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ABSTRACT: The importance of accounting for maternahlinearity and anisotropic behavior
in order to improve the resilient models for pavatmaterials and numerical analysis is pre-
sented in this paper. Effects of material inhomeggnon the pavement primary resilient re-
sponses are investigated by way of worked exangflagpothetical three-layer system, which
was analyzed by considering homogenous and inhomeoges material properties in each of
the three layers. Effect of a inhomogeneity paramtitat is used in the z-dependent exponen-
tial model on the resilient responses in the paversieucture was also investigated. This paper
reports on the formulation as well as the findifrgen detailed analyses that were conducted.

1 INTRODUCTION
1.1 General

Methods for structural design of pavements haven lsdfting from empirical to mechanistic-
empirical based approach. Several software basetltitayer linear elastic (MLLE) theory have
already been developed for this purpose. For exgnipe AASHTO Pavement design guide for
flexible pavements is shifting from an experiengegurely empirical) based design method to a
mechanistic-empirical (M-E) design method. Theelastpproach requires an elastic MLLE analy-
sis engine to compute responses of interest aneémpe@ically established models to determine
airport and road pavement distresses like fatigaeking of asphalt concrete layer or rutting
(plastic deformation) of the pavement system. IroRe, a study was commissioned to evaluate a
number of widely used software for MLLE analysiglanreport was released on the Advanced
Models for Analytical Design of European Pavememnu@ures (AMADEUS, 2000). In Japan,
Japan Society of Civil Engineers (JSCE) publishékira library - an introduction to pavement
structural analysis. All these indicate that MLLEtimod play an important part in pavement de-
sign and analysis.

1.2 Material inhomogeneity

Majority of the standard methods for MLLE analyaisd evaluation of road and airport pave-
ments were developed based on the assumptionéblati@yer within the pavement structure is
linear elastic, homogeneous and isotropic. Howewethe recent past, several researchers have
shown the importance of accounting for non-lingaaitd anisotropic material properties in order
to improve the resilient models for pavement matsrand numerical analysis (Gazetas, 1982,
Graham and Houslby, 1983, and Correia, 1999). Thekaviors can be attributed to pavement
material physical properties and the way they ansitucted by way of compaction, which results
in variable elastic modulus with depth. Moreover,the case of asphalt concrete layer, its behav-



ior is also temperature sensitive and varies wéghtld as well. All the these facts call for numeri-
cal analysis methods to be developed in such aasdg take into consideration the variation of
elastic modulus of pavement layer materials withtlole

Tanigawa et al (1997) assumed the following fumctmexpress the depth dependent of elastic
shear modulus for a semi-infinite layer:
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Wang et al (2003, 2006) presented extensive summary of numerxisting analyti-
cal/numerical solutions for inhomogeneous isotrapedia due to a circular load. They pre-
sented solutions for the displacements and stredseg the axi-symmetric axis due to uni-
formly distributed circular load. Their findingsditated that vertical displacement and vertical
normal stress are greatly influenced by the mdtermogeneity and degree of anisotropy.

In this study, authors applied Hankel transfornedily to the governing equations of a mul-
tilayered system and derived solutions for the a@isere the system comprises of an inhomo-
geneous layer. Further, the influence of materihbmogeneity on the resilient responses (sur-
face displacement, normal and horizontal straire ewvaluated.

2 THEORETICAL DEVELOPMENT
2.1 Z-dependent model

In this research, elastic modulus of a materiabsumed to be constant in the horizontal direction
but inhomogeneous in the vertical direction, wheneries exponentially with depth. Materials
that behave in this manner have been named z-depienterials while layers containing these
kinds of materials are called z-dependent layeysgBoring body forces, equilibrium equations in
cylindrical coordinate system are formulated abfed:
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where o, is normal stress in the -axis direction, 7., is shear stress along- z-plane,
o, is normal stress in the circumferentid)(direction and finally,o, is normal stress in the
z-axis direction. Displacement in the-axis direction can be representedwas u(r,z) and
displacement in thez -axis direction can be represented \as vv(r,z). For axi-symmetric

case, displacement in the circumferential direci®mzero, while strains related to the listed
stresses are represented&s &,, &,, and y,,. Similar to the homogeneous case, strain-

displacement relationship is as follows:
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The difference between homogeneous and inhomogeneaterials is on the formulation of
stress-strain relationship, whereby in this studyjation of elastic modulus with depth is rep-

resented in an exponential form as follows:

E(z) =E,e™ 4)
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where b is the inhomogeneity parameter. Strain-stresgioaiship can be written in a ma-
trix form as:
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Utilizing Lame’s constantsi(z) and u(z), where:
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Substituting equation (3) into equation (6) andnaage, yields:
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Further substitution of equation (7) into equat{@hand rearrange, gives:
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Boundary conditions considering a uniformly disttded surface(z= 0)load, p over an
area of radiusa are such that;

z=0. r<a 0,=-p
r>a 0,=0 ©)
r=0r,=0

Resilient response solutions may be obtained thrddmnkel transform and then Hankel in-
verse transforms. The general procedure is thoremglained in Maina and Matsui (2004).



3 VALIDATION AND ACCURACY OF Z-DEPENDENT ALGORITHM

An algorithm for z-dependent multilayered structur@s developed based on the approach ex-
plained in the previous section. And in order tbdate and confirm accuracy of this algorithm,
its results were compared with results from GAMBS8vgare, which deals with homogeneous
materials. Since GAMES software cannot perform ysialfor z-dependent materials, the z-
dependent layer of interest (in this case, firgetawas subdivided into several layers of homo-
geneous material. An approximate analysis wasg#itar, performed using GAMES and re-
sults were compared with those from a z-dependgatithm.

Vertical load
P = 49kN
a=15cm
E(2) = 2500% Exp(9.242x 2)
m r , Nol No2 £,(0)=2500
4 > hy = 001 E, = 2500 E, =2742 ~
. E, (001) = 2742
= 015m Young's modulus hy = 001 E, 2742 £, =308 , (001
v Poisson's rationv; = 035 hg = 001 E, = 3008 E, =3209 E; (002) = 3008
4 hy = 001 E,=3299  E,=3618 E; (003 =3299
Young's modulug, =1000MPa 15 ) - ] E,; (004) = 3618
=015 : : :
h, = 035m Poisson's ration, = 0.35 Zh
= E, (012) = 7579
v hy3 = 00{] Ej3=7579  E;3=8312
E, (013 =8312
hug = 001 E4=8312  E,=9117 1019
! - E; (014) =9117
Young's modulug; = 60MPa /5 = 00! Ej5=9117 E;5 =10000
E, (015) =10000
y Poisson's rationy, = 035 Unit: m Unit: MPa  Unit : MPa Unit: MPa
z

Figure 1. Hypothetical pavement model.
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Figure 2. Analytical results for the three models.

The hypothetical pavement model used is showngnrgil. Only the first layer is assumed
to be z-dependent layer. In equation (B),and E, were determined such that elastic modulus

of the upper partZ£=0m) of the first layer would be 2500MPa and the botiwart would to be
1000MPa. The right hand side of Figure 1 showsethstic moduli for two discrete models to-
gether with the values determined from equation (3)
The procedure to generate the discrete layershfotwo models shown in Figure 1 was as
follows:
= The first pavement layer, which was 0.15m thicksveabdivided into 15 layers,
0.01m thick each.
= For model 1, each layer was assigned an elasticiimedalue, which was similar to
the value determined at its top position using &qud3).
= For model 2, each layer was assigned an elasticiimedalue, which was similar to
the value determined at its bottom position usiggation (3).



The analytical results are shown in Figure 2. Tigare shows displacement with depth be-
low the centre of the load (r = 0). Displacemerdgtednined from z-dependent model were in
between the displacements determined using thalitsarete models. There was a good agree-
ment between displacements determined from theperdient algorithm and displacements
from discrete models which validates the theoryetlgyed and confirmation of the accuracy of
z-dependent algorithm.

4 ANALYSIS FOR Z-DEPENDENT MATERIALS
4.1 Development of analytical model

In order to evaluate how variation of elastic madulvith depth within a particular pavement
layer can affect resilient responses when comptradsponses for homogenous materials, a
three layer pavement model was selected. For ezaljtecal case considered, material in only
one layer was assumed to be z-dependent. Analgsasifface displacement, normal and hori-
zontal strains were performed and compared todke where all the layers were assumed to be
homogeneous. Table 1 shows parametgysand b for different types of z-dependent models

that were considered, while Figure 3 shows theapat and homogenous pavement model that
was used for benchmarking and called TypeO. Extamiformly distributed load was 49kN,
which was assumed to act over an area of radiésr0.1

Table 1..Parameters for various z-dependent models

Unit | layerl | layer 2 layer 3

Typel Type2 Type3 Typed |Type5 Typeb |Typ€ype8 Type9 TypelO Typell Typel2

Parameter b  1/m }9.24 -5.00 500 9.24 [-0.10 -05@0.]10 -0.50 -1.00 -2.00 -5.00 -10.00
E, MPa 25000 3436.4 7275.0 10000.0/500.02000.0 0 660.0  60.0 60.0  60.0 60.0

4.2 Z-dependent model (first layer only)

Figure 4 shows pavement model that was used fdysisaonsidering z-dependent material in
the first layer. Elastic modulus of the first layerassumed to be a function ef, whereby E,

is the elastic modulus at the top position of tinst layer and a positive parametbr repre-
sents a softening layer, while a negative parameteepresents a stiffening layer. By varying
the values ofE, and b, four different models were developed, namely @yp Type4) and

analyses using values from each of the four model® performed. Layer moduli values for
the different models are graphically presented iguife 5. E, and b values were selected

such that, for each model, the median value oftielasodulus in the first layer would be
5000MPa.

Figure 6(a) shows results of surface displacementsodels TypeO, Typel, and Type4. Be-
low the load centre, deflections from a model dipica softening top layer (Typed) were
smaller compared to those from a stiffening layiempel). For the three models considered, the
difference in displacements was evident in themitigiof the loaded region and insignificant at
points beyond 3 times the load radius.

Figure 6(b) shows variation of normal vertical Btrés,) at points along the —axis and

below the load centrer(=0). These are analytical results for all the 5 meddlype0 ~
Typed). For each model, a discontinuity of stranobserved at layer interfaces. In the first
layer where z-dependent material was assumed/eliifes are observed in straig, f trends

among the five models. TypeO shows tensile straipavement surface although a compressive



stresso, = -0.707MPa is acting. The reason for this phenomenon couldtbéuted to rela-
tively higher horizontal compressive stressgs= o, = -1.280MPawhen combined with Pois-

son’s ratio may result in tensile strain in tkedirection. Compared with model TypeO, layer
softening models (Type3 and Type4) had higher kers¢rains on the surface and higher com-
pressive strain at the bottom of the first layeayér stiffening models had relatively lower re-
sults. Typel layer stiffening model resulted in poessive normal strains() on the surface.

All the five models (TypeO ~ Type4) were set ins@cway that the median elastic modulus
would be the same. However, strain results werdagimt about 0.05m from the surface. Mate-
rial inhomogeneity in the first layer had higheflience on normal vertical strain results in the
third layer than in the second layer.

Figure 6(c) shows variation of normal horizontaihst (&, ) at points along thez —axis and

below the load centrer(=0). Again, these are analytical results for all $heodels (TypeO ~
Type4) and they all show very comparable compressikains at the surface. At the bottom of
the layer the results show tensile strains whomeds are opposite to the layer moduli. Type4
had the highest value and Typel, the smallest.iffheence of material inhomogeneity in the
first layer on horizontal normal strain resultglie third layer was insignificant.

. Vertical load
Vertical load
P =49kN P =49kN
a=15cm a=15cm
I I I 1 I 1 ] r
Young':mdulus E; =500(MPa Young's modulus E, = E, exp(-b2)
h = 015m ) ) h = 015m R
v Poisson's ration v, =035 v Poisson's ration v; =035
Young's modulus E, =100(MPa Young's modulus E, =100(MPa
hp = 035m Poisson's ration v, =035 M =035M o icsons ration v, =035
v v
Young's modulus  E3 = 60MPa Young's modulus E; = 60MPa
\ Poisson's ration y5 = 035 \ Poisson's ration v, = 035
zZ zZ
Figure 3. Homogeneous pavement model. Figure 4nhageneous (first layer) model.
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Figure 5. Distribution of layer moduli with depth.
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Figure 6. Results for displacements and strainsidering inhomogeneous first layer.

4.3 Z-dependent model (second layer only)

Figure 7 shows pavement model that was used fdysisaonsidering z-dependent material in
the second layer. Values &, and b were varied to form two models (Type5 and Type6)
and analyses were performeH, and b values were selected such that, for each model, th
median value of elastic modulus in the second laymrid be 1000MPa.

Figure 9(a) shows surface displacements usingwbearodels. The effect of material inho-
mogeneity is evident between the load edge to hegithe load radius (i.e.=15cm ~ 150
cm). Compared to TypeO, surface displacement edtdim layer stiffening model (Typeb)
were smaller and those from layer softening mot@igbé€6) were bigger.

Figure 9(b) shows variation of normal vertical Btr@s,) at points along thez —axis and
below the load centrer(=0). Similar to the previous case of material inhoemgty in the
first layer, a discontinuity of normal vertical @itn (£, ) is observed at layer interfaces. Further,
the effect of material inhomogeneity on the norwedtical strain within the second layer is
considerable.

Figure 9(c) shows variation of normal horizontaést (&, ) at points along thez —axis and
below the load centrer (= )0There is continuity of normal horizontal strainlayer interfaces.
Because of this continuity at layer interfaces, eéffect of material inhomogeneity on the nor-
mal horizontal strain{, ) in the lower part of the first layer, within tilsecond layer and upper

part of the bottom layer is considerable.



Vertical load

P = 49kN
a=15cm
10000 T
r —Type0
X > o
Young's modulus E; =5000MPa S 1000 —5-Type5
=015m = I N ...V~ 2 el U L
hu Poisson's ration v; = 035 a
v =)
A 3 |
o I
Young's modulus Ez = 2000<Exp(-3.961x 2)MPa & |
= (%) L
e =035M o icoons ration Vv, =035 § 10 :
v w ! Nl
I I
I I
Young's modulus E; = 60MPa 10 | |
\ Poisson's ration v = 035 0 20 40 60 80 100
z Z (cm)

Figure 7. Inhomogeneous (second layer) model  FiguRistribution of layer moduli with depth.
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Figure 9. Results for displacements and strainsiderning inhomogeneous second layer.

4.4 Z-dependent model (third layer only)

Figure 10 shows pavement model that was used falysia considering z-dependent material
in the third layer.E, was held constant and parameterwas varied to form six models

(Type7 ~ Typel2) and analyses were performed.zAs « , layer softening model for semi-

infinite subgrade layer would result in zero elastiodulus and infinity displacement, hence
only layer stiffening models were used. Elastic olodbr different z-dependent models are
graphically presented in Figure 11.

Figure 12(a) shows surface displacements for féuh® models used. As parameterin-
creases, surface displacements decrease, whichimgligation that material inhomogeneity in
the subgrade layer significantly affect pavementase displacements.

Figure 12(b) shows variation of normal verticabsir(s,) at points along the —axis and
below the load centrer(=0). The effect of material inhomogeneity in the swlate layer on
normal vertical strain in the first and second fayrs found to be insignificant. Howeves,
in the third layer was highly influenced by maténmmoperty within the layer. Figure 12(c)
shows variation of normal horizontal straig, § at points along thez —axis and below the load
centre ¢ = Q. Due to continuity of the normal horizontal strait layer interfaces, the effect of



material inhomogeneity in the third layer on themal horizontal strain £ ) is significant
within the lower part of the second layer and thele of the third layer.

Vertical load
P = 49kN
a=15cm 10000
! r
7'y - %
Young's modulusg, =5000VIP < r
h, = 015m ¢ 1 2 5 00
v Poisson's ration v; = 0.35 =2
S
S
<]
Young's modulusE, =1000MPa £
_ £ 100
hp = 035M  pjicson's rationva = 035 Q
v w
Young's modulusg, = E, x Exp(-bx2) 10
\ Poisson's rationy, = 035 0 20 40 60 80 100
z Z(cm)

Figure 10. Inhomogeneous (third layer) model. uFeégll. Distribution of layer moduli with depth.
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Figure 12. Results for displacements and strainsidering inhomogeneous third layer.

5 OBSERVATION AND CONCLUDING REMARKS

Algorithm for multilayered linear elastic analysisnsidering z-dependent materials has been

developed based on the approach presented inahés p

1. Analytical results for z-dependent algorithm agreedl with GAMES results when
layer discretization was performed. This confirneswaacy of the algorithm devel-
oped.

2. When the top pavement layer is considered to bepewdent, surface displacements
for layer stiffening models were bigger than fordasoftening models. The effect of
z-dependent top layer was smaller for layer stiffgnimodels than for layer softening
models.

3. The effect of z-dependent second layer on the saidésplacement was negligible.

4. There were significant effects of the magnitudpafameterb for z-dependent sub-
grade on surface displacements



5. Because of discontinuity at layer interfaces, ndrvestical strain ¢,) was only af-

fected in the layer that was considered to be zdeent.
6. Because of continuity at layer interfaces, norn@izontal strain €, ) in the layer

that was considered to be z-dependent as well paris of adjacent layers close to
the interface with z-dependent layer was affected.
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