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EXECUTIVE SUMMARY

Most moden arport pavements ae construced on @ment-stailized bases thda are of high
qudity and substatia strength. The contribution of thebase courseto the strength of the
pavement structure is poorlynderstood. ield observationdiaveindicatedthat cracksoccurin
the stabilizd base in a pattern that direatiyatches th@inting patternin the surfacelayer. It is
likely that some load transfer occurs across these chyckgyregateinterlock. To accountfor
the increased capacitf the foundation caused lay stabilizedayer, the modulusof subgade
reacton is increasedn the Westergaardmodel This approach,n which the “top-of-the-base”
modulus is determined empiricallis required bythe assumptions implicit ithe Westergard
theory. Multilayered, linear elastic modds conside the compléde layered system in the vertical
direction. In the horinntal direction, however, the leg are assumed to be infinitdgng with
no disontinuities sud as edges or joints. Two-dimensiona finite element plate progams may
account for the stabilized layby addingadditional stiffness tohe plate elementsbasedupon
the conceptof the transformed sectionThe primarydeficiencyof these approaches is that none
direcly addressedie nfluence oflie base course ohe lbad tansfer effciencyata joint.

The objective of this research is to obtain data on the response ofithpawgment slab-joint-
foundation sgtem byconductinglaboratoryscale eperiments on jointed rig pavementnodels

and to develop a comprehensive three-dimensional finite element maoithel radid pavement
slab-joint-foundatiorsystemthatcanbe implemented in the advanced pavement desgcepts
currentlyunder development e Federal Aviation Administration (KA).

Evidencefrom experimentsconductedon six laboratoryscale jointed rigd pavement models
suggests that the joint efficiencgepends upon the presence and condifoa stabilizedbase.
The presencef crackingin the baseand the dege of bondingetween the slabs and stabilized
base courseinfluences the strudurd capacity and loal transfa capability of the rigid pavement
structure. The geaest experimental values of pint efficiency were obained fromthe shbs
foundedon the monolithic stabilized base followed, in order, ddgbs founded on a cracked
monolithic base, founded on a monolithic base with a bond breakefinathg, foundeddirectly

on the rubber pad.Maximum load transfer efficiencyccursat low loads with decreasing
effectiveness for increasirigad. This phenomenon is likelgaused byocalized crushingof the
slabs’ concrete in the rean of the dowels as the loads and resuldisplacements increase.

The finite element modek devebped n this researchnidicae that a conprehensie 3D finite
element modelingechnique provides a rational approach to modehegtructuralresponseof
thejointed rigd airport pavement syem. Modeling features which are required includepbsit
3D modding of theslab continug load transfa capability at thejoint (modded springs between
theslabs), eplicit 3D modding of thebasecoursecontinug aggregate interlock capability across
the cracks in the base coursegagmodeled byspring acrosghe crack),andcontactinteraction
betweenthe slabsand base courseThe contact interaction model feature must allapsgto
open between the slab and baBarthermorewherethe slabsandbasearein contact transferof
shear stresses across the interface via friction should be modeled.

XV/XVi



1. INTRODUCTION.

1.1 BACKGROUND.

A rigid pavement stem consists of a number of relativéiiyn Portlandcementconcreteslabs
finite in lengh and width over one or more foundationday When a slab-on+gde is subjected

to a wheel load, it developsbending stresses and distributes the load over the foundation.
However therespons®f these finite slabs is controlled [int or edg discontinuities.By their
nature,joints are structurallyweakeningcomponents of the siem. Thus, the response and
effectivenessf joints are primaryconcerns in rigl pavement anatis and desig. Joint load
transferis very importantand fundamental to theefleral Aviation Administration (KA) rigid
pavenent desgn procedure becauseretses and deftions n a baded sdb are reduced a
portion of he bad s transferredd an adjcentslab.

When ajoint is @pable of transfaring load, stdics didate tha thetotd load (P) must beequd to
the sum of that portion of the load supportedhmsy loaded slabP) and the portion of the load
supported byhe unloaded slal(), i.e.,

P +P, =P (1.1)
Load maybe transferred across a joint blgear or bendingnoments. However, it has been
commonly argued that load transferis primarily caused byverical shear. In ether casehe
following relationship applies:

oL+ Ou=0¢ (1.2)
whereo; is themaximum bending stress in thdoaded slab, gy is themaximum bending stressin
the adacentunloaded sib, ando; is the maximum bending stress for thefree edge loading

condition.

Becausenaxmum slabdeflectionsarealso directlyproportional to applied load under the stated
conditions, it follows from equation 1.1 that

WLt W = Wy (1.3)
wherew, is themaximum edge deflection of theloaded slab, wy is themaximum elge deflection
of the adacentunloaded db, andy; is themaximum elge deflection with no joint.

Deflecion load tansfer effciency(LTE,) is defined as

LTE,= W (1.4)
WL

1-1



Similarly, stress loal transfe efficiency (LTE,) is ddined as the ratio of the edge stressin the
unloaded slab-to-edgstress in the loaded slab as follows:

LTE, =Y (1.5)

oL

Load tansfer [T) in the FAA rigid pavement desigprocedures A AC 150/5320-6Dand
ACC 150/5320-16)s definedas that portion of the edgstress that is carried lize adjacent
unloaded slab:

Lo, U og —o U
Lt = —0=F—01
o0 O o O
(1.6)
0 o U
=-—0
0 o0

It should be noted from the above equations that the &diglrEs andLTE, is from ze&o to one
while the range of LT is from z2ro to one half. Equationl.6 can be relatedto equationl.5 as
follows:

LT = LTEs

= (1.7)
1+ LTE,

The FAA desgn procedure prestyes LT = 0.25, effectivelyeducingthe desig stress and
allowing a reducedslab thickness. This accepted value is primarilyased upon test sections
trafficked from the mid-1940’s to the mid-1950’s.

Table 1-1 summares the most frequentlysed rigd pavement response modelad their
capabilities. The response model which forms the basis for #hA Fgid pavemenstructural
design procedure is the ¥tergard, 1939 idealaion. In 1926, Westergaard developeda
method for computinghe response of rig pavement slabs-onmage subjected to wheleladsby
modeling the pavementas a thin, infinite or semi-infinite plate restingn a bed of sprirgy
(Westergard 1926).Although available Véstergard solutions have beentemsivelyusedthey
arelimited by two significant shortcoming (a)only a sinde-slab panel is accommodated in the
analsis; therefore, load transfer at joints is not accoumdedand (b) the layered natureof the
pavement foundation is not@icitly reflected in the Winkler (bed of sprisigfoundation model.

Multilayered, linear elasticmodels, as used in the newAA& desigh method released in 1995
(Federal Aviation Administration 1995), consider the completeréad systemin the vertical
direction, therebyaddressinghe second limitation.In the horizontal direction, howevehe
layers ae assumé to be infinitely long with no disontinuities sud as edges or joints.
Consguently, theload transfe limitation remans unreolved.
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TABLE 1-1. SUMMARY OF COMMON RIGID PAVEMENT RESPONSE MODELS

Response Model Subgade Base Course Slabs Joints
Westergaard Bed of Spring (Top-of-Base Semi-Infinite
Theory Modulus of Sibgade Reaction) | Kirchoff Plate | Not Consideed
Elastic Layer
Theory Elastic Continua,dfinite in Horizontal Exent Not Considered
Two-Dimensional
(2D) Finite Elastic Solid, | Thin Plate Eement(Transforned | Springs or
ElementModek | Bed of Spring | Section Concept) BeamElements

Two-dimensional (2D) finite element pn@gns employtranslationaland rotationalsprings and
beam elementsto modé load transfe capabilities & ajoint. The slabs and baecourselayers ae
modeledas thin platesThe slabs and base course rbayfully bonded or fullydebonded.If the
slab and base course are considered to be bonded (full strain compdtdiwgenslab and
base), tansforned secton concep are useda formulate a plate element with an equivalent
composte plate stffness.

Most moden arport pavements ae construced on @ment-stailized bases thd are of high
qudity and substatial strength. The contribution of thebase courseto the strength of the
pavement structure is poonynderstood.To account for the increased capacoityhe foundation
caused bya stabilizd layr, the modulus of sulbgde reaction is increas@d the Westergard
model. This approach, in which the top-of-the-base modulus is determined empijrisally
required by the assumptions implit in the Westegaard theory. Similarly, 2D finite dement
plate progams mayaccount for the stabilized layby addingadditional stiffnessto the plate
elements based upon the concept of the transformed section.

The primary deficiencyof these approaches that neither drecly addressese nfluenceof the
basecourseon theload transfe efficiency a ajoint. In amostall instances, stabilized layers are
constructed to be monolithiddowever, field observation&Grogan, Weiss,and Rollings 1996)
have indicated tha cracks ocur in the stabilized base in a patern tha directly maches the
jointing patern in the surfacedyer. It islikely thatsomne loadtransferoccursacrosshesecracks
by aggrecate interlock.

1.2 OBJECTIVE.

Because the slab-joint-foundationssgm for a rigd pavementis three-dimensional3D) in
nature,comprehensiveepresentatiorof this system requiresa 3D analyical approach. The
objective of this research is to obtain data on résponseof the rigid pavementslab-joint-
foundation sgtem byconductinglaboratoryscale eperiments on jointed rig pavementnodels
and to develop a comprehensive three-dimensional finite element moithel rafid pavement
slab-joint-foundatiorsystemthatcanbe implemented in the advanced pavement desgcepts
currently under developmentby the FAA. The basic criteria to be used for this model
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development will be (a) vaidated theory and (b)precision of themodeé consisteit with the
requirementof the FAA pavement desig model. The model developed should be capable of
modelingthe slab-joint-foundation syem and serve as an attiglyl steppingstoneto increased
understandingf the behavior of rigd pavement stems. By judiciouslyapplying this increased
understandingf behavior,improveddesiq criteria can be developed resultingenhanced rigl
pavement performance in the field.

The objectives listed above will be accomplishea¢®mypletingthe followingtasks:

Task 11 Review and Evaluation of Esting Joint Models.

Task 2] Perform a Response and Sensitiityalysis of Rigd Pavement Stems.
Task 31 Develop a General 3D Andigal Model.

Task 4] Perform Laborabry-Scale Tesing.

Task 31 Model Application.

Task 61 Model Simplification for mplementationnto FAA Design Procedures.

1.3 SCOPE

A previousreport(loannidesand Hammons 1995) presents a detailed review and evaluation of
existing joint modds, an andysis of expaimentd daa on smé-scale mode data generated by

the Corps of Engeers in the 1950’s, and a newesterqaard-tye closed-fornsolutionfor load
transfer at rigd pavement joints.

This reportdescribeghe resultsfrom the identified Tasks 2,3, and4. Chapters 2Zhroudh 5 of

this report document a comprehensive finite element response and sersttightyor rigid

pavementsinge- and multiple-slab models founded on a Winkler stdme usingthe finite
elementtcodeABAQUS. Chapter6 reportsthe results of a series of laborat@gale eperiments
on jointedrigid pavemenimodels. In chapter he developmentf a 3D finite elementanalysis

system that includesthe influence of he base course omd stuctural capady of the rigid

pavement slab-joint-foundationsgtgm is discussedsinally, in chapte®, a seriesof conclusions
and recommendations based upon this research are presented.
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2. FINITE ELEMENT CODE DESCRPTION.

2.1 BACKGROUND.

The general-purposéinite element protam ABAQUS 5.6, developed and marketed Hpbitt,
Karlsson,and Sorenseninc. of Pawtucket, Rhodesland, was used in this studyABAQUS is
writtenin transportable BRTRAN, althoudp the input/output routines are optimized for specific
computer systens.

Oneof the salient features of ABAQUSS its use of the librargoncept to create different models
by combiningdifferent solution procedures, elementgdgs, and material modelsThe analgis
module consistsof an element library a material librarya procedure libraryand a loading
library. Selectons fromeach of hese ibraries can be med andmatchedin anyreasonald way

to aeate a finite dement modé. Among the dement families in theeement library are the
following which are of spedic interestfor this research:

a. First- and second-order continuum elements in one, two, and three dimensions.
b. First- and second-orderigaymmetric and gneral shell elements.
C. Contat dements for deéermining norma (or shexr) stresses transmittel & the point of

contact between two bodies.
d. Special purpose stress elements such as spdaghpots, and fléte joints.

The material library includes linear and nonliner dasticity modds a wedl as plasticity and
viscoplasticity formulations. The analgis procedure libraryincludes static stressanal\sis,
steadystate and transient dgmic analgis, and a number of other speciatizprocedures.

All AB AQUS computations were conducted on a CyaiP or Cray C-90 supercomputer.
Finite elementmodelsfor ABAQUS were developed interactivelyn engneeringworkstations
using The MacNeal-8hwendler Corporation’s ATRAN software incorporatingan ABAQUS
appication interface. PATRAN was also used ¢ posprocess rany of the resuls from
ABAQUS.

2.2 ISOPARAMETRIC ELEMENT CONSDERATIONS

All of the ABAQUS continuum finite elements considered for this stweBre modern,
isopaametric element formuldions. Isopaametric dements ae dements for whid the
geometry and displacenent formulatons are of he sare order. Stated nore precsely, the
interpolation of he ekment coordnats and etment displacenent usethe sane interpolation
functions, which are defined in a natural coordinastesy (Bathe 1982). A naturalcoordinate
systemis a local coordnat system which spedies he lbcaton of anypoint within the eement
by a set of dimensionless numbers whosenitades never eeed unityDesaiandAble 1972).
An interpolation functionN; must beformulaed sut thd its value in the naurd coordindge
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system is unityat nodel and zro at all other nodes.The full developmenibf isoparametric
elements is doamented in many finite dement texts and will not bedisaissel hee.

Isopaametric dements séisfy thefollowing necessay and sufficient conditionsfor compleéeness
and compatibilityDesai and Abel 1972):

a. The displacement models must be continuous within the elenagaltthe displacements
must be compatible between adjacent nodes.

b. The displacement models must include thedrlgpdydisplacements of the elements.
C. The deplacenentmodek mustinclude he constnt strain states of he ekment

The isopaametric concept is apoweful genealized techniquefor construt¢ing complde and
conformingelementf anyorder(Desaiand Abel 1972).In the first-order or linear element, the
interpoldion fundions of the dements ae linear with respect to the naurd coordindes.
Similarly, for a quadraticor second-order element, the interpolation functions are quadratic with
respect to the natural coordinates.

A second-ordeelement which has interpolation function based salelyn nodes at the corners
and mdsides of he ekment is conmonly referred ¢ as a serendipityelement while those
elements that feature an internal node and use full product fafrthe LaGrang polynomials
are referred to asagrangian elements. In one dimension (1D), an nth-ordeaGrang
polynomial is defined as

n+1

n _ X i
L(x ) = D—(Xk i ) 2.1)

7k

where the element has n+1 nodes definethbynodal coordinate vector

x
2

<
o e
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In 2D and 3D, the &aGrang polynomials are made up of products of the LBGrang
polynomials.



Figures2-1 and 2-2 illustrate the Lagrangian and seendipity dement intepolaion fundions,
respectively in 2Dfor quadrilateral elements.Each of these elements & second-order
(quadratic)element. The interpolationfunctions for the nine-noded element inuiig2-1 are
made up exclusively of productsof Lagrangan polyhomials. However, the eigt-noded or
serendipityelement in figire2-2 requires additional terms other than products agfdngan
polynomids to fore the vaue of N; to be unityat nodel and zro at the other sevearodes.
Theseconceptsan be readilyextended to 3xontinuum elementsThe Lagrangan hexhedral
element has 27 nodes and 27 interpolation functions which are quadratic products of the
Lagrangan polynomials of the three natural coordinates shown herega$, and r The
serendipityhexahedral element is charactex@ by 20nodes (1 at eacbf the 8 cornersof the
element and 1locaked abng each of he 12lines forning the edgs of he ekmen) with
20 correspondinguadratic interpolation functions.

7
h=1 4 . 3
ﬁh
|
|
h=0 8 o L ——————— > * 06
9 g
h=-1 .
1 5 2
g=-1 g=0 g=1

Natural Coordinates: g, h

Interpolation Functions:

Ny = Sig ~ 10 - 1) N = Lig + n - )
Ny = S + o+ 1) Ny = Sl - ih + 1
M= Aot e L - )
Ny = 2+ gt - 1) Ny = ~ig - 12 - 1)

Ny = (g% - Nh? - 1)

FIGURE 2-1. INTERPOLATION FUNCTIONS 2D LAGRANGIAN ISOPARAMETRIC
ELEMENT
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h=08» . — > 6

h=-1 .
1 5
g=-1 g=0 g=1

Natural Coordinates: g,h

Interpolation Functions:

Ny = —5(1 - gt ~ B + g+ h Ny = 01+ gt - g ~h - 1
Ny = 201+ a1+ hg + h 1) Ny = =500 = a1+ hig b+ 1)
N, = %(1 - g3t - h) Ny = %(1 - h)(1 + g)

Ny = 201 = g1 + 1 Ny = 201 - 021 - g)

FIGURE 2-2. INTERPOLATION FUNCTIONS 3D SERENDIPITY ISOPARAMETRIC
ELEMENT

All of theisopaameric elements are integrated numeically. For many dement types, theuse
has the option of selectirgements with full integtion or reduced integtion. The choice of
orderof integration is important, becauset can have a gnificantaffecton costof the anajsis
and on the accuracyf the solution (Bathe 1982)Full integation means thathe Gaussian
integration employed will integrate the dement stiffness marix exactly if the deerminant of the
Jacobian matrixs constant over the element, i.e., if oppositgs for 2Delements oopposing
facesfor 3D elements are pardbl. For reducedntegration the integration schere is one order
less tha tha required to fully integrate the eement stiffness matrix. Solution times may be
significantly less with reluced integration resultingin consideable savings for large 3D modéds.



In problems where the predominant response mode is berfdihg integated first-order
elements maylock”; i.e., the stiffness mape several orders of maitude too geat. Spurious
shear stresses known @arasitic shear stresseare presentin these cases, a redust in order
of the nunerical integration can éad b beter resuts. The finite element displacenent
formulaion oveestimaes the stiffness of thesystan; thus, bynot evaluaing the dement
stiffnessmatrices exactly, better results mg be obtaned if the error in thenumerical integration
compensdes for theoverestimaion of thesystan stiffness. However, a possibilitywith reduced
integation is a tpe of mesh instabilitytknown ashourglassing For 2D and 3D reduced
integration dements, thedement stiffness marix is rank ddficient, causing problems with the
solutionif the dement is not providd with suffident stiffness restrant in the globd assenblage

of elements.When this occurs, thdapal stiffness matribecomes ill-conditioned and, in some
casessingular. An hourdass mode does not result in strain (and therefore does not contribute to
the enery integral) leadng to spurous zro-energy displacenent modeswhich behavelike a
rigid-bodymode.

Hourdassmodesfor the first-order reduced integation quadrilateral and haxedral elements
can propage throudp the mesh, and hougegsingcan becomée a seriousproblem. ABAQUS
employs hourglass controfor these elements in an attempt to suppress lemsing In effect,
additional stiffness is artificiallpdded to the syem to restrain the hodegsing modesDefault
hourdass stiffness values are based upon the elasiertiesof the system. Valuesfor these
stiffnesses othe than the ddfault vdues may be speified by the use. The atificial energy
associateavith the hour¢ass control stiffnesses must be much less than the total straig efierg
the swtem. First-order reduced integtion elements with houk@ss control mayperform
satsfactorily for veryfine meshes, butan bemaccurag for coarse reshes.

2.3 ELEMENT DESCRPTIONS

The ABAQUS element librarycontains a vast selection of elemeriety and formulationsA
basic understandingf the type of element and assumptions made in the formulation of the
elementis requred before selcing an eementfor use n a finite elementmodel Thefollowing
paragaphs contain brief descriptions of the 2bd 3Delementsconsideredn this responseaand
sensitivity study

2.3.1 2D Element Descriptions

Eventhoudh the purpose of this research was to develop &r8teé element model for the tid
pavementsystem, it was instructive to conduct certain sensitivitgtudies i2D. These
2D sensitivity studies were conducted usiegments from the ABQUS element library The
ABAQUS element librarycontains a larg libraryof general shell elements for analy of curved
shell, plate bendingand membrane problems:or a flat plate subjected to both in-plazed
transverse loads, the bendiagd membrane effects are uncoupled; thus, the total respamse
be obtained bguperimposinghe bendingand membrane responséa.generalthisis nottrue of
theshellelement. The shell element is similar to a plate elementepek that the midsurface of a
general shell element can be curvdd.this case the bendiramnd membranstressearecoupled,
and it is no longr possible to superimpose the two conditiorssggh 1992).



The basic assumption for thin-pl@ bending and shdl elements is tha the thickness, h, is small
compaed to theminimum in-plae dimension of thestrudure L. Thus, the stress perpendicular
to the mdsurface oftte phte or shdlis zero, and material paricles originaly on a straight line
perpendicular to the midsurface will remain on a strain line as the structure defarthsthin
(or Kirchoff) theory transverse shear deformations arelewtgd, and the strdigline remains
perpendtular to the mdsurface dung deformations. The ruk of thunb is that for values of
L/h>20, the Kirchoff assumptions holdFor casewhere the transversesheardeformations
cannotbe nedected, it can be shown that the transverse shear stigsaeslty, are dstributed
parabolicaly across thethickness of theplate or shdl with the maximum value occurring at the
midsurface (Timoshenko andaiowskyKrieger 1959).

Table2-1 gves a description of the AUS shell elements considergdthis sensitivitystudy
These elements include first- and second-order finite elenveititsfive or six degees of
freedom per nodeAll shell elements in ABQUS employa reduced integtion scheme.Each

of the elements with five deages of freedom per node iitly impose the Kirchoff shear
constraints (i.e., transverse shear deformation is not allowE®ments withsix degees of
freedom per node, known as “shear itd’ elements, allow transverse shear deformations.
When hese @ment are used forhin-shel applcatons, the defaut transverseshearstiffness
(Gy imposea the Kirchoff constrants gproxmately so tha, in many cases, the results are not
significantly differentfrom the results from the thin-shell element®us, ABAQUScalculates
the defaul transverse sheari§hess as

6 6 R(1+wmH

where

G = shear modulus of shell

h = thickness of shell

E = modulus of elasticitpf shell
U = Poisson’s ratio of shell.

Elements 8R and 8R are especiallysusceptible tohourdass displacementmodesin the
displacementomponentgerpendiculato the shell surface.In general, the 8-node serendipity
element is considered a@d basic element for most shell problenV®henreducedntegation

is employd (as is the case for all of the ABAQW&ell elementsusedin this study), shear
locking is of no consequence. Although the reduced integtion element can &ibit
hourdassing it too is nonconsequential because htagg modes cannpropagite throughout
the mesh (Schnobrich 1990).



TABLE 2-1. DESCRIPTION OF ABAQUS2D HELL ELEMENTSUSED IN SENSITIVITY

STUDY
No. of
Element Number | Degees ofFreedom Gauss
Type General Descrifion | of Nodes per Nodes Interpoltion | Points Notes onUsa@
S4R Isgparamretric shell 4 6 Linear 1 Subject to
elenen, rediced (u, v, w, 6, 6,,0,) hourglassing,
integration intenced for thick-
shell applications
AR5 Isoparanatric shell 4 5 Linear 1 Subject to
elenen, rediced (u, v, w, 6, 6) hourglassing,
integration reconmended for
thin-shell
applications
S8R Isgparanetric brick 8 6 Serendpity 4 Interded fr thick-
elenen, rediced (u, v, w, 6, 6,,6,) guadratic shell aplications
integration
S8R5 Isoparanetric shell 8 5 Serendpity 4 Recommended for
elenen, rediced (u, v, w, 6, 6) guadratic thin-shell
integration applications
SOR5 Isoparanetric shell 8 5 Lagrangian 4 Recommended for
elenen, rediced (u, v, w, 6, 6) guadratic thin-shell
integration applications

2.3.2 3D Element Descriptions

Table2-2 containsa listing of the 3Dhexahedral elements from the ABAQUBrary considered
in this study Element tpes considered includdabth linear and quadraticelementsemployng
both full and reduced integtion. Furthermore, both &grangan andserendipityformulations
were consderedfor the quadraic elements. Each etment type featires hree tanshtonal
degees of freedom per nodelhe C3D27 and C3D27R elementsare variable node elements
thatis, the numberof nodes can be reduced from r&¥des per element down to @ddes per
element (or anynumber between) bsemovingthe interior node from each of the faadsthe
elementas desed.

As is the case wh 2Dshel elenments, fully integrated ekments can exibit locking where

bendingis the primaryresponse modeThis is particularlytrue of the linear element. Reduced
integation provides relief from lockingut maylead to problems withourdassing However,

for the quadratic elements, holagsingis typically nonconsequential, because hdasg modes
do not propage throudpout the mesh.

Solution times and the correspondiogsts for 30problems are considerabtyeater tharfor
their 2Dcounterparts. This is due to the dramatic increase in bandwidthand well asthe
increase in the time required to formulate the element stiffness matrices betdlsdime
required to intexate in the third dimension (Schnobrich 1990).



TABLE 2-2. DESCRIPTION OF ABAQUS3D HEXAHEDRAL ELEMENTSUSED IN
SENSITIVITY STUDY

No. of
Element Number Degees of Gauss
Type General Descrifion | of Nodes| Freedomper Nodes| Interpohtion Points | Notes onUsag
C3D8 Isoparanetric brick 8 3 Linear 8 Subject to
elerrent (u, v, w) parasitic shear
stresses
C3D8R Isgparametric brick 8 3 Linear 8 Subject to
elemert, redwced (u, v, w) hourglassing
integration
C3D20 Isgparametric brick 20 3 Serendpity 27 May exhibit
elemert, redwced (u, v, w) guadratic locking when
integration used to amlyze
berding
C3D20R | Isoparanetric brick 20 3 Serendpity 8 Subject to
elerren, redwced (u, v, w) guadratic hourglassing,
integration athough rarely
problematic
C3D27 Isqparanetric brick 21 3 Lagrangian 27 May exhibit
element 27 (u, v, w) guadratic locking when
used to aalyze
berding
C3D27R | Isoparanetric brick 21 3 Lagrangian 14 Subjectto
elemert, redwced 27 (u, v, w) guadratic hourglassing,
integration athough rarely
problematic
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3. SINGLE-S_LAB RESPONSE AND SENSITIVITY STUDIES

3.1 BACKGROUND.

This chaptercontainsa discussionof response and sensitivistudies for sinig-slab models
conducted with the finite element code ABUS. The purposef thesesensitivity studieswas
primarily to sdect the refinement of thedisaetization (rdferred to & the mesh fineness) and the
approxmationswithin the elementgchoiceof elementype)for the 3D rigid pavemenproblem.
This process involved producirggnumber of finite element models with viagymeshfineness
and element tpes, solvingthose models to obtain appnmate solutions, and observirtge
convergence trends for keyesponse parameters such as bendimgss,shear stress,and
deflection. Where possible, these responses weoeparedto analyical solutions and
experimental results.All discussions presented in ththapterare relevantto ABAQUS but
would likely hold for anyfinite element code with identical elemenpéyg and solution schemes.

First, awell-accepéd anai/tical solutionwaschosena check he accuracyf the approxmations
made bythe various finite element models produced duthwy sensitivitystudies. Because of
the widespread acceptance and verification oést&fqard’'s theory(Westergard 1923,
1926, 1928, 1933, 1939, 1948), it was chosen for this st&dy the sensitivity studiesto be
valid, the finite dement modds generated must becompadible with Westagaard’s assumptions.
Thus,all sensitivitystudiesfor this researctwere conducted for thesgeral problem of an elastic
plate restingon a bed of sprirggfoundation consideringnterior or edg loading conditions.
Solutions to Wstergard’'s theoryinclude Westergard’'s equations, Picke#ind Ray (1951)
responsecharts, and computegd solutions such as B8TER (bannides 1984).ILLI-SLAB
(Tabatabaie-Raissi 197&dnnides 1984, Korovesis 1990) is perhapsntbstwidely usedand
verified 2D platetheoryfinite elementsolution for the rigid pavementproblem. Thus, where
possble, all finite element solutions were comared aginst a Westergaard heory solution
obtained from VESTER. Also, an LLI-SLAB solution, developed considering theser
guidance gven byloannides (1984), was used as a benchmark.

3.2 EXAMPLE PROB EMS FOR SENSTIVITY STUDIES

A sé of example problans was séected for paforming the sensitivity studies. These problans
includedthreeinterior load cases and two exigad cases.Each case consisted of a 203.3-mm
(8-in.) -thick elastic slab restingon a dense liquid foundation with a modulus of sabg
reacton k = 81.43MPa/m (300 psi/in.). The elasticslab had a modulus of elasticity of
E=20,700 MPa (3,000,008si) and a Poisson’s ratio gf = 0.15. The radius of relative
stiffness, as defined Byestergaard (1926)

z=4L32 (3.1)
V12 - 12) k

wherek = modulusof subgadereaction. These valuesigld a radius of relative stiffness of
¢/ =653.1 mm (25.70 in.).
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3.2.1 Interior Load Case.|

Figure 3-1 shows the configation for hterior LoadCase 1.Theslabwassquarewith thelengh
of the sides set dt = 3.049m (120in.). The center of the slab was loaded with a uniform
pressure op = 6.895MPa (100psi) over a square area and the teraf the sidesof the loaded
areabeing609.8mm (24in.). An equivalent circular load would have a radiusaaf 344.0 mm
(13.54in.); thus the dimensionless loadesiatio isa// = 0.527. The total applied load was
256.2 kN (57,600Ib). The personal computer pmagn WESTER, developed byoannides
(1984), was used to obtain aegtergaard solution. Due to the veryarge siz of the load, the
Westergaard-ype solution for Interior Load Gasel may not be enirely accura¢. For this case,
the maxmum interior bendingstress predicted byestergard’stheory which occursbeneath
the centoid of the loadedarea,was 4.434MPa (643.20si); thus the mamum normalized
bendingstress can be pressed as

2 2
%F? a _ 4.434MPax(0.2033m)*_ . (3.2)
terior Casel

0.2562MN

The maximum deflecion from the Westergaardtheory, which also occursbeneah the centoid of
the loaded area, is 0.8388n (0.0033ln.). The maxmum deflection, expressedas a
dimensionless quotient, was the following

2 2
P :;g % _ 0.0008398nx 81.43MPa/mx( 0.6531m) ~0114 (3.3)
terior
Casel

0.2562MN

3.2.2 Interior Load Casell

A secondnterior load case, shown in tige3-2, was investigted. This load case was identical
to Interior Load Case, except that the sezof the square loaded area decreased0f3mm
(8in.) on a side. Thus, the magjtude of the load was total load was 28k (6400Ib) for
Interior LoadCase 1. The equivalent radius for circular loadedareais a = 114.7mm (4.51in.),
yieldinga dimensionless load siratio ofa// = 0.175.

Again, WESTERwasusedto obtainthe Westergardsolutionfor Interior LoadCasell. For this

case, the mamum bending stress was0.8898MPa (129.1psi), yielding a maxmum
dimensionless bendirggress of

2 2
F: % _ 0.8898MPax(0.2033m) _ 199 (3.)
terior Casell

0.02847MN
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(120 in.) (24in.)

609.8 mm

(24 in.)

3.049 m
(120 in.)

p =6.895 MPa (100 psi)

k =81.43 MPa/m (300 psi/in.)

E = 20,700 MPa (3,000,000 psi)
u=0.15

h=203.3mm (8in.)

£ =653.1 mm (25.7 in.)

FIGURE 3-1. SYSTEM CONFIGURATION, INTERIOR LOAD CASE |

The maxmum deflection predicted bWestergaardtheoryis 0.1010mm (0.00397in.), which
expressed as a dimensionless quotient, was

%kf% _0.0001010nx81.43 MPa/mx (0.6531m )?
P

= 0.123 (3.5)
terior 002847MN

asell
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203.3 mm:
@®in)

3.049 m B .

(120 in.) o 20(:;.; n)'lm
n.

3.049 m 4
(120 in.)

p =6.895 MPa (100 psi)
k=81.43 MPa/m (300 psi/in.)

E = 20,700 MPa (3,000,000 psi)
u=0.15

h=203.3mm (8in.)

£ =653.1 mm (25.7 in.)

FIGURE 3-2. SYSTEM CONFIGURATION, INTERIOR LOAD CASE Il

3.2.3 Interior Load Casell.

A third interior load case,shownin figure 3-3,was studied. All slab parametergrom Interior

Load Casell were retained with the exception of the horizonta extent of the slab, which was

varied from 2 to 10/. In all cases,the slab renained a perfectsquare. Therefore, lhe

maxmum bendingstressand deflectionas predicted byWestergard’s theoryare identical to
those of hterior Load Casell
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203.3 mm.
(8in.)

Varies ::. """"""""""""""""""" "X
203.3 mm

(8in.)

I Varies

p =6.895 MPa (100 psi)
k=81.43 MPa/m (300 psi/in.)

E = 20,700 MPa (3,000,000 psi)
u=0.15

h=203.3mm (8in.)

£=653.1 mm (25.7 in.)

FIGURE 3-3. SYSTEM CONFIGURATION, INTERIOR LOAD CASE I

3.2.4 Edce Load Case. |

Theedge load case consideed in thesesitivity studies is illustraed in figure 3-4. The sleb was
rectanglar with the maxmum dimension of 3.0461 (120in.) and the minimum dimension of
2.541m (100in.). A uniform pressure op = 6.895MPa (100psi) was applied at the center of
one edeg of the shb over a square area ar tength of the sdes of he lbaded aredeing
203.3mm (8in.). An equivalent circular load would have a radiusact 114.7mm (4.51in.),
yieldinga dimensionless load siratio ofa// = 0.175. The magitude of thdoadwastotal load
was 28.47 kN (6400 Ib).
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3.049 m.—— ,,,,,,, T S - x

(1201in.)

. 203.3 mm
(8in.)

2.541m
(100 in.)

p = 6.895 MPa (100 psi)
k=81.43 MPa/m (300 psifin.)

E = 20,700 MPa (3,000,000 psi)
u=0.15

h=203.3 mm (8in.)

f =653.1 mm (25.7 in.)
FIGURE 3-4. SYSTEM CONFIGURATION, EDGE LOAD CASE |

WESTER was used to obtain a ‘étergaard solution for the edgloading problem. The
maxmum bendingstress, which occurs at the edy the slab underneath the centroidakaf

the loaded area, was 1.719 MPa (249.3 psi) which candressed as the dimensionless quotient
as

, 2
h _ 1.719MPax(0.2033m) = 2.49 (3.6)
E P dgeCase 0.02847MN

The maxmum deflection predicted byWesterqaard was 0.3028im (0.01192n.). The
dimensionless deflection is

2 2
k¢ _ 0.0003028nx81.43MPa/mx (0.653Im)° _ | ..o a7
E P Hlagecasel 0.02847MN
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3.2.5 Edcee Load Casell

A plot of the systemconfigurationfor Edge Load Case I is shownin figure 3-5. Thelenghs of

the sides of the square slab were vafiedh 2/ to 10/. The lbad, shb hickness, sib ehsic

properties, and modulus of suhde reaction were identical to that of Edgad Case; lthus,the

radius of relative stiffness of the swtem was dentical and he eyeced bendig stress and
deflection remained unchaad from Edg Load Case.|

203.3 mm
(8in.)

Varies .__ """""""""""""""""""" X

. 203.3 mm
8in.)

4

~ Varies

p =6.895 MPa (100 psi)

k =81.43 MPa/m (300 psi/in.)
E = 20,700 MPa (3,000,000 psi)
u=0.15

h=203.3 mm (8in.)

£ =653.1 mm (25.7 in.)
FIGURE 3-5. SYSTEM CONFIGURATION, EDGE LOAD CASE 11

3.3 RESPONSE AND SENSIVITY STUDY RESULTS.

Some of the questions to be answeredhgyresponse and sensitivetudyare summarizedas
thefollowing:

a. What 3D hexhedron element is appropriate for the slab-cadg problem?
b. Whatmesh finenessdrequred in the pbane of he shb surface?

C. What mesh fineness is required in the plane of the slab thickness?
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d. Shouldtheanalyst be concernedbout transverse shear deformations for interior and edg
load cases for rig pavements?

e. Whatis the mnimum slab dmension in the phne of he shb surface reqed b meet
Westagaard’s assumptionof a sami-infinite or infinite slab? How siquificant is this
boundaryeffect for finite element modeliryg

These $sues are addressedhe renainder of his chapér.

3.3.1 Interior Load Case.|

Interior Load Casel was the mostgenera load case studied and was primaily intended to study
meshfinenessandelementselectionissues. Studies were conducted in b&B and3D. These
studies are described and summnesatigelow.

3.3.1.1 2D Convergnce Studies

Four finite element meshes representtlifferent degees of mesh fineness werengrated.
Table 3-1is a summaryof the resultsof thesecalculations. The degee of meshfinenessis
characerized bythe dmensionless rab h/Za wereh is the thickness of theslab and 2a is the
minimum length of the side of an element. Figure 3-6(9 showsa diagram of the lengths of the
sides of the 2D shell elementSach of the finite element meshes are shown uréi@-7.

TABLE 3-1. REQULTS OF 2D CONVERGENCE BUDY, INTERIOR LOAD CASE |

ABAQUS
S8R
Mesh ILLI- S8R (100 x
h/2a |Fineness| SLAB |S4R HARS5 |SBR5 | (Defaul G,) | Default G,) | SOR5
Dimensionless Marum Interior Bending Stress oh?/P
0.67 | Coarse| 0.804 | 0.575 | 0.575| 0.804 0.805 0.802 0.716
1.33 0.751 | 0.695 | 0.694| 0.748 0.748 0.751 0.727
2.67 0.739 | 0.722 | 0.722| 0.735 0.735 0.739 0.730
4.00| Fine 0.736 | 0.727 | 0.727| 0.733 0.733 0.736 0.733
Dimensionless Marmum Interior Deflectionwk/ %/P
0.67 | Coarse| 0.129 | 0.130 | 0.130| 0.132 0.132 0.131 0.132
1.33 0.129 | 0.132 | 0.132| 0.132 0.132 0.139 0.132
2.67 0.129 | 0.132 | 0.132| 0.132 0.132 0.129 0.132
4.00 | Fine 0.128 | 0.132 | 0.132| 0.132 0.132 0.129 0.132
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2a / plane of Slab Surface

Axis of Symmetry

Axis of Symmetry

{ 2b ’
2a
/ 2¢ | Plane of Slab Thickness
2a<2b 2c<2a<2b
(a) 2D element (b) 3D element

FIGURE 3-6. DEFINITION OF ELEMENT DIMENSIONS FOR DETERMNING MESH

FINENESS
‘ y A y
h/2a = 0.67 hi2a =1.33
z
£
3
@
é
AXsof Symmety o Axis of Symmetry -
by )
h/2a =2.67 g h/2a =4.00
z
£
g
3
g
Axs of Symmetwy : Axis of Symmety :
FIGURE 3-7.FINITE ELEMENT MESHES N PLANE OF SIAB SURFACE, NTERIOR
LOAD CASE |
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For each mesh the slab was modeled usouple synmetry i.e.,boththex andy axis wereaxes

of synmdry, thus reludng the memory requirements and computingtime. The elements were

all square and uniform throbgut each meshldentical meshes were used fotI-SLAB and
ABAQUS, with the exceptionthat midside nodes were required for the quadratic shell elements
in ABAQUS. For the nine-noded ABQUS shell element, an additional node was requated
the centoid of each edment

The Westergaard solution for this problem predcts a geaer stess and aebsor defécion
compared to theLLI-SLAB solution. This is due to the quite laedoad sie ratio(a// > 0.5) for
this problem. In this case, theLLI-SLAB solution is moreaccurateand shouldbe usedasthe
baseine catulation for hisload case.

It is immediatelyapparent from tablg-1 that for both LLI-SLAB and theABAQUS shell
elementghatdeflectionsconverg muchfasterthan stressesThe linear shell elements (S4R and
S4R5)performed poorlyfor the coarser meshes, while the quadratic shell elements (S8R5, S8R,
and ®R5) performed much betterThe differences observed between the ABAQSIII
elementswith six degeesof freedom per node (S4R and S8R) and their catguglement with

five degees of freedom per node (S4R5 and S8R5, respegtivelg small.

3.3.1.2 3D Convergnce Studies

A partial matrix of convergnce studies was conducted in 8D Interior Load Casé. The
resuts of these sidies are sumarized in table 3-2. This load case was usea $udy the choce
of elementtypesfor 3D modeing, the meshfinenessn the phne of he paverent surface, and
the meshfinenessthrough the depthof the slab. As in the caseof the 2D shellelementsthe
fineness offte mesh in the phne of he shb wascharacerized by the elementaspectatio in that
plane defined bj/2awhere2a is thelength of thesmadlest sideof theelement in the horizonta
plane. Likewise, n the phne of he shb tickness, lte fineness offte mesh was charaetized by
the aspectato h/2c where2c is thelength of the smdlest sideof the dement in thevertical
plane. Thesedimensionsareindicaedin figure 3-6(b). In planview the mesheswerecomposed
of squareelementsvhoseaspectratioswereidenticalto thoseshownin figure 3-7. Figure 3-8
shows a diagam of selected 3D meshes thraube thickness of the slab.

Theresutsin table 3-2indicat thatthelinearhexahedralelement, both fully integrated (C3D8)
and under integqited (C3D8R), under predict the dimensionless stress parafoetbe rigid
pavement problem.This is due to lockingof the element. However, the responses tie
guadraticelements (C3D20, C3D20R, C3D27, and C3D27R) are much better than those of the
linear elements.Each of the serendipitiormulation elements(C3D20 and C3D20R)and the
Lagrangan elements (C3D27 and C3D27R) performed quite wEtle convergncetrendsfor
dimensionlesdendingstressand dimensionlessleflectionare shownin figures 3-9and 3-10,
respedtvely. One of he prmary distinctions betveen he serendliity and Lagrangan ekmentsis
in theamountof CPU time required to perform the calculations as illustrated umd@r11. The
solutiontime for the C3D27 éement is ove two times thd required for theC3D20 ¢éement. For
boththe C3D20Rand C3D27R,useof reduced integration results in aredudion of CPU timeby
about 10 percent over its fuligtegated counterpart.
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TABLE 3-2. RESULTS OF 3D CONVERGENCE BUDY, INTERIOR LOAD CASE |

ILLI-
SLAB ABAQUS

h/2a| (2D)| h/2c| C3D8 C3D8R | C3D20 C3D20R |C3D27 |C3D27R

Dimensionless Stress at Center oatled Area(ayth/P)

0.67| 0.751] 1.0/ 0.414 0.431 0.754 0.751 0.753 0.750
1.5 0.476 0.505 0.754 0.755 0.752 0.751
2.0/ 0.509 0.545 0.753 0.757 0.752 0.752

1.33| 0.739] 1.0 -- -- -- - - -

15 -- -- - - - -

2.0 0.582 0.571 0.746 0.744 0.746 0.745
2.00{ 0.736| 1.0 -- -- 0.745 -- -- -

1.5 -- -- 0.745 -- -- --

2.0/ 0.597 0.575 0.745 0.742 0.745 0.743

Dimensionless Deflection at Center afdded Aregwk/ ?/P)

0.67| 0.129| 1.0 0.128 0.146 0.131 0.131 0.131 0.131
15| 0.124 0.137 0.131 0.131 0.131 0.131
20| 0.123 0.134 0.131 0.131 0.131 0.131

1.33| 0.129] 1.0 - -- -- - - -

15 -- - - - - -

2.0/ 0.130 0.135 0.131 0.131 0.131 0.131
2.00| 0.128| 1.0 -- -- 0.131 - - -

15 = ~- 0.131 -- - -

20| 0.132 0.135 0.131 0.131 0.131 0.131

CPU Time on CRAY Y-MP Computer, sec

067 - | 1.0 8.6 7.4 25.1 20.9 28.4 32.6
15| 128 11.0 38.3 32.1 57.3 50.4
2.0 17.0 14.7 52.7 44.2 81.2 54.0
133 - | 10| - - - - - -
2.0 576 60.4 180.2 2253 | 298.8 | 268.7
2.00] - | 10| - - 202.2 - - -
15| - - 325.9 - - -

2.0| 165.7 144.3 773.4 695.3 1636.6 1560.6

Table entries of “--” indicate that this computation was not performed or is not applicable.
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h/i2a = 0.67, h/2c =1.0

h/2a=0.67, h/2c=1.5

h/2a = 0.67, h/2c = 2.0

h/2a =2.0, h/2c = 2.0

h/2a =2.0, h/2c = 2.0

FIGURE 3-8. FINITE ELEMENT MESHES N PLANE OF SIAB THICKNESS,
INTERIOR LOAD CASE |

Theresultsin table 3-2 showtha increasing the mesh finenessin the plane of the slab thickness
from h/2c = 0.67 (in this case, two elements throudpe slab thickness) th/2c= 2 (four
elements throudh the shb tickness) has a nkgible affectontheaccuracyof the solution for the
guadratic heahedron elementsThus, at least three elements thiodige slab thickness is likely

a good choice since it is desirable to maintain the element aspect ratios in atlithessiondo
reasonable values.

3-12



hi2c=2

080 B Aqls Gabzo an Gaba7 ]

0.75 ‘%g/zg 3

070 & / =

F ILL-SLAB ]

065 - ]

060 & =

055 ABAQUS C3D8 3

o 050F Full Integration

€ E | J ]
° 045 Lo 1 | T IR

0.5 1.0 15 2.0 25

0.80 ]

[ ABAQUS C3D20R and C3D27R 1

0.75 - =

070 - ILLISLAB .

0.65 [ -

080 Agaqus capsr E

0.55 - Reduced Integration

0.50 E coa b b e b ]

0.5 1.0 15 2.0 25

h/2a

FIGURE 3-9. DIMENSIONLESS BENDING STRESS, INTERIOR LOAD CASE |
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FIGURE 3-11.CPU TME, SELECTED 3D RUNS, NTERIOR LOAD CASE |

3.3.1.3 Summary

Figure 3-12showsa comparisonof dimensionlesbendingstressbetweenlLLI-SLAB andthe
ABAQUS S8R (with both the default transverse shear stiffness andim@® the default
transverse shearifhess) and @D27Relement as a fungbn of mesh fineness ameasuredy
h/2a It is apparent from this plot that the response of the S8R element mostmasshes that
of ILLI-SLAB when he tansverse shearifhess s increased ovehatof the defaul value. The
data in this plot also indicate tha the C3D27R éement pralicts slichtly greater stresses than
either of the two ABAQUS modelsand ILLI-SLAB. Figure 3-13 shows a similar plot for
dimensionlessleflection. These data show that the deflection conerog curves for ABQUS
are conpletely flat, indicaing that addtional mesh fineness doesot increaseaccuracy It is of
interestto noe thatthe defecion of he G3D27Relenmentlies betveenthe two indicaied curves
for the BR element

Thus,it would appeathat anyof the quadratic hekedron elements would perform successfully
in a general, 3D model of the rig pavement stem. Strictly based upon indicated solution
times, the C3D20R would ppear to bethe optimum éement for this problen. However, othe
concerns(suchas compatibilitywith interface and joint elements) make the C3D27R a more
pragnatic choice for further model development.
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FIGURE 3-13.DIMENSIONLESS DEFIECTION SUMMARY, INTERIOR LOAD CASE |

3.3.2 Interior Load Casell

Interior Load Case | was studied to obtain a more direct conparison of the finite element
solutionsto the Westergaardinterior loadcase. The finite elementmeshes used fonterior Load
Casdll are shownin figure3-14. Three models were used witli2a ratios of 2, 4, and 8,
respedively. For eachcasea quarer-skb model was used, &ing advanage of synmetric
boundaryconditions alongoth the xand yaxesto enforcethe interior loading condition. For
the C3D27R modk the aspect ratio in the plane of theslab thickness wa se a h/2c= 2. The
resuts of these angbkes are sumarized in table 3-3.
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h/2a =2 h/2a = 4 h/2a =8

FIGURE 3-14. INITE ELEMENT MESHES N PLANE OF SLAB SURFACE, INTERIOR
LOAD CASE I

TABLE 3-3. REQULTS OF CONVERGENCE BUDY, INTERIOR LOAD CASE I

ABAQUS
S8R5 S8R C3D27R
Westergaard| h/2a | ILLI-SLAB S8R5 (Defadt G,) (100*Default G) (hi2c=2)
Dimersionless Bnding Stress(ch?/P)

1.295 2 1.405 1.403 1.405 1.407 1.354

4 1.347 1.342 1.342 1.346 1.330

8 1.330 1.323 1.328 1.327 1.322

Dimersionless flection (wWk/ %/P)

0.123 2 0.139 0.146 0.146 0.138 0.143

4 0.138 0.146 0.146 0.138 0.143

8 0.138 0.146 0.146 0.138 0.143

These daa indicate tha the finite dement modés consideed tend to predict maximum interior
bendng stresseghatare n reasonalel ageenent with those predited by Westergaard whentte
mesh finenessn the phne of he shb surfaces given byh/2a< 4. For deflections, the results
are virtudly insensitive to mesh fineness ove the ranges consideed in this study However, it
should be noted that the deflections calculated from the &leteentanalysesareapproxmately
15 percent geater than those predicted Wiestergaard, exept for the S8R element with 1.

3.3.3 Interior Load Casdll .

The lenghs of the sides of the squaslabwerevariedfrom 2/ to 10/ to investgate the effecs
of the shb dmensions on Wéstergaard’s assuption of an nfinite slab ushg the S8R element
with the ABAQUSdefault transverse shear stiffne3de finiteelementmeshesusedfor Interior
Load Caselll are shown in figure 3-15. A quarter-slab model was used, takiadvantag of
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symmetric boundaryconditions alongboth the xand yaxes to enforce the interior loading
condition. Figure 3-16summaries theresultsof thesecalculationseexpressedsthe ratiosof the
maxmum stress calculated from the finite element meflagg,) to themaximum Westegaard
interior stresswesergard- Baseduponthesecalculations, one can conclude that the minimum
slab dimensions rguired to gproxmate an infinite slab for the interior loading @se is
approxmately L// = 6. Also, the commonhheld rule of thumb fothe transitionbetweerthin-
and thick-plate theorpf L/h = 20 appeardo be borneout by thesecalculations. Figure 3-17
showsa plot of the maxnum deflection calculated from the finite element methoghg)vto the
maximum Westegaard interior deflection (Wyesergard- Similar condusions @n bedravn from
this plot.

y ty
Note: X and Y axes are axes
of symmetry for each model. [
X u =
L=2¢ =
y | E:
T T H T HHH X
O L=4¢
H ] Ty
: PR X T X
L=28¢ L.=6¢
ty
_X
L=10¢
FIGURE 3-15. INITE ELEMNET MESHES N PLANE OF SLAB SURFACE, INTERIOR
LOAD CASE Il
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FIGURE 3-17.DEFELCTION RATIO, INTERIOR LOAD CASE II

3.3.4 Edce Load Case.|

Edge LoadCase wasdeveloped to studthe response of the finite element model for theeedg
load case. As with theinterior load cases, ILLI-SLAB runs wee made using idatical meshes for
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purposes of comparisorBased upon the results of the previoud@scribednterior load cases,
the only ABAQUS 2D element considered for this loazhsewas the S8R. However, the
transverseshearstiffness of the element was varied to stitdyinfluence on the response of the
model. A half-slab model was empley, taking advantag of synmetric boundaryconditions
alongthe x axs to enforce the edgloading condition. Figure3-18 showsthe finite element
model developed for this purpos@he model consisted of squagkementswith an h/2a ratio

of 4.

? y
' T
|
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T
[ \ N
i | N
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T y
T I
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e e e e e
A H ; T HHH
h/2a=4 X
T y
T 1 N
e
1 O R I
e AR R A
il B B
P P
Z’Z,‘«T:f. I A O ) M:’: ”t:;: - :ji k‘
i e
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FIGURE 3-18. INITE ELEMENT MESHES N PLANE OF SLAB SURFACE, EDGE LOAD
CASE |
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Figure 3-19 shows dimensionlesdendingstresses from ABAQUSNd LLI-SLAB for Edge

Load Gse Iplotted versuglistancefrom the edge of the slabasa function of thetransversehear
stiffness. These data show a perpieg result from ABAQUS the stresseslo not increase
monotonicallyto the edge of the slab, but decrease near the @dghis findingdisagees with the
ILLI-SLAB solution,whichincreasesnonotonicallyto the edg of the slab.Away from the edg

of the slab, LLI-SLAB and ABAQUS S8R agee quite well. In fact, as the transverseshear
stiffness of the S8R element is increased, the resppmeacheshat of ILLI-SLAB until ata

transverse shear stiffness of Xbhfes the default the ABQUS S8Rresponsepproxmatesthe

ILLI-SLAB response.

26

T T T T l T T T T T T T T T T T T I T T T T

24

23
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Dimensioniess Bending Stress, sh?P
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Distance from Edge, x/{

FIGURE 3-19.DIMENSIONLESS BEENDING STRESS, EDGEQAD CASE |

A 3D modelwasdevelopedusingthe ABAQUSC3D27R element with three elements thitoug
thethickness of theslab (h/2c= 1.67). In the plane of the slab surface, the mesh was identical to
that shownin figure3-18. Figure3-20 shows a plot of dimensionless bendstgesses from
ABAQUS and LLI-SLAB plotted versus distance from the edayd the slabasa function of the
transverseshearstiffnessincludingthe ABAQUS C3D27R model. Also shown in the plot are
the responsegredictedby the ABAQUS S8R element for three values of transverse shear
stiffness: one, two, and 100times the ABAQUS default values. Interestinty enoudp, the
ABAQUS C3D27Rresponsanore nearly matches the response of the S8R element with the
defaulttransverse shear stiffness than theldSLAB response.In fact, the 3Dmodel matches

the response from the S8R model velngselywhen the default transverse shear stiffnessice
theddault vaue.
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EDGE LOAD CASE |

The above observations leads to a veignificant and perhaps far-reachimgnclusion: the
classical Kirchoff assumptions of thin-plate the@agtopted byVestergard,arenot strictly valid
for the edg loading case in rigd pavements. It is interestingto note that Timoshenkoand
WoinsowskyKrieger (1959) in their now classical treatise on pladesl shells made the
following observation:

Thedisreard of the deformation due to the transverse stress component obvsously
equivalent to the assumption of a shear modulus &; proceedug in this way we
replacethe actualmaterial of the plate, supposed to be isotropic, &yhyothetical
material of no perfect isotropy

Theygo on to draw the followingonclusion:

On the other hand, in attributis@me purehhypothetical properties to the material of
the plate we cannot pect complete agementof the theoreticalstressdistribution
with the actual one. The inaccuracyof the cusbmary thin-plate theory becones of
practical interest in the edgones of plates and around holes that hadeameter
which is not lage in compaison with thethickness of theplate.

3.3.5 Edee Load Casell

Additional insight into the effect of the Kirchoff assumptions on the response for a load near the

edee of a slab-on-gadewas obtained from Edge Load Case I. As wasthe casewith Interior
Load Caselll, the lengths of the sdes of the squae dab were varied from 2/ to 10/ to
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investgate the effect of the slab dimensions on Wstergaard’'s assuption of an nfinite slab
using the S8R ¢ement with two vdues of the transvese sher stiffness: the ddfault G,, and
100times the defaulG,. The finite element meshes used for E@g_oad Gsell are shownin
figure3-21. A half-slabmodelwas used, takingdvantag of synmetric boundaryconditions

alongthe xaxsto enforce lhe edg loading condtion.

ty
y HH
x 1 x
L= 2¢ L= 4¢
1y
Note: X axis is axis
of symmetry in each
model.
_X
L= 6¢
ty
EE H _2(
L= 8¢
ty
=
L=10¢

FIGURE 3-21. INITE ELEMENT MESHES N PLANE OF SLAB SURFACE, EDGE LOAD
CASE I
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The resultsof theseanalyses are shownin figures 3-22and 3-23 as plots of dimensionless
bendingstress versus distance from the eedd the joint eyressed as a function af. In
figure 3-22 the 8R transverse shear stiffness was set tAB®BQUS defaultvalue. Clearly, the
maxmum stress occurs atdistanceof about0.1/ from theedge of theslab for dl values of L.
Only for the case where E 2/ is the response sigicantly different. Figure3-23 is a similar
plot for the case where the transvese shexr stiffness wa sé to 100times thedefault G,. In this
case, each of the response curves increase monotontcalhe edg of the slab, apredictedby
Westergaard and thin-plate finite element prams such ad LI-SLAB. Again, the response
significanty differentfor the case where £ 2/.

Figures 3-24 and 3-25 show similacurves for dimensionless déection vasus distace from the
edee of the slab for the two values of tansverse shearihess nvestgated. These curves
indicae that deflecions are notsignificanty influencedby the choice of transverseshear
stiffness. Also, it can be observed that the deflectr@esponses essentiallythe samefor all
curves were L/ > 6.

Based upon these observations, it can be stated that, like the interior loatheasto of the
minimum slab dimensionto the radius of relative stiffness of at least 6 is required to modé a
semi-infinite slab. It can also be concluded that the maitude and distribution of bending
stresses near the edgf a slab are strohgdependent upon the transverse shear stiffoegse
slab, while ddflections ae not sasitiveto this paameer.

—A— 6l

30 T T T LN B B B B A LN S B B B
r L
r —o— 2f
i —— 4
25—

1 ] 1 1 Il | i 1 1 1 I 1 1 i 1

2.0
a
=
b -
15
| G, = ABAQUS Default Value ]
1.0~ h =203mm(8in.) B
~ | =653mm(25.7 in) ]
0-5 i 1 1 k| I ] 1 1 I 1 1 1 | 1 1 1 l 1 1 1 i

0.0 0.1 0.2 0.3 04 0.5
x/i

FIGURE 3-22. DIMENSIONLESS BENDING STRESS, DERULT TRANSVERSE SHEAR
STIFFNESS, EDGE LOAD CASE I
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To develop further insight into the effect of the transvese shexr stiffness on theedge loading
responsea set of finite element calculations were performed to determine the linaélog of
L/h for which thin-plate theorywas accepéble for he edg load case.Figure3-26 showshe
resut of theseanalses. From these da, it appearshat for L/h > 100, the effects of transverse
shear stiffness on the edlipadingresponse is ndéigible. Thus forany practicalrigid pavement,
the edg stress is influenced lifpe assumption of the Kirchoff plate theory

A special3D finite elementcalculationwas conducted to studye distribution of transverse
shear stresses thrdugut the slab.The mesh in thelaneof the slabsurfacewasidenticalto that
used in Edge Load Case | with h/2aratio sé to 4. Four elements were usel acrossthe thickness
of theslab so that the slab’s midsurface would be located at an element bouhkanpad was
identical to that described for Eelgoad Casesdnd I.

These resultsindicate the magnitude of the maximum vdue of 1y, is approxmately 20 percenbf
the magnitude of the maximum alge stress in theslab. The maximum value occurs just to the
right edge of the loadedarea nearhie cengrline of he shb. The nmegnitude of he maximum
value ofty, is gpproxmately 30 pecent of themagnitudeof the maximum edge stressin the sleb.
The maximum value occurs neaht edg of the free edgof the shb in the vicinity of theloaded
area.

Figure 3-27showsa crosssectionof the distribution of ryzhzlP throudh the thickness of the slab
near wherets maximum value occurs. These da show hat the ransverseshearstressis
distributed in amanne tha is vay nearly paabolic with the maximum value occurring & the
slab’s midsurface. Thus, he finite element soution agees wih the teorized distribution of
transverse shearirgjresses across the slab.
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Experimental data to confirm the above observatamesconclusive. Full-scaleacceleratedest
tracks as well as small-scale model tests conductédeb@orps oEngneershaveindicatedthat
the Westagaard andytica modé overestimaes thestresses and strans experienced in pavement
(Rollings and Pittman 1992)Similar trends were found on small-scale model tests condbygted
the Corpsin the 1950’s. Figure3-28 shows results from small-scale model tests conducted by
the Corps of Engeers (1954). These data indicate that theeStergard theorysolution is
conservativdor both edge and interior load casedn figure3-29, the ratio of the \@tergard
theorystresses to the p&rimental stresses is shown for both interior ane &xigls over aange

of a//. Forthese egeriments, the discrepanbgtween theoretical and mxrimental stresses for
the edge load casewaslessthanthat for the interior load case. Howevenvb facbrs may have
led to someerrors in this da:

a. Stresses were natirecly measured. Strains were reasured byesstancestrain gages
bonded to the slabFor the edg load case, the straireges were located at some finite
distancefrom the edge, andthe strainswere exrapohted D the ed@. This is equivalent
to assumingtha the Kirchoff theory applies.

b. The modulus of sulvgde reaction of the rubber foundation usedthesetestswas
estimatedrom the volume of the deflection basin produced by edg loadingand an
interior loading This method, at best,iwggs a composite estimate of thedulusof
subgade reaction but mdgad to errors in the calculation of theoretical stresses.

5 T T T T T 1 T T T T T T T T T T l T T T 1 T T T T
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TR —&— |Interior - Westergaard ]
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3 L —
a L ]
N\ - -
£ - .
@} - 4
2~ _
1 — —
= Kedge = 17-8 MPa/m (65 psi/in.) 4
i Kinterior = 9-6 MPa/m (35 psifin.) )

0 Il 1 1) | 11 1 Il I 1l 1| 1 | Il 1} 1 | i 1 1 1 | L1 1 1
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FIGURE 3-28. THEORETICAL AND EXPERMENTAL DIMENSIONLESS BENDING
STRESS ROM SMALL-SCALE MODEL STUDIES
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4. JOINTED S ABS-ON-GRADE MODEL

4.1 BACKGROUND,

To extendthe conceptsestablished for sing-slab models, 2D and 3D jointed idgpavement
models were developedirst, a two-slab jointed rig pavementnodelwith 2D shell elements

was developedto establish baseline response data for development of 3D jointed pavement
modek andto further explore the effectof transverse shearifhess on sesses athe edg of

slabs. Subsequentlya two-slab 3D finite element model with a joint was developedto
demonstrae techniques of speifying the stiffness of thejoint in 3D and for compaison of the
response parameters with 2D atiapl models.

The resuts of boh the 2D and 3D hite element modek were conpared ¢ the cbsed-form
Westergard-type solution developed bykarlatos (1949) as presented B\ ammons and
loannideq1995),which effectivelybroadens the Westexrgrd-tye solution to eplicitly include
load transfer. In his 1948 paper, ¥terqard proposed a solution for tleelge load transfer
problen. However, this work wa limited by hisimplicit assumptiortha deflection load transfe
and stress load transfer were identicélodel studies and full-scale tests time 1940’s and
1950’s conducted bthe Corps of Engeers, and moreecentlyby finite elementinvestications
(loannides and Korovesis 1990, 1992), disproved this assumption.

In 1949, Mikhail S. Skarlatos described his artalgl investigtions (Skarlatos 1949).He
defined a dimensionless joistiffness(f) in terms of the radius of relative stiffness, modulus of
subgadereaction,and a parameteq) which represerstthe force tansferred across a tihength

of joint pe unit differential deflection across thgoint as follows:

-9
f=— 4.1
” (4.1)

Using this approach, Skarlatos developed relationships for stressksleflectionson the
unloaded side of the joint which involved intagequations.loannidesand Hammons(1996),
usingmodern personal computers and powerful mathematical software, were able to perform the
indicated integations for square loaded areas of variousssize by 2¢. Following the sane
approach as \&tergaard, closed-form equations for theaximum deflection and maxmum
bendingstresson the unloadedside of a joint capable of load transfer were developatthen

used togther with Westergard's edg loading equations,the relationshipsdevelopedby
loannides and Hammons (1996) can be used to inaestige load transfer problem.

Theresuts of the anaytical devebpmentwork were consatlaied into closed-formrelationshps
relating deflecton load ransfer effciences, LTE;, stress bad tansfer effciences,LTE,, f, and a
dimensionless neasure oftie lboaded area z, ¢/ /. Nonlinear regession was useid developan
expression folLTEs as a functiori ande// as follows:
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LTEs= 0
D.214-0.18F Flog f 7
1+ log" O 00— p (4.2)
] 1.180 0
H H

Likewise, nonlinear regssion was used to develop apression folLTEs as afunctionof LTE,
andég/ /. The followingregession formula was obtained:

%2065‘5@ 377DLTE§ -693 BEHLTES}
LTE, = o H 0o (4.3)
1+ 689 B‘EHLTEU + %70 -154 BE%LTE?;
AN 4

Nonlinear regession was used tievelopan expressiorfor LTE, as a function o€/ /and LTEs.

The functional form of this regssion algrithm was arbitraryrom an engneeringviewpoint and
was séected from anong a large numbe of choices investigated. The resulting algorithm weas

obtained:

%0.1455@ 4.00 DLTE5 - D4.3 B§H+ 3.98 DLTE§
.- oo H H DfDm H 5.4)
21.03+ %.74555 20.BALTEs
oo H

Theserelationshipsphaseduponsound analycal principles, provide a complete solution for the
load transfer problem in jointed rigid pavements in a form that is convenient for routine
engneerng calkulations.

4.2 REPRESENTATON OFTHE JOINT STIFENESS

The analyical work of lbannides and Korovesis (1992) usihg I-SLAB led them to conclude
that the response of both gaggate interlock and dowelepbints can be representediy the
conceptsof dimensionlesgoint stiffness. This conclusion, verified gerimentallyby small-
scale model studies conducted tyg Corps of Enigeers in the 1950’s as rearmdy in this
study eliminates the need to @icitly model dowels in finite elementodels. Coupledwith the
analytical developments of Skarlatos (1949), as presentdddnnidesand Hammons(1996),a
powerful, yet simple way of characterizing the dimensionless joint stiffnas for finite element
modding emerges.

Selection of an appropriate ABAQUSinite element springnodel for use in modelinghe
interaction of nodes across a joint was requiréthe ABAQUS elementlibrary containsa
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collecion of hree smple spring modek, each hawig its own unique propertes. The SPRINGA
elementis an axial spring betweentwo nodeswhose line of action is the line joininge two
nodes. The SPRNG2 element allows the user more control aberline of actionof the spring
thanthe SPRNGA element byactingonly a user-specified direction. The third simple spring
element,the SPRNGL1 element,is a spring between a node andagnd (a fixed, unmoveable
fictitious node) which acts in a &, user-specified direction.

For each of these elemenpég, the force-displacement relationship rbajinear or nonlinear.
For a linear force-displacement relationship, the user sinmgbuts the springonstant. For a
nonlinear springthe user must input a table containordered pairs of force-displacemeiatta.
ABAQUS then linearlyinterpolates between the input valuesotwiain a completenonlinear
descrption of he force-dsplacenentrelation of he spmg.

ABAQUS also includes a moresgeral springand dashpot element called tlINTC element.
The JOINTC element, more formallknown as fleible joint element, models the interaction
between two nodes which ménave internal stiffness or damping he stiffnessand damping
properties, which maye linear or nonlinear, are defined Hye user in threerthognal
directions. In a static analys, dampings of no consequence and mag ighored; therefore, the
JOINTC element reducesd a gneral spring element which may have a user-defed stiffness
value n three orhogonal direcions. Nonlinear force-dplacenentrelationshpsfor the JOINTC
element are input bihe user in a manner identical to that for the simple sptEmgents.

The stiffness of thejoint in most finiteeement codes for rigd pavement andysis (for example
ILLI-SLAB (Tabatabaie1978,l0annidesl984, Korovesis 1990)) consists of spanghich have
stiffnessin the vertical direction only Following this pattern, the interaction between nodes
acrossa joint in ABAQUS could be modeled usintpe FPRING2 element.In the simplest case,
the siffness of he DINTC element could be spedied b be h the vertical direcion only,
redudng its dfect to thd of the SPRNG2 dement. However, the additiond capabilities of the
truly general 3D JOINTC dement rende it an dtractive dternative to themorelimited SPRNG2
element Forexample, for fuure research stiies n which dynamic anaysis may be consiered
or for environmentd andysis in which tempeature and moisturegradients ae important, the
JOINTC element offers some attractive capabilitieBased uponthese considerationsthe
JOINTC elementwas setcied for usen this study. However, wherehte stffness ofthe JOINTC
element is limited to only a sinde direction and damping is ignored, the simple SPRNG2
elementwould gve identcal resuts.

For an agyregate interlock load tansfer nechansm, the pint siffness & prescrbed by the
paameer g, which defines the force transmitted pe unit length dong the joint pe unit
differential deflection across thegoint. This tem is identical to theAGG term defined inLLLI-
SLAB. For the dowelload tansfer nechansm, qis defined as

=2 (4.5)
S

wheres is the dowel spacing
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The value oD depends upon the vertical stiffness causethbysupport of theoncrete called
the dowd-conaete interaction (DCI), and a vertical stiffness caused dyeam bending These
two springstiffnesses are summed as spsingseries as follows:

1
1,1 (4.6)

DCI 12C

D=

The value ofDCI is based on assumirige dowel to be a beam on a sprfogndationandis
given bythe followingrelationship:

_ 4B
DCl = 2+ o) Edal4 (4.7)

wherewis the width of the joint openinglrhe termgis identical to that used Wriberg (1940)

_4/ Kq
h= 4Eq414 (4.8)

whereK is the modulus of dowel support.

The termC in equation 4.6 is defined ltlge relationship

Edlg
C=—=>—"—"- 4.9
w’(1+ @) (4-9)
where
12E4 1 4
= 4.10
Ga A’ ( )
Ggy is the shear modulus of the dowel bar as defined by
_ Eqd
o™ 21+ ) (411)

The termA, is the effective cross-setiond area in sher and is asume to be 0.9times the

circular area as fobws:
d2
A= 09%% (4.12)
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Onceq hasbeenestablished, it is necessdoydistribute the stiffness to the nodes altmg joint

in a rational mannerOne method of allocatinthe stiffness to the nodes is bgingthe concept

of contributingarea, which is commonlysed in structural anag. In this methodthe stiffness
values assiged to each node;, are determined based upon the thn@ 2D) or area (in 3D)
that contributes to the stiffness of the nod@r equallyspaced nodes in a 2D modgle nodes
alonga joint maybe categrized into one of two fyes: interior nodes or edgnodes. Edge
nodes are those which occuthe ends of the joiniyhile all other nodesare interior nodes.
Baseduponthe conceptsof contributingarea,the stiffness of the interior nodes must be twice
that of the edgnodes.If the lengh of the joint is gvenby A, and the number of nodes alaihg
joint (for a 2D model) isigen byN, then

k=P (4.13)
2(N-1)
and
interior = ZE
interior = (4.14)
K edge— K

For 3D finite elementmodels,the nodes alonghe face of the solid model at a joint must be
categrized into three fyes: corner, edy and interior nodes.Corner nodes are those nodes
which occupythe four corners of the face, while edgdes are all other nodes the edge of the
face. Interior nodes make up the remainder of the notfethe spacingf the nodes on the face
of thejoint is uniform, theunit stiffness vaue is gven by

gA

(4.15)
4(Nr-1)(Nc-1)

K=

where

Ngr = the number of rows of nodes on the face of the joint
Nc = number of columns of nodes on the face of the joint

The complete development of equattbt5 is gven in appendiA. Using the conceptof
contributingareas, the followingtiffness can be assigd to each pe of node:

Kcorner = ,T
K cage = 2K (4.16)
K =4K

interior

A simply-supported beam with a uniformdistributed load (figre4-1) wasusedto investicate
the behawr of the DINTC element The material propertes chosenfor the beam were
E = 27,600MPaandu = 0.18. The maxmum deflection of this beam, calculated from the beam
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theory is 0.906m. The beam was modeled with C3D27R elemeiitsteecasesvereexplored.
First, the beam was modeled as a monolith elastic sélat. this caseABAQUS predicteda

maximum ddlection (&g of 0.913m, approxmately 99 percent of that gected from beam
theory.

1m
. H
o e 1m

40@05m=20m

Node JOINTC

C3D27R
DETAIL A

FIGURE 4-1. SIMPLY-SUPPORTED BEAM PROBLEM TO TEST DINTC ELEMENT

For the second case, the beam was split into two partscanitsrline,andthe nodesacrossthe
joint were joined with JOINTC elements, as indicated in the insd labded “DETAIL A” in
figure 4-1. Valuesof g rangng from 10’ to 10 MN/m/m weae sdected, and the individud
spring constantsk, were calculatedusing equationt.15 and 4.16.Because it was desired to
transferboth shear and benag moments acrosshe pint, the DINTC elements were asgned
identical stiffnesses in all three degs of freedom.-Thesemodelswere submittedasABAQUS
runs and the mamum correspondingleflections §;ontc) extraced fromthe ouput files. The
resultsof thesecomputationspresentedn figure 4-2,indicatethat as q goproahes infinity the
deflection approahes tha calculated for the case in which thebeam was monolithic This could
be true only if the JOINTC elements were effective in transferrisgear and bendingijoments
across goint.

In the third and final caseinvestgated for his beam problem the DINTC elements were
replacedwith atype of kinematicrestraint known in ABQUS as multipoint constraints (MPC).
MPCs are used to specigpnstraints between node3hese constraintsiay be quite general,
and a full description is not warranted heréhe tye of MPC option chosefor the beam
problemis referredto asa“TI E”; thatis, all active degees of freedom are set equal at two nodes.
It is intendedto be used to join two parts of a mesh when corresponuags are to be fully
conneced. Theresuts from this anaysis, as eyeced, ndicaied hat the maximum deflecion
was 0.913n, identical to that from the monolithic elastic solid bearhus, MPCs withthe TIE
option invoked maye used to riglly connect two bonded elastic bodies.
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FIGURE 4-2. RESULTS FROM SMPLY-SUPPORTED BAM WITH JOINTC ELEMENT

4.3 EXAMPLE PROB EM.

An example jointed slabs-on-gade problem was developed to verifye usefulness of the
proposedABAQUS model. The structural response obtained from the finite element solutions
was conpared wih the cbsed-form Westergaard-ype soltion for load tansfer devalped by
loannides and Hammons (1996he concepts of the dimensionless joint stiffness were tased
determinethestrudurd paameters for thejoint.

Two 6-m square slabs-omagle separated by doweled joint were chosen for theample
problem. Table 4-1containsof summaryof the material and structural parameterdor this
problem. Whereapplicable, the gmane equation numbers have been listed in the talite.
maerial paameers assume in this problen were typical of thosecommonlyusel in andysis.
Similarly, thejoint strudurd paameers weae sdected to berepresentaive of thosewhich might
be expectedin airport pavements.The load consisted of a uniformpressure op = 2.5MPa
distributedover an area of 0.06° The structural response calculated from thest&tqard-
type solution is also tabulated in table 4-1.

A 2D shell element model of the @axple problem was developeddbtainresponsgarameters
for comparisonwith 3D modelsand to study the effect of the Kirchoff assumptionson load
transfer at a jointFigure 4-3showsa plot of thefinite elementmeshusedfor this problemalong
with the material and structural properties assumed in thesanalhe ABAQUS shellelement
used in this model was the S8R elemente shell elements were supportedadredof springs
using the ABAQUS “FOUNDATION” option. Because calculations usirthis element are
relatively inexpensive on theCray compute, afine mesh wa enployed to mitigate any effects
from mesh fineness concerns.
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TABLE 4-1. MATERIAL AND STRUCTURAL PARAMETERS JOINTED S_ ABS-ON-
GRADE EXAMPLE PROBLEM

Paameter Equdion No. Dimensions Value
Slabs-on-Grade Matial Parameters

Es -- F/L? 27,600 MPa
Us — — 0.15

k - F/L3 115 MPa/m

Slabs-on-Gradet8ictural Parameters
h . L 0.432m
/ 3.1 L 1.133m
a -- L 0.138 m
£ -- L 0.123 m
&l — — 0.108
Joint Material Paameters
Eq -- F/L? 200,000 MPa
U — — 0.30
K . F/L® 407,000 MPa/m
Joint Strudurd Paameers
S -- L 0.457 m
d -- L 0.0508 m
g - L 0.032%10° m*
A, 4.12 L2 1.82x10° m?
Gy 4.11 F/L? 76,900 MPa
w — L 0.00254 m
® 4.10 - 867
C 4.9 F/L 4600 MN/m
B 4.8 Lt 16.8 ni"
DCI 4.7 F/L 604 MN/m
D 4.6 F/L 597 MN/m
f = D/sk¢ - - 10.0
q=DIs -- F/L? 1300 MN/m/m
Structural Response Parameters

LTEs 1.4 - 0.828
LTE, 1.5 -- 0.281
LT 1.6 -- 0.220
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FIGURE 4-3. FINITE ELEMENT MESH FOR 2D OINTED RIGID PAVEMENT MODEL

Analyses were conducted usirggveral multiples of the defautansverseshearstiffnessto
investigatethe effectthis parametemight be havingon load transfer. Figure 4-4 showsplots of
dimensionless bading stress vesus distace from thejoint. The loaded sldb was to theleft of
thejoint. This plot showsthattransverseshear stfness hashe same effectnear agint as near a
free edge. For vdues of transvese sher stiffness less tha gpproxmately 100times the
ABAQUS default value, the maxum transverse bendirgjress values wengredictedto be at
some finite distance from the joint rather than at the jolititis phenomenon is evident both
the loaded and unloaded sides of the joint.

Theinfluence of the transverse shear stiffness on the commsely measures of joint response
is indicated in figure4-5. Here, load transfa was calculated by forming the ratios of the slab
responsegdeflectionor stresshatthejoint, notat the peak valuesAlso shown on these plots are
the Skalatos solutions. It can be seen in figure4-5tha LTEs convergs to the Skarlatos solution
from belbw as tansverse shearifhess ncreases, whe LTE; andLT converg@ from above.It
should be recogiized that the Skarlatos solution is based upoesté/gaard’s theoryand
implicitly assume tha the slab can be modded a a thin plate. Deflection load transfe
efficiency for vaues of ddault transvese sher stiffnessgreater than approximately 10 times the
ABAQUS default valuesageeswell with the Skarlatos solutionHowever, load transfer and
stress bad tansfer efftiences predited bythefinite elementmodelareconsstently greaer than
those predicted bg8karlatos.
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FIGURE 4-4. BENDING STRESSES PREDBITED BY 2D FINITE ELEMENT MODEL OF A
JOINTED PAVEMENT

A 3D finite elementmodelusing ABAQUS C3D27R elements was created andaexed. The

model was identical in plane view to the 2D shell element model shownuire fi33. Four

elements were used thrduthe depth of the modelThe lowest lagr of elementsvassupported
on a bed of sprilgusingthe ABAQUS “FOUNDATION?” option. All materialand structural
paameers were the same as those usal for the 2D shdl element modé (as desaibed in

figure4-3). However, one eseption should be notedln 3D the individual spring constants
were assiged accordingo equations 4.15 and 4.16 as follows:

K corner— 2.30IMN/m
K edge— 4.063MN/m (4.17)
K interior — 8.125MN/m
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FIGURE 4-5. COMPARISON OF DINT RESPONSE PARAMETERS, 2DKNITE
ELEMENT MODEL

Figure 4-6showsthe a plot of the dimensionlesbendingstressfrom the 3D modelalong with
sdected daa from the 2D shdl element modé. On theloaded sideof thejoint, the 3D modé
predicted lower stressthan the 2D modek. As was the casefor a free edge, the 3D model
predicts tha the maximum stress dos not ocur a the joint, but somesmal distance avay from
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thejoint. The higherbendingstressegredictedby the 2D modelwerebelievedto be an artifact
of the 2D shell element formulation, and the 3D bendingsses are likelyore accurate.
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FIGURE 4-6. COMPARISON OF BENDNG STRESSES PREDICTED BY 2D AND 3D
FINITE ELEMENT MODELS OF A DINTED PAVEMENT

The 3D fnite element model was repeadly execued, varyng the valie ofq to ¢et a range of
responses. These data were then plottedaangt results fronthe relationshipsdevelopedby
loannidesandHammong1996)from the Skarlatos model.The results of these comparisons are
presented in figres 4-7 and 4-8The ABAQUS3D example problem is indicated in each plot.

Thesefigures ndicae that over a wide rang of valies of pint siffnesses andobd tansfer
efficiencies, he tends predited by the 3D fnite element modek are n ageenent with those
predicted bythe closed-form solution.From figure4-8, it can be observedthat the Skarlatos
model predicts lower valies of stess bad tansfer efftiences over a rargof defecion load
transfer efficiencies from 0.6 to 0.9, th@enge commonly encounteredn airport pavements.
Thus, the Skalatos closal-form solution is moreonsevative than thefinite dement solutions
over this rang of values. This conclusion is also confirmed blye resultdrom the example
problem as shownin figure 4-5. Howeverfor many, if not all, heavily loadedrigid airport
pavement slabs, the slab thicknessreagenoug thatthin-platetheoryis not strictly valid. For
these slabs, loal transfe is greater than tha predicted by thin-plae theory.
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5. CONTACT AND FRICTION MODELING.

5.1 PROB.EM STATEMENT.

In a rigd pavement structure, the interface betweenstak and basecoursemay be bonded,
debondedor perhaps some condition in betwedn.the bonded case, full strain compatibilgy
enforcedbetweerthe slaband base coursdn the debonded case, movement altthraginterface
betweenthetwo bodies maye resisted biriction (agyregate interlock). If the slab and base are
debonded, @ps between them are a possibjlparticularlyin the vicinityof a loaded joint.

Contactinteracion probenms pose a chhdnge for he finite element modekr. Whentwo solid
bodies touch, a contact stress will be transmitted across the common stirthege isfriction
betweenthe two surfaces,a shearstresswill also be present. The contact areas must be
determined, and then thenormad and shering stresses transmitted throudn the contact area must
be calculated. This gves riseto ahighly nonlinear problan which requires an iterative solution
procedure.

5.2 CONTACT AND FRICTION OPTIONS N ABAQUS.

Two methodsof modelingthe mechanical interaction between element faces in ABA@ES
germane to the rigl pavement problemThe firstof thesemethodsnvolvesthe useof interface
elementsreferredto in ABAQUS as “INTER” elements, for contact and friction arsdy These
elements are formulated to calculate the contact direction, contachaddlae normalandshear
stresses transmitted across the contact surf&oe. 3D problemsthree INTER elementsare
availablein the ABAQUS elementlibrary: the NTER4 element, intended for use with 8-node
hexahedral elementsand 4-node shell elements; thNdTER8 element, intended for use with
20-node heahedral elements and 8-node shell elemeamtsthe INTER9 element,ntendedfor
usewith 21- to 27-node heahedral elements and 9-node shell elemeriise of the NTERS
element is discouragl because uniform pressure on the 8-node surface prodagas/e
contactforcesat the cornernodes. The use of NTER elements is tedious, since threguire the
creaton of zro-thickness etment alongthe conactinterface.

The second method of modelinige contact and friction between two bodies is theAQBIS
contactinteractionoption. This option,recentlyadded to ABAQUSIs more convenient than the
INTER element because creation of additional elements is not requibedtwo surfaces which
may be n contictare defned bythe user alngwith a choice of severalfriction modek. Because
of negitive contact forces which arise at the corners of elenweitits8 nodeson a face,the use
of contactinteractionfor 20-node heahedral elements is not recommend&dr purposes of this
research, a simple Coulomb friction model will be adopted.

For both the INTER elementsand the contact interaction option, the selection of boundary
condtions at the nterface s important to avod cerein nunerical solver probems. Over
constraintof the model results in “@ro pivot” and “numerical singdarity” warning messags

from the solverandin mostcasedeadsto an abnormal termination of the analy. Because the
contactinteractionprovidesa kinematic constraint, these errors occur when two nodes on either



side of a contact surface are constrained with redundant kinematic boumndaditions.
Figure5-1 shows eamples of an overconstrained and a nonoverconstrained ccuotdate
problem.

O

®

~
(a) Overconstrained (b) Not overconstrained

FIGURE 5-1. EXAMPLE OF OVERCONSRAINT FOR CONTACT ROBLEM

5.3 SIMPLE EXAMPLE PROB_EM.

Figure 5-2 shows a simpigupported beam problem investigd usinghe friction andcontact
capabilitiesin ABAQUS. The beam was loaded with a uniforndistributed load of 1 MN/m
and was asghed he ebsic constnts E = 27,600 MPa angt = 0.18. The synmetry of the
problem was usel to modéonly hdf of the beam. The beam was split into two pets along its
neutal axis, and vamus friction valies were asgned b the conact surface aing the neutal
axis. The beam was modeled usi@8D27R elements, while both tHRedTER9 elements anithe
confactinteracion eementwere used (i separat anal/ses) b model the contactandfriction at
theneutrd axis. The maximum ddlection of this bam (if it were monolithig predicted by beam
theoryis 0.906 m.

Contact Surface 1 MN/m Ct
&
| |

r :

1m

P

1MM@1m=10m

FIGURE 5-2. SIMPLY-SUPPORTED BEAM PROBLEM TO TEST CONTACT
INTERACTION FEATURESOF ABAQUS
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Results from these andyses normdized by the predictions from bam theory are plotted in
figure5-3. For bothof the investigted methods of modelirend friction, deflections calculated

by the finite element method approach that predicteddayn theorasthe coefficientof friction
becones large. Theresuts also ndicae thatthe conactinteracion opton predcts deflecions

closer b the theoretcal deflecion for valies of he coefftient of static friction greaer than
approxmatelyten. Becausethe contactinteraction method is easier to use than interface
elements and because the contact interaction method appears tdithe reloge accurate than

the interfaceelement method, it is recommended that the contact interaction method should be
used to model contact and friction where required.

—O— Contact Interaction
—— [NTER9 Interface Element

5.0
4.5

T

T

40
3.5
3.0
2.5
2.0

T

1.5
1.0

) L L 1 L I

0.01 0.1 1 10 100 1000

FE Deflection / Theoretical Deflection

Coefficient of Static Friction

FIGURE 5-3. REQULTS FROM SMPLY-SUPPORTED BEAM WITH CONTACT AND
FRICTION
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6. SUMMARY OF RESPONSE AND SENSITIVITY STUDIES

Based upon the response and sensitivistudies conducted with the finite element code
ABAQUS, the followingconclusions can be drawn:

a.

For shbs wherelL/h is less thard00, classical Kirchoff assumptions, adopted by
Westagaard, lead to erors in prelicting edge stresses. The maximum edge stressis in
factless han hatpredcted by Westergaard. Furthernore, hie maximum edge stressdoes
not occur at the edge of the slab but at sone finite distance fromthe edg. For nost
prectical rigid parzement systans, themaximum ealge stress will ocur within 0.1/ of the
edge of the slab and will be gpproximately 10 percent less tha tha predicted by the
Westergaard theory Experimental studies done lilge Corps of Engeers haveshown
that edge and nterior stesses predied by the Westergaard heoryare conservate, but
direct eyperimental evidence of the above conclusion coubd be located in the
literature

The phenomenon described above is also present doatedand unloadedsidesof a

joint in the FEM andysis of jointed pavements. Thus,the Kirchoff assumptionshave an
effect on the calculated values of load transfelowever, most airport rig pavement
slabs are thick enohgthat the Kirchoff thin-plate assumptioase not strictly valid.
Basedupontheanalytical results from this chapter, it appears that load transfer values for
slabs in which transverse shear deformations cannotrimgeid are geaterthan those
predicted by the thin-plae theory. Theefore the classia assumptionsusel in
developing the FAA design aiteria have a fortuitous intrinsicmargin of sdety which
previouslyhad gne unrecogized.

The joint stiffness was allocated to the nodes albiegjoint based upon the conceybt
contributing area. Furthermore, the ABAQUSIOINTC element was chosen for the
connectingnodes at the joint due to its capabilities and versatility

For purposes of this studthe ABAQUSC3D27R element was chosen for development
of the generalrigid pavemenmodel. The primaryadvantags and disadvantag of this
elementwere he folowing:

(1) Accuracy This Lagrangian qualraic eement with reduced integration is not
subjectto locking when the primaryresponse mode is bending-urthermore,
spurious, zero-enery displacement modes (holmgsing cannot propage
throudh the mesh; thus, houlesgsings not problematic.

(2) Compatibility with ntad interaction modé The 3D27R elenment is
conmpaible with both the INTER9 interface eément and he conact surface
method of modelingontact interaction.Use ofthe C3D20R elementleadsto
numerical instabilitydue to negive contact forces at the corner nodes.
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3) Computational efficiency The primay disadvantage of this dement is thd it is
more eyensive than the correspondisgrendipityquadraticelement(ABAQUS
C3D20R).

The multipoint, kinematic constraint capabilipy ABAQUS (known as the MPC “B’
option) can be used to rdjy connect two bonded elastic bodies.

Example 3D finite element calculations conducted for joirdkadbs-on-gade indicated
that the finite element solution conpares favoralyl with the cbsed-formWestergaard-
type solution of SkarlatosTherefore, iis reasonabl¢éo extendthetechniquesleveloped
in this chapter to the more challémg problem of slabs founded on stabilized bases.

The ABAQUS contact interaction method is recommended in lieu of interface elements
for further use where contact and friction modelmgequired.
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7. EXPERIMENTS ON LABORATORY-SCALE PAVEMENT MODELS.

7.1 INTRODUCTION.

Laboratoryscaleexperimentswere conductedon jointed rigd pavement models to supplement
the datafrom the small-scalemodel studies conducted in the 1950’s (Hammons aadnides
1995). Specifically the objectives of these gariments were to:

a. Observethe qualitative response of the rigpavement slab-joint-basestsgm at the
phenomenologal level.

b. Obtan quantitative data to verify certain aspects of theandytical modds developed in
this study

In this dapter the expeaimentd test plan and mderials usel to ®nstru¢ the modds are
described, and the results of thgperments are presented and discussed.

7.2 EXPERMENTAL PLAN.

Experiments were conducted on $aboratoryscale jointed rigd pavement modelsA matrix
descrbing the paraneters of eachexperiment is given in table 7-1. Each rgid pavenent model
consistedof two Portland cement concrete slabs, 8B (36in.) by 1,220mm (48in.) by

51 mm (21in.) thick, separad by a joint. In each egeriment, the subgadewas modekd by a
1,800-mm (72-in.) -londy 1,200-mm (48-in.) -wide b¥B00-mm (12-in.) -thick rubber block.
This block, purchasedy the Waterways Experiment Station in about 1968 from the Gosaly
Tire and Rubber Companyas composed of sgne butadiene (automobitee) rubber. To
developbaselinedata, an experimentwas conducted in which the jointed slabs were founded
directly on the rubber block without a base cours@ther slabs were founded on one of three
different configuraions of 38-mm (1-1/2-in.) -thic cement-stailized base construded directly

on the rubber block:

a A monolithic cement-stabilized base

b. A cement-stailized basewith adis@ntinuity benegth thejoint.

C. A cement-stabilized base with the bond between the base course and slabs intentionally
broken.

Finally, one eperiment was conducted with the slabs foundedad02-mm (4-in.) -thick
unbound ganular base course.

Studies byloannides and Korovesis (1992) showed that the responbetiothe agyregate

interlock and dowel load transfer mechanisms can be descriteedibge relationshignvolving
a dimensionless joint stiffness. Therefore only one type of load transfa mechanism, the
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TABLE 7-1. LABORATORY-SCALE EXPERMENT MATRIX

Load Transfer

Experiment Device Foundation Loading
LSM-1 None Rubber Bock Edge and Corner
LSM-2 Doweled dint Rubber Bock Corner
LSM-3 Doweled bint | Monolithic Canentl] Stabilized Ove | Come
Rubber Bock

LSM-4 Doweled bint | Induced Crack, CemédntStabilized Comer
Over Rubber Bck

LSM-5 Doweled bint | Monolithic Canentl] Stabilized Ove | Come
Rubber Bock With Bond Breaker

LSM-6 Doweled dint Unbound Granular &e Corner

Note Expeiment LSM-3 was flawed dueto technical difficulties. This experiment was
repeatd as ISM-3R.

dowekd constuction joint, was studied. The dowedd constucton joint was setced because

thejoint stiffnesscan be moreeasily duplicated, from onemodé to anothe, than possiblewith a
contraction joint even under controlled laborataynditions. The responseof the plain

contractionjoint could be inferred anaigally usingthe methods pioneered bgannides and

Korovesis (1992).

Configuratons for each geriment are shownn figure 7-1. Experiment LSM-1 wasconstucted
to gve no load transfer in order to obtain data required to estimate the modwdubgaide
reaction of the rubber blockAll other models were constructed with unifornsiyaceddowels.

A 1.58-mm(1/16-in.) -thick piece of Teflon was placed between the two slabs to simulate a

fixed-joint opening and to minimize the possibility of additiond load transfe caused by
agyrecate interlock betveen he shbs.

Therigid pavemenslab-joint-foundatiormodels were constructed and tested in a steel reaction

box. One vertical face of the bdeatureda transparentvindow, allowing the crosssectionof
the mode in the region of thejoint to beobseved duringloading. The ends of the slabs were
restrained to prevent rotation, therebgreasingheir effective lenth. Loads wergrovidedby a
closed-loop, servo-lyaulic structural testingystem.
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7.3 MATERIALS.

The naterials usedn the experimental progamwere setced b meetthree crieria:

a. Theymust to the exent practcal, be represestive of materials usedto constuct airport
pavement facilitie s.

b. They must be capable of beiqgoduced in the laboratomyithout large variationsin
maerial propeties from modéto modé.

C. They mustbe sdected to expedite the testing sthedule to meet the milestones sé forth in
the Interagency Agreenentbetveen VIES and he FAA.

A disaussion of thesdection of theconaete materials for the slabs, cement-stailized material
for the base, and steel for the dowels follows.

7.3.1 Concrete Materials

All slabs were Portland ement conaete with 9.5-mm (3/8-in.) nomirdamaimum size
aggrecpate. The mixure was proportioned to obtain a compressive stinenf approxmately
27.6MPa (4,00Qsi) and an elastic modulus of approately 27,600MPa (4,000,00Qosi) at
7 days with accelerated¢uring To achieve these properties, a blend off MSC 150, Typel and
Typelll cements, in equd proportions, was used alongith an ASTM C494, TyeC
accekratng admixture. Thefineandcoarse agregates chosen forhis study were fromnaural
(uncrushed) river deposits, consistimgmarily of rounded, dense chert and silica particles.

The conaete mixture usel for the slabs wa sdected from four trid conaete mixtures prepared
in thelaboratory Water-cementatios (bymass) varied from 0.60 to 0.7@\ set of six152-mm
(6-in.) by 305-mm (12-in.) chndrical concrete specimens was prepared from eagture. To
expedte the esting schedut for the paverant modek, accetraed curng was nvestgated. Two
curingregmens were evaluated:

a. Continuous moist curingt room temperature.

b. Acceleraked curng defined as 2lays moist curing at room temperatre, followed by
2 days curingin an environmentathamberat 60°C (140F), followed by moist aring at
room tenpeaature until time of testing

Thefinal concretemixture proportions selected for the model alomgh a listingof the sources
of the materials are shown in taf@l€. This mixture had a water-cement ratb0.64 by mass.
Resultsof tests to determine compressive sttanger ASTM C39) and modulus of elasticity
(per ASTM C 469) are presented in table3. Accelerated curingresultedin an almost
10 percent increase in compressive sttbrand elastic modulus &tdays over curing at room
temperatire.



TABLE 7-2. CONCRETE MKTURE PROPORTDNS

Constituet Manufecturer/Sour@ Sl Units U.S. Customgy Units
_(I:,;prrelelnt, ASTM C 150, gzﬁ)]itzlnfoe:]?g]:_eas 148 kgm® | 250 Ibiyd®
Comert ASTMC 150, | Cota Cenet | 1qqign | 250 oy
,Izl\g;l:gatseand e (Ij;)EISHp?irTr:g, Arkansas 891 kg’ 1,502 lb/y

Natural Coarse Agrecate | Mississippi Materials 891 kgm® 1,485 Ib/y
Vicksburg Mississippi ’

Pozzte 20 Admixure, MasterBuilders 3
ASTM C 494, Tpe C | Cleveland, Ohio 232Ut | 60l odyd
Water Municipal Water Supply 191 kgm® 322 Ibid?

Vicksburg Mississippi

TABLE 7-3. CONCRETE MKTURE EVALUATION RESULTS

Test Age No. of No. of Daysa | Mean Compressive Strength | Modulus of Ebsticity
days Specimens | 60°C (14C°F) MPa (psi) MPa (10° psi)
7 2 0 23.9 (3470) 25,000 (3.60)
7 2 2 25.7 (3730) 27,000 (3.90)
14 2 2 28.1 (4080) Not Available

7.3.2 Cement-Stabilized &e Materials

Cement-stabilized bases were composed of ASTNB@ Tyel, Portland concrete and a
silty-sandaggregate. The cementwas obtained from Quikcrete ofagkson, Mississippi.The
aggrecate conssted primarily of a raher unformly gradednatral siliceoussandpurchasedrom
Mississippi Materials, VicksburgMississippi. Additional fines in the form ofilica flour,
passinga 754m (No.200) sieve, manufactured yaliburton Services of Dunca@klahoma,
were blended with the sand in the ratio ofpEdcent silica flour to 9percent sand A patrticle
size analysis wasconductedon the blend usinghe methods prescribed in AASHTO88. The
gradation is shown in figre 7-2.

7-5



U.S, STANDARD SIEVE OPENING N INCHES U.S. STANDARD SIEVE NUMBERS HYDROMETER
6B 4 3 2 1_; 1 Ti _é K 3 4 6 810 16 2¢ 30 40 50 70 100 140 200
100 T T 0 R | 1 I L A TTT T T TTT Y
&
9 10
80 \ 20
70 3
0 5
& \ ©0g
d 5
& 50 50 §
g b4
g | b
Ll
£ \ &
30 \ 7
20 80
~——J]
10 - %0
Pa
T~
0 FT—t—-  J100
500 10 50 10 1 05 01 005 001 0005 0.001
GRAN SIZE IN MILLIMETERS
I GRAVEL | SAND T
[ COBBLES | COARSE T FNE [ cowmse MEDIUM | FINE 1 SLT or CLAY
L l PL | Pl l &S g8 I NAT W,% I ORG.X
. PROJECT  FAA
TION
SILTY SAND (SP—SM), LIGHT BROWN VISUAL
BORING NO. SAND/SF 10%  SAMPLE NO.
DEPTH/ELEV DATE 08 MAR 96
GRADATION CURVE I LABORATORY USAE WES — STF/GL /

FIGURE 7-2. GRAIN SIZE DISTRIBUTION OF SAND/SILICA FLOUR BLEND

Genga guidance for the cement-stailized base was providel by FAA Advisory Circular
150/5370-10AltemP-304 (FAA 1989). Based upon the recommendations in AT30.1R-90,
“State-of-the-Art Report on Soil Cenent” (American Concete Institute 1994), ement contents
of 7.5 and 1(ercent (bymass) were selected for evaluatidrhe protocol in ASTVD 558was
usedto determine moisture-densitglationships for the siltgand/cement blend.Moisture-
densitycurvesfor both cementcontentsareshownin figure 7-3. Maximum dry densityfor both
mixtures occurred at a water content of approximately 8 pecent. The mixture contaning
10 percentementhada dry densityapproxmately 2 percengreaterthanthe mixture containing
7.5 percent cemenilhree curingreatments of these ntixes were evaluated:

a. Curingat room temperature for 7 day
b. Curingat room temperature for 14 day

C. Curing at room temperaturefor 3 days followed by oven curing at 60°C (14CF) for
2 days, followed by curing a room tenpeature until atotd of 7 days had dapsed.
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FIGURE 7-3. MOISTURE-DENS3TY CURVESFOR CEMENT-JABILIZED SAND/SILICA
FLOUR BLEND

Compressive stretig tests (three replicates per treatment) were conducté&-amm (2-in.) by
102-mm (4-in.) cylinders for the two cement contentSpecimens were prepared at a water
conentof 8 percenandconmpacedto maximum densty. Theresuts of thesetests arepresengd
graphcaly in figure 7-4. The bargraphspresenthe meanvalue of thethreereplicaes,while the
errorbars represerine sandard dewdton fromthe nean. For eachreament the conpressve
strenghsfor the mixture containing 10 percentenentareapproxmately 40 percengreatr than
the compressivestrenghs for the mixture containing 7.5 percentcement. For both cement
contentshe meanstrenghs at 7 days curedat room temperaturavere approxmately 65 percent
of thosefor specmens cured 14 day at room temperatire. Curing at elevaed temperatire
increased the compressivestrengths at 7 days by 30 to 35 pecent to levels slightly greater than
that of the specimens cured at room temperature foays} Basedupontheseconsiderations,
the mixure with 7.5 percent cement with accelerated cusiag selected for use in the models.
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FIGURE 7-4. COMPRESSIVE STRENGTH TES RESULTS ON CEMENT-SABILIZED
SAND/SILICA FLOUR BLEND COMPACTED TO MAXIMUM DENSITY

7.3.3 Unbound Granular &e Material

The ssilty-sand maderial usel as the cement-stailized basefor ExpeimentsLSM-3R, LSM-4, and
LSM-5 was placed and compacted ape2cent water content (without cement)feam the
unbound ganular base for Bperiment ISM-6. At water contentsof greaterthan 2 percent,
excessporewater precluded compation; therefore, atempts to deelop amoisturedensity curve
for this material for waier conents greaer than 2percentwere unsuccessfulAt 2 percentvater
content, the wet densityas 115 k{m® (72 pcf).

7.3.4 Dowels
All dowelsweresmoothsteel bars, round in cross section, with a diameternom6(0.25in.).

The dowelbarswere394mm (15.5in.) longand were spaced at 16#n (4in.) center to center
(figure 7-5).
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7.4 MODEL CONSTRUCTON.

A steel boxwas fabricated at the &ierways ExperimentStationto housethe pavemenimodels
duringconstructiorandtesting The side walls of the boxere constructed of 12.7-mm (0.5-in.)
-thick structuralsteel plate, while the floor of the bewas 19.1-mm (0.75-in.) -thick structural
steelplate. Structural steelandes were weled b the stde and bdabm plates. These anigs were
drilled and tapped so tha the sides could bebolted together. Similarly, the bottom plae was
constructedsothatthe verticalwalls couldbe secured with boltsThe interior dimensions of the
boxwere 1,830 mm (72 in.) b},220 mm (48 in.) by762 mm (30 in.) deepOnewall of thebox
featured a 610-mm (24-in.) -square cutout for insertion of a transparent pane igiapt®
observe the model durirtgsting Three 102-mm (4-in.) -square structural steel tubes taeke
welded underneath the Bexloor to transport the assembled kabout the laboratoryy forkilift.
After thereactionbox waspainted the rubberblock was placed on the floor of the reaction ,box
and the vertical walls were assembled around theahdxattached with boltdrigure 7-6shows
a photogaph of the completed reaction box
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FIGURE 7-6. PHOTOGRAPH OF COMPETED REACTION BOX

Thetestingproceede@longa 2-week turnaround schedule as shown in t@bde This expedited
schedut was nade posdile by the use of hgh-eary-strengh cenent and an acceéraing
admixture abng with curing at elevaed emperaure. The concret reached aevel of maturity
sufficient to produce the taggstrenth and modulus of elasticityithin approxmately 1 weekof
placenent

TABLE 7-4. TYPICAL PHYSICAL MODEL CONSTRUCTION SCHEDULE

Week Day of Week | Activity

Week 1 | Monday Prepare meterials for nodel construction

Tueschy Place lase cotse
Wedhesday | Place first slab

Thursday Place secodislab

Friday 3:00 p.m. Place reactiotbox in ervironmertal chamber at @ °C (140°F)
over weeked
Week 2 | Monday 9:00 am. Remove fromenvironmental chamber ard allow to cool
Tueschy Instrumert mocel

Wednesday | Condud experiment
Thursday Reduce daa and oondud posttest phaography

Friday Remove modd and prepare reaction bax for congruction of next modd
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The physical modelswere constructed usinghe reaction boxas a mold. The rubber block and
the walls of the reaction baxere coated with a form releaagentto insurethatbondingdid not
occur between the model and either the reactiombowbber block.

7.4.1 Base Course Construction

The materialsfor the cement-stabilizedbases were med in the laboratoryn a 0.17-m (6-ft%)
portablemortarmixer. Thevolume and maxum wet densityof the compacted base was used
to calculate the mass of bae material required to ahieve the target density in the reaction box.

An oversiz batch (apprdmately0.085 ni (3 %)) was prepared for eachasenentand wejhed

on a scat in the laborabry. Material in excess of hat requred b yield the target conpacted
densitywasremovedandsetaside for preparation of compressive stthrglinders and fleural
strengh beans. The requred mass of naterial was paced n the box screededat a unform
thickness,and conpaced b the trget volume with a speally fabricaed conpacton devce
(figure 7-7).

FIGURE 7-7. PHOTOGRAM OF ADJUSTABLE SCREED/COMRACTION DEVICE

In the case of a monolithic basg two bdches of ement trested base maerial were prepared
separatly butplaced and copaced smultaneousy. For the modelin which adiscontnuity was
required in thebase acold joint was formel directly beneath thelocation of thejoint in the slabs.
This cold joint was constructedoy placingthe two halves of the base on consecutivesdai
38-mm (1.5-in.) -deep wooden form board was placed across the reactias bhaxold fothe
placenent of the first halff of the base. The first haf of the base washen phced aginst the
mold, and thefollowing day the mold wa removed. Subsquently, the remaning hdf of the
base was piced and copaced aginstthe first haf with no oher neasuregakento affectthe
bondingbetween the two halves.
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Three 51-mm (2-in.) -diameter dY2-mm (4-in.) -hiy cylinders were prepared from each batch

of cenenttreaed base.Thecylinderswerepreparedy compacing the basematerial into heavy

brass molds with a small, hand-held tampalso, three 76-mm (3-in.) -wide b§6-mm(3-in.)

-deep by286-mm (11-1/4-in.) -londpeams were prepared from dregchof cement-treatebbase

per modd. The base maerial was compated into stel molds usinga hand-hdd tampe with a
squarefootprint. Thesecylinders and beams were cured under the same conditions as the models
and were tested on the date the correspondRrgeriment was conducted to determine the
compressive stretig, flexural strenth, and modulus of elasticitf the cement-treated base.

The bond breakerfor ExperimentLSM-5 was constructed of two lags of 0.152-mm (6-mil)
polyethylene sheets separated aéythin lagr of uniformly graded fine silica sand.Prior to
casting the conaete slabs, thefirst shest of polyethylene was carefully cut and fitted on top of the
base,as shownin the photogaph in figure 7-8. Next, as fine a lagr of the uniform sand as
possiblewas spreadon top of the polethylene sheet (figre 7-9), and a second sheet, covering
the enire surface, was ated ondp of he sanddyer. Then,the slabswereplacedon top of the
bond-breakindayer. Figure 7-10 is a photagph ofthe reactionbox just prior to placemenof

the lbaded sb.

ExperimentLSM-6 featured an unboundanular base.The unbound base was placed in four
lifts of approximately 25 mm(1 in.). The colors of thelifts were alternated between the naturd
color of thesand-silicablendandblack. The black materialwasmanufacturedby mixing a black
dye with the sand-silica blend duringatching Each lift was batched and ned in a larg
Hobart paddle-fge doudp mixer. The mass required to achietlee targeted wet densitywas
weighed outand paced n the readbn box With the conpacion devce setto yield therequred
volume of compacted base, the material was compacted uniftomBld the targt wet density

FIGURE 7-8. INSTALLATION OF FOLYETHYLENE FLM IN REACTION BOX
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FIGURE 7-9. PLACEMENT OF THN SAND LAYER

FIGURE 7-10.BOND BREAKER AND DOWELED JINT JUST PRDR TO CONCRETE
PLACEMENT

7.4.2 Slab Construction

The wo concree slabs for each gperiment were paced on consedut dag. The first slabwas
placed aginst a 51-mm (2-in.) -deep wooden mold faced w&ith59-mm(1/16-in.)-thick sheet
of Teflon. The dowels were inserted in 6-mm (0.25-in.) -diameter holes wiéchbeen
predrilled throud the mold and TeflonPrior to their placemenh the mold, a light coating of
rustsale was ranoveal from thedowds. The position of thedowds in themold was aljustel to
insurethat equallenghs of dowel bars would be present in both slal¥s.clamping device,
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composedf piecesof wood cut to the proper dimensions and helddibgr with screws, was
usedto insurethatthe dowelswere held orthognal to the mold.The bonded end of the dowel
wasplacedin thefirst slab; therefore, care wasken b insure hatno formrelease agnt grease,
or oil was present on the dowels.

The concree was bathed and nxed n the kBborabry, carefuly placed n the readbn box and
consolidated with an éarnal spud-tge concrete vibratorThe surface was floateahdfinished
by hand, and the concrete was allowed to set for appedgly 24 hours.

After 24 hoursthe transversanold alongthe joint was carefullyemoved. The free ends of the
dowels(unbondedends)weregreasedvith an automotive-fge gease. To further insure that no
bond could be developed between the dowel bargtanslab, plastic drinking strawswith an
inside diameterof 6 mm (0.25in.) wereslipped over the rgased dowels.The second slab was
then placed, consolidated, and finished.

The ends of the slabs were constraibgd6-mm(3-in.) equalleg structuralsteelandes,9.5 mm
(3/8in.) thick. One kg of the ange was erheddedm the fresh concretjust after placenent and
the other legwas bolted to the side of the reaction wath 12.7-mm (0.5-in.) -diameter steel
bolts. Thebolts wee later torqued to nexr yield to maimize the clamping force on theanges.

The slabs were moistcured usingwet burlgp and plastic shesting a room tenpeaature until they
were phced n the envionmentl chanber at60°C (14C0F) over he weekend foacceeraed
curing. After they were removeal from theenvironmentd chamber, the slabs wee dlowed to
cool in the laboratoryo room temperature with no additional wet curing

Threel52-mm(6-in.) -diameter by805-mm (12-in.) -hig cylinders were cast from each batch of
concrete used to fabricate the model slaBé¢so, a sinde 152-mm (6-in.) -wide by 152-mm
(6-in.) -deep byp08-mm (20-in.) -londpeam was cast from om@tchof concretefor eachmodel.
Thesecylindersandbeamwerecured under the same accelerated cucmgditions as the model
slabs and were tested on the date the correspoediagiment was conducted teterminethe
compressive and flexal strenths, modulus of elasticityand Poisson’s ratio of the slabs.

7.5 LOADING.

All experiments were conducted on the structural test floor at the Concrete TegHbvismn,
Structures Bboratory Waterways Experiment StationLoads were applied to the ghgalmodel
by a closed-loop, servo-tyaulic materials testingystem throup a thin, circularubber pad.
Theradius of he baded areag, was57 mm(2 1/4 in.). Thetestingsystemwascontrolledby an
MTS LoadStardigital controllerwhich could be pragmmed throuly a gaphical user interface
to output the desired control ags to the sstem. So that post-peak resporsauld be captured,
the load was applied in displacement control at a rate of 0.25 mm/min (0.01 in/min).

The testing frame consistel of four vetical stesl columnsbolted to attachment pointsin the
structuraltest floor. A stiff, deep steel beam spanned the operbegeen the columns.
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A 222-kN (50,000-Ibs)capacity actuatorattached to this beam provided the loading the
experiment.

7.6 INSTRUMENTATION.

Instrumentation for the pbkical model egeriments consisted of the following

a. Applied load neasured by load cell.
b. Surface stains neasured bgurface-appéd foil resstance stain gages.
C. Displacenentmeasured byinear varable displacenenttransducers (DT’s).

All strain and deforration measurerants were nade on he bp surface oftte shbs. The bad
cell was locted beaween thetesting machine actuaor and thesleb. The maximum range of the
load cell was 222 kN (50,000 Ib).

Strain gages enployed for theseexperimental studies had an electical resstanceof 350 ohns
and a gage lengh of 25 mm(1 in.). When the gage was strained,it experienceda chang in
electical resstance. These vensmall changs in resstance were masuredy placing the gage
in oneleg of a Wheatstonebridge circuit, which is sasitive to smdl resistance changes. The
maxmum ran@ of the strain ages was $0,000 microstrains.

Thelocatonsfor the stain gages were prepared biyrst applying a hin coatof Epicast a low-
modulus, white epox This epoy coat served two primarfunctions: to provide a moisture
barier to prevent waer in the conaete from dfecting the stran gage and to provide a smooth,
uniform surface to which the strairagg could be bonded After a 24-hoursettingperiod, the
Epicast was sanded to a uniform thickness, and the stgea were bonded usirfguper Glue.

The LVDT is a ransforner-type devce hat transhtes staight-line nechancal motion into an
alternaing current(AC) anabg voltage. Each VDT contained a novabke magneic core whch
resed on the surface of he concret As the surface ofhte concret was dsplaced, he
moveanent of the core causal an dectromanetic imbdance in the transforme, which in turn,
output a proportional AC voltag As calibrated for these prriments, the mamum range of
theLVDT’s wasapproxmately2.5mm (0.1in). All LVDT’s were mounted to one or more steel
angeswhich spannedhe reacton box The ends ofltese anigs were gidly atached ¢ the
reaction boxusingmachine screws.

All datafrom theseinstrumentsvere acquired in real time usiggMEGADAC data acquisition
system manufacturedby Optim Electronics Corporation of Germantown, Mamng. The
MEGADAC system is protammed and controlled by Pentium personal computer running
Optim’s Test Control Software, which converts the ana@pals to digal datausing the
appropriate gge calibration factors and saves theitdibdata to disk.

A Kodak DC 40digital still-image camera was positioned appimately 200mm (8in.) from

the transparent window on the side of the.b®kis camerawassetto recorddigital images of
the shb-joint-base remn.
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7.7 EXPERMENTAL RESULTS.

Experiments ISM-1 throudh LSM-6 were conducted durintpe period fronMarch27,1996,to
June5, 1996. However, Eyeriment ISM-3 was not considered to be valid test due to
problems encountered duritige conduct of the g@eriment. An errorwasmadein progamming
the loading fundion into the MTS TestSta controller, and theloading was not @rried out &
planned. Therefore the resultsfrom LSM-3 were thrown out, and a repeat of thepenment
(LSM-3R)was conducted orudel9, 1996. The results of qualitgontrol tests conducted on the
constuction neterials as wdlas dah from each ofthe experiments is presenéd anddiscussedn
this setion.

7.8 MATERIALS.

7.8.1 Cement-Stabilized &es

The results of the qudity control tests on thecement-stailized bases ae summaized in
table 7-5. Eachnumerical value repored in the table represerd the meanof threereplicaes.
Compressivestrengh testswere conductedon 51-mm (2-in.) byl02-mm (4-in.) chndrical
speimens. The compressive strengths of thestailized bases wae a or bdow tha expected
from the 7-dayaccelerated curingests conducted durinthe initial materialsinvestigation
(figure 7-4). 1t is believedthat the lower strenghs can be attributedto drying out of the
cement/silty-sand material between baching and preparation of thetest speimens. The material
to be useda make the speanens was sedsde whie the bases weregited anadtonpacedin the
reaction box Typically, more than but less than Rourselapsedetweenthe batchingof the
base maerials and prepaation of the qudity control speimens. It is likely tha someof the
moisture evaporated durirtgis period, resultingn lower densities and strethg in the quality
control specimens.

TABLE 7-5. REQULTS OF QUALUTY CONTROLTESTS ON CEMENT-STABILIZED BASE

Compressian Tests Flexural Tests
Compressive Modulus of
Strength Elasticity Flexural Strength
MPa (psi) MPa (10 ps) MPa (psi)
Std Std Std
Experiment | Locatin | Replicates| Mean | Dev. Mean | Dev. | Replicates| Mean | Deuv.
LSM-3R Top 6.59 1.35 1,520 | 662 1.23 0.05
Lift 3 (826) | (196) (0.220) | (0.096) 3 (179) | (8)
Bottom 6.24 0.48 1,822 | 693
Lift 3 (904) | (69) (0.264) | (0.100) | No Tests Conducted
LSM-4 Right 4.50 0.51 1,220 | 645 1.18 0.04
Half 3 (653) | (73) (0.177)| (0.093) 3 a71) | (5)
Left 4.49 0.76 1,390 | 248
Half 3 (652) | (110) (0.202) | (0.036) | No Tests Conducted
LSM-5 Top 5.92 0.29 1,440 | 395 1.20 0.05
Lift 3 (858) | (41) (0.208) | (0.057) 3 (174) | (8)
Bottom 4.45 0.99 1,070 | 383
Lift 3 (645) | (144) (0.155) | (0.056) | No Tests Conducted
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The modulusof elasticity of the cement-stabilized base was determined from the compressive
strengh tests on the dinders. The modulus of elasticityin compression)as calculatedfrom
thetangent to thesteepest portion of thecompressivestress-stran curve, is tdbulaed in teble 7-5.
These data indicate that as the compressive $trangreases, the compressim@dulus of
elasticityincreases.The modulus of elasticitpf the cement-stabilized base was appnately

5 percent of the tasg modulus of elasticitgf the Portland cement concrete slabs.

The modulus of rupture (flexal strengh) of the cement-stabilized base wieterminedfrom
tests on 76-mm (3-in.) by6-mm (3-in.) by286-mm (11 1/4-in.) beams loadedla third points.
These data are also reported in table 7-5.

Stdtistical techniques wae employed to deermine if the obseved vaiations in thematerial
propeties from bach to bdch within an experiment and bdéween expeaiments were stdisticaly
significant at the 0.05 sigficance level. Student’s t-tests were conducted on tloenpressive
strengh andmodulusof elasticitydata from the two batches of cement-stabilized base material
within each experiment. For each of he BExeriments LSM-3R, LSM-4, and LSM-5, the
differencesin the mean values of compressive sttbngnd modulus of elasticithetween
batchesverenot greatenoudn to exclude the possibilitghat the differences were due to random
sanpling variability .

Therefore, i can be concided hatthere was no atisticaly significantdifferencein compressve
strengh and elasticmodulusbetween batches in amyven exeriment at the 0.05 sigicance
level.

One-way analysis of the variance (ANOVA) procedures were udedtest for statistically
significantdifferences m material properies betveen eyperiments. The resuks of these angkes
indicaked tat for the case of copressve stengh, the diferences m the nean valies of
compressve stengh betveen eperiments were geaer than woudl be eyeced bychanceatthe

0.05 significance level. A pairwise multiple comparison test indicated that the compressive
strengh values from Eperiment ISM-3R were statisticallydifferentfrom thoseof LSM-4 and
LSM-5. However, for the cases of modulus of elastieity flexural strenth, the differencesn

the mean values betweenpeximents were notrgat enouf to exclude the possibilitghat the
difference was due to random samplingriability; therefore, no statistically significant
differences in these two parameters were detected at the Mikeaige level.

7.8.2 Portland Cement Concrete

The propeties of the fresh Portland cement conaete usel to onstrud the slabs for the
laboratoryscale model experiments are tabulated in ta@lé. Tests conducted on the fresh
concrete included slump (per ASTM1@3-90a) and unitveight (per ASTM C 131-92). The
theoretical air content was calculated from the measured unit waght. The results of tsts on
hardenedconcretecylindersand beams are reported in tabBl&. Tests on 152-mm (6-in.) by
305-mm (12-in.) concrete lyders included compressivarengh (per ASTM C 39-93) and
modulus of elasticityand Poisson’s ratio (per ASTM 459-94). Flexural stren¢h (modulusof
rupture) tests were conducted on 152-mm (6-in.) b¥$52-mm (6-in.) by305-mm (12-in.)
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prismatic beams loaded as the third points per ASTIVB®4. As notedin table7-7, all
hardenedconcretetestsresultsfor Experiment ISM-2 were lost due to failure of the concrete
testing machine on theday of thetests.

TABLE 7-6. REQULTS OF TES'S ON FRE$ PORTLAND CEMENT CONCRETE

Casting PlaBgéCnr;ant Slump Unit Weight Air Content
Experiment Date Location mm (in.) kg/m® (pcf) Percent
LSM-1 3/20/96 | Left Slab 70 (2%4) 2,268 (141.6) 1.8
3/21/96 | RightSlab | 51 (2) 2,243 (140.0) 2.8
LSM-2 4/3/96 | Left Slab 70 (2%4) 2,236 (139.6) 3.1
4/4/96 | Right Slab | 64 (2Y2) 2,230 (139.2) 3.5
LSM-3R 6/12/96 | Left Slab 51 (2) 2,252 (140.6) 2.5
6/13/96 | Right Slab | 64 (2Y2) 2,243 (140.0) 2.8
LSM-4 5/1/96 | Left Slab 70 (2%4) 2,256 (140.8) 2.3
5/2/96 | RightSlab | 102 (4) 2,246 (140.2) 2.7
LSM-5 5/14/96 | Left Slab 76 (3) 2,236 (139.6) 3.2
5/16/96 | Right Slab | 127 (5) 2,217 (138.4) 4.0
LSM-6 5/29/96 | Left Slab 127 (5) 2,243 (140.0) 2.8
5/30/96 | Right Slab | 152 (6) 2,236 (139.6) 3.1

The slumpof the fresh concrete varied from Bim ( 2in.) to 127mm (5in.), with the majority
of themeasurementsetweerbl mm(2 in.)and76 mm(3 in.). ModelsLSM-1, LSM-2, andthe
left dab of LSM-4 were dl fabricated from the same lot of Typelll cement, while modds
LSM-3R, LSM-5, LSM-6, andthe right slab of ISM-4 were fabricated from a different lot of
Typelll cement from the same manufacturer. The highe dump vaues noted for modds LSM-4
(right slab), LSM-5, and LSM-6 were atributed © the changs in the cenent betveen he two
lots. The second lot had less water demand than the first resitargincrease in the slump of
thefreshconaete. This effect was mitigated for Experiment LSM-3R by reduang the mix water
by 6 pecent (by mass)thusbringing the slumpback in line with the modds fabricated from the
first lot of cement. Unit weights of the fresh concrete varied from 2,&gim* (138.4pcf) to
2,268 kgm?® (141.6 pcf), while air contents raedjfrom 1.8 to 4.0 percent.

Themeanconcrete compressive strehg rangd from a low of 25.641Pa (3,71Qosi) to a higp of
29.0MPa (4,20(psi). The modulus ofelasticity ranged from 26,800MPa (3.9x 1(° psi) to
29,000 psi(4.2 x10° psi), while Poission’s ratio raeg from 0.17o 0.19. The modulus of
rupture varied from a minimum of 2.90 MPa (420 psi) to aimar of 3.28 MPa (475 psi).
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For FAA rigid pavementstructuraldesigy, the concrete material strehgparameter used to
determine pavement thickness is 90-daydulus of rupture A normalrange of flexural strengh
atanage of 90 dag is from 3.45VIPa (500psi) to 6.20MPa (900psi). Therefore, the flexral
strength of theslabs usd in this experimenta studywere slightly lower than thosewhich would
be eypeckd n the field.

Statisticaltechniquesvereemployed to determine if the observed variations in the compressive
strengths from slab to sleb within an expeiment and béween experiments wee stdistically
significant at the 0.05 sigficance level. Student’s t-tests were conducted on tloenpressive
strengh from the o skhbs wthin each egeriment. For each of e Experiments LSM-3R,
LSM-4, LSM-5, and LSM-6, the differences in the mean values of compressive $itrbetveen
slabs were notrgat enoug to exlude the possibilityhat the differences wemdueto random
sanpling variability. Therefore, it can be conduded tha thee was no stésticaly significant
differencein compressivetrengh between batches for thesgpeximents at the 0.05 sigicance
level. However,for ExperimentsLSM-1A and LSM-1B, the differences in the mean values of
compressve stengh were geaer than woutl be eypeced by chance. Therefore,the t-test
results indi@te tha there is likely a stdistically significant difference in the compressivestrength
values between LSM-1A and LSM-1B. It is difficult, however, to ascertain the impact of this
difference on the gerimental results.

One-wayANOVA procedures were used to test for statisticsilipificant differences iconcrete
compressive stretig between gxeriments at the 0.05 sigicance level. Becausdhe resultsof
the previouslyreportedt-testshad indicated that the compressive stteagrom Exeriments
LSM-1A and LSM-1B were likely stdisticaly different, they were treated as separate
experiments in the ANOVA.The results of the ANOVAndicatedthat the differencesin mean
valuesamongthe mean valies of corpressve stenghs were geaer than woutl be epeced by
chanceat the 0.05 significance level. A pairwise multiple comparison analy of the data
revealed tha the compressive strength of Experiment LSM-1A was staistically different from
the remainder of the periments at the 0.05 siicancelevel, while the compressivestrendghs
for the renainder of he exeriments were nostatistically differentfrom each dber.

7.8.3 Rubber Bock

A plate bearingtestwas conducted on the rubber block in the reaction toogetermine its
modulus of subgde reaction under loadidigom a standard 762-m30-in.) -diametercircular
plateandto observeany nonlinear response of the rubber under compressive loadimgest of
stackedconcentric plates (figre 7-11) was empl@g in conductinghe tests; the diameters of
the plates from bottom to top were 762 mm (30 in.), 610 mm (24 in.), and 457 mm (IBaich).
plate wasfabricated from38-nm (1 12-in.) -thick auminum The load for he phte beamg test
was applied byhe same servo-controlleddraulic structural testingystem emplogd to test the
model pavenents. Deflecion was measuredby an arrayof three LVDT's equaly spaced at
120° increments around the perimeter of the bottom plate. MEGADAC digital data
acquisition sytem was usel to record and storethe measured loads and ddlections in ral time.
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FIGURE 7-11. TEST SETUP PR PLATE BEARING TEST ON RUBER PAD

Two loadingregmes were followed for this testingThe first wasconductedin load control
following the applicable procedures specified in SecXtin FM 5-530 (Department of the
Army, 1987). A seatingload of 6.8Pa (1psi) was applied to the platdhis wasconsideredo
be the zeo point of thetest. An additiond load inaement was then applied to bring the plate
bearingstress to 68.8Pa (10psi), where the load was held feeveralminutesuntil the rate of
deformation was less than 0.0@8n/min (0.0002n./min). Subsequently an additional
increment of load was applied to britige plate bearingtress to 103 kPa (15 psi), where the load
was a@in held until the rate of deformation was less than On@®3min (0.0002in./min). This
procedure was repeated at increments of plate bestreggof 34.4 KPA5 psi)up to amaxmum
stressof 207kPa (30psi). Finally, the load was decreased slowdgtil the applied stress was
zero. A plot of plate bearingstressversus plate displacement is presented iaréigr-12. It is
apparent from this plot that the rubber pad crept duhegortionsof the testswherethe plate
bearingstress was held constarit.can also be seen that themountof creepdeformationwhich
occurs until the rate of creep deformation falls below 0@68min (0.00024n./min) increases
with increaang plate bearng stress. The accumlated creep deformtion atthe end of he
loadingwas approsnately0.4 mm (0.016 in.).

The data from this test were used to determine the modulus ohdebgactionk, for therubber
block for the standard 762-mm (30-in.) -diameter plaegure 7-13showsa plot of corrected
plate bearingstress versus displacement as prescribeBNyp-530 (Department of the Army
1987). Each of the data points denotedthg filled triandes represents the deflection and stress
at the end of each increment of applied stress, adjusted for tkB&(@psi) initial seatindoad.
These data were then corrected, ushmgprocedures described iMB-530 (Department of the
Army 1987), to account for bendiraf the plates. From the slope of theorrectedcurve,the
modulus of subgade reaction was determined to be MHa/m (409si/in.). This valueis high

for a subgade material and would be more representative of the modulus obhdabgaction
for a dense, welgraded gavel
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FIGURE 7-13.CORRECTED PATE BEARING STRESS

The second loadingegme was conducted in displacement control at a loadofd@de€25mm/min
(0.01in./min) to mimic the loadingonditions duringestingof a pavement modelThe bearing
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plate was displaced continuouslgd monotonicallyntil a maxmum bearing stressf 0.1 MPa
(14.5psi) was reached, at which point the displacement wveagrsed continuously and
monotonicallyuntil the bearingstresswas reducedto zero. A plot of bearingstress versus
deformation is shown in fige 7-14. In the rang in which the bearingtress was less than
0.01MPa (1.5psi), the response was relativelsoft. For bearing stresses rgater than
approxmately 0.1 MPa (1.5psi) the response was stiffetdJpon unloading the response was
characteried bya hysterisis loop tgical of visco-elastic materialsThus, it canbe concluded
that the response of the rubber block in the reactionviEsnonlinearvisco-elasticover the
range of loadingexpected duringestingof a pavement modelThese nonlinear responses of the
rubberblock are considerablydifferent from those assumed for the bed-of-sgifogindation in
Westergard’'s theory The influence of the nonlinear visco-elastic respons¢herpavement
model is not known.
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Plate Bearing Test in Displacement Control
(762-mm (30-in.) -Diameter Plate)

FIGURE 7-14. PATE BEARING STRESS-DSPLACEMENT DATA FROM PLATE
BEARING TEST ON RUBBER BIOCK IN DISPLACEMENT CONTROL

7.9 EXPERMENT LSM-1.

Experiment ISM-1 consisted of two 51-mm (2-in.) -thick slabs founded direatiytherubber
subgade Theright- and Idt-hand slds wee constru¢ed with no loal transfa capabilities from

either dowel bars or ggegateinterlock. A 5-mm (3/16-in.)gap separatedhe slabsto insurethat

no incidental contact could occur between the slabs dtestong The experimentconsistedf

two searate loadings: an edge loading near the center of the right-hand slab, referred to as
LSM-1A, and a corner loadingear the transparent window pane on the left-hand slab, referred
to as LSM-1B. The results from both of thesepetiments are presented and discussed in this
section.

7-23



7.9.1 Experiment ISM-1A.

The instrumentatiorocationsfor LSM-1A are presented in figre 7-15. The LVDT locations
wereselectedo give two deflection basin profiles:one perpendicular to the free edand one

paadlel to the free edge. The stran gage aray was sé to gve only one stran profile
perpendtular to the free edg

914 mm (36 in.) 914 mm (36 in.) ‘
102 mm
(4in.)
=
102 mm
D8 . (4in.)

3 @ 102 mm
(4in.)

610 mm
(24in) | 4 @ 102mm | |l ps
“4in)
D4 D3 D2 Of

L] *

a=57mm (2 1/4in.)
o LVDT Q./—— — 1220 mm (48 in.)
+ STRAIN GAGE 102 mm

(4in) yls4 §3 S22 8t

610 mm ; 3@ 102 mm
(24in)) (4in.)

D9 »

102 mm
(4in.)
I—
102 mm
(4in.)

FIGURE 7-15.INSTRUMENTATION PLAN, EXPERMENT LSM-1A

Figure 7-16 is a plot of the load-time histar/the test. The testwasconductedoy applying 10
preloadingcycles of 1.78kN (4001b) triangular pulses. The purpose of these pulses was to
“work” the mode so tha any potentia restrictions to déormaion tha might be present as a
result of the model construction would be overcome before actual lodokmgn. These
prdoading cycles were followed by cycles of increasing loading intensity until the testing was
stopped. This included the application of four additionalcl®s of loadinguntil the test was
stopped at a maxum load of approxnately26 kN (5,850 Ibs).
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FIGURE 7-16.LOADING HISTORY, EXPERMENT LSM-1A

Figure 7-17 is a posttest photagh of the slabs after both geriments ISM-1A and LSM-1B.
Failure of he shb n Experiment LSM-1A, loadednearthe edge, was characerized by a sem-
circular crack labeled $M-1A in the photogaph. This crackingpatternis not typical of those
observed in airport pavement condition sus/eyisible cracks were first observed with the
naked eg at a load of appraxately17.3 kN (3,900 Ib).

FIGURE 7-17.POSTTEST PHOTOGRAPH, EXPERENTS LSM-1A AND LSM-1B

Data traces fromthe LVDT's on the surface oftte shb are coratined n appendi B. Thetraces
from the ten preloadingycles have been removed for claritifor all LVDT measurementsa
downward displacement is considered to be positive, vémlapward movementis negtive.
Gage D4 overrangd at a displacement of appmmately 2.5mm (0.1in.). One obvious
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observation is that the overall shape oflthaa-displacemerturveswassimilar to thatrecorded
during the plate bearing test in displacenent contol. The sbpe of he curves chamg ata load
of approxmately 5 kN (1,125lb), aswas observed in the plate bearimgts. Therefore, it was
concluded that this chaagn stiffness can be attributed ttee rubberblock foundationandnot to

the Portlandcement concrete slalHysteresis loops and the attendant viscous deformations can

be seen wh each urdadngcycle.

Data traces from the straiaggs on the surface dhe slabarefoundin appendixB. For strain
gage measurements, tensile strans ae positive and compressivestrans are negative. Thestrans
are compressiveat loadslessthan approxmately 7 kN (1,575Ib). Beyond first cracking the
gages nearest the edge of the slab (S4 ad S3) re@ersedirections and @ into thetensile regime
possbly indicaing localzed crackng.

In orde to compae the daa from this experiment with linear éastic calculations male with a
finite element code, 1 was desable © correctthe lbad-dsplacenent dat to renove the
nonlinear response of the rubber blo&technique similar to that used to corrémt nonlinear
response in the plate bearitegt was used to perforthis correction. Figures7-18 and 7-19
show he raw and correetl lbad-dsplacenent curves for he tird cycle of loading for the
LVDT's alonga line perpendiular and pardH to the ed@, respedvely. Theslopesof thelinear
portions of the load-deflectioncurves (that portion of the curve above appiately 5kN
(1,125 Ib)) were determined numericall/he load-deflection curvaserethenshiftedright such
that the etension of the linear portion of the curve would pass thHrdbg origin asshownin
figures 7-18 and 7-19.

15 —————
| D1 D2 D3 D4
10 + -
- I
x +
o | ———- Shifted Raw Data
S  —— Corrected Displacement
5t B
I //4/?//
0 e==Z" A W
-0.5 0.0 0.5 1.0

Displacement, mm

FIGURE 7-18.RAW AND CORRECTED DSPLACEMENT DATA FROM LVDT'S
POSITIONED FERPENDICULAR TO EDGE, EXERIMENT LSM-1A
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FIGURE 7-19.RAW AND CORRECTED DSPLACEMENT DATA FROM LVDT'S
POSITIONED PARALLEL TO EDGE, EXEERIMENT LSM-1A

Deflecion basns from the corread lbad-defecion curves werehen conpared wih linear
elastic finite element calculations made with ABAQUSing the 8R5 reduced integtion,
second-order shell elementnitial calculations were made with the foundatiodulus of
subgade reaction set &= 27, 54, 82, and 10MPa/m (100, 200, 300, and 406i/in.). The
ABAQUS deflection profiles at points identical to the locations of tMDT's along lines
paalel and pependicular to the edge were compaed with the experimentd ddlection basin
profiles.

Figure 7-20 shows a lelpg plot obtained anatically of the modulusof subgade reaction
versus deflection (at gage locationD4 for a load of &kN (1,350Ib) from the ABAQUS finite
element calculations. This magnitude of bad was chosen becauses midway betwveen he
value at which the chang in slope occurs in the response of the rubber foundationkist 5
(1,125 Ib) and the load at which the onsegpadsiblecrackingoccurredat 7 kN (1,575 Ib). Upon
enteringthis plot with the experimentaldeflectionobtainedfrom gage D4 at P = 6 kN (1,350 Ib),
the value ofk for the edg loadingcase can be estimated as abouMP&/m (258psi/in.). An
additional ABAQUScalculation was made usinfis value ofk. The deflection basin profiles
alongthe lines of LVDT’s are shown in figres7-21 and 7-22.These figires show esellent
ageemenbetweerthe ABAQUS runsand eyeriment at the location ofage D4. However, the
ageement deteriorates foeges distant from D4, particularlfor the basin perpendicul#m the
edge. This disageement was gected, because it is well known that backcalculatddesof k
vary as one moves awdsom the edg of a rigd pavement slab.

The backcalculated modulus of suhde reaction for the rubber block in the reaction differs
significantly from tha obtaned from the plate bearing test. Again, this wa not surprising
because it has been known at least since the 18#I'mmodulusof subgadereactionis not an
intrinsic material propety, but rahe the vaue of k is dependent upon tle®nditionsof the test
run to estimate it.
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FIGURE 7-20.ANALYTICAL RELATIONSHIP BETWEEN MODULUS OF SUEBsRADE
REACTION AND DEFLECTION FROM ABAQUSMODELS,
EXPERMENT LSM-1A
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FIGURE 7-21. COMPARISON OF EXPERMENTAL AND ANAL YTICAL DEFLECTION
BASIN PROFILES PERPENDICULAR TO EDGE, EXERIMENT LSM-1A
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FIGURE 7-22. COMPARISON OF EXPERMENTAL AND ANAL YTICAL DEFLECTION
BASIN PROFILESPARALLEL TO EDGE, EXERIMENT LSM-1A

7.9.2 Experiment ISM-1B.

The instrument locations for tesBM-1B are indicated ifigure 7-23. A sinde arrayof LVDT’s
were placed abng a line perpendiular to the free of lhe kft-hand shb near lie lbaded area.
Similarly, a line of foil strain gges were placed on the surface of the left-hand slab admg
perpendicular to the edg The left-hand slab in figre 7-17 shows the crackipgtternsobserved
after the st was conpleted. Visible crackng was frst observed vih the unaidedeye at aload
of approxmately16.9 kN (3,800 Ib).

The loading plan followed in Experiment LSM-1B was identical to that followed in Experiment
LSM-1A. Figure 7-24 shows the loadifgstoryfor Experiment ISM-1B. A brief poweroutage
lasting a few seconds occurred duritige 10preloadingcycles. The MTS LoadStarcontrol
system and MEGADAC data acquisition stsgms were powered byninterruptible power
supplies duringhe power outagand thus were not affectetiowever,the hydraulic systemof
theloaderwasbriefly without power, and the load dropped off until power was restofddhis
point the control sstem reassumed control of the loader, and the test was continued.

The lbad-defécion traces fronthe LVDT's are presemd in appendk B. Thetrendsobservedn
these traces are similar to those discussed fpeiinent ISM-1A.
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The pbts fromthe stain gages are ado presemd in appendi B. These dattraces showhatthe
strain gges on the top surface of the slabistgred tensile strain€ven thoudy the crackpassed
close to GagSl1, crackingcannot be discerned in the straag@traces.

The load-deflection curves fronSM-1B were corrected for the nonlineasponsef therubber
foundation in the manner described forpExment ISM-1A. The shiftedraw datatracesalong
with the correcteddataare presented in fige 7-25. Deflection basins from the corrected load-
deflecion curves werehen conpared wih linear easic finite element calculations made with
ABAQUS usingthe S8R5 reduced intedion, second-ordeshell elements. Again, initial
calculationswere made with the modulus of suade reaction set dt= 27, 54, 82, and
109MPa/m (100, 200, 300, and 4f6i/in.). The ABAQUS deflection profiles apoints

identical to the locations of the LVDT’s were compaed with theexperimentd delection basin
profile.

15_"""""'""D'1"D'2"D'3"b4""
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FIGURE 7-25.RAW AND CORRECTED DSPLACEMNT DATA FROM LVDT'S,
EXPERMENT LSM-1B

Figure 7-26 shows a lelpg plot obtained anatically of the modulusof subgade reaction
versus deflection (Wat gage location D4 for a load of 6.BN (1,370Ib) from the ABAQUS
finite element calculations Enteringthis plot with the eperimental deflection obtained from
gageD4 a P= 6.1kN (1,370lb), the value ofk can be estimateds about 90 MPa/m
(330psif/in.). An additional ABAQUS calculation was made usirtpis value of k. The
deflection basin profiles alorte line of VDT’s are shown in figre 7-27. As wasthe casefor

ExperimentLSM-1A, excellent ageement between the ABAQUSINS and eperiment at the
location of ggge D4 was obtained.
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7.9.3 Summary

Experiments ISM-1A and LSM-1B demonstrated that meanfay deflectionbasinprofile data
and strain datacould be obtained usinghe techniques set forth in the plan of te$he data
indicated that the nonlinear, visco-elastic response ofrubber block foundation observed
duringthe plate bearingias also present in the testioigslabs placed on top of the rubber slabs.

The apparentmodulus of subgade reactionof the rubber block in reaction baxnder the
prevalent test conditions is 90 MPa/m (330 psi/in.) for corner loahdg/O MPa/m (258 psi/in.)
for edee loading Based upon the qualitgontrol tests previouslyeported inthis chapter,the
meanvalueof the elastic modulus of the concrete is appnaxely 27,600MPa (4x 1 psi)and
the mean valueof Poisson’s ratio is appronately 0.18; thusthe radiusof relative stiffnessof
the pavement sstem is 259nm (10.2in.) for edg loadingand 243nm (9.55in.) for corner
loading. These vadues are important paameters in the andytical investigations regported in
chaper 9.

7.10 EXPERMENT LSM-2.

Experiment ISM-2 consisted of two 51-mm (2-in.) -thick slabs founded direcotlyarubber
foundation and separated aydoweled joint. The joint openingvas fixed at 1.58mm (1/161in.)
by a Teflon sheetinsered betveenthetwo slabs. The lbad was appéd to the corner ofhie kft-
hand slab, which contained the bonded end of the dowelBhe location and spacingf the
dowels was as shown in tige 7-5.

The loadinghistoryfor Experiment LISM-2 is shown in figire 7-28. As in Experimentd.SM-1A
and LSM-1B, ten preloadingtriangular pulses of magtude 1.7&N (400lb) were applied.
However, ISM-2 deviated from the previous test in that after the preloelésyvere applied, the
deformationwasincreasednonotonicallyuntil the testingwas halted. After the application of
the final preloadingpulse,however,the testingwas paused brieflyto correct an error in one of
theLVDT’s. After this eror was crrected, thetestingwas resumel.

25
20 ¢
£ 15 [ Hold to correct error in
° r Gage D2
g L
3 10
5 ¢
0 WANVVY ‘
0 1,000 2,000 3,000
Time, sec

FIGURE 7-28.LOADING HISTORY, EXPERMENT LSM-2
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The instrumentationplan for ExperimentLSM-2 is presented in figre 7-29. This is the
instrumentatiorplanwhich would be adhered to for the remainder of th@edrmental progam.
A line of LVDT's spanned across the joint to capture the deflection Ipasfite. Also, aline of
strain gages were phced onhie bp surface oftte shbs.
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FIGURE 7-29.INSTRUMENTATION PLAN, EXPERMENTS LSM-2, -3R, -4, -5, AND -6

A posttestphotogaph of the top surface of the slabs is shown inrég7-30. The cracking
highlighted on the left (loaded) slab was first observedat a load of approxmately 17 kN
(3,8001b), while the crackingn the unloaded side was first observed laad of approxmately
19.1kN (4,300Ib). A series of three photogphs taken througthe transparent window in the
side of the reaction boxs shown in figire 7-31. The faint gids in the foregound of the
photogaphsare spacedat 12.7mm (1/2in.). As the load is increased fronera to 13.3kN
(3,000Ib), the deflection of the top surface of the slabgsvident. Also note that no visible
crackingcan be noted in the sides of the slabs at k18.83,000lb). However, bythe timethe
load had increased to 1kBI (4,000lb), a vertical crack was cleanysible directlybeneattthe
loaded area in theleft slab. Also, acrack which runs moreor lesshorizontdly from thejoint is
visible in the right (unloaded) slab. A posttest eamination of the crack revealed that it

originated at the dowel directly opposite the center of the loaded area and ran out and down
toward the edgand base of the g slab.
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The bad-dsplacenent traces fromthe arrayof LVDT’s are presemd in appendi B. As nokd
in thefigure,Gage D4 wasoverrang@data load of appraxately23kN (5,000lb). These traces
indicate clear evidence of crackingf loads geater thanapproxmately 10kN (2,350Ib).
Selected deflection basin profiles are plotted inrég7-32. Highly nonlinear responsadicating
severecrackingnearthe loadedarea is evident for the deflection basins akR0(4,500lb) and
24 kN (5,500 Ib).

The tracesfrom the strain gages bondedto the surface of the slabs are found in appeBdix
These dat clearly show he formation of the crackng which is visible on the top surfaceof the
slab: ontheleft (loaded) slab at approrately 17 kN (3,800lb) and on the rigt (unloaded) slab
at 19.1 kN (4,300 Ib).
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FIGURE 7-32.SELECTED DEH.ECTION BASIN PROHRLES, EXPERMENT LSM-2

7.11 EXPERMENT LSM-3R.

Experiment ISM-3 was scrapped because of an operator errgragramming the loading
function into the MTS Test Star loadeiherefore, a second model wiabricatedand tested
with the desigation of LSM-3R. The model consisted of two 51-mm (2-in.) -thick slabs
(separatedoy a doweledjoint) foundedon a monolithic 38.1-mm (1 1/2-in.) -thick cement-
stabilized base. The base was placed directiy the rubber block submde model. A Teflon
sheet inserted between the two slabs maintained the joint opening§8atm (1/16in.). A
circular load was applied near the corner of the left-hand slab, which contained the dxwhofed
thedowels. The location and spacir@f the dowels is shown in fige 7-5. Instrumentation fye
and locations for BM-3R were identical to that for@3M-2 (figure 7-29).

The loadinghistoryfor LSM-3R (figure 7-33) indicates théhe load underwentseveralcyclesof
unloading and rebading near he peakdad as cracks foread and lhe stesses were resiributed

in the modd. A transient redudion in stiffness of thepavement modé was evident beween
approxmately12 kN (2,700 Ib) and 16 kN (3,600 Ibffigure 7-34is a posttesphotogaphof the
top surface ofie nodel Several corner breaks arevidenton the surfaceof the left-handor
loaded slab.The occurrence of the outermost corner break corresponded witinsthgeakin
the loading history plot at approxmately 38 kN (8,550Ib), while the inner break corresponded
with the second major peak at appnamately 37 kN (8,300Ib). Posttest observations indicated
that these cracks in the slab progiad throudp the stabilizedbaseaswell. No debondingof the
basefrom the slabs at their interface was observétbnsiderable crushingr punchingshear
deformations were noted in and around the circular loaded area.
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Figure 7-35 contains selected phatghs of the joint ragn taken throug the transparent
window in the side of the reaction bas the egeriment wasinderway A vertical crackin the
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cement-stabilizethasewasclearlyvisible to the unaided eyat a load of 7.BN (2,000lb). The

lower left photogaph was taken at a load of 37.8 kN (8,500 Ib), which is near the first peak in the
load-deflection curve.The lower ridnt photogaph was taken just prior to haltitige test. Note
thatthe verical crack n the base has opened calgsiaby, and horzontal cracking is evidentin

the left- and rigt-hand slabs and in the base underneath themand slab.

P =37.8 kN P=2347kN

FIGURE 7-35.SELECTED PHOTOGRAPHS OBOINT REGION DURING TESTNG,
EXPERMENT LSM-3R

The bad-dsplacenent and bad-stain traces are presesut in appendi B. The effecs of the
cracking which occurrednearpeak bad are ewventin these da Seleced defecion basn
profiles are plotted in figre 7-36. Insicht into theinfluenceof the stabilizedbasecourseon the
postcrackingresponseof the slabs can beaged bycomparingthe deflection basin profiles in
figure 7-36 with thosefrom ExperimentLSM-2 (figure 7-32). The basinsfrom Experiment
LSM-2 (with no base course) argghly noninear afér cracking has occurredhdicaing the slab
is breakingapart under increasinigads. However, for Eperiment ISM-3R (with stabilized

7-38



base), the postcrackindeflection basins do not indicate that tslab responses nearly as
nonlinear as that observed ing&iment LlSM-2.
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FIGURE 7-36.SELECTED DER.ECTION BASIN PROHRLES, EXPERMENT LSM-3R

7.12 EXPERMENT LSM-4.

Two 51-mm (2-in.) -thick slabs (separatedébgoweled joint) founded on3.1-mm(1 1/2-in.)
-thick cement-stailized basewere construt¢ed and tested for Expeiment LSM-4. The basewas
dividedinto two equalhalvesby a cold-joint discontinuitydirectly beneath the slab construction
joint. The base was founded directly the rubber block sukape model.

A Teflon sheet inserted between the two slabs maintained the slalpaningat 1.58mm
(1/16 in.). A circularload wasappliednearthe cornerof the left-handslab,which containedhe
bonded end of the dowelsThe location and spacingf the dowelsis shownin figure7-5.
Instrumentation fye and locations for $M-4 were identicalto that for LSM-2 and LSM-3R

(figure 7-29).

The loading history for LSM-4 (figure7-37) is simila in form totha of LSM-3R. A transient

reductionin stiffness of the pavementmodel occurredin the vicinity of a load of 15 kN

(3,400Ib). Figure7-38 is a posttest phot@ph of the top surface of the modérhe cracking

shown in the photagph occurred on both the loaded and unloaded sifi#ise joint and is

nearly symmetrical aboutthe joint. As was the case for periment ISM-3R, the cracking
pattern in the slabs was reflected in the base course asAgdin, no debondingf the slab-

base mterface was observed.
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EXPERMENT LSM-4

Figure7-39 contains selected photaghs of the joint ragn taken throug the transparent
window in the side of the reactionbox during the eyeriment. Before the testingommenced,
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the cold-joint dis@ntinuity is visible in the base As the ddlection increased, the cold joint
opened up.

Cold Joint

P=33.4kN

P=339kN

FIGURE 7-39.SELECTED PHOTOGRAPHS OBOINT REGION DURING TESTNG,
EXPERMENT LSM-4

The lbad-dsplacenenttraces fromthe LVDT’s are shownn appendi B. As nokd on he plots
in appendixB, gages D3, D4, and D5 experiencedoverrangng before the test was hdted.
Selected deflection basin profiles are plotted imirigy-40. Again, thesedataindicate,aswas
the casefor Experiment ISM-3R, the presence of the stabilized base course, evenhtlitowgs
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initially cracked, led to a much more ductile (post-pesgbacity responsehanthatobservedor
the slabs founded directlpn the rubber pad (periment ISM-2). Strain gage traces are also
presentedn appendixB. Gage S5 failed during the test. It was postulatedthat the gage was
inadequatelyonded to the slab.
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FIGURE 7-40.SELECTED DEHR.ECTION BASIN PROHRLES, EXPERMENT LSM-4

7.13 EXPERMENT LSM-5.

A polyethylene-sand-polthylenesandwich was constructed as a bond-brealapg between
thetwo 51-mm (2-in.) -thick slabs (separated dyloweled joint) and the 37.1-mm (1 1/2-in.)
-thick cement-stabilized base for fieximent ISM-5. The monolithicbasewasfoundeddirectly

on the rubber block subgde model.A Teflon sheet insertedetweenthe two slabsmaintained
the slabjoint openingat 1.58mm (1/16in.). A circular load was applied near the corner of the
left-hand slab, which contained the bonded end of the dowdis.locationand spacingof the
dowelsis shownin figure 7-5. Instrumentatiortype andlocationsfor LSM-5 wereidenticalto
that for LSM-2, -3R, and -4 (figre 7-29).

The loadinghistory for LSM-5 is presented in fige 7-41. As was the casefor Experiments
LSM-3R and ISM-4, a transient reduction in stiffness of thavementmodel occurredin the
vicinity of a load of 1%N (3,400lb). A posttest photagph of the top surface of the model is
presentedn figure 7-42. Several corner breaks are evident on the surface of the left-hand,
loaded, slab and a siegcorner break on the htthand, unloaded, slablhe occurrence of the
outermost corner break on the left side occurred at a load of amateky 25 kN (5,600Ib), and

the cornerbreakon the left occurred at a load of appliaxately 28 kN (6,300Ib). The interior
corner breaks on the loaded side happenedgssiyelyas the load dropped from msaximum
value of approknately33 kN (7,400 Ib).
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EXPERMENT LSM-5

Figure 7-43 showsselectedphotogaphstaken throuf the transparent window in the side of the
reactionbox. Perhaps the most interestirgdpservation from these photaghs is that no
crackingwas observed in the cement-stabilized baBesed upon the results of thmevious
experimentsjt canbe concludedhat breakingthe bond between the slabs and base radyce
the poenia for crackng benedt the surfacegint.
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FIGURE 7-43.SELECTED PHOTOGRAPHS OBOINT REGION DURING TESTNG,
EXPERMENT LSM-5

The lbad-dsplacenent and stain traces fromthe eyeriment are preseetl in appendk B.
Gages D3,D4, and D5 experiencedoverrangng beforethe testwashalted. Selecteddeflection
basin profiles are plotted in fige 7-44. It can be noted from fige 7-44 that the responsas

less ductile than that observed inpeximents ISM-3R andLSM-4, in which bonding between
the slabs and base was not prevented.
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7.14 EXPERMENT LSM-6.

Experiment ISM-6 differed from Exyeriments ISM-3R, LSM-4, and LSM-5 in that the slabs
were founded on an unboundapular base.Two 51-mm (2-in.) -thick slabs separated dy
doweledjoint were constructedlirectly on top of the 102-mm (4-in.) -thick unbound baskhe
locationandspacingof the dowelsis shown in figire 7-5. A circular load was applied near the
corner of the left-hand slab, which contained the bonded end of the ddnstlsimentation fye
and locations for Eperiment ISM-6 were identical to those for Beriments ISM-2, -3R, -4,
and -5 as shown in fuge 7-29.

Figure 7-45 presentsthe loading history for Experiment ISM-6. As was the case for the
previous peiments, thee was atransient redudion in stiffness & a load of approximately 15
KN (3,400 1b), followed by a severe reduction in load at approately 17.5 kN (3,900 Ib).
Beyond this point, the response of the slabss characteried by repeatedcycles of partial
loadingandunloadingas the displacement was continuouslyreased until the @eriment was
stopped.

A posttest photagph of the top surface of the model slabs is showigure 7-46. The failure
mode of the slabs was charagtized byseres of corner cracks aarious radi from the lbaded
area. The ouermostcrack exended hroudh the pint and nto the adacentunloaded sdb. Near
the end of the testingertical crackingvas noted underneath the circular loaded area.
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Figure 7-47 contains selected photaghs from the camera mounted just outside the transparent
window in the reaction box These photogphs show the relative laglisplacement of the
loadedslabto theleft of the pint. However, no edence of shearg can be seemithe banded
layers of the unboundrgnular base.

P=0kN P =13.3 kN
P =14.7 kN P =15.4 kN

FIGURE 7-47.SELECTED PHOTOGRAPHS OBOINT REGION DURING TESTNG,
EXPERMENT LSM-6

Theload-dsplacenentandstrain tracesfrom the exeriment are presertl in appendi B. Gage

D2 failed to produe daa during the experiment dueto ashort in theinstrumentaion cable.

Gage D6 also failed duringhe conduct of the g@eriment. Gages D3, D4, and D®xperienced
overrangng during the exeriment. Selected deflection basin profiles frahe experimentare
plotted in figure 7-48.
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7.15 COMPARISON OFEXPERMENTAL RESULTS.

In figures7-49 and 7-50, the load-deformation traces from D4 and D5, respectjvéigm
Experiments ISM-2, -3R, -4, -5, and -6 have been plotted on the sgmaphs. Theseplots
indicate the relative stiffness and strngf the variousexperimentalmodelconfigurations. To
conpare the slopesof the five curves, nsantaneous pe valles were callated for loads
between5 and 10 kN for the cases of the loaded and unloaded sides of the jGMNOVA
techniques wae subsquently usal to deermine if a stdisticaly significant difference in the
precracking slopes wuld beobseved. The instantaneousslopemeasurements failed a normdity
test;thereforethe ANOVA was conducted based upon ranksfferences in the median values
among the exeriments were geaer than woutl be epeced by chancetherefore therewasa
statisticallysignificant differenceat the 0.05 sigificance level. A multiple pairwise comparison
procedure was used to isolate theperiments that were sigicantly different. The resultsof
this procedure ndicaed hat the sbpe neasured for BExeriment LSM-6 was sgnificanty
different for that of Eperiments ISM-2, -3R, -4, and -5.
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The postcrackingesponses of the five p&riments revealed sonstriking differences. As
expected,the load carrying capacityof the models with stabiled bases eeeded that of the
experiment without a stabilized base (f&ximent LISM-2) and that fothe unboundgranularbase
(Experiment ISM-6). For the two eperiments in which bondingetween the slabs abdsewas
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allowed (LSM-3R and -4), the load camg capacitywas geaterthan whenthe bond breaker
was enployed (LSM-5). The slabs with stailized bases sustaned greater deflections prior to
experiencingsofteningof the load-deflection curvesThus, it canbe observedrom theseplots
tha compositeaction of the slabs and stdilized bases providel an inaease in strudurd capecity
and dudility ove slabs @st directly on gade

Figure 7-51 shows a composite plotd&fflectionloadtransferefficiencies(LTEs) versus load for
each of he exeriments. These vales were calulated by forming the ratios of the measured
deflections at VDT locations D4 and D5.Calculated values of TE; for loads less tha 5kN
were unrdiable dueto thesmdl levels of deformation at low load levels and dueto sesting of the
slabs on the foundationThus, these measurements are not plottefigure 7-51. Similarly,
once theinitial pesk loads ocurred (typically assodated with visible cracking of theslabs), the
calculated values of LTEs becane unreiable. Therefore, hese vales are @o notplotted in
figure 7-51.
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FIGURE 7-51.DEFLECTION LOAD TRANSFER EFFCIENCIES FROM EXPERVMENTS

Severalimportantobservationg€anbe madefrom observinghe plot in figire7-51. First, it can
be observed that thgreatestvaluesof LTEs were obtained from the slabs founding the
monolithic stabilized base 8M-3R), followed, in orderby slabs founded on a cracked
monolithic base, founded on a monolithic base with a bond breakefinathg, foundeddirectly
ontherubberpad. Secondly all of the curves (with the egption of Eperiment LISM-6) seem
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to have he sare generalshape ndicaing the maximum load tansfer effciencyoccurred atow
loadswith decreasingeffectivenesdor increasingload. This phenomenon is likelgaused by
locdlized crushingof the slabs’ conaete in the region of thedowds & the loads and resulting
displacenents increase. This crushng occurs where lgh localzed loadsare being transferred
from the concret to the bars or \#a versa. This effect has been predied by finite element
modelers(Channakeshavadarzegar, and Voyadjis 1993) and can also occur as the result of
localized fatigue in pavemenslabs under the influence of repeated service lodtie deviance
from this pattern observed for ggriment ISM-6 may be caused bthe nonlinearesponseof

the unbound i@nular base.

Certain observations from this garimental progam point to some sigficant challengs for
modelersseekingto predict rigd pavement behavior and performancémong these are the
following chadlenges:

a. The presence of bondirtgetween the slabs and base has an effect ostithiegh and
dudility of therigid parement strucure The concept of the compositeor “top of the
base’modulusof subgade reaction, which involves increasithge subgade modulus to
account for stabilized basesnh@es the composite action of tk&ab-stabilizedbase
structural system. This concept, which was adopted out of necessiten the only
methodof predictingrigid pavement behavior was theestergard theory should be
abandoned in favor of a more realistic model thatlieitly includes the structural
bendfits of thestailized base

b. The presence and qudity of stadilized base has a influence on the load transfe
effectiveness of arigid paszement joint. From the expeimentd dda, it appears tha a
monolithic stailized bease provides supeor joint peformance. However, field
observations byGrogan, Weiss, and Rollirgg(1996) at Dallas-6rt Worth, Stapleton
(Denve), and Hatsfield (Atlanta) Internaiond Airports have indicated tha the mgority
of boththelongtudinal and transverse cracking cement stabilized bases was found to
occur under the joints in the rifgpavement surfacelhus, it mayreasonablypeexpected
tha, for the mgority of in-savice rigid paszements, gacks ae present in the stailized
basein a patern maching thejointing patern of theslabs. The ne effect of this aacking
is that the lbad tansfer nechansm includes notonly the lbad tansfer dewes(dowek,
agyrecate interlock, keyways) in the shb, butalso sone degee ofloadtransferdueto
aggregate interlock in thestabilized base The effectiveness ofthis aggregate interlock in
the baseis likely to dependuponthe magitude and cgles of loading quality of the
stabilized base maerials, axd moistureand tempeaature (and attending volume changes)
in thebase

C. The presence and dege of bondingbetween the slabs and the stabilized base course has
an influence on thestrudurd capecity and loal transfe capability of therigid pavement
structure. Research bywWesivich, McCulloudn, and BRirns (1987) has shown thtte
maaqnitude of friction between the slab and the base is dependent upon pslaemgand
adhesion between the slab and the bd$eyalso concluded that the adhesions great
enoudp, thefailure planewill not be at the interface between the slab and base, but rather
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within the base.Observations bysrogan, Weiss, and Rollirgy(1996) indicatedvhere
slabs wee bang reconstruted & Hartsfield (Atlantg) Internaiond Airport tha in some

instances the cement stdilized basewas alhaed to the slabs, while in othe instances it
was not.

The experiments conducted in this investigition confirmed the observations and
predictions of other researcherdhat the effectveness of e lbad tansfer nechansm
decreases with localized damage in the immediate vicinity of the joint. This has
significant implications in the modding of the paformance of rigid pavements. A
nonlinear mode of decreasing joint effectiveness with r@etitions of loal would be
necessaryo model this aspect of iy pavement performanceAdditional testingand
research would be required to develop and calibrate such a model.

7-52



8. ANALYTICAL MODEL DEVELOPMENT AND VERIFICATION.

8.1 ANALYTICAL MODEL DESCRPTION.

Most responsemodelsfor rigid pavements, includinghe Westergaard model and 2bnite
element models, assume a $ingnan-made lay rests directlyon a foundatiorthat can be
represented by bed of springg However, mosmodernairport pavementsare constructecbn
cement-stailized bases thd are of high qudity and substatial strength. The contribution of the
base course to the stréhgf the pavement structure is poodgderstood. To accountfor the
increasedcapacity of the foundationcausedby a stabilized lagr, the modulus of sulbgde
reacton is increasedn the Westergaard nodel This approachjn which the top-of-the-base
modulusis determinedempirically, is required bythe assumptions implied in theédéfergard
solution. Similarly, 2D finite element plate proams, such ad_LI-SLAB, mayaccountfor the
stabilized lagr by addingadditional stiffness to the plate elements based upon the cond¢bpt of
transformed section.

The primary deficiencyof these approaches that neiher drecly addressese nfluenceof the
basecourseon theload transfe efficiency a ajoint. In amostall instances, stabilized layers are
constructed to be monolithiddowever, field observation&Grogan, Weiss,and Rollings 1996)
have indicated tha cracks ocur in the stabilized base in a patern tha directly maches the
jointing patern in the surfacedyer. It islikely thatsomne loadtransferoccursacrosshesecracks
by aggrecate interlock.

As a part of the construction process, a bond breaketmaged between the surface slaid
the base course; thus, it is possible thegisgnayopen between the slab abdsecourse. For
those areas which remain in contact, shear stressbmdyansferred acrogske boundaryby
friction. In other cases, delamination of an initiddlgnded base course and slab megur from
volume changs causedby moisture and émperatire varatons. In sone instances, tld
investigationshaveindicatedthat delaminations have occurred, usuatlynewhere beneath the
interface between the slab and base course &By&eiss, andRollings 1996). It is likely that
shexr stresses ae transmittal across thee ddaminations by aggregate interlock. It is aso
possible that gps mayform between the slabs and bas$e.order to make a contribution toe
state of the art in rig pavement response modelitigese factors must be considered.

Table 8-1 contans a marix tha summaizes these conditions and compaes them to the

experimentsdescribed in chaptét. To develop an anafis methodoloyg that takes into
consideration the influence of the stabilized base course on the joint respeagesaf finite

elementmodelswere generatedand executed. Figure 8-1summaries the casesdescribedand
the nodeloptons chosemotrepresenthe behawr of the nmgor featires of each case.
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TABLE 8-1. CONSDERATIONS FOR MODELDEVELOPMENT

Are Base andl8@bs | Is Base Course Cracked Experiment Most Closely
Case Bonded? Beneah Sab bint? MatchingCase
I No Base No Base LSM-2
I Yes No LSM-3R
1 Yes Yes LSM-4
1\ No No LSM-5, LSM-6
\% No Yes Not in experimentd matrix
JOINT JOINT

BASE
SUBGRADE CRACKX SUBGRADE
,/( y.v
(a) Casel f’ X, (b) Cases II, I, IV, and V
zZw
Crack in
Case Slabs Base Subgrade Joint Base Interface
| C3D27R |  —— FOUNDATION JOINTC | = -
Il C3D27R C3D27R FOUNDATION JOINTC MPC (TIED) TIED
I} C3D27R C3D27R FOUNDATION JOINTC JOINTC TIED
\4 C3D27R C3D27R FOUNDATION JOINTC MPC (TIED) FRICTION
\ C3D27R C3D27R FOUNDATION JOINTC JOINTC FRICTION

(c) Model Options

FIGURE 8-1. ANALYTICAL MODEL CASE DESCRIPTIONS

The slabs and base course continua were model&Bb@7R reduced-integtion, Lagrangan
hexahedral elemens. The jpint beiveen he shbswas modekd by JOINTC element with
stiffnesses assigned in the z direction only. Thus, theload transfe mechanism wa implidtly a
shearonly mechansm, with no load tansfer dued bendng. The nterface betveen he shbs and
base course was modeledthg ABAQUScontact interaction featuraVherethe baseandslabs
were bonded (Casekdndlll), thetied option was invoked to force the displacements of all three
degees of freedomu( v, and W} to be equal for all node pairs across the interfatéhere the



slabs and base were not bonded (CAgemnd V), the friction option was useddtiow transfer

of shear coract sresses acrosbe nterface. For Casesll and V in which the basecoursewas

not cracked, ABAQU3/PCs with the tie option invokedasusedto setequaldisplacementgu,

v, and W of correspondingnodepairs across the craclConverselyfor Casedll and V in which

a crackwas presenin the base courseQINTC elements were enployed b alow load tansfer
acrosgo thecrack. Again, siffnesses were aggied b the JOINTC elenments in the zdirecion
only, limiting loadtransferto shearonly. For each of the cases, the suatp was modeled as a
bed of springg usingthe ABAQUS foundation option.In all cases, the slabs and base were
considered to be weigjess.

8.2 ANAL YTICAL MODEL RESULTS.

8.2.1 Case |

The maerial and struturd paameters from theexpeaimentd pavement modds (summaized in
table8-2) were used to develop the anialgl model. Because of concermboutexecutiontimes
andmemoryrequirements, a relativelgoarse mesh (fige 8-2) was adopted.The aspect ratio
for theelementsin the planeof the shb surface was 1; whie the aspectato in the pane of he
slabthicknesswas4:1. The springstiffnesses assmgd to the individual JINTC elements were
calculated from the data in table 8-2 usatgiations 4.15 and 4.18heloadedareawasequalto
that of the crcular loaded areanithe exerimental progam The bad consted of a uniform
pressure of 1 MPa, and the loaded area was 0.01@dsuitingin a total load of 10.4 kN.

The boundaryconditions for the finite element model were selected to match tho#ee of
experiment as closely aspossble. The ends oftte exerimental slabs were restined bythe
stiff, steelreacton box andby structural steel andes enbedded m the bp surface of eachadh
and bolted to the reaction hoXhus,all threedegeesof freedomwererestrainedu =v =w = 0)
along these endsnithe finite element model The oher sdes of he eyerimental slabswere
prevened from deformng laterally by the seel reacton box Therefore, m the finite element
model,translation perpendicular to the sides of the Wwas restrainedv(= 0). Becauselte sdes
of thebox werecoatedwith a formrelease agnt prior to casing the shbs, he oher o degees
of freedom were not restrained.

The results from thefinite dement andysis wae compaed with results from Exyperiment
LSM-2. In orde to directly compae the load-delection results from thefinite dement modé to
the experiment, the experimental load-defécion dat were correcd b renove he noninearty
introduced bythe rubber subgde. This was done in ananneridentical to that describedin
chapter 7#or Experimentd. SM-1A andLSM-1B. Theoriginal experimentaldataalongwith the
corrected experimentd data (up to a load of 10kN) are shown in figire8-3. The resulting
experimentaldeflectionbasinprofiles at a load of approxmately 10 kN are shownin figure 8-4
along with the ddlection basin profile from thefinite e ement modé. These daa indicate tha
the finite dement modé matches thecorrected experimentd daa well.



TABLE 8-2. APPUCABLE EXPERMENTAL MODEL PARAMETERS

Paranater Equation No. Dimensions Value
Slabsen-Grade Material Paragters
Es - F/L? 27,600 MPa
Us -- — 0.18
h -- L 0.051m
k - F/L 90 MPa/m
Slabsen-Grade Structural Paraasters
0 3.1 L 0.243 m
£ -- L 0.0508 m
&/ — — 0.209
Joint Material Rraneters
Es - F/L? 200,000 MPa
Ug - — 0.30
K - F/L 407,000 MPa/m
Joint Sructural Rraneters

S -- L 0.102 m
d -- L 0.00635 m
lg - L* 7.9810" m*
A, 4.12 L 28.5¢10° m®
Gy 4.11 F/L? 76,900 MPa
w -- L 0.00159 m
® 4.10 - 34.7
C 4.9 F/L 112 MN/m
B 4.8 Lt 79.8 m'
DCI 4.7 F/L 15.2 MN/m
D 4.6 F/L 15.1 MN/m
f = D/sk/ - - 6.79
q=DIs - F/L? 148 MN/mm
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FIGURE 8-2. FINITE ELEMENT MODEL, CASE |
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FIGURE 8-3. RAW AND CORRECTED DEPLACEMENTS EXPERIMENT LSM-2
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Deflection Basin Profile at P = 10 kN
Distance From Joint, mm

-350 -300 -250 -200 -150 -100 -50 0 50 100 150
0 N T T T T T T T T T T T T T T T T

0.1 ¢ —e— FE Model (Case |)

0.2 ~ —— Experiment

03 [ —a— Corrected Experiment

04 -
05 |

Deflection, mm

06 [
07 [

08 -

FIGURE 8-4. EXPERIMENTAL AND ANAL YTICAL DEFLECTION BASIN PROFILES
EXPERMENT LSM-2

Figure 8-5showsa plot of LTEs (calculatedas the ratio of VDTs D5 and D4) as a function of
applied load. Supeimposel on this dtais thedeflection load transfe efficiency predicted & the
locaion of LVDTs D5 and D4 bythe finite element model Again, the ageenent betveen he
model and the eperimental data is acceptable over the linear ganf response of the
experimental slabs.At loads above appraxately 17kN, significant crackingoccurredin the
experiment, thus chamgg the exyerimental boundargonditions.

0.95
0.90
L _ FEModel (Casel) _ _ _ _ _ _ __ _|
0.85 )
"y i Experiment
- L
- L
0.80 |
0.75 |
070 L L L L ! | s L L L L L L L L L L ! 1 L I L L
0 5 10 15 20 25

Load, kN

FIGURE 8-5. COMPARISON OF EXHERIMENTAL DEFLECTION LOAD TRANSFER
EFFICIENCY WITH ANALYTICAL VALUE, EXFERIMENT LSM-2
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Basedupontheseresultsit was concluded all aspects of the finite element model, inclutieg
densityof finite elementmesh,the modelingof the load transfer at the joints, and the boundary
conditions imposed on the slab thye reaction boxwere adequate.

8.2.2 Casell.

Figure8-6 showsa diagam of the 3Dfinite element mesh used to predict the response from
ExperimentsLSM-3R. In plan view, the mesh was identical to the mesh engdoyor
Experiment LSM-2. The surfacedyer conssted of wo shbs separatl by a joint, which was
modeled usinghe ABAQUSJOINTC elements. The individual spring stiffnessesssigedto

the JOINTC elements acrosshejoint in the shbs weredentcal to those emloyed for te finite
element model of CasgExperiment lSM-2).

v=0 2slabs @ 914 mm
Ry W N W %JOInW\ W‘\ N

.
7 77, Z

7~

£
£
o
N
\
L
\§
AN AN AN\ N \\w A\
U=v=w=0 v=0 Loaded Area U=v=w=0
Plan View
Joint
Y T T —| T — ] T I T T T N Slab: 51 mm
S F T Y Base: 38 mm
Elevation
Esiap = 27,600 MPa Epase= 1,410 MPa p=1MPa
MUsiab = 0.18 Upase = 0.20 A=0.0104 m*
hslab = 0051 m hbase = 0038 m P = 00104 MN
k=90 MPa/m a=0.0575m
Gsiab = 148 MN/m/m
FIGURE 8-6. FINITE ELEMENT MODEL, CASESII, Ill, IV, AND V

The material and structural properties of the slabs andaddgveradenticalto thosedescribed
in table 8-2. Additional material and structural parameterdor the basecourseare listed in
table 8-3.
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TABLE 8-3. APPUCABLE EXPERMENTAL MODEL PARAMETERS FOR BSE

Paameter Equdion No. Dimensions Value

BaseMaterial Paameters

Ep - F/L? 1,410 MPa

Uy -- -- 0.20

h -- L 0.038 m
Base $uctural Rrameters

0y 8.1 L 13.056 m

B 8.2 -- 2.903

Two additional structural parametersused by Kuo (1994), were introduced to describe the
structural properties of the base cour$be radius of relative stiffness defined as follows:

Es

=_ =0 8.1
Kk (1-1,) (&4

Ly

The base factor relates the structural properties of the base and slab as follows:

p=J fohy (8.2)

14

The finite dement modé was extendel in thevertical direction (z direction) to includdhe base
course. The base course was modeled d\sinde layer of ABAQUS C3D27R hexahedral
elementswith aspectratiosof 1:1in the plane of the base surface and 2.67:1 in the plane of the
base thickness.The nodes alonghe interface between the slab and base were tied so that no
delaminatons or glp occurred beteen he shbs and base cours&he lower surfacesof the
elements in the base course were supportea lyd of springusingthe ABAQUS foundation
option.

As wasthesituationfor the Case finite element model, the boundargnditions were chosen to
matchas closelyas possible the perimental conditionsThe boundargconditions, as indicated
in figure 8-6, were thus the same as those used for Case |

The results from thefinite dement modé were compaed with daa from Experiment LSM-3R.
Figure 8-7showsa plot of LTE;s versus load from Eperiment ISM-3R alongwith thevalue of
LTEs predicted from theCasell finite ement modé at the location of theLVDT array in the
expeaiment. The finite dement modée predicted dmost pefect joint efficiency (LTEs = 0.998).
Figure 8-8showsthe deflectionbasinprofile (raw data,no correctionsapplied)from Experiment
LSM-3R at a load of approxmately 10 kN plotted alongside the analytical deflection basin
profile for tha load. The magnitude of the ddlections pralicted lessthan tha obseved in the
experiment.
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FIGURE 8-7. COMPARISON OF EXFERIMENTAL DEFLECTION LOAD TRANSFER
EFFICIENCY WITH ANALYTICAL VALUE, EXFERIMENT LSM-3R
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FIGURE 8-8. EXPERIMENTAL AND ANAL YTICAL DEFLECTION BASIN PROFILES,
EXPERMENT LSM-3R

0.50

A second finite element run was made with the Claseodel. In this run, the stiffnessof the
joint was decreased layfactor of 100 frong = 148 MN/m/m tog = 1.48MN/m/m. As indicated
in figure8-9, dereasing the stiffness of thgoint by two ordes of manitude had little effect on
the resulting LTEs. In Case I, the slabsand basewere not free to separate. Furthermore the
base was monolithic, and thus the slabs are forced to have equal displaegthemsersection
of the pint with the shbbase coursenterface. Because ofltis effect there was essaally no
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differential movament ecross thejoint. Thus, themagnitude of the stiffness of theJOINTC
element makes vrtually no diference becausé¢ diferenta displacenents acrosghejoint are
smdl.

1.00 0.998 0995

0.98

0.96

LTE,

0.94

0.92

0.90

q=148 q=1.48
Joint Stiffness, MN/m/m

FIGURE 8-9. VARIATION OF ANALYTICAL DEFLECTION LOAD TRANSFER
EFFICIENCY WITH JOINT STIFFNESS, CASEI|

8.2.3 Casdll.

The finite element modd employed for Case lll was identical to tha employed for Case Il with
one ngor excepton: a crack wih agrecate interlock was preseni the basecoursemodel
Material and strucurd propeties for the moded were identical to thoselisted in tables 8-1 and
8-3. The stiffness of thejoint, gjint , for Caselll was identical to that for Cases| and Il. The
effect of agregate interlock in the base course on joint respamsginvesticated. Aggregate
interlock across the crack was modeled usiABAQUS XINTC elements connecting
correspondinghode pairs across the craclk range of conditionswere modeled,varying from
the case of an open aack in the basewith no loa transfe to thecase of a monolithic base by
choosinga spectrum of values of the crack stiffness paranggter The individual spring
constantsK) for thejoint and baewere calculated from thegpase anddjint Usingequationst.15
and 4.16.

The results from these ansdg are plotted in figre 8-10. The horizontal axis is theratio of Qpae

to Gjoint, While the vertical axis is LTEs calculated at the location of the LVDT array in the

experimental progam For he case of a dowadl pint with no agregate interlock, Qjoint is a
function of thedoweldiameterdowel spacingand joint opening However,gpae iS an unknown
guantity which may gpproah zeo in thecase of an open aack (no agregate interlock) to near

infinity in thecase of amonolithicbasecourse
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Severalimportant observationscan be made concerningthe analytical curve in figure 8-10.
Results from the finite element ansdg indicate that the amount of load transfethe base
influences the deflection load transfa a the joint. As would beintuitively expected, the
deflecionloadtransfer efftiencyincreases wh increaang shear stfness acrosshe crackm the
base course.

The deflecion load tansfer efftiences fromExperiments LSM-3R and LSM-4 are ato shown

in figure8-10. Thedatafrom LSM-4 indicates that one would predict that the crack stiffness due
to aggregate interlock in the base coursewas ove twice the stiffness of thedowded joint.
However this observations irrationalbecause the dowels in the slabs should provide more shear
stiffness tha theaggregate interlock in thebase Similarly, the data from LSM-3R indicates tha

the experimental deflecton load tansfer effciencyintersecs the curve m a bcaton sonewhat
bdow thepoint pralicted for amonolithicbase

1,00 AR | rorrrrT TorrrrTT oy rorrrren
| _ExperimentLSM-3R
|
) [ |
= 095 _ ExperimentLSM-4 | ‘
Q |
> I
- l
B ]
uf 0.90 | } | .
= |
.
.
, | |
0.85 | Lo sl i1l L1l l sl I Lol Lol
103 102 10 100 101 102 103
qbase/qjoint
Open Crack in Base Monolithic
(No Load Transfer) Base

FIGURE 8-10.VARIATION OF ANALYTICAL DEFLECTION LOAD TRANSFER
EFFICIENCY WITH CHANGESIN AGGREGATE NTERLOCK IN
CRACKED BASE, CASEII

The stiffness of the doweled joint can be decomposed into components from shetangn
the dowel, bendingaction in the dowel, and from direct bearifoy agyregate interlock) across
thejoint as follows:

(8.3)

qjoint - qdowelshear+ qdowelbending+ qaggregate;nterlock
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Most researcherdhave concludedthat the component due to dowel bendisgnedgible,
particularly for the rangs of joint opening which typically occur in airport pavements.
Therefore, the joint stiffness can be thbugf as the sum of theomponentdrom dowel shear
and from aggrecate interlock. In the case of e eyerimental progam the dowel shear
component maybe calculated directifrom the dowel diameterdowel spacing and joint
opening Even thou@ the joint openingn the eyeriments contained a Tefl@trip to minimize
load transfa dueto direct bearing, it is likely tha direct bearing made somecontributionto the
stiffness of thegoint. If direct bearing contributed to thestiffness of thgoint, gjint is greaer than
that cakulated from the dowe$ abne. As gjint iNCreases,hie rato of gpae t0 Gjoint decreases.
Thus, the curve in figre8-10 would be translated to the left, as indicated iaré§-11. This
postulded shift in the locus of the curve would result in a rationd intersection of the
experimental dat with the anaftical curve.

Full Bond Between Slab and Base
1.00 T T TrrTTTT Tt T Ty T
rExperiment LSM-3R

0.95 r Experiment LSM-4 1

LTEs (at LVDT line)

0.85 AT PRI B ST B R T [. Ll FEFEETTY B A TTY] B ST TIT B
104 10% 102 10" 109 10" 102 108

qbase / qjoint

——— qjo,-,,t = qdowel shear + qaggregate interfock
(Postulated)

qjoint = qdowel shear
(Finite Element Model)

FIGURE 8-11.POSTUIATED SHIFT IN ANALYTICAL CURVE DUE TO DRECT
BEARING IN JOINT, CASE llI

Deflection basinsfrom selected Case lll runsadongthe location of the experimental LVDT array
are plotted versus the parimental deflection basin profile from feriment ISM-4 at a loadof
approxmately 10kN in figure8-12. The deflection on the loaded (left) sidethe joint for the
case wherepas/qjoint = 0.1 is verynearlythe same as the parimental deflection @hatlocation.
However, the deflection just a&ross thgoint is less tha tha obseéved in theexperiment. Also
note thatas heq ratio increases, theratio of ddlections aross thgoint becomes dose to unity.
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FIGURE 8-12. EXPERMENTAL AND ANALYTICAL DEFLECTION BASIN PROFLES,
EXPERMENT LSM-4

8.2.4 CaseV.

In CaselV, thebasewas mnsideed to bemonolithic However, the contact interaction feature
was implemented beéween thebase courseand theslabs dlowing slip to ocur bdween theslabs
andbaseas wel as @ps D open. Coulomb friction was nedekd on he conactsurfaces wh a
range of coefficients of static friction from 0.1 to 10@\ coefficientof friction greaterthan 1
represerg a shear séss wheh is greaer than he nornal pressure causgy the shear s¢ss. This
condition, which mayot be realistic, is nonetheless instructive to consider as a motialing

Figure 8-13showsa plot of deflectionsandLTEs versus coefficient of static frictionThe upper
plotin figure 8-13showsthatthe magitudeof deflectionon boththe loadedandunloadedsides

of the joint decreases with an increase in frictidhiowever, the deflection on the loaded side
decreases more sharphan the deflection on the unloaded saddriction increases.This gives
rise b the rend of decreasg LTE; asthe coeffcient of friction increases, as showmthe lower
plot of figure8-13. A less than Percent difference ibTEs; was predited as he coeffcient of
friction rose from 0.1 to 100These values of TEs; were atleast8 percentless han hose for
Case Il (fully bonded slabs and base, no crack in base).
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FIGURE 8-13.VARIATION OF ANALYTICAL DEFLECTION LOAD TRANSFER
EFFICIENCY WITH FRICTION BETWEEN BASE COURSE AND
SLAB, CASE M

Figure 8-14 shows a plot the verticaldeflectionprofiles calculatedalongthe edge of the model

at the bp of he base course anket botom of the shbs for he coeffcientof fricion=1. These
curves cbarly indicae that gaps were fornmg betveen he shbs andbasecourseon both the
loadedand unloadedside of the joint. The largest @p was located on the unloaded side of the
joint. This response was fical of that predicted across the rangf coefficient of friction
studied. Figure 8-15 shows a plot of thegbetween the slabs and base coutsaptedasAz, as

a function of distance from the joint and frictioiClearly, gaps were presernh all casesthe
largest gyps occurred for the lowest value of coefficient of friction.
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FIGURE 8-14.VERTICAL DEFLECTION PROFLES ALONG EDGE LLUSTRATING GAP
BETWEEN 3.AB AND BASE, CASE IV
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FIGURE 8-15. GAP OPENNG BETWEEN SIAB AND BASE, CASEY

Figure 8-16 showsprofiles of the horiontal deformations for selected nodes on the top of the

base courseand on thebottom of thesldhb. A positive deformation indicates movement to the
right, while negative vaues indicate movement to theleft. This plot indicates that the sldbswere

moving relativeto oneanother. The top of the base was movinght on the loaded side of the
joint andleft on the unloaded sideConversely the loaded side moved left while the unloaded

slab movel right. The disontinuity beween the slébs d the joint shows tearly in this plot.
Figure 8-17showsa plot of differential horizontal movementbetweenthe slabsand baseas a
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function of distance from the joint and frictios expectedthe largestdifferentialmovements
occurred for lhe lowestvalue of coeffcientof friction.

Coefficient of Friction =1
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FIGURE 8-16.HORIZONTAL DEFLECTION PROFLES ALONG EDGE LLUSTRATING
SLIP BETWEEN S.AB AND BASE, CASE IV

0.10
0.05
S
E 0.00 | .
5 [ Coefficient of
< A Static Friction
I ——100
-0.05 10
[ ——1
I ——0.1
010
-300 -200 -100 0 100 200 300

Distance From Joint, mm

FIGURE 8-17.RELATIVE SLP BETWEEN SLAB AND BASE, CASEY
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Figure 8-18showsplots of the deflectionbasinprofiles from CasesllandlV comparedvith the
deflection basin profiles from eriment ISM-5. It is obvious that theleflectionbasinfrom
therun with thelowest efficient of friction most tosdy maches thd of theexperiment.
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FIGURE 8-18.EXPERMENTAL AND ANALYTICAL DEFLECTION BASIN PROFLES,
EXPERMENT LSM-5

8.2.5 Case V

Case Wvasdistinguishedfrom the otherfour casesn thatthe basecoursewasconsideredo be
crackedwith sone value of aggrecate interlock acrosshe crack, andhie base course andakk
were not bondedallowing gaps to form between the slabs and bas&here the slabs and base
were in contect, sher stress wa transmitted viafriction beéween theslebs and baecourse

The joint response over a rangf coefficients of friction and ggegate interlock acrosthe crack
in the base are plotted in @ige8-19. As expected, these resulisdicatethat joint efficiency
decreases as grgate interlock acrosshe crack m the base decreaseHl. also ndicaes hatthe
joint efficiency decreases with increasinglues of the coefficient of friction, as wisind for
CasdV. In figure8-20, results from the Cad#ieé andyses hase been plotted dong with the
resultsfrom CaseV. It can beseen from figure 8-20 tha alowing gaps to form baveen theslab
and base course tends to flatten the joint response curves and trexiebgs the ramgof
possble joint efficiencies conpared ¢ a cracked base.
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FIGURE 8-19.VARIATION OF ANALYTICAL DEFLECTION LOAD TRANSFER
EFFICIENCY WITH FRICTION BETWEEN BASE COURSE AND
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FIGURE 8-20. COMPARISON OFJOINT RESPONSES ROM CASESIII AND V
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8.3 SLAB/BASE INTERACTION AND JOINT RESPONSE

The anajtical resuts repored in this chaper indicae thata wide rang of jint efficiences are
possible from aigen joint subjected to awen loadingdependingn the followingfactors:

a. Presence of stabilized baselayer.

b. The amount of load transfers bhygregate interlocks acrossracksin the stabilizedbase
layer directly bdow slab joints.

C. The bonding properties between concrete slabs and stabilized baee daywell as
interface conditions between these twaetay

Theseeffects are illustrated by the bar chart shown in fige8-21. This plot compares the
calculated joint efficiendes from Cases|il, 1V, and V. It can be seen from this graph tha the
caseof the monolithic basebondedto the slabs yes nearlyperfect joint efficiency If the
monolithic base is cracked, the joint eficiency is decreased, with atrend of dereasing joint
efficiencyas he agrecate interlock acrosshe crack decreasedf gaps are dbwed b form
betweenthe baseandslabs,joint efficiencyis decreased compared to the bonded cases, and the
coefficient of friction betveen he shbs and base has prd snall effect on the load transfer
obtained.

1.00

0.95

LTE,

0.90

0.85

(Case IV)

qbase / qjoint

Gaps Allowed (Coeff. of Friction = 10)
E= Gaps Allowed (Coeff. of Friction = 1)
Gaps Allowed (Coeff. of Friction = 0.1)
EEE8 No Gaps Allowed (Case ll)

FIGURE 8-21. COMPARISON OFJOINT RESPONSESROM CASESIII, IV, AND V
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Figure 8-22showsa plot of the maxmum load transfervaluesobtainedin the experimental
progam (chaper 7) comparedwith the ranges of valuescalculated from the anayses descrbed

in this chapter. For the analytical data, the solid bar represents the lower bound of possible
values ofLTE; while the error bar represents the upper bound vallesll caseswith the
exception of CaséV, the eyperimental response is within the rangf possible responses
predicted by the experiments. This experimentd and andytical agreement lend aedibility to the
validity of theandytical modds.

1.00

T

0.95

LTE;

T

0.90

0.85

Casel Casell Caselll CaselV CaseV

mmmm Finite Element Model
Experiment

FIGURE 8-22. COMPARION OFJOINT RESPONSESROM FINITE ELEMENT MODELS
AND EXPERIMENTS

Theimplicationsof theseresponsesponthe response and performance ofdigavements in the
field is not eplicitly predicted by the andytical modd. However, it is possibleto disaussin
general terms the potential impactRefer to figire8-23. Supposea particular joint were
constructed on a stabilized base such that the dztagsewasinitially monolithic andthe base
and slabs were initiallyponded. Over a period of timehereindicatedby aircraft departures,
repeated cycles of aicraft andbr envionmenta loadng may resut in crackng of the base
directly beneaththe joint. Dependingupon the dege of agregate interlock across the crack in
the base, the finite element arsgly indicated that a raegf responses (indicatdyy the two
solid curves in figre 8-23) is possible.

Next, suppose that an identical joint were constructed insimemanner. However,in this
case, suppose that the base and slabs web®ndedby repeatedcycles or aircraft or
environmentaloadingsuchthatit waspossible that @ps could form between the slabs and base
in the vicinity of the joint. For the sake odrgument,supposeahatthe baseweremonolithic. The
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finite elementanalyses indicatea range of possible responses, dependungon the amount of
shear stresses transmitted across the interfac&idbypn, denoted bythe dashed curves in
figure8-23. Note that the range of possible responses is much less than that possible due to
cracking of the base.

1.00 -
0.95 Cracking
of Base
2]
Ll
|_
- —_——
I ‘I:E)ibonding of Slabs and Base
0.90 r b
Debonding of Slabs and Base and
Cracking of Base
0.85

Departures

FIGURE 8-23. POSS8ILE IMPLICATIONS OFSLAB/BASE INTERACTION ON DINT
PERFORMANCE

Finally, suppose that the identical joint weragconstructed in the same manniEiow, in this

case, suppose that aircraft or environmental loadiagise the base to crack beneath the joint
and also cause delamination or debondiatyveen the slabs amase. Again the finite element
modelsindicateda range of possible responses plotted as dash-dot curvesureg23. Again,

the range of potentialresponsess much less than that for the cracked base aldt@wever, as
expected, the efficiencygf a joint associated with a cracked and debonded base is predicted to be
less than that of the joint associated with a debonded base without a crack.

It should be noted that theamt values of. TEs obtained in a particular case depend not only
the slab/basdnteraction factors but also upon the slab and basenetry subgade strenti,
material properties, and loackagetry Therefore, the values plotted on the verticakar
figure 8-23are intendedto be representativevaluesof the LTEs obtained n these anatical
cases.
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9. CONCLUSIONSAND RECOMMENDATIONS

9.1 CONCLUSIONS

The response of the riypavement slab-joint-base structurasteynis complex andaccurately
predictingthe response of such asym requires a saficant degeeof analtical sophistication.

The research reported in this report has defined some essential features required to adequately
model the system and has demonstratech technique to develop a comprehensive 3D finite
element model of the rig pavement slab-joint-foundaticstructural system. Thesefindings
represent a sigficant advancement in the statetbé art of rigid pavementesponsanodeling
Specifically the followingconclusions can be drawn from this study

a.

Analysis of experimental data obtained Itlye Corps of Engeers in the 1950'confirms

the usefulness of the concepts of dimensionless joint stiffnress as a means of
characteriing the response of the doweled joifthus, the response of both theygate
interlock joint and thedowded joint can be characterized by the sane family of curves.

Explicit modding of thedowd in the 3D finite element modd, while perhgos usdul for
research purposes, is unnecesdary predicting the gross responseof the structural
system. The usdulness of thedimensionless joint stiffnass for daacterizing the
response of the kegt joint was not addressed this researchThe ease of applicaticof

the concepts of dimensionless joint stiffness has been increasbd dgvelopmenof
closed-form equations based upon the theoretical developments of Skarlatos (1949).

For most practical rigl pavement slabs, the classical Kirchoff assumptiadeptedby
Westagaard and Skalatos, lead to smdl errors in prelicting edge stresses. Results from
3D finite ement modds show thathe maximum ealge stress dos not ocur & the edge
of the slab butat sone finite distance fromthe edg. Fortunatly, the Westergaard edg
stress is onsevative; for most rigd pavement slabs, themaximum edge stress will occur
within 0.1/ of the edge of the sleb and will be gpproximately 10 percent lessthan tha
predicted bythe Westergaard heory

Experimental evidence from this researchgasts that the joinéefficiency dependsipon
the presence and @ndition of astabilized base The presence of cracking in thebaseand
the degee of bondingbetween the slabs amstabilized base course influencesthe
strudurd capacity and load transfe capability of the rigid pavement strud¢ure The
greatest egerimental values of joint efficienayere obtained from thelabsfoundingon
the monolithic stabilized base followed, in order, &igbs founded on a cracked
monolithic base, founded on a monolithic base &ibiondbreakerandfinally, founded
directly on the rubber pad. Maximum load transfer efficiencgccurs at low loads with
decreasingeffectivenessfor increasingload. This phenomenon is likelgaused by
locaized crushig of the shbs’ concret in the regon of he dowet as the loadsand
resultingdisplacements increase.

The finite element modek devebped n this researchnrdicake that a conprehensie 3D
finite element modelingechnique provides a rational approach to modehegstructural
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response of the jointed rdy airport pavemensystem. Modeling featureswhich are
required indude explicit 3D modding of theslab continug load transfe capability a the
joint (modded springs between the slabs), eplicit 3D modding of the base course
continug aggregate interlock capability across thecracks in the base course (again,
modeled byspring across the crack), and contact interaction betweeslahsandbase
course. The contact interaction model feature must all@psgto open between the slab
andbase. Furthernore,where he shbs and base ane contct transfer of shear iIggsses
across the interface via friction should be modeled.

9.2 RECOMMENDATIONS

The folowing recommendatons are drawn frorthis research:

a. Mechanistic desig criteria for doweled joints should be developsthgthe conceptsof
dimensionless joint stiffnes in oncert with the closal-form Westegaard-type solution
for load transfer in rigl pavements.Given the slab thickness, support conditions, and
loading, it is possibleto usethese developments to establish criteria for dowd diameter
and spacingfor a critical joint opening These criteria should then be verified floyl-
scak testing.

b. The concept of the composite or top-of-the-base modulsgbafadereactionignoresthe
composite action of the slab-stabilized base structusaeisy This conceptshouldbe
abandoned in favor of a more realistic model thatlieitly includes the structural
bendits of thestailized base

C. Certain issues pedtning to the effecs on new- and futre-generaiton arcraft andrigid
pavementbehaviorand performancecan be addressed bthe finite element modeling
techniques developed in this researéhresearch studghould be initiated tstudythe
effects of multiple-wheel loadirsgon the response of jointed idgpavements.

d. The effects of environmental factors on the findingf this research should be
investicated. It should be possible to add to the atief complexty of this research by
superimposinghe effects of temperature and moisturadients on the response of the
rigid pavemenstructure. With thetools presented in this studit is possible to develop
and implement an agorithm whidh could dhange thejoint eficiency with joint opeiing.

e The 3D finite dement modding technique presented in this dissetation is suited to
studyng more complexmaterial behavior which magffect pavement performancé&or
exanple, fracture mechancs conceps could be used d sudy the effecs of repeatd
traffic loadings on rigid pavenent structures n view of a possile rephcenent for the
current Minor’s hyothesis fatige laws.

f. The results of this studpoint to some critical issues which should be considered in
developing test plans for its full-scaleinstrumentedtest facility currently under
construction. Specifically instrumentation should be installed to detect the presence of



cracking in the stabilized base course paticularly directly beneath the joint. Also,
instrumentation should be selected and installed to detegrréisenceof gaps between
the slabs and base course.

The ncrenend finite element anaysis procedure usedtsole the contact interacion
problan can be compute intensive In the event tha solution time aad memory
requrements are geaer than he avdiable conputer resourceghe slabscanbe modekd
by thick plate or shell elements with littdacrificein accuracy However,the capability
to predict load transfer across cracks in the base coursgeoddingoetweerthe slabs
and base are critical and must be retained.
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APPENDIX A LALGORITHM FOR ASSIGNING SPRING STIFFNESSES TO
NODESUSING THE ABAQUS“JOINTC” OPTION

PROB.EM STATEMENT

It is desired to represent the stiffness of adrgavemenjoint in ABAQUS usinga 3D finite

elementmodel of the rigd pavement slabs.Each node on the joint face of a slab will be

connected to the correspondingde on the joint facef the adjacenslabwith a springelement.
The algrithm described in this appendixovides a rational watp distribute the joint stiffness
per unit lengh alongthe joint to the nodes alorige joint. The ABAQUS elementchosenfor
this studyis the “DINTC” element, a eneral, nonlineaspringand dashpotelementwhich can
have stiffness (and dampings well) in three ortha@mal directions. For most purposes dhis
study the dements will be assighed stiffness védues assighed in thevertical direction only.
Furthermore, a linear force-displacement relationship will be assuBechuseall analysesare
stdic, danpingwill be of no @nseuece.

ASSUMPTIONS

1. Let nodes be equallgpaced in thg direction. Let the distance between nodes Ibeeg
by 2a (figure A-1).

2. Let nodes byequallyspaced in the direction. Let the distance between nodesdiyen
by 2b.

3. Let the number of rows of nodes bergn byNg and the number of columns bdesby
given byNc.

4. Let the lengh of the joint to be modeled bévgn byA.

5. Let thejoint stiffness pe unit length begiven byq (Units: F/L?).

6. Let k betheunit springstiffness (Units: F/L).

GEOMETRY

1. There are three pes of nodescorner, edg, and interior (see figre A-1).

2. The contributingareas for each e of node are the following

a. Corner node: Ac = ab
b. Edgenode: Ag=2ab

C. Interior node: A, = 4ab

A-1
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FIGURE A-1. FACE OF TYRCAL ONE-LAYER 3D FINITE ELEMENT MESH SHOWING
LOCATION OF NODES

3. Develop @neral statements for the number of eagietgf node as a function bk and
Ng.
a. Number of corner nodes = 4

b. Number of edg nodes = (g + N¢ -4)
C. Number of interior nodes NR- 2)(NC - 2)
SOLVE FOR $RING STIFFNESSES AS A FUNCTION OF q:
1. Assign springstiffness to tpes of node based on contributagas:
a. Corner node:k
b. Edge node: 2k

C. Interior node:4k
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2. Sd joint stiffness @ud to sum of springstiffnesses.

g x A =k x (number of corner nodes) «2number of edgnodes) +
4k x (number of interior nodes)

= K(4) + 2[2(Nr + Nc - 4)] + 4k(Ng - 2)(Nc -2)
=4K(1 +Nr + Nc - 4 +NrNc - 2Ng - 2N¢ +4)
= 4K(Nr- 1)(Nc - 1)

Therefore:

gA
4Nr-1)(Nc-1)

K=

A-3/A-4



APPENDIX B0 COMPILATION OF NSTRUMENTATION TRACESFROM

EXPERMENTS
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FIGURE B-1. GAGESD1 THROUGH D4, EXERIMENT LSM-1A
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30 ¢

kN
N
o

Load,
-—
(o]

25 |

Load, kN

—_

20 [

-
[$,]
e

S$1

First Cracking

Microstrains

S3

100

-100 -50 0 50

Microstrains

100

S2

Load, kN

100
Microstrains
sS4
30 -
25 &
z 20 [
=
-g' 15 |
o First Crackin
=110 | g
5
0 b L i L L L i t L
-100 -50 0 50 100

Microstrains

FIGURE B-4. GAGESS1 THROUGH &, EXFERIMENT LSM-1A

B-4



Load, kN

Load, kN

16 |
14 |

-

- A A -
o N A~ O

D1

Load, kN

1.5 2 25
Displacement, mm

D3

o N » O O

Load, kN

PO SR R S S S S S

0.5 1 1.5 2 25
Displacement, mm

16
14 |
12 [
10 |

D2

P B S S T S S S N S S

o N b O &

0.5 1 1.5 2 25
Displacement, mm

D4

A S S S S S T S

05 1 15 2 25
Displacement, mm

FIGURE B-5. GAGESD1 THROUGH D4, EXERIMENT LSM-1B



30
25 |
> 20 |
= ; Gages D5 and D6
T 15+ failed to produce usable
S . data due to electronics
10 - error.
5 ¢
0—\|\l\|xll|\l\LJ!\||

-5 10 -05 00 05 10 15
Displacement, mm

FIGURE B-6. GAGESD5 AND D6, EXFERIMENT LSM-1B

B-6



16
14:
12 |

Load, kN

o N & O

$1

10 [

0 20 40 60

Microstrains

S3

80

0 20 . 40 60
Microstrains

FIGURE B-7. GAGESS1 THROUGH &, EXFERIMENT LSM-1B

80

Load, kN

Load, kN

B-7

16
14 [
12
10

S2

!

o N b~ O o

20 40 60 80
Microstrains
S4
20 40 60 80
Microstrains



D3

D2

D1

\\I\‘ll\(‘llllil\l\lill“
0 o w o wn o
N N A i -

T N S S . N
[Te] o 7o o w o
N N - Al

b 0N
0 o Yo o Yol o

N N @~

NY ‘peon

00 05 10 15 20 25 3.0

15 20 25 3.0

Displacement, mm

1.0

0.0 05

00 05 10 15 20 25 3.0

D6

D5

D4

G NS O Y T S SO B B O

TS R T T S O N

1.5 20 25 3.0

1

TN S T T N T T T I SO N YN NOUN TOON SO OO |

N N -~ -
N ‘peo

[ To] o Yo o 0 o
N N ~ -~

T A A W AT A N

[Te] o n o [To] o
N N -~ -~

o ]

N ]

=98¢ ]

o ]

— 2

(O .

S ]

] ]

Lo bl b1 N

[Te] o wn o [Te] o

1.0

0.0 05

156 20 25 3.0
Displacement, mm

1.0

0.0 05

00 05 1.0 15 20 25 30

FIGURE B-8. GAGES D1 THROUGH D6, EXPERIMENT LSM-2



Load, kN

Load, kN

25 ¢

0 Lo

N N
o »

-
o

D7

20 |
15 |
10 |

5

£ T T T T B B |

D9

25 .

20

15 [

10

5

0 b
45 -1.0 05 00 05 10 15

D8

P T N B

ta o0 Ry

Loig i

L

Displacement, mm

-
[é,]
T

()]

0 Lo

Gage D9 failed to
produce usable
data.

N T U N Y Y Y S S O GO Y S

VI N N

-1.5 10 -05 0.0 05 10 15

Displacement, mm

25
20
15
10

5

ot
-1.5 -1.0 -05 00 05 1.0 15

D10

bl 1

L1y

FIGURE B9. GAGES D7 THROUGH D10, EXPERIENT LSM-2

B-9




S3

S2

$1

R S T T N S TS T N B B I |

n o w o v o

AN N v~

T S T T T T T S I W |

nu o w o wu o
AN N @~

OO0 U Y S0 T S T B T S 0 B

s

n o v o u o

AN N ™ -

NY ‘peo

-100 0 100 200

-200

0 100 200
Microstrains

-100

-200

-100 0 00 200

-200

S6

S5

S4

B-10

ST WOV 0 U U U 0 T I U Y S S O B B

o v O 9 o
<~

N

I O T U T T S O Y S S B B

First Cracking
(Unloaded
Slab)

o o O uw o
-

AN

O)A
S8
:E_
g(l)

o
—

@
23
£ o
(TR

TS S S T T T S Y 0 Y B Y |

o 10 O u o
e

N -
N ‘peo

-100 0 00 200

-200

-100 0 100 200

-200

-100 0 100 200

-200

FIGURE B-10. GAGES S1 THROUGH S6, EXPERIMENT LSM-2



Load, kN

S7

RN -2 N N
o (6} o 4,
I 1 M e e e B e e |

(6}
T T T 1T

T I T

0 :, L a1
-200 -100 0 100 200

Microstrains

FIGURE B11. GAGE S7, EXPERMENT LSM-2

B-11



D3

D2

D1

IS G OO IS O S0 VO O S O S S T I S A ) B M AT 1

00 05 10 15 20 25 3.0

e berer et ety

OO WVLOW OO
TOOANNT «—

[N TS N TS N T T O U (U G O G T Y T S

00 05 10 15 20 25 3.0

adr e bev e bene el besritonnd

OLOWLOWOINO
T MO ONN ~ «—

N 0 Y S0 TN T S S N T I O

UEEE NN NN F RN EE NN NN NS SU S A

0.0 05 1.0 15 20 25 3.0

OoOWOLWOoOWwOoWwOo

T MO NN ™ «~—

N ‘peoT

Displacement, mm

D6

D5

D4

TN T S ST U O OO0 U S T I Y T S B A Y

00 05 10 15 20 25 3.0

rera e tern el fnd

QU OWOIN OO
T OO NN ™

I U T T T T N U Y T O O S S G

0.0 05 10 15 20 25 3.0-

i e ler el bty

OO ONOWO
TOMONAN ™~

TN D T T U 0 0 0 T YO OO0 00 O I |

0.0 05 1.0 1.5 2.0 25 3.0

parid s dena el ol

OO WOWOWO
TOONN T~ «—

NM ‘peo

B-12

Displacement, mm

FIGURE B-12. GAGES D1 THROUGH D6, EXPERIMENT LSM-3R



D7 D8

40 ¢ 40 ¢

35 & 35

30 - 30 ¢

€25 © 25 E

-g“zog 20;

315; 15§

10 E ‘ 10 ¢

5 F 5 F
OE.‘,H,.HM.(..,Hl,,.w‘... O:Illt)t}>l}l\rl\1111111L1>\|
15 -1.0 -05 0.0 05 10 15 -1.5-1.0-05 00 05 10 15

Displacement, mm

D9 D10

40 ¢ 40 -

35 f 35 ¢

30 ¢ 30 :

£25 25 F

<20 & 20 £

315 © 15 |

-l E =

10 £ 10 £

5 ¢ 5 :

O:H;umuxmll‘ i O:J\!Il>ll4\|\|\11llr\»4}||\|
-15-1.0-05 0.0 05 1.0 1.5 15 -1.0 -05 00 05 1.0 1.5

Displacement, mm

FIGURE B13. GAGES D7 THROUGH D10, EXPERIENT LSM-3R

B-13



$2 S3

S1

[

o n o wmo
< ™

o owmwo
< MO MAN N

§ U T S T N T S B |

11a pea oo laa b ca et leeaalang
LI}

™o N N

USSR ESNI NSNS SNENENERNASNESRENUNCENNENT

N o wvwo
- -

n O w o
-

dada bl g deasabaaaalyayslyaaaieitg

o v O W o
<t MO MmO NN

N ‘peo-

O o wo
- -

-100 0 100 200

-200

0 100 200
Microstrains

-100

-200

-100 0 100 200

-200

S6

S5

S4

s b sl b el iy

o nu O W o
<t M M NN

oMo WwOo
<t M O NN

EERE SRR SRENEC NS EN SN SRR IR NN NE W]

0 o wmo
-~

P S T S S SO S S

oot et by dpasalaaa g

o N O W O
<t M M NN

n O v
- -

N ‘peoT]

B-14

n O v o
-

0

-100 0 100 200

-200

0 100 200
Microstrains

-100

-200

-100 0 100 200

-200

FIGURE B-14. GAGES S1 THROUGH S6, EXPERIMENT LSM-3R



S7

40
35 ¢
30
25 £
20 £
15 F
10
Y
0:..1141..‘....“..
-200 -100 0 100 200
Microstrains

Load, kN

FIGURE B15. GAGE S7, EXPERMENT LSM-3R

B-15



O. |
© 1 ™ ]
8) ] ]
B ln B
[ — A 4
© 1 N ]
A ]
e - (e ] 4
4 © ]
™ (1)) N Lr), n ]
Q )] b -~ -
1] ] ]
o 1 <@ ]
1 v ]
1w ;
] © 1
i IEENSNNENESNENE NN RN AN NN NEENE R
Lo b b b o NG O_ o m o m o m o
© IEII3IAI]I22Pe
oONOoOWLOWOoOWwWOo
T OOANN Y~ «—
o ]
] ™ O ]
1 o 8) i
7~ E c ]
] £ o ]
1 @ - o ]
] W 5 g ]
o 1w £ v - 3
(@] 1 @ o o ]
SR N
- a ]
1l o 2 .
1o ° ]
1 o b
i lvove e brees bt baria gt . -1
o Ln o m o lo o m o O cepp ey b be il el el
OO WOoWwOouWwOo
OONNT - TOONAN
<
] © ye 1
] (0] ]
] w0 2 ]
1« S ]
1 o ]
] @ ) ]
1 N > ]
] ®) ]
1w -4 o ]
5 1T - (=] o .
1o ©
4 ]
] @ .
1 © ]
Lottt bt 1IN O EETRNESEE FRVRETRTNUERERNRTRRNNNRNENL, Y
o
OO WOWwOoOoLWOo
ONOoOWLOWOoWOo
TOOANN~ «— TOOANAN— -
£
€
N ‘peon N 'pPeoT

B-16

0.0 05 10 15 20 25 3.0 0.0 0.5 1.0 1.5 2.0 25 3.0

00 05 10 15 20 25 30

Displacement, mm

FIGURE B-16. GAGES D1 THROUGH D6, EXPERIMENT LSM-4



Load, kN

Load, kN

40
35
30
25
20
15
10

5

0 Ct i

D7

Ly a

I

I T W Y R B

La

-1.5-1.0-05 0.0 0.5 1.0 15

Displacement, mm

40
35
30
25
20
15
10

5

0

D9

Ll

(I

[

-1.5-1.0-0.5 00 05 1.0 1.5

D8

40 ¢
35 ©
30 ¢
25 |
20 £
15 £
10 ©
5 ¢
0 B b
-1.5-1.0-05 0.0 0.5 1.0 15

D10
40
35
30 |
25 E
20 ©
15
10 £
5 F
0 ST EENEE RS NN N

-1.5-1.0-05 00 05 1.0 1.5

Displacement, mm

FIGURE B17. GAGES D7 THROUGH D10, EXPERIENT LSM-4

B-17



S3

S2

$1

coaslo sty s e leraalaiaa o

o O O
<t OO NN

-— -

sl lesaa ol eralaaaal

o n O
N M ™

~

e

IR R TS TS DU SR T S |

F U T TR T I T S S ¥

n O w» o

N O N O v O
AN N

poseba syl b aa ety eaelerag

o mnw o un o
<t MO M N N

N ‘peo]

n O v o
-

-100 0 100 200

-200

-200 -100 0 100 200
Microstrains

-100 0 100 200

-200

S6

S5

B-18

S4

craa e braaabig g teaaa s leaaalieaa

o mnw o v o

nw O v o
T MO MO NN «—~

Strain gage
failed

alsaaa o i ben i liaalasas

n o v o
- -

INENE NN

o n O n O
<t M0 M N N

TR GUY TN R (S N T S |

FUURR TR TS N U WY UM N

piaadaaaa bt el lieradag

o m o un o
<t M MO NN+~

N ‘peon

n O wn o

-100 0 100 200

-200

100 200 -200 -100 0 100 200
Microstrains

-100 0

-200

FIGURE B-18. GAGES S1 THROUGH S6, EXPERIMENT LSM-4



S7
40 ¢

35 F
30
25
20
15
10
5 ¢
0 B

-200 -100 0 100 200
Microstrains

Load, kN

FIGURE B19. GAGE S7, EXPERMENT LSM-4

B-19



Gage Over-ranged

PN T U S N U NS U U OO Y O Y O U W G W Y OO0 WO ¥

(3]

(]
Jodtbre ety ey b paa sl
0N O W O wWw oW o
N MO NN «— «

N ]

o .
TR REERI AR TRIRETERENEREERURANE. ¥
N O W O W O WwOo
M MO NN «~ «

- ]

(] ]
USRI NSNS AN NI NS NN RN A :
N O WV O W O W O
M MO N N v~ «

N ‘PeoT

0.0 05 10 15 20 25 3.0

0.0 05 10 15 20 25 3.0

0.0 05 10 15 2.0 25 3.0

Displacement, mm

D6

D5

D4

It

00 05 10 15 20 25 30

L

FUUS VORD VRO NP S N T T S S S I

i deevr b by e g b1 I

N O W O wWwOo W o
M NN ¥~ «-

Gage Over-ranged

U U S U W YOO O T S T G B S S 008

1

0.0 05 10 15 20 25 3.0

L

BRI NN SR NE U NN NN SU NSNS NN

NOWLOWLWOWO
N M NON v~ v«

o ]

O ]

o) —

c ]

\ = 1

L N

Ll_ N

[ ]

> ]

o E

() 1

o)) :

m i

(O] ]

|||n1nnh\HlulwlulllnnnL:

N O WO WwOowOo
M MO NN~ «

N ‘peoT

B-20

Displacement, mm

0.0 05 1.0 1.5 2.0 25 3.0

FIGURE B-20. GAGES D1 THROUGH D6, EXPERIMENT LSM-5



Load, kN

D7 D8
40 40 ¢
35 - 35 ¢
30 : 30
25 25 ¢
20 : 20
15 15 ¢
10 : 10 ¢
5 ¢ 5 ¢
0 SIS AT AT A 0 Bovviins TS S A L
-1.5-10-05 00 05 10 15 -15-1.0-0.5 0.0 0.5 1.0 1.5
Displacement, mm
D9 D10
40 40
35 35 -
30 30
25 25
20 20 ¢
15 E 15
10 ¢ 10 F
5 E 5 ¢

-15-1.0-05 00 05 1.0 15 -15-1.0-05 00 05 1.0 1.5
Displacement, mm

FIGURE B21. GAGES D7 THROUGH D10, EXPERIENT LSM-5

B-21



S3

S2

S1

200

E J
i o 1
- o -
{1 -« |
1@ © d
] (7] ]
]l o ]
4 O .
b ad
i Y ]
]l o ]
L Y o 8. NN NSNS ENETE FENES FW RN FENWE R
N O N O v O n o
™ ®o N N~ - B3 QY{rewo
Qo
o
] N ]
i o i
- o -
] ]
0
] = ]
4 = E
: 4
© 2 0 _
= (/2] N
L2 ]
o = ]
o ]
—
p ]
O 4
IETE N TN RTER A RN E TS RUE RN AR RN NN o RN AN N AR NS TS A NS E F RN NN R
! N
nvn o wWowmwowo ' N O N O M O un O
N M N N «~ « M M N AN ™ «
o
o
4 N 4
i o i
- o -
- « 4
o
] < ]
. /2] i
{ o ]
4 O 4
i A 3l
' ]
]l o ]
Loaaberean e by g biraada s bia (e) NETRINEY SEETEETEU NEE N EEERE NN
q‘ ¥
n» O N O v O mnm o n O N o nu O v o
M M N N «~ M MO N N «~
¢
N3 "peoT N) ‘peo]

B-22

-100 0 100 200

-200

0 100 200
Microstrains

-100

-200

100 200
FIGURE B-22. GAGES S1 THROUGH S6, EXPERIMENT LSM-5

-100 0

-200



S7

35 ¢

302_ r—/V
r A

= 2 F l

< 20 F

b :

3155—

10 | ¢

5 F ¥
0:....1........1....

-200 -100 0 100 200
Microstrains

FIGURE B23. GAGE S7, EXPERMENT LSM-5

B-23



9-INST INAINRIAIXH ‘90 HONOYHL 1A SADVD "+T-9 H4NDIA

0¢€ 6¢ 0¢ S1 0} S0 00

T pereasasoes A
; S
‘ 0l
[ Sl
: 0¢

9d

0¢ §¢ 0¢ 61 0Ot G0 00

pabuel-1onQ abeo

0l

Si

U 0 S T T T

074
€d

ww Juawadeidsiq
0¢€ 6¢ 0¢ ¢ 0L S0 00
LA (L N O S LB B O B L B O

pabues-1anQ abeo

G
ol
Gi

TN S S T T Y T S

174
sa

ww quawadeldsig
0g 6¢ 0¢ 9L 0L S0 00
RN L L L L N L B B O o

pajied zQ abeo S

ol

Sl

I U T YT S T Y S U A T

174
ca

0c 6¢ 0¢ G 0L S0 00

LA A S T A B

pabuel-1anQ abeo

RS 1O T T T T I I

va

0¢€ g2 0¢ L 0L S0 00

LU e s 200 [ S B B B

R U N TV VU T Y Y

ia

0

G

ol

Si

0c

N ‘peoT

B-24



Load, kN

D7 D8

20 20 |
15 [ 15
10 f 10
5 [ 5t
0'..‘.1.“.“'..uu«innnnluu 0_1I4I|llllIlIIJII]l\IIIlJJ
-15-10-05 00 05 10 15 -15 -10-05 00 05 10 15
Displacement, mm
D9 D10
20 [ 20 ¢
15 15 |
10 | 10 |
5 | 51
0 I IS BT A | SNV B S 0 T AN AT SRR AN ATIN A AR
-1.5-10-05 00 05 10 15 -15-10-05 00 05 10 15

Displacement, mm

FIGURE B25. GAGES D7 THROUGH D10, EXPERIENT LSM-6

B-25



S3

S2

S$1

500

1 ©
4 W
{ ™
r/o
1 O
4 N
|l N
1
1 O
PSS N SO N T SN SN S S A S (N S A N o
[Vp]
o n o o) o '
N - -
o
(=]
4 W0
1 ©
41 W0
{4 W™
CL_____,.__/O
1 O
4 W
N
T 1
1 ©
NETETENE SIS NS SN G S (@]
n
o n o n o !
N - -
o
o
4 W
1 O
1 W
{4 N
o
4 O
4 W
] W
]
4 O
PRESNE TR NSO S A S N S S T S BT S S S o
n
o n o wn o '
N - -
s
N ‘peo]

Microstrains

TR SR S S N SRS N S

el
n [ ]
1l |I||||l|||||||||4
o w o w o
N - -
]
0 -z——"""-_—\
n 1
IIII|IIII||LII|IIIIA
(=) wn o w o
N -~ -
<t ]
n ]
....-...‘1....1..‘.-
o n o v o
N - ~
N ‘peo-

B-26

-250 0 250 500

-500

-250 0 250 500 -500 -250 0 250 500
Microstrains

-500

FIGURE B-26. GAGES S1 THROUGH S6, EXPERIMENT LSM-6



S7

20 [
15 | |

10 |

Load, kN

51

0 PR S R T N R WA SO SO SO ST ST N N S S

-500 -250 0 250 500
Microstrains

FIGURE B27. GAGE S7, EXPERMENT LSM-6

B-27/B-28



	Abstract
	Key Words
	Preface
	Table of Contents
	List of Illustrations
	List of Tables

