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ABSTRACT

Unboundgranularbase (GB) has acrossanisotropicandnonlinear gtressdependentmoduluswith a
plasticbehavior Existing UGB modeladdress nonlinearrossanisotropyand plasticity separatelit.is
unknown howthe two characteriigs are couplethto a finite element mod€FEM) and howthis will

affect thepavement responserhis study preseafa coupled nonlinear crossisotropic elastoplastic
(NAEP) constitutivamodelfor the UGB andimplemensit in a weak form equatichasd FEM. No

material subroutine is needed to address the circular deperneerthe stressdependent anisotropic
modulus structuralstress responses and elasastic deformationThe NAEP model wascalibrated by
triaxial resilient modulusand strendt testsandvalidatedusinglaboratorymeasurements inlarge scale
soil-tank pavement structuraést.lt is found thatthe NAEP modelis valid and effective in predictintpe

UGB responses in flexible pavemeniie model predicted less horizontal témsiresses d@hebase

bottom and introduced compressive stresses in the middle and top of the base course. This is caused by an
increasing confinement resulting from a horizontal plastic dilation in the base course, which cannot be
modeledwithout consi@ring plasticity The stresglependent modulus for théGB material decreases

with depth and the distance from loading centerl@@mpared to aonlinear anisotropic elastic mogel

the NAEP model predictedhe same tensile strain at asptayerbottom ahigherbasemodulusand a
highersubgradeeompressive strain. Thuise nonlinear anisotropic elastitB model resukin the same
fatigue life as th&JAEP model, butmayriskily underpredict the rutting damage.



Zhang et al. 3

INTRODUCTION

An unbound granular basdGB) provides the foundational supportadlexible pavement andistribute
the stresses induced by traffic load to the underlying subgrade. Understanding the cortstitativerof
the UGB materialdgis crucial to the accurate performance predictiothefpavement structures. In the
currentpavement design, the UQBaterialis assumeds alinear(stressindependent) elastic material
The linear isotropic model predicted unexpe@ad hightensile stresssat the bottom of the baseurse
which cannobe sustained by tHeGB materialin reality. A number of studies have revealed that the
UGB materialexhibitsa nonlinear crossnisotropidoehavior which means that the modulustbé UGB
is stressdependenfnonlinearity)and theelastic material propgesmodul us and )iAthe ssonds
vertical plandiffer from those in the horizontal plarferossanisotropy) For example, Tutumluer and
Seyhan(1), Adu-Osei et al(2) and Gu et al(3) successfully determined the nonlinear crasisotropic
properties othe UGB using triaxial resilient modulus test at different stress statgsmluer and
Thompson developed a finite elememgnam tomodelthe nonlinear crosanisotropidbehaviorof UGB
in flexible pavement§4). They found that a nonlinear creasisotropic modegbpredicted muchess
horizontal tensile stresses in base coumsapared to the linear elastic madglresidualcompressive
stresof 21 kParesulting fromcompactionvassuggested toompensate the tensile stresdeading to a
compressive horizontal stressthe base cours®h et al.(5) and AFQadi et al(6) reported that
modelingthe pavement stotures using nonlinear crosgnisotropic approacgpredictedgreater
pavement responsewluding tensile strain dhe bottom of asphalt layer and compressive strain on top
of subgradehan a linear modelrutumluer et al(7) and Wang and AQadi(8) concluded that the
nonlinear crossinisotropic model provided better agreement with the field measurements. Hence,
modelingUGB asahonlinear crossnisotropic material should be taken into accountlferpavement
performance predictions

However, some studiedsodemonstrated thatvhen subjected ta heavy loagthe UGB material
exhibitsa significantplasticbehaviorin addition tothe stressdependenanisotropicbehaviorin flexible
pavementg9, 10. Even at a low load level, the responsea tiGBstill include the recoverable and
unrecoverable strair(d1). The recoverable strain is characterized bynr@inear anisotropic resilient
behaviorof UGB, while the unrecoverable strain is reflected by the plast@viorof UGB. Currently,
few studieshave been able to simultaneously madtielnonlinear stresdependencerossanisotropy
and plastidehaviorof the UGB materials. No studies have implementezbaplednonlinear anisotropic
elastoplastic moddbr UGB in a numerical program to evaluate thaterialresponseandpavement
perfamance Thepotentialreasonsnclude: 1)acirculardependencexists between UGB material
propertieganisotropic modulus), stress distributiormpisvement anthe evolution oktrains including
elastic and plastic strainghich has not been well undtrsd; 2) pogramming and utilizing a material
subroutinan a finite element model to solve the circular dependeneeriscomplicated and tirae
consumingdue to the issues such as high nonlinearity;ddficient iteration and noreonvergence,
requiiing significant training and knowledg® numerical programmintpr the ultimate users; and 3)
difficulties existin determiming model coefficients usingffective and efficienkaboratory tests.

This study aimste har act er i czossanisttrefic, bodiBedrsand plastiproperties
simultaneouslysing a nonlinear anisotropic elastopla@N&\EP) model. The NEAP model ishen
implemented ira weak form equatichased finite elememhodelingto demonstrate how the circular
dependence isffectivelymodekbdwithouta need of material subroutine. TH¢AEP modelis validated

by pavement structurdbadingtests in daboratory largescale tankThe distribution of stresdependent
modulus, horizontal stress and plastic straith@basecourseare alsa@valuated by comparing th¢AEP
model predictions ith the predictionsfrom linear (and nonlinear) anisotropic elastic mod@tgical
pavement responsasealso determinedy various UGB models to evaluate the effects of NAEP model
on the flexible pavememerformance.
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ANISOTROPIC NONLINEA R ELASTOPLASTIC CONSTITUTIVE MODEL FOR UGB
Cross-Anisotropy of UGB Materials

A well-established crossnisotropic constitutive model is employed for theRJmaterials, as shown in
Equationl, where the-axis is the axi®f symmetry(12). Thus theUGB is anisotropic in-x andz-y
planes and becomes isotropic in thy plane.

e n(l- nnfx) n( R, zzg) n,n ao 0 0 @ N
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wheres,; = stress tensorg, = strain tensg andi,j =x,y,z; N=E,/E,; m=G,/E,; a,=1 +§,;
by=1-pg 2n ’l; E, = horizontalmodulusin x-direction E, = verticalmodulusin z-direction G,

= shear modulug the vertical (x) plane 77, =P 0 i s s o mndhe horizarttal (xy) plane,

characterizing the effect of a horizontal stréirdirection)on the orthogonal horizontatrain(y-
direction) /1, =P o i s s o lindhe vertialt(zx) plane characteriing the effect othevertical strain

(z-direction)onthe horizontal straifx-direction) Note thatEX, E,. Ny, n,. andG,,are thefive
independent material properties characterizingtbesanisotropicbehaviorof theUGB. In Equation 1,

the five independent material properties eepresented bfg,, n, m, &, and b, .

StressDependentNonlinearity of UGB
The vertical modulus of the UGB iisodeledby anonlinea stressdependeninodel as belowl3).

k

... &t &
E,=kP(Z) 2 g )
Ra\ Q a -

where |, = s, isthe first invariant of the stress ten,se‘rij , P, =the atmospheric pressurE01.3kPg
lo = \/S”. $/3 ;/2 J/ 3 isthe octahedral shear stres}; = the deviatoric stress tensamd
S =s; 1/3 g j(where o), is theKroneckerdeltg and ki, k, andk, =regression coefficients

be determined by laboratory tedikte that the horizontal modulus becomes stress dependent as well by
the relationship oh = E, / E, that is used in Equation 1.

Elastoplastic Modelsfor UGB

A Generalized DruckePrager (GBP) yield surface modelas developed by the authors to allaw
smooth and conveyield surfacewhenfrictional anglevariesfrom 0 to 90degreedor granular materials
such as asphalt, aggregate has@dor soil material§14). This GDP model can remove the inherent
limitations of the existing models, e.g., the aismootmess for théviohr-Coulombyield surfaeor the
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nonconveity for theextended DruckePragelyield surfacevhenthefrictional angle is greater than 22
degreesFurthermore, the GIP model can be reduced to Druclkager model (when parameter 1)
or MatsuokaNakai model (when parameter 0), whichhavebeenextensively used fanodelng the
yield surface of the granular materials. The-Bnodel is expressed as:

t=J3,r(q9-la - ©)

whereJ; = 1/25;S; is the second invariant of the deviatoric stress tembériode angle that is defined
as:

63\/_ J,

qi ——arccosa—
3 82 (%)

(
7 4)
|

whereJs; = de{(S)) is the third invariant of the deviatoric stress tensbois zerofor compression ang/3

for extensiony (d)' = a function defining the yieldusface shape otine octahedral plane and deternnig
the convexity of the yield surface, which is expressed as:

r( @= oosg arccof gps3)i ()

whereg ando = parametersletermining thesize and shapef theyield surface on the octahedral plane
respectivelyto ensurea smooth and conveyield surfaceTheyarefundamentdy related tamaterial
friction angleas

2 _ .
e 241-d g=3\/§ (1- d)d g s

Jad o 2 (1-d )" 3+sinf ©

whered = extension ratio that is the ratio of the yield strength in extension to that in compressio
internal friction anglewhich also directly determines the slope of the yield surfa@enoeridianplane

by:
2sinf

___2sinf (7)
\/5(3- sinf)

The parametes in the GDP model representhe materialcohesiorcharacteristi@nd can beleternined

by material cohesiorQ) and internal friction angle §:

6C cos

=—__ " 8

J3(3- sinf) ©
It is noted that a yieldingnd-capsurfacecan be added to the GIP model tcaddressheyield surface
softening at a high hydrostatic presswrichis not considered in this study due to that a limited
confining pressure will be achievedbasecourse as shown in the result analysi$ieincrement of the
plastic strain othe UGB occurs when the current state of the stress satisfies the yieldestunfiation
(i.e.,f= 0). With hypothesizingsmall plastic strain, the direction of the plastic strain incremetdfined
by a nonassociated plastic flow rule:
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= 19 ©)
HS

where éij” = the rateat which the plastic strain changes wresspect toug/ [, ; @is aplastic multiplier

which depends on the current state of stress and the load hstegetermined by the complementarity
or KuhntTuckerconditions:

/20, f Wand /f € (10)

The variableg in the plastic flow rule is plastic potential function. The n@associated flow rule applies
wheng, f,which is appropriate f@headilating granularmaterials such as asphdltGB and soils|t

is demonstrated that the plastic potential surface has the same linear form as the yield surface but with a
smaller slope which affects the volumetric dilation of the material:

9=\%7( @ - ¥ (11)

A number of studies have indicatecth < Uis valid for geematerials such as soils, sands, and asphalt
mixtures(15, 16. bis derived to be a function of anisotrofiy):

b=0.5889D 0.012 (12)

w h e r is anmgtostructuraparameter quantifying anisotropy of ti&B that can be determindxy

a7:

~ 3/in-3
i 13

wheren is defined as the anisotropic modulus ratial N = E, / E, that is used in Equation 1. Equations

12 and 13 were originally derived for asfihmixtures however it still applies to théGB. This is
becauseheinherentanisotropy of both asphalt mixtures do@B are caused by the preferentially
oriented aggregate particles in the horizontal directimmscan be quantified by the microstructura
parameter using the same mog@et, 18. The validation of th&JGB plastic responses by laboratory tests
in this study will also verify the applicability of the models for }®&B materials.

EXPERIMENTS AND MAT ERIAL CHARACTERISATI ON

Flexible Pavement Structures and Models

Table 1 summaries the structureadfexible pavement to bmodeledncluding the layer thickness
materialstheir constitutive models ararrespondingparameter dermination methods. The flexible
pavementonsists of three layers, nameljs cm asphaltourse 25 cm baseourseand140 cm subgrade.
Thelayerthickness was obtained basedadaboratorylarge saletank test. The asphalt concrete is
modded as a viscoelastic materidlo evaluate the pavement responses predicted by different UGB
constitutive modelshe UGB materials armodeledasa nonlinear anisotropic elastoplastic (NAEP)
model, a nonlinear anisotropic elastic (NAE) model and a lindsotaapic elastic (LAE) model
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respectivelyThe subgrade isiodeledas an elastic material and its elastic modulus is estimated based on
California bearing ratio te¢9).

Asphalt Concrete Characterization

In this studytheasphaliconcretds modeledas a viscoelstic material. Asolid-like generalized Maxwell
modelisused o mo d el the mater(20al 6s rel axation modul us

E(t)=E, % E exp (14)

i=1

t
[i

vO&; Qo

where E, = long-termequilibrium modulus E_, = components otherelaxation modulust,, =

components ofelaxation timet = time andM = the total number ahe Maxwellelementgone Maxwell

element is composed of one elastic spring and one viscous dashpot connected .iDgreaE}

modulus testfollowing ASTM standard21) were employed to determine the dynamic modulus and

phase angle of the asphalt concrete, which are then udetetminghe coefficients in thgeneralized

Maxwell model of the relaxatiomodulusaccording to a conversion method presepiediously(22).

Note that a constant Poi ss on 0 stosimplifyithe simumtoon as s u me d
though it is @ime-dependentariable as wel(23). The determinedMaxwell model coefficients for the

asphalt concrete are shown in Table 2.

Unbound Granular Base Méaerial Characterization

Granite crushed aggregatareused to construct the bassurse The aggregate gradation and physical
properties can be found in a previous st(t). It has a maximum dry density of 2.18kg/n® andan
optimum water content of 6.79%epeated load triaxial tests were performedhertylindrical aggregate
specimens usinguniversal testing machin®TM) with a rapid triaxial testRaTT) cell to determine the
crossanisotropicstress depatent resilient modulus of the UGB.testprotocolwith tenstress states
(with different axial stresses and confining pressures) were used to pthteestress modes
(compression, shear and extensionthe specimel2). At each stress state, every loadaygle of the
dynamic stress consisted of 1.5 seconds of loading and 1.5 seconds of unibagtisgtical and
horizontal deformations of the specimaare recordedat calculate the anisotropic propertiestod
aggregate specimearsingsystenatic identification method and the resudtie presented in Table 2

A triaxial compressive strength test was used to determine the shearing resistance of the base materials
according to TexL17-E (24). The axial load was applied at a constant strain rate of 2% on the UGB
specimen under threemining pressures (i.e., 0, 20.7 and 103.4 kPa) until the specioiapsedThe

initial yielding stressvas identified from theurve ofdeviatoric stresand axial strairat a specific

confining pressureThen the material cohesion and friction anglevee det er mi ned based
yielding envelopeo be20.2 kPaand51.3° respectivelyDetails of the UGB material characterization

and model coefficient determination can be found in the literétidre?5. The NAE model parameters

remain unchanged from the NREnodel except that the plastic model component was disabled. The

LAE model parameters remain unchanged from the NAE except that a constant vertical modulus of 150
MPa was used based on the average vertical modulus of the NAE predictions.

FINITE ELEMENT MODEL ING OF UGB IN FLEXIBLE PAVEME NTS

Weak form equation-basedfinite elementmodelingin Comsol program

The viscoelastic constitutions of asphalt concrete have beeassiullymodeledusing a wealorm
partial differential equation (PDE) based finite element (FE) modelling technidieniisol Multiphysics
program(22). The viscoplastic and viscofracture properties of the asphalt concrete have also been
coupledin the viscoelastic constitutiveodels based on the wetdem PDE based FE meth¢a6). It
demonstrates that accurate viscoéambd viscoplasticesponses can lmodeledand predicted for ¢

o

1

n
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asphalt concretdJnlike using Abaqus, there is no need for this method to program-defgezd

material subroutindn this study, the authors continomdelingthe asphalt concrete using tRBEFE
method while only considering its viscoelastic rasg®s, details of which are referred to the above two
pubications(22, 26.

The weakform PDEFE isparticularlyadvantageous in solving a coupling problem with circular
dependence between the model inputs aadigpendent variables to be solMeiddeling aUGB

material with astressdependent modulus is a typical coupling problem which involves a circular
dependence between modulus, stress and deformation. This circular dependence can be broken by
creating two dditional Dependent Variable¢DVs) in the wealkiform PDEFE modelling to define the
stressdependent modulus. The two DVs will be defineteak Expressionand solved simultaneously
with the other three defined DVs (i.e., plscement components in s@ti-, y- and z directions).
Specifically, the below modelling steps are followed. Naveld and italic expression represents a
module or a definedariable in the Comsol program

Step 1Definethe materialproperties from Table 2 d&arameterdo be sed as model inputs tw define
variables.

Step 2 Create a new physics usiMgeak Form PDEmodule and define its twidependent Variableas
ullandul2with a unit of N/m. In addition, global DVs have been defirfed the UGB
materials usin@ Linear Elastic Materialmodule that includgthe displacement components in
three directions, i.eu, v, andw.

Step 3 Define the constitutive equation fdre dependent variables\Wieak Expressionas below and
Comsolwill perform a numerical integratiori the Weak Expressionsver a volumetric region
(e.q., the FE model dhe baseourseg and find the solutions for all DVs.

§- (111 -solid.115) * tesf a9) 1)
1- (22 -sart( solid. 12s+2/3) * tesf €2)

wheresolid.l1sandsolid.ll2sare respectively the first invariant of the stress terigspaiid the
second invariant of the deviatoric stress tend)r (hich are pralefined by Comsahnd can be
directly used in the weak expressions

Step 4 Definethe stresslependent vertical modulus of the UGB agagiable using the DVs as below.

E, =k ® (abf a1/ B~ k (87 p~ 4 (16)

Notethatullis always negative for the UGB materials as the first stress invariant in the base
courseis always in compression and Comsol defines compression as negative. Thus an absolute
value ofullis used to calculatihe stresslependent vertical modulus, ko, ks andP, are
Parametergdefined in Step 1.

Step 5 EmploythevariableE; in theLinear Elastic Materialmodulefor the UGBmaterialtogether with
other crossanisotropic model parametatsfined in Step Asthe model inputsn the elasticity
matrix (theD matrix) based on Equation A Plasticity module was brought fatheLinear
Elastic Materialmoduleby utilizing a userdefined yield surface where thdfective stressis

defined assqrt(solid 1125)* 7 ( § - &* selid 119 and thelnitial yield stresscan be
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defined as based on Equation 3. A usgefinedPlastic potential(Q) is defined as
sqrt(solid 1125)* 7 ( § - H* selid I1§ according to Equation 1Note that théJandb

are defined in Step 1 #arametersusing Equations 7 and B(d') is defined as &ariable using
Equationb.

Finite Element Model of Flexible Pavement Structure

A pavement struatreshown in Figure Ivasmodeledas an alssymmetric structuren Comsol

Multiphysics program witha width of 120 cm and three layers includingaaphaltcourseof 15 cm,a

UGB basecourseof 25 cm andasubgrade of 140 cm. A ramp loags applied in 0.05 on acircular
loadingareawith a radius ofL5 cm Threeload levelswvere testedncluding566, 755 and 1006 kPahe

mesh of the model used a resolution of 1.875 cm and a biased mesh distrilastied, as shown in

Figure 1.The dimension and loady conditions were selected to simulate the asphalt pavement structure
and the applied load useddmaboratorylargescale tank testhe results ofvhich areemployed to

validate the finite element model predictiombe material properties and model coefficients are shown in
Table 2.

MODEL VALIDATION AND RESULT DISCUSSIONS

Model Validations by Large-scale Tank Test

To validate thdinite element models (FEM) of the UGB tine flexible pavement, grface deflections and
vertical stresses at different locations in base and subgrade were meashedal ge scale tank tesfThe
testing procedure and measurement details of the-fanjetestare described elsewhe(2y). Figure 2a
compares the FEMurface deflectiopredictionsusing the nonlinear anisotropic elastoplastic (NAEP)
UGB modelwith the measuredaluesat different distances (0, 30, 60, 90 and 110 cm) from the loading
centerunderthethree loading levelslt is seen that the FEM predicted surface deflections increased with
loading leveland matcheavith the measured surface deflecBan general, which demonstrates the
robustnessf the NAEP modelThe measured surface deflections atlttaelingcenter(R=0) under all

three loading levels are greater than that predicted by FEM, which could be due to that a dynamic load
was used in the test while a quasitic ramp load was used in FEM simulations. The dynamic loading
effect may need to beonsidered in a future FEM simulation.

Figures B, 2c and 2l compare the verticatresses at different depths € -21.25cmin base-33.75¢cm

in base and55 cm in subgrade) and two distances from loading (Rand 15 cm) under three load

levels respectively. It is observed that the FEM predicted vertical stresses are all in ciompges

negative stress is in compression) and decrease with depth,avbainsistent with the measured

vertical stresses. The FEM predicted vertical stresses at the distance of R = 15 cm matched well with the
laboratory measurements, while those atdheingcenter(R = 0)depart fronthe measured stress€sr
instance,ie measured vertical stresses in subgrade-b5em)andat loadingcenter(R = 0) are always

less than that predicted from FEM, which was also observed previ@7Iyhis may be caused by soil
arching effect over the pressure sensor during construmtinat accounting for the stredependent
behaviorfor soil subgrade in the FEM simulations. Nevertheless, the FEM results are in good agreement
with the largescale tank test measurements in general. The proposed nonlinetnogiiselastoplastic
modeland the weak form equatidrased FEM techniques are valid aff&ctivein predictingaccurate
responsesf the UGB materials iflexible pavements.

Pavement Response Analysissing Different UGB Models

Furtheranalysis based dhevalidated finite elment models is conductéd obtainthe pavement
responses using different UGB models including nonlinear anisotropic elastoplastic (NAEP) model,
nonlinear anisotropic elastic (NAE) model and linear anisotropic elastic (LAE) nkdgetes3a, 3b and
3c show the distribution of théaorizontal stresses at load cetiteralong baseoursedepth with
increasing load levels predictedingLAE, NAE andNAEP modes$, respectivelyFigure3a illustrates
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that, when LAE model is used for UGB, the horizontal stressdinly in tension (in positive) and
increasesvith depth andoad level Note that if a linear isotropielastic (LE) model is used, the
maximumtensile horizontal stress whlecomeeven higher (e.g50 kP3g, the distribution of which is not
shown hee but similar tahat inFigure3a.

The high tensile stress at the basarsebottom predicted by LABr LIE modelis unexpecteds UGB
has a very limited tensile strengifhe high tensile stresmin be substantially reduced whaestress
dependenanisotropicmodulusmodel is usedor thebasecourseasindicated from the literatur@). The
same conclusion derived fromFigure3b that, usingagn NAE model,the horizontal stressese reduced
andvary from compression to tension as load level irm@eaThe tensilkorizontal stress valudg to 10
kPa at the load level of 755 kRa)d itsdecreasinglistribution along depthre consistent witthe
findingsfrom the literature, invhichit is explained thathe tensile horizontal stresses aceommaated
by compressive residual stresg¢aisout 21 kPajlue to compactiofd, 13.

Thecompressiveompensatiofrom the compactioiinduced residual stressissvalid, however it may
beinsufficient to ensur¢hat thebasecourseis always in compression esjmdty when the load level goes
higher. For exampldsigure3b shows thathe horizontal stress became as high as 25 kPa when the load
level reached 006 kPa. Itould go higher when the load level kept increasvhgn the NAE model is

used However, his cannothappen in the field realitfrthe UGB materials will havbeen yielded and

plastic deformationvill occur beforethe vertical streseeache50 kPan compressiotiseenfrom Figure

2d) while the horizotal stress is 25 kPa in tensiorhe plastic defrmation inthe basecourse willlead to

an altered stress distribution.

Figure3c shows the horizontal stress distributiothe basecoursewhen thenonlinear anisotropic
elastoplastic (NAEP) modéd used fothe UGB. The horizontal stressesthe basebottom werdurther
reducedto beless than 10 kBaompared to that calculated by the NAE model (25 KPtas low tensile
stressesan befully compensatetly the compactiofinduced compressivesidualstresses or sustained
by suctionrelated ten$é strengthSensitivity analysis indicates that a thicker asphalt course or arhigh
asphalt modulus will alsturtherreduce this horizontal tensile stress or even prodeoanpletely
compressive horizontal streissthe base cours&ensitivity analys also showthatthis tensile stress
hardly increasednder a higher loaduetothe UB 6 s s at ur at e d Thatmeass furtber har deni
higher load willnot lead to a significant increase of the bottom tensile stress but resutiverstress
softening and final failure of thedGB material whichis out of the modelling scope of this stuaiyt will
bemodeledn a future studyFigure 4c also shows thditet horizontal stress from the middle to the top
along the centerline of the base became ¢esgion, which will be explained usitige plastic strain and
horizontal displacement presented in Figdire

Figureda shows the plastic strains occurring from the middteedop of the baseoursewhen the

NAEP model was used he high plastic stragnlead to a significant horizontal displacemigtlifation) as
shown in Figuretb. This expansive deformation in the horizontal direction has been constrained by the
surrounding UGB materialsesulting inan increase of the confining pressutes is in ompression and
produced by the surrounding UGB material. This compressiaéningpressure leads to a reduction
thehorizontal tensile stress at base course bottom and an increase of the horizontal compressive stress
from the middle to the top of thmse courséNote that the horizontal dilation is more significant the
induced confining pressure is higherthe middle and topf the base course (due to higher plastic strain)
thanthatatthe bottom of the base cour3dereforethe horizontal sess became compression in the
middle and topf the base course compensated byhijher confining pressumghile still remairedin
tensionresulting from less confining presswathe bottom of the base course.

In comparison, the horizontal displacernpredicted by th&NAE model(shown in Figureic) was much
smallerthan (only 1/1400 of)Hatpredictedby the NAEP mode{shown in Figurelb). Therefordittle
horizontaldilation occurred and no confining effect was introduiceithe baseoursewhen theNAE
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model(no plastic componentyas used, which leado unreasonably high tensile stsés the horizontal
directionof the base course

The significant horizontal displacemesitownin Figure4b also explaisaan experimental findingrom

t he a previous stsd$27), i.e., placing the geogrid in the middle of the bemaseis muchmore

effective in reducing the rutting damage of the base course than placing the geogrid at the bottom of the
base coursélhe high plastic strain othe bas¢op and thesignificant horizontal displacemeimtthe base
middlemay have been efttively constrainednd reducetby placing the geogrith the middle of the

base course?lacing the geogrid at the base bottom cannot effectively limit the plastic strain occurring
mainlyin the top area of the base course. This explanation will beefurtrified in a continuing NAEP
modelling of the UGB materiddy including the geogrith base course.

Figure5a andsb present the distribution of the strefependent modulus determined by NAEP model

and the NAE model, respectively. Both show the égghmodulus on the tagenterarea of the base

course and a decreasing modulus with base depth and the distandead tie@terline. The results are
consistent with that obtained the literaturg4, 6). However compared to the modulus obtained from the
NAE model(Figure5b), the NAEP model predicteathigher modulus for the base cou(Begure5a).

This is due tahat he NAEP predicts less horizontal tensile stresses and more compressive stresses as
indicated FigureSc, leading to a highdi and lowerly.:and eventually a higher modulus according to
Equation 2.

Effect of UAB Models on Critical Pavement Responses

Table 3compares the critical pavement responses predicted by LAE, NAE and NAEP models, including
the tensile strain at bottom of asphaiticse, theaverage vertical compressive strainttiebasecourse

ard the compressive straiim thetop ofthesubgradelt is evident that at all load levels the linear
anisotropic model (LAEunderpredicted theritical pavement responses compared toritbnlinear

models (NAE and NAEP). When the strelependent anisotropic modulus was considered fdd G,

the elastic model (NAE) predicted the same asphalt bottom tensile strain as that cabyullageglastic
model (NAEP) However the NAE model prdicted highetheaverage compressive straintive base
courseand lower compressive strain tiretop of subgrade comparedttee NAEP model. The prediction
difference between the two models became more significant when the load level incrbadedie
compressive strain in base course obtained by NAEP model was caused by the higherohttlus

UGB materials when plasticity is considered, as shown in Figure 5a. The higher compressivethgain in
top of subgrade when NAEP model was used for Uk3Rie to that higher stress was introduced in
subgrade when plastic deformation occurs in base cddrnezan conclude that the including plasticity
with a nonlinear anisotropy for UGB alter the pavement respondese and subgrade of a flexible
pavement

Furthermore, iace a lower tensile strain at asphalt bottom leads to a longer fatigue life and a lower
subgraddop compressive strain results in less rutting dam#tgmay concludehat the linear anisotropic
base model will riskilyoverpredictthefatigue life andunderpredict therutting damage in asphalt
pavementsThe nonlinear anisotropic elastic base model result in the same fatigue lifer asphalt
courseas the nonlinear anisotropic elastoplastic base model, but it will riskily 4qmedeict the rutting
damage in the pavements. Thus a complete nonlinear {degpsadent) anisotropic elastoplastic model is
required foraccuratelymodelling the UGB material in the base course.

Future research continuing from this study includes evaluating the effects of a dynamic load and a
repeated load on the pavement responses and performance using the nonlineapiargtstoplastic
model Further studies are also neddo predictthe moisture diffusiofn the pavement structure and
couplethe moistureeffectinto the nonlinear anisotropic elastoplastic model for the UGB materials.
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SUMMARY AND CONCLUSIONS

1) A nonlinear stresslependent anisotropic elastoplastic moda$ developed for unbound granular
base materialandsuccessfully implementad a weak form equatichased finite element
program A laboratory largescale tank pavemetdading test was used to vahte the model
usingmeasuredurfacedeflectionsandthe vertical stresses in base and subgrade, prdigighe
modelis valid andeffectivein predicting accurate responsestaunbound granular base
materials in flexible pavements.

2) Thenonlinear anistropic elastoplastic modgtedicted éss horizontal tensile stressgshe base
bottomandintroducedcompressive stressasthe middleandthe topof the base course. This is
caused by an increasing confinement resulting frdrarezontalplasticdilation in the base
course which cannot benodeledby a nonlinear anisotropic elastic model. This also explains a
laboratoryfinding that placing the geogrid in the middle of the base course is much more
effective in reducing rutting than placing the geogtidhe base bottom.

3) The stresslependent modulus for the unbound granular material in base course decreases with
base depth and the distance from loading centerline. The nonlinear anisotropic elastoplastic
model predicted higher modulus in the base athran the nonlinear anisotropic elastic model.

4) A linear anisotropic base model will riskily ovpredict fatigue life and undgredict the rutting
damage of flexible pavements. Thenlinear anisotropic elastic base model will result in the
same fatigudife as the nonlinear anisotropic elastoplastic base model, but it will riskily under
predict the rutting damag@&herefore the nonlinear(stressdependentanisotropic elastoplastic
model is required for accuratgtyedicting the performance tifeunbourd granular base
materialin asphalt pavements
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TABLE 1 Pavenent Structures, Material Models, Parametersand Characterization Tests

Pavement Layers
(thickness)

Materials Constitutive Models

Model
Parameters Laboratory Test

Layer 1
(15 cm)

Layer 2
(25 cm)

Layer 3
(140 cm)

Asphalt  Viscoelastic
concrete

Unbound a) Linear Anisotropic
granular Elastic (LAE)
base b) Nonlinear Anisotropic
Elastic (NAE)
¢) Nonlinear Anisotropic
Elastoplastic (NAEP)

Subgrade Elastic

Ep, Vo, B, Dynamic modulus test

Ky, ko, ks Resilient modulus test
N, M, Vzy, Vi,  at different stress levels

Ct Strength test at
confining pressures of
0, 20.7 and 103.4 kPa

Y o un g 6 California bearing ratio
modulus test
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TABLE 2 Model Parametersfor Asphalt Concrete, UGB and Subgrade
Asphalt Concrete(long term equilibriummodulusEp =42MPa, Poi svs=00B®)s r at

i 1 2 3 4 5 6

E (MPQ) 6564 6582 3200 1342 299 103

W(s) 4.09E6 2.56E4 7.71E3 2.10E1 3.88E+0 6.63E+1

Unbound Granular Base Materials

Material Models ka ko ks n m Vazx Viy C((kPa L (°)

a) LinearAnisotropic E.=150 MPaisusedb 0.45 0.35 0.38 0.43 NA NA
Elastic(LAE) averaging NAE results

b) Nonlinear Anisotropic 1281 0.81 -0.08 0.45 0.35 0.38 0.43 NA NA

Elastic (NAE)

c) Nonlinear Anisotropic 1281 0.81 -0.08 0.45 0.35 0.38 0.43 20.2 51.3
Elastoplastic (NAEP)

Subgrade(Elastic modulugs = 69 MPa, Poisson ratig= 0.4)
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TABLE 3 Predicted Critical Pavement Responses by Different UGB Models

Tensile Strain €0
at Bottom of

Average Vertical
Compressive strain
(e along Base

Compressive Strain
(¢ on Top of

Load Levels UGB Model Asphalt Course Course Centerline  Subgrade
566 kPa LAE 274.1 514.4 604.4
NAE 309.5 708.5 625.3
NAEP 309.8 707.5 627.2
755 kPa LAE 387.7 718.3 834.1
NAE 421.3 888.8 876.5
NAEP 422.6 870.7 911.8
1006 kPa LAE 545.6 1000.1 1156.1
NAE 564.9 1122.8 1217.1
NAEP 568.2 1047.3 1317.8
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Z (cm)] PO = 566,755, 1006 kPa

0 bk 5 120 >
s Asphalt R (em)
UGB
0
Subgrade —H
‘ No R-direction
[Symm'etrlc displacement
Axis at lateral side
-180

No Z-direction
displacement at bottom

FIGURE 1 Axisymmetric finite element model ofan asphalt pavement structurein alarge-scale
tank test.
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FIGURE 3 Horizontal stresses kPa) at loading center along depth in base cosge with increasingload levelswhere (3a)linear anisotropic
elastic (LAE) model, (3b) nonlinear anisotropic elastc (NAE) modeland (3c)nonlinear anisotropic elastoplastiqdNAEP) model were used
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Contour of Plastic Strain in Base Layer (micro) Contour of Horizontal Displacement by NAEP Model (micrometers)
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FIGURE 4 Contour of plastic strain (¢ YJand horizontal displacement ¢ nyin base course at a load level of 1006 kPa where (4a and 4b)
nonlinear anisotropic elastoplastiqgNAEP) modeland (4c)nonlinear anisotropic elastc (NAE) modelwere used for UGB,



