.33333 333

4 1.00000 000 0.16666 667
0.44721 360 0.83333 333

5 1.00000 000 0.10000 000
0.65465 367 0.54444 444
0.00000 000 0.71111 111

6 1.00000 000 0.06666 667
0.76505 532 0.37847 496
0.28523 152 0.55485 838

7 1.00000 000 0.04761 904
0.83022 390 0.27682 604
0.46884 879 0.43174 538
0.00000 000 0.48761 904
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APPENDIX C—CONSTANTS FOR NKE3D MATERIAL TYPE 17

NIKE3D Material Type 17 (Bundation BundarySpring is defined bythe following 6 x 6
symmeric marix of springconstants [2]

%11 K12 K13 K14 K15 KlG %
] Kzz K23 K24 K25 K26|:|
[ K K K K..[]
K =[] 33 34 35 36 O
[l K44 K45 K46 ]
% K55 K56 S
(i KGG B

The constantk relate nodal forces and momeht nodal displacements and rotations

F=[fX f, f, m m mz]T

u, u, 6, 6, 6.
In the current model of the Mkler foundation, all constanks; are seequalto zero except
Kas = KA

wherek is the modulus of sulbgde reaction and, is the tributaryarea forthe foundationnode.
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APPENDIKX D—NIKE3D CONTROLCARD SETTNGS

NIKE3D execution is controlled byen control cards, which appear as the fiestexecutable
lines in the NKE3D input file. The control deck structure is discussed in refer@ic€hefirst
five cards contain information about the specific mesh bamajyed (e.g, numberof nodes,
number of slide surfaces to be defined) and about the load (number otitwvad,etc.). Cards5
through 10 contain data ayerningthe finite element analis. The control card entries for
control cards 5-10 used in the three-dimensional finite elementsgnale listed below.
Control card felds notlisted are asgned he NKE3D defaut values (hdicaied bya zro enty
in the field). The default values arevgn in reference 2.

CARD 5

Output Printingnterval 1

CARD 6

Nonlinear Equilibrium Solution Method {5S) 1

Bandwidth Minimizaion Hag 3

CARD 7

(All default setings)

CARD 8

Element data buffer siAbytes) 30000000

Direct linear equation solver ESLE) 1

BFGS update vector storag@ption 1

Brick elementformulation (B-Bar) 1

Shell element formulation (Hhgs-Lu) 1

CARD 9

Numbe of use-speified integration rules for shdls 1

Maximum number of user-specified intagjon points 5

CARD 10

Linear equation solver option (default — PCG) 1
(For Winkler Foundation option) 0

Iteration limit for linear solver 9999

Iteratve soler dat storage opton (in-core sbrage) 1
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