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ABSTRACT 

 

Determination of Aggregate Physical Properties and Its Effect on  

Cross-Anisotropic Behavior of Unbound Aggregate Materials. (August 2004)  

Sung-Hee Kim, B.S., Inha University, Korea; 

M.S., Georgia Institute of Technology 

Chair of Advisory Committee: Dr. Dallas N. Little 

 

Work done by several researchers reveals that unbound aggregate materials show 

nonlinear cross-anisotropic behavior. The incorporation of cross-anisotropic properties 

significantly improves the predictions of stress distribution by reducing tensile stresses 

computed within granular layers. Existing pavement analysis and design approaches, 

however, generally assume the pavement structure to be linear isotropic layered system. 

This assumption is motivated by the difficulties in determining cross-anisotropic 

resilient material properties from laboratory experiments and lack of pavement 

anisotropic analysis programs.  

Recently, the International Center for Aggregates Research (ICAR) developed a 

methodology to characterize unbound aggregate layers by considering stress-sensitivity 

and nonlinear cross-anisotropy. The ICAR model requires nine coefficients to account 

for stress-sensitivity and anisotropy of vertical, horizontal, and shear moduli. 

Unfortunately, ICAR testing protocol is time-consuming and expensive to perform and 

certainly do not lend themselves to routine testing. Since it is important to be able to 
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consider the stress-sensitive and anisotropic nature of unbound granular materials, a 

simple procedure was proposed by accounting for the effects of aggregate gradation and 

shape properties in predicting the cross-anisotropic modular ratio of unbound granular 

materials. Variable confining pressure type repeated load triaxial tests were performed 

on six aggregate sources with three different gradations and three different moisture 

contents.  The experimental results were analyzed within the framework of nonlinear 

cross-anisotropic elastic model in order to determine the model coefficients. Image 

analysis techniques were utilized to measure aggregate shape properties. The gradation 

and shape properties were fitted using a cumulative distribution function and nonlinear 

regression analysis, which is capable of capturing the complete distribution of these 

properties. The experimental and analytical results indicate that the vertical resilient 

modulus is greater than the horizontal resilient modulus and that aggregate physical 

properties significantly affect the anisotropic resilient behavior.  

Based on finite element analysis, the anisotropic resilient behavior has substantial 

effect on the critical pavement responses. Thus, it is extremely valuable to approximate 

the degree of cross-anisotropy in unbound aggregates and to use it as input in the 

pavement analysis programs to adequately model unbound aggregate bases for pavement 

design and analysis.  
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CHAPTER I 

INTRODUCTION 

 

A conventional flexible pavement is composed of a prepared subgrade, subbase, 

base, and a surface layer according to the American Association of State Highway 

Transportation Officials (1). The surface layer is usually a hot mix asphalt (HMA) and 

the base and subbase layers consist of unbound granular materials.   

 Unbound aggregate base is a primary structural layer of a pavement. The principal 

functions of unbound aggregate base are to diminish the load-induced stress on the 

subgrade to a degree that the subgrade can sustain without significant rutting and to 

provide adequate support for the surfacing. Although these two functions are the chief 

ones of interest from the structural point of view, unbound aggregate base has other 

important functions such as drainage and subgrade protection against frost and 

environmental conditions. 

The State-of-the-practice pavement design guides of conventional flexible 

pavement containing unbound aggregate base rely on empirical approaches developed 

through the long-term performance observation of specific pavement structures. These 

structures were constructed at one general location with limited number of types of 

pavement material and one climatic condition. Therefore, use of empirical models should 

be limited to the conditions on which they are based and cannot usually account for 

changes in loading and environmental conditions. 

    

This dissertation follows the journal style and format of Transportation Research 
Record, Transportation Research Board, National Research Council. 
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To overcome the limitations induced from the use of empirical approaches there 

has been a movement towards the use of mechanistic-empirical design approaches 

recently. The state-of-the-art in flexible pavement design approach is manifested in 

mechanistic-empirical design approaches and there are comprehensive well-established 

theories to embark on a different approach to pavement design. This is the mechanistic 

design approach that the pavement structure is modeled based on principles of 

engineering mechanics, mathematical system, and important engineering parameters, 

such as normal stresses and strains and shear stresses and strains are calculated under 

simulated traffic loading. These parameters are then related to performance through 

empirical correlations developed in practice.  Thus, this approach is not entirely 

mechanistic, but mechanistic-empirical. The main advantage of the mechanistic-

empirical approach is 1) the ability to predict future performance of new materials and 

new types of loadings, 2) better characterization of material properties and 3) capability 

to estimate existing pavement structural response through the experiments, 

nondestructive testing, and backcalculation methods. 

To appropriately model the pavement structure with a mechanistic-empirical 

approach, an accurate material characterization technique should be developed. In recent 

years, several researchers began a concerted effort to develop a state-of-the-art 

characterization of unbound aggregate bases in pavements (1, 2, 3, 4, 5, 6). Their studies 

have mainly indicated that the unbound aggregate base material should be modeled as 

nonlinear and cross-anisotropic to account for stress sensitivity and the significant 

differences between vertical and horizontal moduli and Poisson's ratios. The advantage of 

the use of cross-anisotropy for the analysis of unbound granular bases is the drastic 
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reduction of bottom tensile strain predicted by linear elastic analysis based on the 

assumptions of isotropy. 

 

PROBLEM STATEMENT 

Existing mechanistic-empirical pavement design approaches generally assume the 

pavement structure as a linear isotropic layered system, which means that the properties 

are considered to be same in all directions. Linear elastic analysis can be used with high 

confidence for the full depth asphalt pavement structures, but it is not proper for 

unsurfaced or thinly surfaced flexible pavements because the resilient properties of 

unbound granular materials are nonlinear and stress dependent (7, 8, 9, 10).  

The most serious problem of linear isotropic analysis in thinly surfaced flexible 

pavements is the erroneous prediction of strong tensile stresses at the bottom of the 

aggregate base layer. The granular materials, however, have little to no tensile strength 

since the load transfer is achieved through compressive and shear stress between particles. 

In order to correctly characterize unbound aggregate bases it is necessary to account for 

the directional properties or cross-anisotropy of these layers. Only when this is done can 

we accurately calculate the distribution of stresses within unbound aggregate bases and 

properly design and analyze pavements containing unbound aggregate bases. However, 

cross-anisotropic models for characterizing aggregate base behaviors are usually ignored 

due to the difficulties in determining anisotropic material properties using conventional 

repeated load triaxial tests and lack of pavement anisotropic analysis programs.  

Recently, International Center for Aggregates Research (ICAR) developed a 

methodology to characterize unbound aggregate base layers and to consider the stress-
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sensitivity and cross-anisotropy of these unbound aggregate layers. The ICAR model 

requires nine coefficients to account for the stress-sensitivity and anisotropy of vertical, 

horizontal, and shear moduli. Unfortunately, such repeated load resilient test is time-

consuming and expensive to perform. Since it is important to be able to consider the 

stress-sensitive and anisotropic nature of unbound granular materials, there is a pressing 

need to be able to approximate these properties from routine tests. 

 

RESEARCH OBECTIVES 

The objective of this study is to develop a simplified procedure for determining 

the anisotropic properties of unbound aggregate layers. A major breakthrough of this 

research is the ability to approximate the directional properties from aggregate properties 

and a standard resilient modulus test (AASHTO T307-99) such as that required in the 

AASHTO 2002 Guide to utilize the anisotropic properties in the flexible pavement design. 

The predicted anisotropic properties can be used in finite element and layered elastic 

models to correctly estimate the pavement design life. To meet this requirement, specific 

objectives were formulated as follows: 

(1) Develop a database of anisotropic resilient moduli of wide range of unbound 

aggregate bases with different moisture and compaction conditions, 

(2) Investigate the effect of the aggregate physical properties such as particle 

shape (form, angularity, texture) and gradation on the directional properties,  

(3) Develop a simple methodology to approximate the anisotropic material 

properties as the input values of Layered Elastic Model (LEM) or a Finite 

Element Model (FEM) based on aggregate physical properties,  
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(4) Develop performance models for fatigue cracking and rutting, and  

(5) Field validation of the predictions from Finite Element Method (FEM) and 

Layered Elastic Model (LEM) programs 

 

DISSERTATION ORGANIZATION 

This dissertation consists of eight chapters. Chapter I is an introductory chapter. 

Chapter II presents the review of related background for unbound aggregate 

characterization. Factors affecting resilient behavior of unbound aggregate base and 

resilient modeling to characterize nonlinear anisotropic behavior of unbound aggregate 

base are described in Chapter II. Chapter III presents a simple procedure to determine the 

level or degree of anisotropy of unbound aggregate granular layer based on aggregate 

physical properties. Chapter IV includes a comprehensive laboratory test matrix and 

testing protocol. The laboratory test data results are presented and discussed in Chapter V. 

The effect of aggregate physical properties on the level of anisotropy are also discussed. 

Chapter VI presents the effects of aggregate physical properties on pavement 

performance. The transfer function based on AASHO road test data are also presented. 

Verifications of simple procedure to determine the level of anisotropy are presented in 

Chapter VII. Conclusions and recommendations are included in Chapter VIII. 
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CHAPTER II 

BEHAVIOR OF UNBOUND AGGREGATE MATERIALS 

 

RESILIENT BEHAVIOR OF UNBOUND AGGREGATE MATERIALS 

Unbound granular layer that is composed of odd-shaped aggregate particles with 

different size plays a structurally important role, especially for thin asphalt pavement 

subjected to the medium and low volume traffic loadings by providing load distribution 

through consolidation, distortion and attrition (11). For a reliable unbound pavement 

foundation, characterization of load-deformation behavior of unbound granular material 

is extremely important. In 1993, the American Association of State Highway and 

Transportation Officials (AASHTO) proposed a new pavement design procedure using 

the resilient modulus concept to describe the behavior of pavement materials under 

surface traffic loadings.  

The deformation response of granular layers due to the surface traffic loading 

consists of resilient and permanent deformations. In the repeated triaxial test, 

considerable permanent deformation is observed at the initial stage of load applications 

and the increment of permanent deformation becomes smaller compared to the increment 

of resilient deformation after few load applications as shown in Figure 2.1. Consequently, 

a properly designed granular layer accumulates very small amount of permanent 

deformation and most deformation is resilient deformation after repeated load test. For 

the characterization of this resilient behavior, the concept of resilient modulus (MR) has 

been introduced and the resilient modulus is defined as the ratio of applied dynamic 
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deviatoric stress to the resilient strain. The resilient modulus concept gained the 

recognition as a useful property describing the resilient behavior of granular materials.  

 

FIGURE 2.1 Strains Under Repeated Loads (12) 

 

Poisson's ratio, which is another resilient response is stress-dependent and tied to 

the same material constants as the resilient modulus. A Poisson's ratio below 0.5 means 

that the material changes in shape and the volume decreases when a load is applied. A 

Poisson's ratio of 0.5 means that the material changes in shape, but not in volume in the 

loading conditions. A Poisson's ratio above 0.5 means that the material changes in shape 

and the volume also increases (dilation) when a load is applied. Although elastic isotropic 

materials cannot have a Poisson's ratio above 0.5, Poisson's ratios above 0.5 in unbound 

aggregate materials have been commonly observed from the field and laboratory test and 
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this dilation makes the unbound aggregate stiffer and useful. Lytton (13) mentioned that 

beneath the tire load, an unbound aggregate generates its own lateral confining pressure 

and becomes very stiff almost as if it were forming a moving vertical column that travels 

along immediately beneath the load. This volume change (dilation) depends on the 

aggregate physical properties because a different amount of volume change will occur if 

the particle shapes are flat or elongated.  

Several researchers have conducted the experiments and evaluated the nonlinear 

stress dependency of resilient modulus and Poisson's ratio. The following section 

discusses the nonlinear stress dependent model to illustrate the resilient behavior of 

unbound granular bases.  

 

MODELING OF NONLINEAR RESILIENT BEHAVIOR OF GRANULAR 

MATERIALS  

Unbound granular materials show nonlinear stress-dependent behavior and 

dilatancy and the efforts to characterize the nonlinear behavior of unbound granular 

materials in the pavement have been made in recent years. The importance of nonlinear 

response on critical stress and strain in pavement system is well documented in the 

literature (2, 12, 14, 15, 16, 17). Several nonlinear resilient models have been proposed 

over the years considering the significant effects of stress level on the resilient modulus.  
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K-Θ Model 

Nonlinear resilient modulus model which is known as K-θ model as shown in 

Equation (2.1) was reported by Hicks and Monismith (8) and has been widely used for 

the pavement design purpose.  

21
k

R kM θ=          (2.1) 

where, MR =  resilient modulus 

θ = sum of principal stresses or first stress invariant (σ1 + 2σ3), and 

k1, k2 = material parameters. 

 

The resilient modulus is proportional to the first stress invariant on a log-log scale. 

Albeit K-θ model simply represents the nonlinear behavior of granular materials, the 

significant effect of shear stress on resilient modulus is ignored and thus, it is applicable 

only over a small range of stress paths (9). 

Contour Model 

 Brown et al. (18) developed a model by modifying the Boyce model (19) to 

account for stress path effects as follows: 
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where  

Ki and Gi are initial bulk and shear moduli, 

I1 = σ1 + σ2 + σ3,  

σd = σ1 −σ3, 

po = reference pressure,  

I11, σd1 and I12, σd2 are I1 and σd at stress states 1 and 2 respectively, 

1 = (∆I1
2 + ∆σd

 2)½, and 

β, k1, k2 , and k3 are statistical material constants.  Although Contour model predicts 

accurate resilient modulus over a wide range of stress paths, the determination of material 

constants, laboratory, and analytical procedures are too complicated (4). 

Uzan Model 

Uzan (9, 10) developed a nonlinear resilient modulus model considering the shear 

stress term as shown in Equation (2.5).  
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where, MR =  resilient modulus 

 θ = first stress invariant (or Bulk Stress), 

Pa = atmospheric pressure 
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τoct = octahedral shear stress, and 

k1, k2, k3 = material constants determined by regression analyses from laboratory 

test results. 

Uzan model effectively explains the hardening effect due to first stress invariant 

term and the softening effect due to octahedral shear stress term as well as the nonlinear 

behavior of unbound granular layer. Due to its simplicity and the consideration of dilation 

effect which occurs when a pavement is subjected to a larger principal stress ratio σ1/σ3, 

Uzan model is widely used as an improved nonlinear model. 

In the 2002 Guide, the simplified version of Equation (2.6) with k6 = 0 and k7 = 1 

has been adopted to characterize the resilient modulus of unbound bases, subbases, and 

subgrades: 
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where, MR = resilient modulus,  

pa = atmospheric pressure to normalize stresses and modulus, 

θ = stress invariant, or the sum of the three principal stresses, 

τoct = octahedral shear stress, and 

k1, k2, k3 = material parameters subject t the constraints k1>0, k2 ≥ 0, k3 ≤ 0, k6 ≤ 0, 

and k7 ≥ 1 
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The universal model is applicable to different types of unbound paving materials ranging 

from very plastic clays to clean granular bases.  For purely cohesive clays, the k2 term 

will approach a value of 0; while for a cohesionless granular material, k3 approaches 0. 

The Lytton Model (20) which determines the effective resilient modulus of unsaturated 

granular materials is expressed with k6 ≤ 0 and k7=0.  

Karasahin and Dawson Model 

 Karasahin and Dawson performed a repeated load triaxial test for six different 

aggregate sources and developed a model which accounts for the cross-anisotropic 

behavior of cohesionless soils as follows: 

⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=

N

mP
apM

aP
mqL

aP
PH11ν       (2.7) 

⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

U

mP
apT

aP
mqS

aP
PR2ν       (2.8) 

⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡
⎟
⎠

⎞
⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

C

P
apB

aP
mP

ARM        (2.9) 

where, 

ν1: in-plane Poisson's ratio that shows the effect of horizontal strain on the orthogonal 

horizontal strain, 

ν2: out-of-plane Poisson's ratio that shows the effect of horizontal strain on vertical strain, 

MR: resilient modulus 

P=P2-P1, 
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Pm = (P2-P1)/2, 

qm = (q1-q2)/2, 

Pa = atmospheric pressure, and 

A,B,C,H,L,M,N,R,S,T,U = model constants. 

 Karasahin and Dawson model can predict resilient response in both vertical and 

horizontal directions. However, only one stress- dependent resilient modulus instead of 

two moduli for vertical and horizontal directions can be obtained although vertical and 

horizontal Poisson's ratios are obtained. 

 

FACTORS AFFECTING RESILIENT BEHAVIOR OF GRANULAR 

MATERIALS 

Over four decades, many researchers who have investigated the resilient behavior 

of granular materials placed a relatively high degree of importance on the effect of degree 

of saturation, dry density, aggregate gradation and shape, fines content, and stress state, 

etc. For design purposes, it is extremely important to consider how the resilient modulus 

changes when the influencing factors vary in certain amounts. In this section, those 

factors affecting resilient behavior of unbound aggregate base are illustrated. 

Effect of Degree of Saturation 

It is generally agreed that the degree of saturation or moisture content greatly 

affects the resilient modulus of unbound aggregate base (8, 21, 22, 23). Dawson et al. 

(24) studied the behavior of granular materials with high degree of saturation and found 

that the resilient modulus of granular materials decreases with approaching complete 
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saturation level. Over the optimum moisture content, the stiffness decreases rapidly with 

growing saturation level due to the development of excess pore pressure. 

Several researchers demonstrated that the effect of degree of saturation on 

resilient behavior of granular materials varies with the aggregate type, gradation, stress 

state and fine content (21, 22, 25, 26, 27). Barksdale and Itani (21) showed that the 

resilient modulus of granite decreased almost 40% after soaking the sample and about 

20% at 103 kPa and 690 kPa bulk stresses, respectively while resilient modulus of a river 

gravel has 50% and 25% reductions. Haynes and Yoder (22) observed a 50% resilient 

modulus reduction of gravel when the degree of saturation varied from 70 to 97%. Raad 

et al (26, 27) showed that the moisture content has significant effect in well graded 

materials with high proportion of fine because the water has better chance to be held in 

the pores in such gradation while the water can drain or infiltrate freely in open gradation.  

Smith and Nair (23) observed that the resilient modulus of granular materials 

decrease with increase in moisture content and they attributed the reduction of the 

resilient modulus to the development of excess pore water pressure. Several researchers 

(28, 29) who conducted similar studies indicated that no dynamic or residual pore 

pressure is developed in open graded aggregates while significant dynamic pore pressure 

is developed in dense graded aggregates with high fine contents causing the resilient 

modulus reduction. The development of excess pore water pressure causes the decrease 

of the effective stress of granular materials and subsequently, reduction of both strength 

and stiffness of the materials. Thom and Brown (28), however, argued that water has the 

lubricating effect in the aggregate assembly and this lubricating effect increases the 

deformation in the aggregate assembly with lack of excess pore water pressure. Lekarp et 
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al. (11) illustrated these observations as the decrease of the localized pore suctions with 

higher water content, leading to lower interparticle contact forces.  

Effect of Dry Density 

The increase of dry density or degree of compaction of aggregate materials makes 

the aggregate medium stronger and stiffer. However, there is no overall agreement as to 

the effect of dry density on resilient behavior of unbound granular base. Researchers 

indicated that the effect of dry density or degree of compaction has been considered as 

the significant influencing factors for the resilient behavior of unbound aggregate base, 

by increasing the resilient modulus with increasing dry density (8, 25, 30, 31, 32). On the 

other hand, Thom and Brown (28) mentioned that the dry density has relatively 

insignificant effect. 

The effect of dry density varies with the aggregate types, fine contents and stress 

state (8, 21, 30). Hicks and Monismith (8) found that the dry density plays an important 

role for the partially crushed aggregates much more than for fully crushed aggregates. 

They also mentioned that the effect of the dry density decreases with increase of fine 

content. Barksdale and Itani (21) found that the resilient modulus increases as the dry 

density increases at a low mean normal stress.  There was no consensus as to the effect of 

the dry density on Poisson's ratio. Allen and Thompson (31) indicated that the dry density 

has small influence on the Poisson's ratio change without any consistency while Kolisoja 

(32) reported that there is decrease in Poisson's ratio with increase of dry density of the 

granular material. 
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Effects of Gradation and Fine Content  

A change in aggregate gradation produces a change in moisture content and dry 

density to form an appropriate aggregate assembly and the moisture content of unbound 

granular base significantly affects the resilient response. Researchers (15, 16, 17) 

reported that uniformly graded aggregates are stiffer than well graded aggregates. Adu-

Osei (2) investigated the effect of gradation on resilient modulus and found that open-

graded limestone had higher resilient modulus while no significant changes were 

observed for gravel. 

Thom and Brown (28) reported that the resilient modulus generally decreases as 

the fine content increases. Hicks and Monismith (8) found that the resilient modulus 

decreases as fines content increases for partially crushed aggregates, but they found an 

opposite effect for fully crushed aggregates. Hicks (8, 30) mentioned that stiffness 

initially increases and decreases as fines are added to crushed aggregates. They explained 

that the initial increase of stiffness is due to the increase of the contacts as voids are filled 

with fines and the decrease of stiffness is due to the displacement among coarse particles 

as excess fines are added. This results in the loss of aggregate particle interlocks and load 

carrying ability lies only on the fines. 

The dry density of optimum moisture content decreases as the fine content 

increases. It may be inferred that aggregate gradation and amount of fines has an indirect 

effect on the resilient behavior of unbound granular bases by affecting the impact of 

moisture and density of the system. A more direct impact of gradation on stiffness occurs 

due to the manner in which the fine particles fill the voids and impact the interaction 
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among the coarser, angular particles. This can be visualized in the extreme when one 

compares a “floating matrix” where the coarse aggregate floats in the fines – preventing 

interaction – with a lack of fines where only coarse aggregate interaction provides a 

resistance to movement. The intermediate case is where the coarse aggregate and fine 

aggregate blend is appropriately balanced to provide optimum density and maximum 

particle interaction. 

Effect of Aggregate Type and Shape 

Aggregate type and shape are significant factors influencing the resilient behavior 

of granular materials. The rough-textured and angular aggregates provide more strong 

and stiffer mass by locking together while smooth-textured and rounded aggregate tends 

to slide. 

Studies have indicated that the crushed aggregate, which has high angularity and 

rough texture, provides better load carrying capacity and shows higher resilient modulus 

than the rounded gravel (8, 21, 28, 30, 31, 32, 33). Researchers (10, 34, 35) reported that 

adding flaky particles results in greater particle abrasion, larger permanent strain, and 

lower stiffness under repeated loading. 

Effect of Stress  

It has been well known that the stress state is an important factor influencing 

resilient properties of unbound granular materials (2, 4, 5, 7, 14, 15, 16, 36, 37, 38). They 

have shown that the resilient modulus of unbound aggregates depends on the confining 

stress and sum of principal stresses. It is generally agreed that the resilient modulus 

increases with increasing confining stress and decreasing deviatoric stress. Yandell (39) 
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reported that the effect of deviatoric stress on resilient modulus was negligible at higher 

confining pressure levels. The resilient modulus, however, increases with an increase in 

applied dynamic deviatoric stresses at low confining pressures and the significant effect 

of deviatoric stress on the resilient modulus were observed (8, 9, 30).  

Allen and Thompson (31) investigated the effect of constant confining pressure 

(CCP) and variable confining pressure (VCP) performing laboratory triaxial tests. The 

pavement in the field is usually loaded by moving wheel loads and the major principal 

stress due to wheel load is not aligned in the vertical direction, but rotates in the direction 

of the applied load as load passes. This type of loading can not be ideally simulated in the 

laboratory by the CCP type repeated load triaxial tests. The VCP type repeated load 

triaxial tests offer the capability to apply a wide combination of stress paths by pulsing 

both cell pressure and deviatoric stress. Such stress path loading tests better simulate 

actual field conditions since in the pavement structure the confining stresses acting on the 

material are cyclic in nature. Allen and Thompson (31) compared the results from two 

different types of experiments and showed that the CCP tests resulted in lager lateral 

deformations and higher Poisson's ratio. Figure 2.2 and 2.3 show a typical result reported 

by Allen and Thompson. The rotation of principal stress affects the resilient modulus of 

anisotropic materials although it doesn't affect significantly the resilient modulus of 

isotropic materials.    
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FIGURE 2.2 Comparison of Resilient Modulus with CCP and VCP (31) 
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FIGURE 2.3 Comparison of Poisson's Ratio with CCP and VCP (31) 

 

For constant confining type repeated load triaxial tests, the resilient modulus and 

Poisson’s ratio are defined as Equations 2.10 and 2.11 (11). 
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where; 

 MR = Resilient modulus, 

 ν = Resilient Poisson’s ratio, 

σ1 = Major principal or axial stress, 
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 σ3 = Minor principal or confining stress, 

 ε1 = Major principal or axial resilient strain, and 

 ε3 = Minor principal or radial resilient strain. 

 For variable confining type repeated load triaxial test, resilient modulus and 

Poisson’s ratio are defined as (11): 
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ANISOTROPIC RESILIENT BEHAVIOR OF GRANULAR MATERIALS 

The significant problem encountered in the pavement analysis is the observation 

of tensile stresses at the bottom of base layer when the linear isotropic model is used to 

characterize unbound aggregate behaviors. The horizontal tensile stress in the base layer 

can not be achieved because unbound aggregate base transfers the surface loading 

through compression and shear forces among the particles.  

Anisotropy in unbound granular bases is inherent even before the aggregate base 

is subjected to traffic due to the effects of compaction and gravity (40). Particle 

orientation which tends to align the maximum dimension in horizontal direction occurs 

during aggregate material deposition (41, 42). Stresses due to construction operations and 

traffic are anisotropic and new particle contacts are formed due to breakage and slippage 

of particles, which induces further anisotropy (5).  Several researchers (2, 4, 5, 6, 14, 15, 

37) studied the anisotropic resilient behavior or unbound aggregate base materials and 
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emphasized the importance of accounting not only for stress dependency but also 

anisotropy in order to properly model the unbound aggregate layer.   

Barksdale et al. (21, 43) stated that a cross-anisotropic model of unbound granular 

bases is better for predicting pavement response than simplified isotropic models based 

on their observations from instrumented test sections.  Tutumluer (4) successfully 

modeled the unbound granular base as nonlinear cross-anisotropic material implementing 

the Uzan model in the GT-PAVE finite element program. Tutumluer (4) observed that a 

cross-anisotropic representation of the unbound granular layers reduces the predicted 

tensile stresses in these layers by up to 75 percent compared to isotropic elastic analysis.  

Tutumluer et al. (6) described how the horizontal resilient modulus may be only a 

small fraction of the vertical resilient modulus and that if this fact is not taken into 

account, then the resulting stress distributions in the unbound layer will be unrealistic. 

For example, even if stress-sensitivity is considered in an isotropic unbound aggregate 

layer, a strong negative tensile stress in the lower portion of the layer often results. An 

unbound layer cannot withstand such large tensile stresses. On the other hand, if both 

stress-sensitivity and anisotropy are properly considered, then the stress distributions in 

the unbound layer are reasonable. Moreover, a stress-sensitive and cross-anisotropic 

representation of the unbound aggregate base layer in a finite element model of the 

pavement structures led to a more accurate prediction of stresses in the pavement 

structure. This is particularly true for the vertical compressive stresses induced by wheel 

loads at the top of the subgrade, which are often used in “transfer functions” to predict 

pavement life due to permanent deformation (rutting) in the subgrade. Tutumluer (37) 

and Tutumluer et al. (6) compared computed stresses and strains to actually measured 
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stresses and strains in instrumented pavement test sections at Georgia Tech. Their 

analyses showed that an isotropic, linear elastic characterization of unbound aggregate 

base in a finite element model of the pavement, underpredicted the vertical compressive 

stress imparted from the wheel load to the subgrade by approximately 100 percent and 

that a stress-sensitive, isotropic finite element model improved the accuracy considerably. 

However, a stress-sensitive and cross-anisotropic characterization of the unbound layer 

was necessary in order to provide the best match of calculated and measured stress and 

strain conditions.  Tutumluer and Thompson (5) observed that using 3% to 21% of the 

vertical resilient modulus as the horizontal resilient modulus was required to correctly 

predict the horizontal and vertical strains in unbound aggregate base. A constant vertical 

and horizontal Poisson's ratio were assumed for this analysis. Lytton (44) proposed that a 

full description of the anisotropic behavior of unbound granular materials should include 

stress-dependent Poisson’s ratio models and that the cross-anisotropic resilient Poisson's 

ratios are not constant, but depend on the first and second stress invariants. 

Although it has been shown that a cross-anisotropic model is superior to 

characterize unbound granular materials, the determination of anisotropic material 

properties from conventional triaxial test has been difficult. Researchers at the 

International Center for Aggregates Research (ICAR) and the Texas Transportation 

Institute (TTI) focused on determining an efficient way to characterize the stress-

sensitivity and cross anisotropy of unbound aggregate bases. These important properties 

can be properly considered in pavement design approaches such as future upgrades to the 

2002 Pavement Design Guide that may ultimately be accepted by AASHTO.  
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Cross-Anisotropic Characterization of Granular Materials 

Cross-anisotropic representation of the unbound aggregate layer requires five 

different resilient properties in vertical and horizontal directions while an isotropic 

representation uses the same resilient properties in all directions. The constants, υxx and 

υxy are defined as Poisson's ratio for strain in any horizontal direction due to load applied 

also in the horizontal direction and Poisson's ratio for strain in the vertical direction due 

to the load applied in the horizontal direction, respectively. Ex and Ey, are defined as 

resilient moduli in the horizontal and vertical directions, respectively.  Gxy is the shear 

modulus.  

 

FIGURE 2.4 Cross-Anisotropic Representation 
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    (2.14) 

 
where: 

 Ey = vertical elastic modulus, 

 Ex = horizontal elastic modulus, 

 Gxy = shear modulus, 

 νxy = vertical Poisson’s ratio, and 

 νxx = horizontal Poisson’s ratio. 

 Elastic theory requires that the portion of the energy that is put into a material 

while it is being loaded be completely recovered when it is unloaded. This requirement in 

an orthotropic material is expressed mathematically as: 
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where, 

 W = elastic work potential of orthotropic elastic material, 

 I1 =  first invariant of stress tensor, 

 J'2 = second invariant of deviatoric stress tensor, 

 Ey = elastic modulus of material in vertical direction, 

 Gxy = shear modulus between vertical and horizontal directions, 
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 τxy = shearing stress in horizontal plane, 

 m = Ey/Ex, ratio between vertical and horizontal modulus, 

 p = νxy • m, Poisson's ratio between vertical and horizontal planes multiplied by 

modulus ratio, 

 q = νxz • m, Poisson's ratio in horizontal plane multiplied by modulus ratio, and 

 s = Ey/Gxy, ratio of vertical modulus to shear modulus. 

The change of the shear stress in a horizontal plane, dτxz is zero and Equation (2.15) can 

also be written as (2.16): 
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The work potential can thus be written as: 
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Adu-Osei et al. (14, 15) assumed that the elastic moduli in different directions obey the 

Uzan model and thus, can be represented as smooth functions of the stress invariants as 

shown in Equations 2.21, 2.22, and 2.23.  
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where: 

 I1 = first stress invariant (bulk stress), 

τoct = second deviatoric stress invariant,  

 Pa = atmospheric pressure, and 

 ki = material coefficients. 

 

Equations 2.20, 2.21, 2.22 and 2.23 can be combined to generate a partial 

differential equation for the vertical and horizontal Poisson’s ratios as (44): 
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where: 

 Φi(I1 , J2
/) = functions of I1 , J2

/ and the k-values from k2 through k9 
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 Since the shear stress and strain can not be measured in triaxial test, only 2 

equations from Equation (2.14) can be used to solve for 4 of 5 material properties of a 

cross-anisotropic elastic material. 
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     (2.26) 

To numerically solve the anisotropic material properties, ICAR developed a method to 

fully characterize the required gamut of stress-sensitive and cross-anisotropic properties 

of the unbound aggregate base. The laboratory testing protocol is efficient and material 

properties from the testing protocol conform the elastic theory. More detail information 

on the ICAR testing protocol will be found in elsewhere (2, 14, 15). 

Determination of Anisotropic Resilient Moduli  

Adu-Osei (2) used the System Identification (SID) method (45) to backcalculate 

anisotropic resilient properties from the results of repeated triaxial tests.  The SID 

estimates the system characteristics using only input and output data from the system to 

be identified (45). The error between the model and the real process will be minimized to 

a certain predefined level. Figure 2.5 is a schematic diagram of the SID procedure. The 

model response, Yk, is compared to the actual response of the system, Y, and the error, e, 

between the two is used to adjust the parameters of the model by means of an algorithm, 

which optimizes some prescribed criterion. 
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FIGURE 2.5 System Identification Scheme (45) 

 

The accurately measured output data from unknown system and constitutive 

model to represent the system behavior as well as a parameter adjustment algorithm are 

required in SID. To adjust the model parameters, an algorithm based on Taylor’s series 

expansion were used and following relation was developed. 

αFr =          (2.27) 

The vector, r is determined from the outputs of the model and the real system. The 

sensitive matrix, F, is generated by the differentials of the output with respect to the 

parameter and the vector r is obtained from the output of the model (45). Adu-Osei (2) 

accommodated the SID method to back-calculate the five different anisotropic properties 

and defined Equations 2.27 as follows: 
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∆εx
m = measured (actual system) radial strain, 

∆εy
m = measured (actual system) axial strain, 

∆εx
^ = calculated (model) radial strain, and 

∆εy
^ = calculated (model) axial strain. 

 

Once the vector a is obtained, a new set of parameters is determined: 

)1(1 β+=+ r
xEr

xE        (2.31) 

where r is the iteration number. 

The iteration process is terminated when the desired convergence is achieved. The 

adjustment vector, β works as a relaxation factor for smooth convergence and was 

assumed as 0.6. 

Consideration of Anisotropic Modeling on Pavement Analysis  

Existing mechanistic-empirical pavement design approaches  assume the 

pavement structure as a linear isotropic layered system, which means that resilient 

properties of unbound aggregate base is considered to be the same in all directions. 

Linear elastic analysis can be used with high confidence for the full depth asphalt 

pavement structures, but it is not proper for the unsurfaced or thinly surfaced flexible 

pavements because the resilient properties of unbound granular materials are nonlinear 

and stress dependent (8, 9, 10, 18, 30, 33).  
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Several researchers (2, 4, 5, 6, 14, 15, 38) have found that nonlinear cross-

anisotropic modeling for unbound aggregate base reduced the significant tensile stress at 

the bottom of base layer, which is normally observed when linear isotropic model is used. 

They also revealed that the critical pavement responses such as tensile strain at the 

bottom of asphalt concrete layer (AC) and compressive strain at the top of subgrade 

predicted by nonlinear cross-anisotropic finite element program are higher than those 

predicted by linear or nonlinear isotropic models. Especially, the vertical strain at the top 

of subgrade, which is direct input for base rutting calculation, is higher because of the 

reduced horizontal stiffness of granular base.  

Since the pavement critical responses are inputs of transfer functions which 

estimate the pavement thickness and design life, predicted higher critical responses 

directly affect the pavement layer thickness.  Tutumluer and Thompson (5) investigated 

the effects of varying anisotropic modular ratio on the critical pavement responses; 

surface deflection, strains for AC and subgrade, deviatoric stress at the subgrade layer. 

They showed that the vertical subgrade deviator stress is mainly influenced by the 

variations of horizontal modular ratio. Since the tendency to spread in horizontal 

direction increases when horizontal modulus decreases, it is feasible for vertical strain or 

stress at the top of subgrade to be higher when some percentages of vertical modulus are 

taken into account as the horizontal modulus. Tutumluer and Thompson (5) also have 

observed that increasing both horizontal and shear modular ratio decreases the horizontal 

tensile strains in the HMA layer. 

Australian mechanistic pavement design guide, AUSTROAD and Airport 

Pavement Structural Design System, APSDS already employed an cross-anisotropic 
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model for unbound granular base layer by using the linear cross-anisotropic program, 

CIRCLY. Some researchers studied the effects of various degrees of anisotropy on the 

flexible pavement behavior using CIRCLY program and showed that horizontal strain at 

the bottom of HMA and vertical strain at the top of subgrade are always increased when 

cross-anisotropy is taken into account as shown in Figure 2.6 and 2.7. 

 

FIGURE 2.6. Effect of Cross-Anisotropy on Tensile Strain at the Bottom of HMA Layer 

(46) 
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FIGURE 2.7. Effect of Cross-Anisotropy on Vertical Strain at the Top of Subgrade Layer 

(46) 

 

PERMANENT DEFORMATION IN UNBOUND GRANULAR MATERIALS 

Permanent deformation is one of the most significant load-induced distresses in 

flexible pavement. Excess rutting causes asphalt surface cracking around the rutting and 

it gives a chance for water to penetrate into the unbound aggregate base under repeated 

surface loadings. The penetration of excess water makes unbound granular base to be 

susceptible for rutting and accelerates the rutting within base layer. Although the rutting 

occurred within unbound granular base is serious it has been assumed that no rutting 

occurs above the subgrade. The efforts to account for the rutting for unbound granular 

base has been performed and the prediction models for permanent deformation of 
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unbound aggregate base have been developed. Several prediction models of permanent 

deformation are reviewed. 

VESYS Model  

The VESYS model assumes that the permanent strain is proportional to the resilient 

strain.  

αεµε −= NNp )(       (2.32) 

where 

εp(N) = permanent or plastic strain due to single load or Nth application, 

ε = the elastic/resilient strain at the 200th repetition, 

N = the number of load application, 

µ = Parameter representing the constant of proportionality between permanent and 

elastic strain, and 

α = Parameter indicating the rate of decrease in permanent strain with number of load 

applications. 

Ohio State Model 

 Ohio State University (OSU) proposed permanent deformation prediction model. 

The OSU model has the relationship between the accumulated permanent strain (εp) and 

number of repeated load (N) as follows: 

 

ε P
mN AN/ =       (2.33) 

where,  

 εp = plastic strain at N number of load repetitions 

 N = number of repeated load applications 
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 A = experimental constant dependent on material and state of stress  

   conditions 

 m = experimental constant depending on material type 

Michigan State Model  

 Michigan state model assumes the straight line can be developed between 

permanent strain and logarithm of number of load cycles as follows.  

 

ε p a b N= + ln( )       (2.34) 

where,  

 εp = Accumulated permanent strain 

 N = Number of load repetitions 

 a, b = Regression constants 

Tseng and Lytton Model  

 Tseng and Lytton (47) developed a model to characterize the permanent 

deformation. The stress-strain response is modeled by three parameters ε0, β, and ρ. The 

basic relationship is:  

{ }ε ε ρ β
a EXP N= × −0 ( /       (2.35) 

where, 

 εa = permanent axial strain 

 N = number of load repetitions 

 ε0, β, and ρ =  material parameters  
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Rutting Rate (RR) Model 

 Thompson and Naumann (48) developed RR model and validated the RR model 

through the analyses of AASHTO Road test data. The RR model uses the ratio of 

repeated deviator stress to unconfined compressive stress as an indicator for rutting. 

Thompson (49) reported that stress ratio is important indicator for rutting potential and 

thus, the factors influencing the stress state and strength of the in-situ granular materials 

should be taken into account. 

RR = RD / N = A / NB     (2.36) 

where, 

 RR = Rutting Rate 

 RD = rut depth, inches 

 N = number of repeated load applications 

       A, B = terms developed from field calibration testing data and information 
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CHAPTER III 

DETERMINATION OF ANISOTROPIC RESILIENT RESPONSES OF 

UNBOUND GRANULAR LAYER  

 

MECHANISTIC-EMPIRICAL DESIGN PROCEDURE 

The State-of-the-practice design guides rely on empirical approaches developed 

through the long-term performance observation of specific pavement structures, which 

were constructed at one general location with limited number of types of pavement 

material and one climatic condition. Since these pavement performance observations are 

based on the conditions on which they are based, it is problematic when the empirical 

design approach is used at the traffic load levels and in environmental conditions well 

beyond their observational base. To correct the problems induced from the use of 

empirical approaches, there has been a movement towards the use of mechanistic-

empirical design approach recently and there are comprehensive well-established theories 

to embark on a different approach to pavement design.  

The first mechanistic design curves for flexible pavements, based on elastic 

layered theory, were developed in the early 1960s.  Due to the lack of computational 

resources, each design curve had to be laboriously calculated by hand and thus, they 

could only be developed for a limited range of idealized pavement systems. The advent 

of innovative computational resources made it possible to calculate the load-induced 

pavement responses in multi-layered pavement systems.  This has made it much more 

feasible to employ mechanistic analysis procedures in pavement design. Since 1986, the 

AASHTO Joint Task Force on Pavements (JTFP) has supported and prompted the 



 

 

39

development of Mechanistic-Empirical procedures for pavement thickness design. The 

National Cooperative Highway Research Project (NCHRP) 1-26 (1990 and 1992) was the 

first sponsored research project for developing mechanistic empirical pavement design 

procedures. NCHRP 1-26 researchers proposed working versions of mechanistic 

empirical design processes and procedures that relate pavement response variables, such 

as stresses, strains and deflections (σ, ε, ∆) due to the surface wheel loads.  Since 1997, 

NCHRP 1-37 (Development of the 2002 Guide for the Design of New and Rehabilitated 

Pavement Structures) was initiated with the objective of developing mechanistic 

pavement analysis and design procedures suitable for use in future versions of the 

AASHTO guide. The general concepts of a mechanistic-empirical design procedure are 

illustrated in Figure 3.1.   
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FIGURE 3.1 Components of Mechanistic-Empirical Pavement Design (1) 
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The two major components are: (1) a pavement structural model to calculate as 

accurately as possible the critical pavement responses (σ, ε, ∆) and (2) transfer functions 

to translate those responses into measures of pavement performance.  The design process 

entails iteratively adjusting the pavement structure until the desired level of performance 

and reliability are achieved.  

A prerequisite for the successful mechanistic pavement design approach is that 

the material behavior is properly understood.  The pavement materials are characterized 

by strength and resilient properties that can be obtained directly from laboratory tests or 

backcalculated from nondestructive tests conducted in situ.  Since unbound granular layer 

is composed of numerous numbers of individual aggregate particles with different shape 

and size, and experiences the change of moisture conditions due to rainfall, drainage, and 

evaporation under repeated traffic loadings. It is obvious that the physical characteristics 

of individual aggregates as well as moisture contents and dry density affect on the 

resilient properties of unbound granular bases. It is significant to take into account how 

the resilient behavior is affected with the change in different influencing factors for the 

design purpose. The pavement design approach, which takes into account these various 

environmental conditions as well as aggregate physical characteristics is important for the 

pavement performance and service life. 

Aggregate gradation and shape properties have significant influence on the 

mechanical response of unbound base layers. In this study, these properties are related to 

the elastic moduli in Equations 2.21, 2.22, and 2.23 by means of k-coefficients. K-values 

obtained by the laboratory testing can be used to predict the vertical, horizontal, and shear 

moduli as they vary with stress state. Knowing how k-values depend on aggregate 
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physical characteristics allows simple tests to be run and the results to be fed directly into 

a finite element computer program or a layered elastic program that can predict how that 

base layer will respond to the surface traffic loadings. This simple prediction makes it 

possible to determine specification limits on k-values and to relate those limits back to 

the needed size, gradation, shape specifications of the base course. 

Ultimately, the influence of the physical properties, and consequently, the cross-

anisotropic moduli on pavement response is investigated using mechanistic computer 

model and the calculated pavement critical responses are used in order to estimating the 

pavement design life. Thus, it is extremely valuable to approximate the degree of cross-

anisotropy in unbound aggregates in order to adequately model unbound aggregate bases 

for pavement design and analysis. 

 

CHARACTERIZATION OF AGGREGATE SHAPE 

Aggregate particle shape can be expressed using three independent properties: 

form, angularity, and surface texture (50, 51, 52, 53). Form quantifies the dimensional 

proportions of the aggregate.  Angularity refers to the sharpness or roundness of the 

corners, while texture refers to the small-scale asperities. Figure 3.2 shows a two-

dimensional schematic of these three properties.  Within a specific type of aggregate 

(mineralogy and classification), shape characteristics significantly influence the resilient 

response of the granular material.  Rough-textured and angular aggregates develop a 

stronger and stiffer mass by locking together while smooth-textured and rounded 

aggregate particles tend to slide past one another.  
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Form

Angularity

Texture

 
 
FIGURE 3.2 Schematic Diagram of Aggregate Shape Properties (53) 

 

Studies have proven that the intuitive and obvious is true: crushed aggregates, 

high in angularity and roughly textured, provide better load carrying capacity and a 

higher resilient modulus than rounded, uncrushed particles (11, 30, 34, 35, 50, 51, 52, 53).  

The aggregate shape characteristics were measured from two-dimensional projections of 

aggregates using the Aggregate Imaging System (AIMS) (53).  This is a computer-

controlled system that captures images of particles placed on a lighting table. The system 

adjusts the image resolution as a function of particle size in order to capture the details of 

particle form, angularity, and texture. Figure 3.3 illustrates the image analysis system. 

Aggregates were placed under an optical microscope equipped with a digital camera, 

which is capable of capturing gray-scale images of 256 intensities. The captured images 

are converted to black and white. The particle size used to capture the form and 

angularity was 4.75 mm in diameters and 50 aggregate particles were used for each 

analysis.   
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FIGURE 3.3 Image Analysis System (50) 
 

Masad et al. (52) proposed the use of a parameter in order to quantify a particle 

form that utilizes the incremental change in the particle radius in all directions in order to 

quantify a particle form.  The radius is defined as the length of the line that connects the 

particle center to points on the boundary. This form index is expressed as:  

Form Index ∑
−=

=

−+=
θ∆θ

θ θ
θθ∆θ360

0 R
RR

    (3.1) 
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Where R: the radius of the particle in different directions, and  

           θ : the directional angle. 

If the form index is zero, it means that there is no changes in radii and thus, the 

particle shape is circle. The form index takes into account the changes in particle 

dimension in all directions.  

Aggregate angularity is measured using the gradient method.  In this method, the 

change in the gradients on the boundary of a two-dimensional projection of a particle is 

calculated (53). 

Smooth particles have small gradients while rough particles have higher gradients.  

Texture is analyzed using the wavelet transform, which captures the changes of texture 

on gray scale images.  The wavelet transform gives a higher texture index for particles 

with rougher surfaces. The surface irregularities manifest themselves in a gray-scale 

image as variations in gray-level intensities that range from 0 to 255. Large variation in 

gray-level intensity means a rough surface texture, whereas a smaller vaiation in gray-

level intensity means a smooth particle. The Shape properties are represented by 

cumulative distribution functions as it is common practice to represent aggregate 

gradation using a cumulative distribution function (53). 

 

AGGREGATE SHAPE AND GRADATION PARAMETER MODEL 

In this study, we used a three-parameter Equation to fit cumulative distribution 

functions of aggregate gradation and shape properties. Equation 3.2 provides a 

continuous fit for the gradation curves (54). Equation parameters, called g-values for the 
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size gradation curve, can then be used to quantify the continuous relationships that define 

size gradation. Similar values are used to quantify form distribution. 
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where: 

Pp = percent passing a particular grain-size, d, 

ga = fitting parameter corresponding to the initial break in the grain-size curve, 

gn = fitting parameter corresponding to the maximum slope of the grain-size curve, 

gm = fitting parameter corresponding to the curvature of the grain-size curve, 

d = particle diameter (mm). 

 Non-linear regression analyses are performed to obtain a set of parameters that fit 

a specific gradation. Figures 3.4 through 3.6 show the effect of varying the three 

parameters gn, gm, and ga on the particle gradation curve. Figure 3.4 shows that when the 

gn and gm are fixed, the parameter ga is related to the percent of coarse aggregates. It can 

be seen from Figure 3.5 that parameter gn controls the slope of gradation curve which 

determines if the gradation curve is open, gap or well graded. When the value of the 

parameter gn increases, the gradation moves toward a gap-gradation, and slope 

differences between the slopes in the early and latter portion of the curves become more 

severe; see the change in curve shape as the gn values change from 1.5 to 10. Figure 3.6 

indicates that the parameter gm governs the fine aggregate content and thus, a parametric 

study varying gm can be used to investigate the effect of fine content on the level of 

anisotropy of the aggregate blend.  A smaller value of gm represents a higher level of 
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fines. The g-coefficients in Equation (3.2) can be replaced with f-, a-, and t-coefficients 

when used to fit the distribution of form, angularity, and texture, respectively. 

 
FIGURE 3.4 Sample Plots with gn = 1.544 and gm = 0.9764 (ga varies) 

 

 
FIGURE 3.5 Sample Plots with ga = 11.997 and gm = 0.9764 (gn varies) 
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FIGURE 3.6 Sample Plots with gn = 1.544 and ga = 11.997 (gm varies) 
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which define the level of anisotropy are also related to these gradation and shape 

properties.  

These statistical relations can possibly approximate the level of cross-anisotropy 

from repeated load triaxial tests in which only vertical resilient modulus is measured (k1 

through k3). Once this is accomplished, the modular ratios (Ex/Ey and Gxy/Ey) can be 

determined using Equations (3.3) and (3.4). The obtained level of anisotropy is used as 

input for mechanistic computer program. Following section describes the mechanistic 

computer model to account for the anisotropic behavior of unbound aggregate base. 
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MECHANISTIC COMPUTER MODEL 

Recommendations developed in NCHRP 1-26 Phase I indicated that the elastic 

layer programs (ELPs), such as BISAR, WESLEA, CHEVRON, JULEA, ELSYM5, and 

KENLAYER, and finite element programs (FEP), like ILLI-PAVE and MICH-PAVE are 

adequate to support the development of mechanistic-empirical pavement thickness design 

procedures.  In the ELPs, which are computationally much simpler than the finite-

element models (FEMs), pavement materials are assumed to be linearly elastic, isotropic, 

and homogeneous within well-defined horizontal layers.  The stress- and direction-

dependent (anisotropic) mechanical properties of the unbound granular materials and 

subgrade soils naturally conflict with the previous assumptions. The limitation of the 
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ELPs is that moduli are kept constant within each horizontal layer and thus, the material 

non-linearity which exists in unbound granular material is not considered and the 

variation of horizontal stress distributions along depth are not effectively taken into 

account. The FEMs, on the other hand, easily accommodate irregular geometries and 

anisotropic and stress-dependent material properties and provide the most modern 

technology and the state-of-the-art sophisticated characterization of the pavement 

materials.  Such realistic characterizations of the UABs accomplished through the use of 

finite element solutions significantly improve the ability to reliably predict pavement 

responses, which leads to a better design methodology. The consideration of the 

nonlinear cross-anisotropic behavior of unbound aggregate base is still in its early stage 

in the ELPs and FEMs.  

There are currently only few ELPs and FEM programs existing that possibly take 

into account the cross-anisotropic analysis, which are CIRCLY and TTIPAVE. CIRCLY 

is a layered elastic program  which has special ability to consider material anisotropy of 

each layer and TTIPAVE is a finite element program which accounts for linear, nonlinear, 

isotropy, and anisotropic model in the unbound granular layer.  

Finite Element -Cross Anisotropic Model  

The finite element method has capability to consider the material non-linearity, 

different types of loading conditions, and interface conditions. Since unbound aggregate 

materials are known to show nonlinear behavior, many researchers have preferred to use 

the finite element method for analysis of the unbound granular base in a flexible 

pavement. However, significant problem that tends to predict the horizontal tensile stress 

at the bottom of unbound granular layer was encountered. To make up the defects of 
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predicting the tensile stress at the bottom of base layer, efforts to incorporate the cross-

anisotropic model in the finite element program such as GT-PAVE and TTI-PAVE has 

been made by several researchers (2, 4, 14, 15).  

TTI-PAVE is an axisymmetric finite element program using elasto-plastic theory 

and has been developed to model a flexible pavement’s response to traffic loads. The 

finite element code originally developed by Owen and Hinton (55) was modified to 

analyze an axisymmetric problem with material non-linearity. Park (56) made 

modifications for stress dependent Poisson's ratio and non-linear analysis using load 

increments. Adu-Osei (2) made efforts to modify the code to incorporate a cross-

anisotropic model. 

TTI-PAVE uses axisymmetric, isoparametric 8-node elements and a 3rd order 

quadrature with 9 integration points . The material parameters needed for the finite 

element analysis are the non-linear vertical resilient modulus k-values (k1, k2, k3), the 

moduli ratios (n=Ex/Ey, m=Gxy/Ey) and the value of the vertical Poisson's ratio as well 

as the ratio of the horizontal to vertical Poisson's ratios. Since the moduli ratios were 

observed as constant for a particular material at all stress states, horizontal and shear 

moduli ratios were used as an input instead of k1 through k9. 

 The vertical Poisson's ratio was assumed to be stress-dependent and parameters, 

k1,k2, and k3 are used to predict the Poisson's ratio (13) as expressed by Equation (3.5): 
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where, 

ν = Poisson's ratio, 
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k1, k2, k3 = material coefficients, 

I1 = normalized first stress invariant, and 

J2 = normalized second invariant of the deviatoric stress tensor. 

A numerical solution to Equation 3.5 based on the backward difference method 

was included in the finite element code by Park (56). Park (56) described the numerical 

stepwise solution in detail. To ensure convergence, two convergence criteria were 

included in the finite element program. The equilibrium criteria is based on residual force 

values such that: 
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       (3.6) 

where, 

N = the total number of nodal points, 

r = the iteration number, 

ψ = the total applied force, 

f = the applied nodal force, and 

TOLLER = tolerance in convergence (percent). 

 To avoid unreasonable moduli predictions at low stress levels, cutoff values for 

both the first stress invariant and octahedral shear stress are used. The shortcoming of 

TTI-PAVE is that the maximum input for Poisson's ratio value is confined as 0.48 albeit 

Poisson's ratios above 0.5 are frequently observed in the laboratory. This shortcoming 

would be covered by the field conditions, which has residual and confining stress. The 

details on the nonlinear solution technique are described elsewhere (2).  



 

 

52

Layered Elastic - Cross Anisotropic Surrogate Model 

The NCHRP research team for project 1-37A has selected a layered elastic model 

of the pavement to be used in the proposed 2002 AASHTO Pavement Design Guide.  

This fact alone emphasizes the importance of being able to assess anisotropic effects 

using elastic layered systems instead of using solution methodologies based on finite 

element analysis.  CIRCLY is a layered elastic model developed by the Australian Road 

Research Board (57, 58), which can model cross-anisotropic effects in a layered elastic 

model. CIRCLY can also model the interface between layers as either rough or smooth.  

It has been reported that the response of the granular layers characterized as cross-

anisotropic model in CIRCLY program shows better predictions than the similar response 

to the field measurement (59). Although the degree of anisotropy is recommended as 2 

for pavement design in Australia and New Zealand, an area of fruitful future study would 

be to alter modular ratios on a trial and error basis to determine what modular ratio 

provides the best match with actual, measured parameters. 

Linear Elastic - Isotropic Model  

It has been well known that the unbound aggregate bases show nonlinear and 

stress dependent behavior (60, 61). The stress variations along the radial and vertical 

directions from the surface load result in modulus variations in the radial and vertical 

direction. Thus, it is theoretically not correct to use a stress at a single point in the 

nonlinear layer to compute the modulus of the layer. Albeit the Finite Element Method 

(FEM) provides the best solutions for such nonlinear problems, the Layered Elastic 

Program (LEP) is more favorable to pavement designer due to its simplicity and short 

computer running time. If only the most critical strains such as the tensile strain at the 
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bottom of asphalt layer and the compressive strain on the top of subgrade are required, it 

is possible to select a point in the base layer to compute the modulus, so that these critical 

responses obtained from LEP and FEM can match reasonably well. Although Huang (12) 

tried to compare the results from KENLAYER and finite element programs (MICH-

PAVE, ILLI-PAVE), the critical responses from LEM and FEM were not matched well 

due to the inaccuracy of the finite element solutions. This study attempts to find the 

appropriate stress for computing the modulus in KENLAYER so that the reasonably 

same critical strains from nonlinear cross-anisotropic analysis by TTIPAVE can be 

obtained. 

KENLAYER provides the flexible pavement analysis of the multilayer system 

under single, dual, dual-tandem, or dual-tridem wheels with each layer behaving 

differently, either linear elastic, nonlinear elastic, or viscoelastic (12). Three different 

methods were performed for nonlinear analysis. In method 1, the unbound aggregate base 

is subdivided into several sublayers and the stresses at the middepth of each sublayer are 

used as stress points that calculate the modulus. If the horizontal stress is tension 

(negative), KENLAYER sets the horizontal tensile stress to zero. Thus, this method 

avoids the unrealistic negative first stress invariant and modulus calculations. In method 

2, the unbound aggregate base is regarded as a single layer and appropriate stress point 

(the upper quarter, upper third, and upper half of the layer) is selected to compute the 

modulus. Since the selected stress points are within upper part of the base layer 

(compression zone), the negative first stress invariant cannot be calculated in method 2. 

The method 1 gives more accurate results but it requires more computing time. By 

selecting an appropriate point for computing the modulus, method 2 yields comparable 
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results. Huang (12) performed the results between method 1 and 2 and observed that the 

results from method 1 lie between those obtained by method 2, with one stress point at 

the upper quarter and the other at the upper third. Huang (12) compared the nonlinear 

solutions of KENLAYER and MICH-PAVE and found that the selection of stress point at 

upper half with a internal friction angle of 40 degrees gives the best fit in HMA tensile 

strains, but the match in the subgrade compressive strain is poor when asphalt layer is 

thin. 

 

FIGURE 3.7 Method 1 in KENLAYER 
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FIGURE 3.8 Method 2 and 3 in KENLAYER 

 

Pavement analysis was performed in method 1 and method 2 using KENLAYER 

by varying the thickness of HMA and base layer. As shown in Figure 3.7 and 3.8, the 

HMA thicknesses vary with 2, 4, and 6 inches and the base thickness is 12 inches. 

KENLAYER incorporates the K-Θ model in the program. Table 3.1 shows the typical 

ranges of k1 and k2 for unbound aggregate materials and the values of 9000 psi and 0.33 

were inputted as k1 and k2, respectively.   

Following four cases were considered in KENLAYER and compared with TTI-

PAVE. 

1. The unbound aggregate base is subdivided into six layers with 2 inches thickness for 

each sublayer. The vertical coordinates of the stress points are located at mid-depth of 

each layer and at the 1 inch below the top of subgrade. 
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2. The unbound aggregate base is regarded as single layer with the stress points at the 

upper quarter in the layer and at the 1 inch below the top of subgrade. 

3. This case is same as case 2 except that the stress point is located at the upper third 

instead of at the upper quarter. 

4. This case is same as case 2 except that the stress point is located at the upper half 

instead of at the upper quarter. 

 

TABLE 3.1. Range of k1 and k2 for Untreated Granular Materials (12) 

Reference Material K1 (psi) k2 
Hicks Partially crushed gravel, crushed 

rock 
1600-5000 0.57-0.73

Hicks and Finn  Untreated base at San Diego Test 
Road 

2100-5400 0.61 

Allen  Gravel, Crushed stone 1800-8000 0.32-0.70
Kalcheff and Hicks  Crushed stone 4000-9000 0.46-0.64

Boyce et al.  Well-graded crushed limestone 8000 0.67 
Monismith and Witczak  In service base and subbase 

materials 
2900-7750 0.46-0.65

 

 

Figures 3.9 through 3.10 shows a comparison of four cases of nonlinear isotropic 

solutions from KENLAYER with the nonlinear cross-anisotropy solutions from 

TTIPAVE. Solutions from four cases are getting close together as the HMA thickness 

increases. The solutions by case 1 were close to those by case 3 and case 4. Especially, 

the HMA tensile strains by case 1 shows good-agreement with case 4, which has the 

stress point at the upper half in the layer. It is observed that nonlinear cross-anisotropic 

solutions by TTIPAVE show higher critical responses than nonlinear isotropic solutions 

in KENLAYER and TTIPAVE solutions gives best fit in case 4. This is because the 

computed modulus of the granular base decreases and it results in the increase of vertical 
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compressive strain at the top of subgrade when the stress point moves down. It is noticed 

that the case 4 is suitable to obtain comparable critical responses with nonlinear cross-

anisotropic solutions. The rut depth has been calculated based on the Tseng and Lytton 

model and Figure 3.11 shows a comparison of permanent deformation of each case by 

KENLAYER and TTIPAVE. The dotted line, which is the calculated permanent 

deformation by case 1 lie between case 3 and case 4. The permanent deformation by 

TTIPAVE is higher than that of  case 1 and fit well with the results of case 4. Therefore, 

it could be mentioned that the KENLAYER solutions by case 4 are reasonably similar to 

those by nonlinear cross-anisotropic TTIPAVE solutions.  

 

 

FIGURE 3.9 Nonlinear Solutions of HMA Tensile Strain Between KENLAYER and 

TTIPAVE  
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FIGURE 3.10. Nonlinear Solutions of Subgrade Compressive Strain Between 

KENLAYER and TTIPAVE  

  

FIGURE 3.11. Comparison of Permanent Deformations Between KENLAYER and  

TTIPAVE 
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CHAPTER IV 

VARIABLE CONFINING REPEATED LOAD TRIAXIAL TEST 

 

RAPID TRIAXIAL TESTER (RaTT) DEVICE 

Several researchers have made efforts to characterize aggregate behavior (62-68). 

To correctly characterize aggregate behavior, it is important to properly simulate the 

actual loading conditions in the laboratory. Pavements in the field are usually loaded by 

moving wheel loads and the major principal stress due to wheel loads is not aligned in the 

vertical direction, but rotates in the direction of the applied load as load passes. This type 

of loading can not be ideally simulated in the laboratory by the conventional constant 

confining pressure type repeated load triaxial tests. The variable confining pressure type 

repeated load triaxial tests offer the capability to apply a wide combination of stress paths 

by pulsing both cell pressure and deviatoric stress. Such stress path loading tests better 

simulate actual field conditions since in the pavement structure the confining stresses 

acting on the material are cyclic in nature. The University of Illinois FastCell and the 

Rapid Triaxial Test (RaTT) cell used by TTI are the only equipment that can simulate 

this field condition in the laboratory.  

In this study, the RaTT developed by Industrial Process Controls (IPC), Australia 

was used for testing. The RaTT cell has internal rubber membrane that can be inflated to 

apply static and dynamic confining pressure to a sample (69). RaTT cell has special 

abilities to apply not only the vertical deviatoric and horizontal confining stresses, 

individually, but also the static and dynamic stress in both vertical and horizontal 

directions. Horizontal strains are easily measured, which is typically not measured in 
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conventional triaxial test. Figure 4.1 is a picture of the RaTT cell set up. IPC system 

supports automated control of cell movement and computer control of both confining and 

axial stress with Linear Variable Differential Transducers (LVDTs) for vertical and 

horizontal strains. Figure 4.2 and 4.3 are pictures with the cell lowered and raised of the 

RaTT cell. This automated control of cell movement saves considerable effort and time to 

get the sample in and out. The apparatus can perform the test at multiple frequencies and 

stress states. This operation helps to measure resilient response not only time-dependent 

responses, but also stress-dependent responses of materials. 

 

 

 

FIGURE 4.1 RaTT Cell 
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FIGURE 4.2 Cell Lowered of RaTT Cell 

 

 

FIGURE 4.3 Cell Raised of RaTT Cell 
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MATERIALS AND SAMPLE PREPARATIONS 

 Table 4.1 shows the selected aggregate sources to determine cross-anisotropic 

elastic properties. The selected materials possess substantially different shape, form and 

texture properties. Three different gradations which are coarse-graded, well-graded, and 

fine graded were prepared for all aggregate samples and tested at three different moisture 

contents which are optimum, dry of optimum, and wet of optimum. Figure 4.4 and Table 

4.2 show the three different gradations used in this study. Table 4.3 is the test matrix that 

was followed in this study. A total of 108 samples (6 materials by 3 gradations by 3 

moisture levels by 2 replicates) were tested. However, a number of samples were broken 

and abandoned because it was too soft for test after compaction.    

 

TABLE 4.1. Aggregate Types 
 

Aggregate # Producer Pit District 
1 Marock, Inc. chambers fortworth 
2 Thompson, Inc., J.R. Nunnely  Wichita Falls 
3 Jobe Concrete Products, Inc Vado ElPaso 
4 Meridain Aggregate Mill Creek, OK Paris 
5 Texas Sand & Gravel Masfield Amarillo 
6 Trinity Materials, Inc Luckett Waco 
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FIGURE 4.4 Gradation on a 0.45 Power Sheet 

 
TABLE 4.2 Gradation 
 

Percent Passing (%) Sieve Size 

(mm) Fine Graded Well Graded Coarse Graded 

25.00 100 100 100 

19.00 85 85 85 

12.50 74 74 72 

9.50 70 66 62 

4.75 67 54 40 

2.36 62 41 25 

1.18 52 30 18 

0.60 42 23 14 

0.30 34 18 10 

0.15 28 14 8 

0.075 20 10 7 
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TABLE 4.3 Test Matrix 

Aggregate Source 
 Aggregate 

#1 
Aggregate 

#2 
Aggregate 

#3 
Aggregate 

#4 
Aggregate 

#5 
Aggregate 

#6 

Gradation Moisture 
Conditions C W F C W F C W F C W F C W F C W F 

Wet 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 
Optimum 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 

Dry 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 
 
 
Key: 
C- Coarse-graded 
W- Well-graded 
F- Fine-graded. 
 

 

 A 150-mm in diameter by 150-mm high cylindrical specimens were prepared for 

testing. This 1:1 height-to-diameter ratio is adequate because the platen is not rigidly 

fixed to the sample (2). Several samples were prepared using the gyratory compactor and 

impact compaction methods (70). The specimens in Table 4.3 were compacted with 

impact compaction method. Samples prepared with the impact compaction method were 

compacted with AASHTO T-180 using a 4.54 kg hammer and a 457 mm drop. The 

samples were compacted in 5 layers with high compaction effort with 50 blows for each 

layer. The prepared specimens were tested with the Rapid Triaxial Tester (RaTT) using 

the ICAR testing protocol (2, 14, 15). Details of the testing protocol are discussed in 

Section 4.3. 
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TESTING PROTOCOL 

Researchers at ICAR and the Texas Transportation Institute focused on 

determining an efficient way to characterize the stress-sensitivity and cross anisotropy of 

unbound aggregate bases so that these important properties can be properly considered in 

pavement design approaches such as future upgrades to the 2002 Pavement Design Guide 

that may ultimately be accepted by AASHTO. In order to numerically solve for the five 

anisotropic elastic properties, a new testing protocol was developed by International 

Center for Aggregates Research (ICAR). ICAR test protocol assumes that the elastic 

moduli obey the Uzan (10) model and thus, the non-linear tangential moduli are smooth 

functions of the isotropic stress invariants. It is also assumed that the variations of these 

tangential moduli are negligible within infinitesimal changes in stresses at a particular 

stress state and thus, at a given stress state, the material is assumed to show linear elastic 

behavior within a small excursion of stresses. The ICAR protocol uses three stress 

regimes and ten stress states within each regime to determine stress sensitivity and cross 

anisotropy.  Three stress regimes are conventional triaxial compression, triaxial shear, 

and conventional triaxial extension. 

Conventional Triaxial Compression 

In this test mode, the confining stress at each stress state will be kept constant 

while the axial stress is increased by ∆σy
c. Thus, the sample will be load to (σy

c, σx
c), 

reloaded to (σy
c + ∆σy

c, ∆σx
c), and unloaded back to (σy

c, ∆σx
c) for each cycle. 
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where: 

∆εx
c is a change in radial strain due to an infinitesimal change in axial stress ∆σy

c 

in triaxial compression, 

∆εy
c is a change in axial strain due to an infinitesimal change in axial stress ∆σy

c 

in triaxial compression, and 

 ∆σx
c = 0 

Conventional Triaxial Shear 

In this phase of the test, the axial stress will be increased slightly by ∆σy
s, and the 

confining stress decreased by ∆σx
s = ½ ∆σy

s. Thus, at the stress state (σy
s, σx

s), the sample 

will be loaded to (σy
s + ∆σy

s, σx
s - ∆σx

s), and unloaded back to (σy
s, σx

s) per each cycle. 

This way, there is no change in the first stress invariant, I. 
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Conventional Triaxial Extension 

In this phase of the test, there is a slight decrease in the axial stress by ∆σy
e, and a 

slight increase in the confining stress by ∆σx
e. Thus, at the stress state (σy

e, σx
e), the 

sample will be loaded to  (σy
e - ∆σy

e, σx
e + ∆σx

e), and unloaded back to (σy
e, σx

e) per each 

cycle. 
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     (4.3) 

where: 

∆εx
e is a change in radial strain due to an infinitesimal change in axial stress ∆σy

c 

and radial stress ∆σx
e, and 

∆εy
c is a change in axial strain due to an infinitesimal change in axial stress ∆σy

c 

and radial stress ∆σx
e. 

 The stresses applied and the strains obtained from the three stress regimes 

described are used in a system identification scheme to determine the five cross-

anisotropic parameters. 

 At each static stress state, small dynamic changes in stresses are applied to obtain 

three triaxial stress regimes such that the net stress changes represent triaxial compression, 

triaxial shear, and triaxial extension. A loading cycle of dynamic stress consists of 1.5 

seconds loading and 1.5 seconds unloading period. A dynamic loading is applied to a 

sample for 25 repetitions until a stable resilient strain is achieved. The resilient axial and 

radial strains are determined for each stress regime and implemented in the system 

identification scheme to backcalculate the five anisotropic elastic properties at that 

particular stress state. The applied static and dynamic stresses are shown in Table 4.4.  
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TABLE 4.4 Static and Dynamic Stresses 
 

Dynamic Stress (kPa)  

Static Stress 

(kPa) 

Triaxial 

Compression 

Triaxial 

Shear 

Triaxial 

Extension 

 

 

Stress 

State σy σx ∆σy
c ∆σx

c ∆σy
s ∆σx

s ∆σy
e ∆σx

e 

1 40 25 5 0 10 -5 -5 5 

2 50 25 10 0 10 -5 -10 5 

3 70 40 10 0 10 -5 -10 10 

4 130 60 20 0 20 -10 -10 10 

5 150 70 20 0 20 -10 -10 10 

6 170 100 20 0 20 -10 -20 20 

7 220 120 30 0 30 -15 -20 20 

8 250 140 30 0 30 -15 -20 20 

9 250 120 30 0 30 -15 -20 20 

10 250 105 30 0 30 -15 -20 20 
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CHAPTER V 

LABORATORY TEST RESULTS AND ANALYSIS 

 

GENERAL 

 Specimens were prepared with three different gradations and three different 

moisture levels for compaction. Achieved moisture contents and dry densities are 

tabulated in Table 5.1 through 5.3.  

 Equation (3.2) was utilized to calculate the gradation parameters, called g-values 

which quantify a continuous fit of particle size distribution. The calculated g-values are 

tabulated in Table 5.4. The predicted gradation curves, which is calculated based on 

gradation parameters show good-match with actual gradations as shown in Figure 5.1. 

The g-coefficients in Equation (3.2) can be replaced with f-, a-, and t-coefficients when 

used to fit the distribution of form, angularity, and texture, respectively. 

TABLE 5.1 Moisture Contents and Dry Densities of Aggregate #1 and #2 

Coarse Well Fine Aggregate # compaction 
Dry Optimum Dry Optimum Wet Optimum Wet 

wc (%) 
 4.0 4.5 4.6 4.8 5.2 5.6 6.6 

1 
γd 

(kg/m3) 
 

2144 2192 2148 2214 2181 2130 2106

 
wc (%) 

 4.1 4.6 5 5.5 5.7 6.8 8.2 

2 γd 
(kg/m3) 

 
1906 1980 2020 2068 2008 2014 1958
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TABLE 5.2 Moisture Contents and Dry Densities of Aggregate #3 and #4 

Coarse Well Fine Aggregate # compaction 
Optimum Wet Dry Optimum Wet Dry Optimum Wet 

wc (%) 4.5 4.9 4.8 6.4 7 5.6 7 7.2 

3 γd 
(kg/m3) 2060 1977 2069 2111 2107 1968 2021 1985

wc (%) 3.6 4.0 3.8 4.1 4.6 4.1 4.9 5.7 

4 γd 
(kg/m3) 

 
2002 2040 2005 2052 2012 2015 2223 2102

 

TABLE 5.3 Moisture Contents and Dry Densities of Aggregate #5 and #6 

Coarse Well Fine Aggregate # compaction 
Optimum Dry Optimum Wet Dry Optimum Wet 

wc (%) 4 3.3 4.5 4.9 4.7 5.2 7.2 

5 γd 
(kg/m3) 

 
2143 2087 2199 2140 2060 2118 2013

wc (%) 3.0 3.0 4.4 5.0 4.0 5 5.7 

6 γd 
(kg/m3) 

 
2116 2124 2238 2036 2032 2178 2098

 

TABLE 5.4 Gradation Parameters 

Parameter Coarse Graded Well Graded Fine Graded 

ga 13.272 11.997 4.726 

gn 0.988 0.976 1.361 

gm 2.414 1.544 0.685 
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FIGURE 5.1 Gradations with Predictions 

 
 
 Image analysis techniques were utilized to measure the aggregate shape for 50 

aggregate particles obtained from each aggregate source. The diameter of particles is 4.75 

mm. The measured form, angularity, and texture indices were re-drawn with continuous 

fit such as particle size distribution. Figures 5.2 shows that aggregates #3 and #4 have the 

highest form index among aggregate sources. It also illustrates that aggregates #5 and #6 

show lower form index than aggregates #1, #2, #3, and #4. Based on these measurements, 

it can be inferred that aggregates #3 and #4 have more elongated particles than aggregates 

#1 and #2 while aggregates #5 and #6 have less elongated particles than aggregates #1 

and #2. Figure 5.3a shows that aggregates #5 and #6 have lower angularity than other 

aggregate sources. From Figure 5.3b, it could be mentioned that the lower texture indices 

that represent smooth texture were observed for aggregate # 5 and #6.  
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FIGURE 5.2. Cumulative Distribution Curve of Form Index 
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FIGURE 5.3a. Cumulative Distribution Curve of Texture Index 
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FIGURE 5.3b. Cumulative Distribution Curve of Angularity Index 

 

RAPID TRIAXIAL TEST RESULTS  

Repeated triaxial tests using the Rapid Triaxial Tester (RaTT) were performed 

following the ICAR testing protocol on three aggregate types with three different 

gradations (coarse, well, and fine) and three different moisture contents (wet, optimum, 

and dry). Experimental results were analyzed using the ICAR cross-anisotropic model 

and system identification method. The ICAR model requires nine coefficients to account 

for the stress-sensitivity and anisotropy of the vertical, horizontal, and shear moduli. Full-

scale resilient modulus tests were performed on all combinations and the nine coefficients 

(k1 through k9) were determined. This testing provided the information for an extensive 

database and offered the opportunity to ascertain whether k-values could be predicted 

from basic physical properties of the aggregates, including gradation, density, and even 
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perhaps particle shape, etc. The measured resilient axial and radial strains at each stress 

state were used as an input for the system identification scheme to compute the resilient 

moduli for vertical and horizontal directions. The static stresses and average resilient 

strains are tabulated in Table 5.5 and the anisotropic resilient responses obtained from the 

SID program for aggregate #3 at optimum moisture are tabulated in Table 5.6. 

 It is generally observed that the vertical resilient moduli are higher than horizontal 

resilient moduli. Figures 5.4 and 5.5 show the variations of vertical resilient modulus 

along the first stress invariant and square root of J'2. The resilient modulus increases both 

with first stress invariant and square root of J'2. The moduli tends to peak at high level of 

J'2 while it increases with increasing first stress invariant without peak. This illustrates 

that shear stress significantly affects on the resilient modulus as the stress state increases. 

 

TABLE 5.5 Average Resilient Strains for Aggregate #3 at Optimum Moisture 

 
Stress State Triaxial Compression Triaxial Shear Triaxial Extension 

Stress (kPa) Strain (µε) Strain (µε) Strain (µε) 

Axial Radial Axial Radial Axial Radial Axial Radial 

40.0 25.0 33.1 -6.8 202.1 -120.1 -123.0 61.0 

50.0 25.0 65.5 -15.1 130.0 -88.0 -157.5 75.1 

70.0 40.0 49.2 -7.4 82.2 -42.3 -169.5 85.3 

130.0 60.0 70.1 -14.4 122.9 -83.1 -85.8 58.3 

150.0 70.0 61.4 -11.6 101.3 -64.8 -68.6 48.6 

170.0 100.0 56.42 -8.4 84.2 -46.8 -138.9 82.4 

220.0 120.0 71.5 -11.0 107.9 -63.4 -103.4 71.2 

250.0 140.0 61.9 -8.7 91.3 -54.5 -87.8 62.8 

250.0 120.0 60.9 -9.7 93.8 -61.0 -88.9 68.7 

250.0 105.0 60.1 -10.4 96.6 -68.7 -91.0 73.8 
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TABLE 5.6 Moduli and Poisson’s Ratios for Aggregate #3 at Optimum Moisture Content 

Stress (kPa) Moduli (MPa) 

Axial Radial Vertical Horizontal Shear 

40.0 25.0 153.0 69.9 42.6 

50.0 25.0 176.0 69.7 49.7 

70.0 40.0 241.0 116.0 78.5 

130.0 60.0 391.0 154.0 106.0 

150 70.0 448.0 185.0 125.0 

170 100.0 462.0 249.0 156.0 

220 120.0 544.0 285.0 178.0 

250 140.0 616.0 352.0 210.0 

250 120.0 602.0 288.0 188.0 

250 105.0 632.0 250.0 171.0 

 
  

 Figures 5.4 and 5.5 show the variation of resilient modulus of well-graded 

aggregates and higher vertical resilient modulus was obtained for well-graded aggregates 

#1 and #2 compacted at optimum moisture content. Aggregates #1 and #2, having higher 

angularity and rough surface texture show higher resilient modulus than other aggregate 

sources. It is expected that the aggregate particles that have more angularity, rough 

texture and less elongation provide better load spreading properties and a higher resilient 

modulus than uncrushed and elongated particles. Thus it can be inferred that the 

aggregate form, angularity and texture has substantial effects on the unbound aggregate 

behavior (62).  
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FIGURE 5.4 Vertical Resilient Modulus of Well-Graded Materials along I1/Pa 

 

FIGURE 5.5 Vertical Modulus of Well-Graded Materials along Square Root of J'2/Pa  
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EFFECT OF GRADATION ON CROSS-ANISOTROPY 

 The particle size distribution influences on the resilient modulus although it is 

generally regarded as a minor significance. Figure 5.6 shows the resilient moduli of 

specimens with fine gradation along the square root of J'2. By comparing Figure 5.6 to 

Figure 5.5, it has been observed that the resilient modulus decreases when more fines are 

included in the sample. Figures 5.7 through 5.8 show the variation of the vertical resilient 

modulus at optimum moisture content with different gradations. In Figure 5.7, coarse 

graded aggregate #3 compacted at the optimum moisture content showed higher resilient 

than well-graded one. Aggregate #3 is composed of angular and rough textured aggregate 

particles. Thus, this behavior can be explained by the increase of contacts by angular and 

rough textured particles resulting in strong interlocking. For aggregate #5 which has the 

lower angularity, higher resilient modulus was observed when well-graded samples were 

tested rather than coarse-graded samples. The results show the strong interactions 

between the effects of shape and gradation. 
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FIGURE 5.6. Vertical Modulus of Fine-Graded Materials along Square Root of J'2/Pa 

FIGURE 5.7. Variation of Vertical Modulus for Aggregate #3 at Optimum Moisture 

Content 
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FIGURE 5.8. Variation of Vertical Modulus for Aggregate #5 at Optimum Moisture 

Content 

 

EFFECT OF MOISTURE CONTENT ON CROSS-ANISOTROPY 

 From Figure 5.9 through 5.14, samples compacted at optimum and dry of 

optimum moisture content generally showed higher resilient moduli than ones compacted 

at wet of optimum moisture content. Figure 5.9 shows the variation of resilient modulus 

along the moisture content and explains that the resilient modulus of dry of optimum and 

optimum moisture content is similar, but as complete saturation is approached, the 

resilient modulus decreases significantly. It also shows that a significant dependence of 

resilient modulus on moisture content exists with the relations that the modulus decreases 

with increasing in moisture content.  
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 The resilient modulus in aggregate #3 decreased about 15% as the moisture 

content increased from 4.3% to 6.8%. Also, it has been observed a 20% decrease in 

resilient modulus in limestone as the moisture content increased from 5%, which is 

optimum to 6%. No significant resilient responses were observed between gravel samples 

compacted at optimum and dry of optimum moisture content.  

 

FIGURE 5.9 Variation of Vertical Modulus with Moisture for Well-Graded aggregate #1 
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FIGURE 5.10 Variation of Vertical Modulus with Moisture for Well-Graded Aggregates 

#3 and #4 
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FIGURE 5.11a. Variation of Vertical Modulus with Moisture for Well-Graded aggregate 
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FIGURE 5.11b. Variation of Vertical Modulus with Moisture for Well-Graded aggregate 

#6 

 

FIGURE 5.12. Variation of Vertical Modulus with Moisture for Fine Graded Aggregate 
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FIGURE 5.13 Variation of Vertical Modulus with Moisture for Fine Graded Aggregate 

#1 and #2 

 

FIGURE 5.14 Variation of Vertical Modulus with Moisture for Fine Graded Aggregate 

#5 and #6 
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Regression analysis was performed to determine the k-values that fit with the 

Uzan models for each gradation and moisture content. The R-square values for k-values 

were above 0.9. Table 5.7 is summaries of average k-values. 

 

TABLE 5.7 Average k-Values for Aggregates 

 

Nonlinear Anisotropic Analysis 

Parameters for Ey Parameters for Ex Parameters for Gxy Poisson's
ratio Materials 

k1 k2 k3 k4 k5 k6 k7 k8 k9 νxx/νxy 

2519 0.591 0.180 900 0.908 -0.222 489 0.920 -0.100 1.3 
3249 0.515 0.236 852 0.911 -0.275 563 0.862 -0.106 1.3 
3665 0.532 0.226 1672 0.640 -0.175 671 0.866 -0.117 1.4 
4073 0.555 0.308 893 0.971 -0.205 590 0.962 -0.066 1.5 
1432 1.106 0.144 911 1.057 -0.083 430 1.156 0.032 1.5 
4499 0.372 0.166 2469 0.512 -0.058 1070 0.614 -0.049 1.5 

Aggregate 
#1 

2260 0.726 0.743 160 1.668 -0.266 170 1.446 0.151 1.7 
6225 0.271 0.357 1129 0.751 -0.313 804 0.715 -0.118 1.5 
6060 0.397 0.204 2824 0.478 -0.102 1428 0.588 -0.036 1.4 
5737 0.420 0.240 2976 0.407 0.039 1229 0.607 -0.056 1.6 
7611 0.321 0.278 2345 0.500 -0.114 1545 0.534 -0.002 1.6 
5802 0.328 0.184 3181 0.297 -0.026 1464 0.464 -0.025 1.5 

Aggregate 
#2 

851 1.246 0.726 28 2.581 -0.185 31 2.322 0.127 2.4 
2400 0.478 0.334 501 0.939 -0.342 381 0.846 -0.081 2.2 
3225 0.272 0.446 397 1.046 -0.382 443 0.741 0.005 1.6 
3144 0.348 0.352 571 0.872 -0.373 471 0.740 -0.093 1.3 
1940 0.506 0.356 456 1.070 -0.272 334 0.913 -0.013 1.5 
1564 0.702 0.326 270 1.358 -0.432 247 1.109 -0.082 1.3 
2948 0.326 0.246 759 0.826 -0.374 678 0.569 -0.058 1.3 
1892 0.600 0.375 337 1.244 -0.214 274 1.061 0.016 1.5 

Aggregate 
#3 

2559 0.408 0.490 488 1.057 -0.071 356 0.909 0.101 1.5 
2400 0.345 0.293 464 0.966 -0.377 393 0.760 -0.095 1.3 
2928 0.376 0.266 733 0.835 -0.327 580 0.695 -0.055 1.3 
2079 0.381 0.245 621 0.794 -0.202 446 0.668 -0.023 1.6 

Aggregate 
#4 

2460 0.484 0.296 768 0.859 -0.168 460 0.835 -0.011 1.5 
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Table 5.7 Continued 
 

Nonlinear Anisotropic Analysis 

Parameters for Ey Parameters for Ex Parameters for Gxy Poisson's
ratio Materials 

k1 k2 k3 k4 k5 k6 k7 k8 k9 νxx/νxy 

3440 0.410 0.310 1396 0.659 -0.142 721 0.694 -0.008 1.3 
3074 0.470 0.309 807 0.939 -0.194 534 0.851 -0.031 1.4 
4762 0.311 0.685 499 1.134 -0.204 491 0.904 0.142 1.5 
3524 0.374 0.264 1587 0.599 -0.178 825 0.625 -0.022 1.5 
3436 0.422 0.291 1170 0.681 -0.242 704 0.687 -0.037 1.4 

Aggregate 
#5 

1333 0.782 0.510 160 1.577 -0.151 145 1.381 0.144 1.5 
4708 0.334 0.359 1021 0.873 -0.282 775 0.746 -0.040 1.5 
5262 0.290 0.359 1967 0.655 -0.169 1162 0.607 0.043 1.4 
5068 0.360 0.403 1385 0.776 -0.233 898 0.725 -0.006 1.4 
3283 0.585 0.434 713 1.172 -0.103 502 1.040 0.047 1.7 

Aggregate 
#6 

3832 0.393 0.649 311 1.278 -0.187 295 1.070 0.041 1.9 
 

REGRESSION MODEL FOR ANISOTROPIC LEVEL DETERMINATION 

Tutumluer and Thompson (5) developed a simplified procedure for estimating 

cross-anisotropic properties from repeated load triaxial test. They observed that Uzan 

type stress-dependent models in Equation 3.5 and 3.6, when used for modeling the 

horizontal and shear stiffness ratios, resulted in a constant term (k4/k1 or k7/k1) almost 

equal to the average ratios predicted by the finite element analysis throughout the base (5).  

The data points of bulk stress exponents (k5-k2 or k6-k3) with shear stress 

exponents (k8-k2 or k9-k3) were generally centered on the equality line indicating that 

they are equal in magnitude but opposite in sign as shown in Figures 5.15 and 5.16. This 

indicates that when deviator and bulk stresses take similar values under the applied wheel 

load, the constant ratio terms (k4/k1 or k7/k1) in the models play the governing role in 
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determining the stiffness ratios. Tutumluer and Thompson (5, 37) analyzed a 

conventional flexible pavement section with anisotropic resilient models and found that 

the typically resulted in horizontal modulus varying between 5 % to 30 % of vertical, and 

the shear modulus between 18% and 35% of the vertical resilient modulus under surface 

traffic loading throughout the base. 

 Since those exponent parameters are roughly selected from the center of scattered 

data points and used as the representative values, other exponent parameters such as k5-

k2, k6-k3, k8-k2, and k9-k3 can't be exactly obtained or represent all the scattered data 

points.  
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FIGURE 5.15 Variation of Stress Exponents in the Horizontal Stiffness Ratio Model (5) 

 
 
 
 



 

 

87

                           

-0.5

-0.4

-0.3

-0.2

-0.1

0
0 0.1 0.2 0.3 0.4 0.5

K8 - K5

K
9 -

 K
6

Saturated

+

+ +

Dry (PC)
Partial Sat. (PC)
Fully Sat. (PC)
Dry (C)
Partial Sat. (C)

+ Partial Sat. (G)

PC : Partially Crushed
C: Crushed
G: Gravel
No. of Tests = 50

 
FIGURE 5.16 Variation of Stress Exponents in the Shear Stiffness Ratio Model (5) 

 

The degree of this non-linearity and stress dependency is a function of the stress 

state, degree of saturation, dry density, level of load, and particle size distribution of the 

unbound layer material. This was confirmed by Adu Osei et al. (14) experimentally as 

they compared the impact of aggregate type, aggregate gradation, moisture content, etc. 

on resilient modulus and permanent deformation.  However, such repeated load resilient 

and permanent deformation tests are time-consuming and expensive to perform and 

certainly do not lend themselves to routine testing. Since, it is indeed important to be able 

to consider the stress-sensitive, anisotropic, and time-dependent nature of unbound 

granular materials in order to realistically model pavement structures containing unbound 

aggregate layers, a pressing need is to be able to approximate these properties from 

routine tests. 

Adu-Osei et al. (14) studied four different aggregate types. Each aggregate type 

was prepared at several different gradations, several different moisture contents, and at 

various densities. Full-scale resilient modulus tests were performed on all combinations 
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and the nine factors (k1 through k9) were determined. Because of the need to account for 

stress-sensitivity and cross-anisotropy in characterizing unbound aggregate layers, the 

experimental protocol required to determine the k1 to k9 coefficients can be time 

consuming. This time consuming testing provided the information for an extensive 

database and the experimental results by the author and Adu-Osei et al. (14, 15). This 

database offered the opportunity to ascertain whether k-values could be predicted from 

basic physical properties of the aggregates, including gradation, moisture content, and 

density, etc. Based on additional experimental results form Adu-Osei (2) as well as 

laboratory results in Table 5.7, multiple regression models were developed in Equation 

5.1 to calculate the level of anisotropy from k-values (1 through 3), which are directly 

measured during laboratory testing.  
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 (5.1) 

where, 

ki : material coefficients 

γd : dry density (kg/m3) 

ga = fitting parameter corresponding to the initial break in the grain-size curve, 

gn = fitting parameter corresponding to the maximum slope of the grain-size curve, 

The variables for Equation (5.1) include the material coefficients, dry density, and 

gradation and overall R-square value is 71% through 80%. More accurate predictions of 

k-values could be obtained when the particle shapes such as form, angularity, and texture 
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are taken into account. Fifty particles passing No. 4 sieve size were selected from each 

aggregate source, and aggregate form, angularity, and texture indices were measured. 

Aggregate shape indices were represented using a cumulative function such as particle 

size distribution and shape parameters were calculated based on Equation 5.2. The 

calculated shape parameters were given in Table 5.8.  
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where: 

Pp = percent ratio of aggregate particles with certain form index, 

fa = fitting parameter corresponding to the initial break in the form index curve, 

fn = fitting parameter corresponding to the maximum slope of the form index curve, 

fm = fitting parameter corresponding to the curvature of the form index curve. 
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where: 

Pp = percent ratio of aggregate particles with certain form index, 

Aa = fitting parameter corresponding to the initial break in the angularity index curve, 

An = fitting parameter corresponding to the maximum slope of the angularity index curve, 

Am = fitting parameter corresponding to the curvature of the angularity index curve. 
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where: 

Pp = percent ratio of aggregate particles with certain form index, 

Ta = fitting parameter corresponding to the initial break in the texture index curve, 

Tn = fitting parameter corresponding to the maximum slope of the texture index curve, 

Tm = fitting parameter corresponding to the curvature of the texture index curve. 

 

TABLE 5.8. Aggregate Shape Parameters for Each Aggregate Source 
 
 

 Aggregate 
#1 

Aggregate 
#2 

Aggregate 
#3 

Aggregate 
#4 

Aggregate 
#5 

Aggregate 
#6 

fa 6.101 6.940 6.805 5.347 2.264 2.332 

fm 3.376 1.385 3.246 8.212 2.188 3.924 
fn 7.159 7.582 6.524 5.366 5.669 4.190 

Aa 1238.895 622.147 165.048 1066.204 87.711 654.794 
Am 670.171 2201.664 4344.092 882.510 294.581 789.035 
An 6.406 4.072 2.533 5.745 1.915 5.497 

Ta 44.062 229.629 242.955 84.485 88.818 17.507 
Tm 1437.345 3.078 3.937 308.651 2.608 1653.731 
Tn 4.507 4.360 6.878 3.873 2.411 3.659 

 

It is reasonable that the k-ratios k4/k1, k7/k1, k5-k2, k6-k3, k8-k2, and k9-k3 which 

define the level of anisotropy are related to aggregate shape and gradation properties. By 

using MINITAB statistical software, Equation 5.3 was developed to approximate cross-

anisotropic k-values (k4 through k9) from repeated load triaxial tests. The predictors in 
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regression model were selected after performing the best subset method which identifies 

the best-fitting regression models. The selected aggregate shape parameters for regression 

model development were ga, gn, fa, fn, Aa, Ta, and Tn. 

From Equation 5.3, the constant term, k4/k1 and k7/k1 for anisotropic modular 

ratio increases when ga increases and gn decreases. An increase in ga indicates that the 

aggregate gradation becomes coarser. The reduction in gn indicates that the gradation 

changes from gap graded to well graded. Thus, it could be mentioned that higher modular 

ratio can be obtained for well graded materials than gap-graded materials. The k4/k1 and 

k7/k1 increase when fa decreases and fn increases.  The aggregate is regarded to have 

particles with less elongation as fa increases and fn increases. Thus, it is inferred that 

k4/k1 increases when aggregate particles have less-elongation. Also, k7/k1 increases as 

particles become less elongated. 

The k4/k1 and k7/k1 increase when Aa, Ta, and Tn increase. The increase of Aa 

and Ta mean that the percentage of particles which have more angularity and texture 

increases. Thus, it was found that higher angularity and texture result in the increase of 

both k4/k1 and k7/k1.  
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  (5.3) 

 
 Figure 5.17 through 5.22 show the comparisons between measured and predicted 

k-values. Data points in each figure are centered at the equality line with high R-square 
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values above 0.8. This implies that the prediction models are in good agreement with the 

experimental measurements and the use of aggregate shape and gradation parameters for 

estimating the anisotropic level is substantial. 
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FIGURE 5.17. Comparison of Measured and Calculated k4/ k1 
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FIGURE 5.18. Comparison of Measured and Calculated k7/ k1 
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FIGURE 5.19. Comparison of Measured and Calculated k5- k2 
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FIGURE 5.20. Comparison of Measured and Calculated k6- k3 
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FIGURE 5.21. Comparison of Measured and Calculated k8 - k2 
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FIGURE 5.22. Comparison of Measured and Calculated k9 - k3 

 

Comparisons of measured and predicted k4/k1 (horizontal modular ratio) and 

k7/k1 (shear modular ratio) are shown in Figure 5.23. Figure 5.23 shows that k7/k1 

generally increases with increase of k4/k1. As shown in Figure 5.24 and 5.25, the relative 

influence of confinement and octahedral stresses on the horizontal modular ratio is 

evaluated through the exponents (k5-k2) and (k6-k3), while the influence of these stresses 

on the shear modular ratio is evaluated using the exponents (k9-k3) and (k8-k2).  In general, 

the octahedral stress and confinement stress have opposite effects as evident in the 

opposite signs for the exponents. The octahedral shear stress has slightly higher effect on 

the horizontal modulus rather than the confinement stress.  This is inferred from Figure 

5.24 where (k6-k3) is slightly higher than (k5-k2). Both octahedral and confinement 

stresses have almost the same effect on the shear modular ratio as can be seen in Figure 
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5.25 where (k9-k3) and (k8-k2) are almost equal.  In general, these results indicate that 

when the octahedral and confinement stresses have similar values under the applied 

wheel load, the constant ratio terms (k4/k1 or k7/k1) in the models play the governing role 

in determining the anisotropy level which is in agreement with the finding reported by 

Tutumluer and Thompson (5). The results showed that the typical ranges of horizontal 

modulus to vertical modulus ration varies between 10 % to 55 %, while the shear 

modulus to the vertical modulus is between 10 % and 25%. 
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FIGURE 5.23. Variations of Measured and Calculated Constant Terms for Horizontal 

and Shear Modular Ratio  
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FIGURE 5.24. Comparisons of Bulk and Shear Stress Exponent Term for Horizontal 
Modular Ratio 
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FIGURE 5.25. Comparisons of Bulk and Shear Stress Exponent Term for Shear Modular 
Ratio 
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CHAPTER VI 

PAVEMENT ANALYSIS AND DISTRESS MODEL DEVELOPMENT 

 

EFFECT OF CONSTITUTIVE MODEL ON PAVEMENT PERFORMANCE 

Figure 6.1 shows the cross sections used for the pavement analysis.  The 

thickness of HMA was 50 or 100 inches (2 or 4 mm) and the base course had 300-mm 

(12-in.).  The thickness of subgrade was assumed as semi-infinite. To model the test 

sections, the wheel load was applied as a uniform pressure of 689 kPa (100 psi) over a 

circular area of radius 136-mm (5.35 in.).  A fixed boundary was assumed at the bottom 

of the subgrade where the concrete slab was placed. 

 

HMA (50-mm, 100-mm)

Base (300-mm)

Subgrade (20.7-MPa)

Tire Radius = 136-mm
Tire Pressure = 690-kPa

Stiff Layer
 

 

FIGURE 6.1 Cross Section for Pavement Analysis 
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The base material properties used in the analysis were obtained from a well graded 

aggregate #1 compacted at optimum moisture content. The HMA layer and subgrade 

were assumed to be nonlinear isotropic and Table 6.1 is a summary of material input 

properties for finite element program. Four constitutive models were used to represent the 

base layer, namely linear isotropic, nonlinear isotropic, linear cross-anisotropic and non-

linear cross-anistropic in the finite element program.  

Since the Uzan's nonlinear model (Equation 2.19) was implemented in TTI-PAVE 

implement, it can be downgraded to a linear elastic model by setting the material 

parameters, k2, and k3 as zero. The modular ratio (n, m) and ratio of Poisson's ratio in 

vertical and horizontal directions are inputted in the finite element program. 

where, 

y

x
E
E

n = ,          (6.1) 

y

xy

E
G

n = , and         (6.2) 

xy

xx
ν
ν

µ =          (6.3) 

 

A axisymmetric finite element mesh is shown in Figure 6.2. It was assumed that 

the nodal radial strains were negligible at approximately 10 times R (radius of loaded 

area) from the area of applied wheel load and the nodal stresses and displacements were 

assumed to be negligible at 20 times R below the pavement surface. 
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TABLE 6.1 Pavement Material Parameters 

 

HMA Layer (Nonlinear Isotropic Model) 

k1 = 28,000   k2 = 0.100   k3 = 0.001      n = 1.00   m = 0.38    νxy = 0.35   µ = 1.00 

Base Course 

Linear Isotropic Non-Linear Isotropic Linear Anisotropic Non-Linear Cross-
Anisotropic 

k1 = 4,000 
k2 =0.0, k3=0.0 

n =1.0,   m=0.38 
νxy =0.2, µ = 1.0 

k1=4,000 
k2=0.555, k3=0.3 

n=1.0,        m=0.38 
νxy =0.2, µ = 1.0 

k1=4,000 
k2=0.0, k3=0.0 

n=0.5,        m=0.38 
νxy =0.2, µ = 1.0 

k1=4,000 
k2=0.555, k3=0.3 
n=0.5,      m=0.38 
νxy =0.2, µ = 1.5 

Sub-grade (Non-linear Isotropic Model) 

k1 = 207         k2 = 0.001             k3 = 0.300 
n = 1.00       m = 0.38            νxy = 0.35              µ = 1.00 

 

 

HMA

Base

Subgrade

Not Drawn to scale
R

20R

10R

q = 690 kPa

 

 

FIGURE 6.2 Finite Element Mesh 
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Figure 6.3 through 6.6 show the vertical and horizontal stress distribution in 

unbound aggregate base and significant differences occur among the constitutive models 

(i.e. tension is positive and compression is negative). The vertical stress distributions 

within the base layer do not have specific trend with respect to the constitutive models 

except the observation that linear anisotropic model generally gives lower vertical 

compressive stress. Pavement profiles and subgrade moduli rather than constitutive 

models have a significant effect on the vertical stress distributions (2). Modeling the 

unbound granular base layer as linear isotropic, nonlinear isotropic, linear anisotropic and 

nonlinear anisotropic in that order, gradually shifts the horizontal stresses from a tension 

to a compression. Also, increased HMA thickness for a given base layer thickness and 

subgrade modulus gives less magnitude of stresses in both horizontal and vertical 

directions.  

 

FIGURE 6.3 Horizontal Stress for 50mm HMA, 300mm Base and 20.7 MPa subgrade 
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FIGURE 6.4 Horizontal Stress for 100mm HMA, 300mm Base and 20.7 MPa subgrade 

 

 

FIGURE 6.5 Vertical Stress for 50mm HMA, 300mm Base and 20.7 MPa subgrade 
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FIGURE 6.6 Vertical Stress for 100mm HMA, 300mm Base and 20.7 MPa subgrade 

 

The nonlinear cross-anisotropic model gave much more realistic stress distribution 

as shown in the compressive horizontal stresses at the bottom of the base layer while the 

significant tensile stresses were computed using the other models. Thus, it would not be 

correct or desirable way to design pavement thicknesses by increasing the thickness of 

unbound aggregate base until the tensile stress that is obtained by linear isotropic model 

are diminished.  

 

EFFECT OF GRADATION AND PARTICLE SHAPE ON PAVEMENT 

PERFORMANCE 

A parametric study was conducted to demonstrate the influence of aggregate 

physical properties on the cross-anisotropic moduli and pavement response.  It is not 

possible to hold some parameters constant and arbitrarily change others because the 

0

100

200

300

400

500

600

-300 -250 -200 -150 -100 -50 0

Vertical Stress (kPa)

D
ep

th
 (m

m
)

Linear Isotropic
Nonlinear Isotropic
Linear Anisotropic
Nonlinear Anisotropic



 

 

104

parameters are not totally independent.  For example, fines content and gradation will 

have some effect on density and optimum moisture content.  Furthermore, changes in 

these parameters can affect the vertical modulus (k1 through k3). The parametric study 

involved four different cases.  The first case depicted aggregate #2 with well-aggregate 

gradation.  Case 2 represented a coarse-graded aggregate #2, while case 3 and case 4 had 

the same parameters as the first case except for the form, angularity, and texture indices. 

The form parameters for case 3 were obtained from the aggregate # 4 which has more 

elongated particles. Thus, the form index in case 3 represented that aggregate mixture 

consists of more elongated aggregates than case 1.  The angularity and texture parameters 

for case 4 were obtained from the aggregate #3, which has similar angularity and more 

rough texture. 

Table 6.2 illustrates the effect of the physical parameters (gradation constants, ga, 

gn, and gm, and aggregate shape indices) on k-ratios and modular ratios. Equation 5.3 was 

used to determine horizontal and shear constant terms based on the k1 through k3 values 

and the physical parameters.  It can be seen that change in the physical properties had 

significant influence on the calculated modular ratios.  From the comparison of case 1 and 

case 3, using more elongated particles has led to a lower value for k4/k1 indicating a 

higher level of anisotropy. Since the particle orientation occurs with maximum dimension 

aligned in horizontal direction, the number of contact for vertical direction are larger than 

the horizontal direction. This may result in the lower horizontal modulus and higher 

vertical modulus, which gives higher level of anisotropy. From the comparison of case 1 

and case 2, higher values of horizontal and shear modular ratios (k4/k1 and k7/k1) were 

obtained for case 1. This indicates that well graded material exhibits less level of 
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anisotropy than poor graded materials.  Tutumluer and Thompson (5) also found that the 

level of anisotropy increases as the amount of fine material increases. From the 

comparison of case 1 and case 4, higher values of horizontal and shear modular ratios 

were observed when aggregates have similar angularity and more rough texture. From 

above observations, it can be ascertain that higher values of modular ratios, which support 

better load-carrying capacity are obtained when aggregate particles have well-gradation, 

less elongation, more angularity and, more rough texture.  

The influence of the physical properties, and consequently, the cross-anisotropic 

moduli on pavement response was investigated using finite element analysis of a 

pavement section. The pavement section consisted of 4-inches of HMA (resilient modulus 

of 400,000 psi, Poisson’s ratio of 0.35), 8-inches of unbound aggregate base over a 

subgrade with a resilient modulus of 3,000 psi, and a Poisson’s ratio of 0.45.  The model 

was subjected to a 9,000 pound wheel load.  Two constitutive models were used to 

represent the base layer, namely linear isotropic and non-linear cross-anisotropic. The 

results of this analysis are shown in Table 6.3. It has been ascertained that the cross-

anisotropy model gave more realistic stress distribution as shown in the compressive 

horizontal stresses at the bottom of the base layer rather than the significant tensile 

stresses computed using the other two isotropic models.  Also, the change in the aggregate 

shape indices and gradation affected the stress distribution in the pavement section due to 

the change in the base layer anisotropy.  When the nonlinear anisotropic model was used 

instead of the linear isotropic model for case 1, the horizontal strain at the bottom of HMA 

(εtHMA) and the vertical deviatoric stress at the top of subgrade (σv) increased by 51% and 

46%, respectively. For the case 2 which represents poor-graded material, the percent 
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increase of εtHMA and σv were 92% and 89%, respectively, when the nonlinear anisotropic 

model was used instead of the linear isotropic model. When more elongated particles were 

used such as case 3, the percent increases of εtHMA and σv were 72% and 46%, respectively, 

when the nonlinear anisotropic model was used instead of linear isotropic model. For the 

case 4, εtHMA and σv increased by 49% and 46% compared to linear isotropic case 1. These 

results demonstrate clearly that the aggregate physical properties such as gradation and 

shape influence the level of cross-anisotropy, which has a substantial effect on the stress 

distribution and pavement design. 

 

TABLE 6.2. Calculated Material Coefficients of Aggregate #2 Varying the Gradation 
Parameters and Shape Index 

 
 

 case1 case2 case3 case4 
k1 6060 6060 6060 6060 
k2 0.397 0.397 0.397 0.397 
k3 0.204 0.204 0.204 0.204 

k4/k1 0.456 0.365 0.203 0.485 
k7/k1 0.226 0.209 0.222 0.240 
k5-k2 0.049 0.150 0.266 0.036 
k6-k3 -0.299 -0.392 -0.572 -0.376 
k8-k2 0.183 0.209 0.140 0.154 
k9-k3 -0.270 -0.286 -0.239 -0.285 

ga 11.997 13.272 11.997 11.997 
gn 1.544 2.416 1.544 1.544 
fa 6.9398 6.9398 6.8045 6.9398 
fn 7.5816 7.5816 6.5241 7.5816 
Aa 622.1465 622.1465 622.1465 165.0481 
Ta 229.6287 229.6287 229.6287 242.955 
Tn 4.3603 4.3603 4.3603 7 
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TABLE 6.3. Predicted Stress/ Strain in the Pavement  
 
 

Bottom AC Bottom Base Top 
Subgrade 

 
 Model Vertical 

Strain 
(10-6) 

Horizontal 
Strain 
(10-6) 

Vertical
Stress 
(psi) 

Horizontal 
Stress 
(psi) 

Vertical 
Stress 
(psi) 

Linear 
Isotropy -371 211 -4.5 22.3 -4.6 

case 1 
Nonlinear 

Anisotropy -583 319 -6.4 -1.9 -6.7 

case 2 Nonlinear 
Anisotropy -678 405 -10.1 -1.9 -8.7 

case 3 Nonlinear 
Anisotropy -636 363 -5.3 -1.0 -5.8 

case 4 Nonlinear 
Anisotropy -573 314 -6.4 -1.0 -6.7 

 
Note: Negative for Compressive and Positive for Tensile 
 
 
 

EFFECTS OF AGGREGATE TYPES AND LEVEL OF ANISOTROPY 

Within a specific type of aggregate (mineralogy and classification) texture and 

aggregate shape significantly influence the isotropic and anisotropic resilient response of 

the granular material.  Rough-textured and angular aggregates develop a stronger and 

stiffer mass by locking together while smooth-textured and rounded aggregate particles 

tend to slide past one another. Accordingly, rough-textured and angular aggregates have 

better load carrying capacity and a higher resilient modulus than smooth-textured and 

rounded aggregate particles. A granular material with high shear and horizontal resilient 

moduli would have a less tendency to spread in lateral direction under the loads and this 

material results in the higher value of modular ratio. Therefore, the higher modular ratios 

are expected to be found in the rough-textured and angular aggregates.  
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 Figures 6.7 and 6.8 show the distribution of horizontal and shear modular ratios. The 

group of data points for each aggregate source are scattered in the lower, intermediate and 

high modular ratio areas, respectively. The lowest horizontal and shear modular ratios 

were observed for aggregate #3 and #4 while the highest horizontal and shear modular 

ratios were obtained for aggregate #1 and #2.  
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FIGURE 6.7. Distribution of Horizontal Modular Ratio with Different Aggregate Types 
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FIGURE 6.8. Distribution of Shear Modular Ratio with Different Aggregate Types 

 

The vertical resilient modulus of aggregate #3 which gives lower horizontal 

modular ratio and that of aggregate #1 that has higher horizontal modular ratio were 

plotted along the stress states in Figure 6.9.  

The resilient moduli for aggregate #1 and #3 were 350-MPa and 150-MPa at the 

bulk stress of 150 kPa. The influence of the aggregate sources, physical properties, and 

consequently, anisotropic level on pavement response was investigated using CIRCLY 

program. The pavement section consisted of 4-inches of HMA (resilient modulus of 2760-

MPa, Poisson’s ratio of 0.35), 12-inches of unbound aggregate base over a subgrade with 

a resilient modulus of 3,000 psi, and a Poisson’s ratio of 0.45.  The model was subjected 

to a 136-mm radius and 9,000 lbs wheel load. The results of this analysis are shown in 

Table 6.4. The tensile strain at the bottom of HMA and compressive strain at the top of 

subgrade were calculated and the allowable number of load repetitions for fatigue 
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cracking and rutting were obtained based on the Asphalt Institute transfer functions. It was 

found that different aggregate physical properties, which result in different anisotropic 

level, substantially affect the pavement critical responses and ultimately, allowable 

number of load repetitions. These results clearly demonstrate that the aggregate physical 

properties such as grading and shape influence the level of cross-anisotropy, which has a 

substantial effect on the pavement responses and therefore, affects mechanistic-empirical 

pavement design. 
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FIGURE 6.9. Distribution of Resilient Modulus Along First Stress Invariant 
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TABLE 6.4. Comparisons of Pavement Critical Responses for Different Aggregate Sources 

Resilient Modulus  

for Unbound Aggregate Base 
Pavement Critical Responses 

Aggregate #1 

(350 MPa) 
Aggregate #5 

(350 MPa) 

Tensile Strain at the bottom of HMA(10-6) 267 437 

Compressive Strain at the Top of Subgrade (10-6) 791 1176 

Number of allowable load repetitions 

to cause fatigue cracking, Nf 
753538 148912 

Number of allowable load repetitions 

to limit rutting, Nd 
105195 17820 

 

Two different materials, which have similar resilient moduli along the stress state 

and different anisotropic levels were compared to investigate the significant effect of 

anisotropic behavior of granular material. The resilient modulus distributions of aggregate 

#5 and aggregate #1, compacted with different gradations and moisture contents were 

measured from the repeated load triaxial test. Figure 6.10 shows that the resilient moduli 

of those materials are reasonably same all over the stress states. Although gravel and 

limestone have the similar resilient modulus distribution along the stress state, they have 

different level of anisotropy. Table 6.5 shows the triaxial test results for horizontal, 

vertical, and shear resilient moduli and the level of anisotropy when the bulk stress is 170 

kPa (25 psi). 
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TABLE 6.5. Measured Moduli and Level of Anisotropy 
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FIGURE 6.10. Sample Distribution of Resilient Moduli for Aggregates #1 and #5 

 

The data in Table 6.5 were inputted in CIRCLY program and the pavement 

critical strains were calculated with nonlinear anisotropic model. The pavement section 

consisted of 4-inches of HMA (resilient modulus of 2760-MPa, Poisson’s ratio of 0.35), 

12-inches of unbound aggregate base over a subgrade with a resilient modulus of 3,000 psi, 

and a Poisson’s ratio of 0.45.  The model was subjected to a 136-mm radius and 9,000 lbs 

 Ey (psi) Ex (psi) Gxy (psi) Ex/Ey Gxy/Ey 

Aggregate #5 25968 5476 3815 0.2 0.15 

Aggregate #1 23088 8657 4351 0.4 0.20 
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wheel load. Table 6.6 shows the calculated critical strains by TTIPAVE and the number of 

allowable load repetitions by AI equations. Although Aggregate #1 and #5 have similar 

vertical resilient moduli, the calculated critical strains for those materials are quite 

different due to the effect of the level of anisotropy. For aggregate #5 which has higher 

anisotropic level, the allowable load repetitions for fatigue cracking and rutting decreased 

16% and 35 % than those for aggregate #1, which has lower anisotropic level. This results 

illustrates the anisotropic analysis must be considered in the pavement design to better 

estimate the pavement responses. 

 

TABLE 6.6 Pavement Critical Strains and Allowable Load Repetitions 

 

 

 

 

 Aggregate #5 Aggregate #1 

Tensile Strain at the bottom of HMA 

(10-6) 
640 608 

Compressive Strain at the Top of Subgrade

(10-6) 
1753 1597 

Number of allowable load repetitions 

to cause fatigue cracking 
42424 50226 

Number of allowable load repetitions 

to limit rutting 
2983 4528 
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DISTRESS MODELS FOR ANISOTROPIC RESPONSES AND PAVEMENT 

DESIGN LIFE 

In this section, design criteria and design charts have been made in terms of 

maximum allowable load repetitions and used as the indicator of selecting the thickness of 

unbound aggregate base. The design charts are based on multi-layered elastic anisotropic 

system in cylindrical coordinates under axial symmetry. The materials in each layer are 

characterized by a resilient modulus and Poisson's ratio and traffic is expressed as 

repetitions of an 18-kips single axial load. The single tire is approximated by one circular 

plates with radius = 152 mm (6 in.) corresponding to an 18-kips axle load and a 80 psi 

contact pressure.  

The multi-layered elastic system assumes that the surface traffic loading produces 

two critical pavement responses which are horizontal tensile strain, εt, at the bottom of the 

HMA layer, and vertical compressive strain, εc, at the top of the subgrade layer as shown 

in Figure 6.11. Excessive horizontal strains at the bottom of the HMA layer result in the 

fatigue cracking while excess compressive strains at the top of subgrade layer result in the 

permanent deformation.  

The empirical part of Mechanistic-Empirical (M-E) design is the pavement life 

equations, which is transfer function. The transfer functions (or distress models) relate the 

computed pavement responses to pavement performance as measured by the type, severity, 

and extent of distress (e.g., rutting, cracking, etc). The most commonly used transfer 

functions relate pavement life to asphalt flexural strains (fatigue cracking) and to subgrade 

stresses and deflections (rutting). 
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FIGURE 6.11. Critical Pavement Responses of Conventional Flexible Pavement 

The transfer function determines the allowable number of load applications before 

the pavement failure and the amount of damage done to the pavement can be expressed as 

the ratio of applied (nij) to allowable (Nij) loads. NCHRP 1-26 researchers concluded that 

the transfer functions are the weak links in the mechanistic-empirical design approach.  To 

match predicted and observed pavement distress and performance, extensive field 

calibration and verification are often required to establish reliable distress prediction 

models (71). This will have to be done locally to account for differences in material 

properties and climate that are not explicitly modeled.   

Typical fatigue algorithms are of the form 

3121
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Nf = allowable number of 80 kN equivalent single axle load (ESAL) applications based 

on fatigue cracking,  

Emix = stiffness of the asphalt concrete mix in psi., 

f1, f2 and f3 = fitting coefficients, and 

εt = predicted tensile strain at the bottom of the asphalt surface layer 

 

The rutting algorithms are of the form: 

51
4

f

c
fdN ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

ε
        (6.5) 

Where, 

Nd = allowable number of 80 kN equivalent single axle load (ESAL) applications based 

on rutting,  

f4 and f5 = fitting coefficients, and 

εc = predicted compressive strain at the top of subgrade 

 

As previously mentioned, the stress distributions predicted by nonlinear cross-

anisotropic finite element program are realistic by eliminating excessive tensile stress at 

the bottom of the base layer and critical pavement responses predicted by nonlinear cross-

anisotropic model are higher than those predicted by linear or nonlinear isotropic models. 

Because the previously developed transfer functions (Asphalt Institute, Chevron, and 

Nottingham models, etc.) were based on the critical responses obtained from linear 

isotropic model, those equations are not appropriate for responses obtained from nonlinear 
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cross-anisotropic model. Therefore, the development of usable transfer functions for 

nonlinear cross-anisotropic model is ever more important.  

For the transfer function development AASHO Road Test data were used. 

 Fatigue and rutting characteristics of the flexible pavement are represented by the 

equation: 

199.0376.3610148.8 −−−×= mixEtfN ε  (R-square: 72 %)  (6.6) 

35.48105.1 −−×= cdN ε                          (R-square: 84 %)  (6.7) 

Where, 

Nf = allowable number of 80 kN equivalent single axle load (ESAL) applications based 

on fatigue cracking, 

Nd = allowable number of 80 kN equivalent single axle load (ESAL) applications based 

on rutting, 

εt = predicted tensile strain at the bottom of the asphalt surface layer, and 

εc = predicted compressive strain at the top of the subgrade 

 

Equation (6.6) and (6.7) show that reduced strain corresponds to increased 

pavement life. Once the allowable and applied numbers of load applications are obtained, 

Miner's hypothesis is used to obtain the accumulating damage. When damage exceeds 1, 

the pavement thicknesses need to be increased while the pavement thicknesses need to be 

decreased when damage is much less than 1. When damage is near, but not exceeding 1, a 

desirable pavement design can be obtained. 

∑
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where, 

 nij = expected number of load applications 

 Nij = predicted number of load applications 

 m = number of axle load intervals, and 

 n = number of seasons or time periods. 

 

The CIRCLY program was used to determine the thickness of required unbound 

aggregate base layer based on both fatigue cracking and rutting criteria. Material 

properties for HMA and subgrade layer were shown in Table 6.7. The resilient modulus 

for unbound aggregate base were 30,000, 50,000, and 80,000 psi for vertical direction and 

the 50% and 40% of the vertical resilient modulus was assigned for horizontal modulus 

and shear modulus, separately. Figure 6.12 through 6.23 are the design charts for given 

material properties. 

 

TABLE 6.7. Pavement Material Parameters 

 

 Modulus (psi) Poisson's ratio 

HMA 400,000 0.3 

UAB 30,000 / 50,000 / 80,000 0.4 

Subgrade 3,000 / 7,500 / 15,000 0.45 
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FIGURE 6.12. Design Chart for UAB with HMA 2-in (UAB Modulus = 30,000 psi)  

(1 psi=6.9 kPa, 1 in. = 25.4 mm) 
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FIGURE 6.13. Design Chart for UAB with HMA 4-in. (UAB Modulus = 30,000 psi) 

(1 psi=6.9 kPa, 1 in. = 25.4 mm) 
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FIGURE 6.14. Design Chart for UAB with HMA 6-in (UAB Modulus = 30,000 psi)  

(1 psi=6.9 kPa, 1 in. = 25.4 mm) 
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HMA 8.0 in. Thickness
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FIGURE 6.15. Design Chart for UAB with HMA 8-in. (UAB Modulus = 30,000 psi)  

(1 psi=6.9 kPa, 1 in. = 25.4 mm) 
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FIGURE 6.16. Design Chart for UAB with HMA 2-in. (UAB Modulus = 50,000 psi)  

(1 psi=6.9 kPa, 1 in. = 25.4 mm) 
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FIGURE 6.17. Design Chart for UAB with HMA 4-in. (UAB Modulus = 50,000 psi)  

(1 psi=6.9 kPa, 1 in. = 25.4 mm) 
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FIGURE 6.18. Design Chart for UAB with HMA 6-in. (UAB Modulus = 50,000 psi)  

(1 psi=6.9 kPa, 1 in. = 25.4 mm) 
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FIGURE 6.19. Design Chart for UAB with HMA 8-in. (UAB Modulus = 50,000 psi)  

(1 psi=6.9 kPa, 1 in. = 25.4 mm) 
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FIGURE 6.20. Design Chart for UAB with HMA 2-in. (UAB Modulus = 80,000 psi)  

(1 psi=6.9 kPa, 1 in. = 25.4 mm) 
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FIGURE 6.21. Design Chart for UAB with HMA 4-in. (UAB Modulus = 80,000 psi) 

(1 psi=6.9 kPa, 1 in. = 25.4 mm) 
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FIGURE 6.22. Design Chart for UAB with HMA 6-in. (UAB Modulus = 80,000 psi)  

(1 psi=6.9 kPa, 1 in. = 25.4 mm) 
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FIGURE 6.23. Design Chart for UAB with HMA 8-in. (UAB Modulus = 80,000 psi)  

(1 psi=6.9 kPa, 1 in. = 25.4 mm) 

 

The minimum recommended aggregate base thickness is 4 inches when the 

traffics are less than 500,000. If the traffics are more than 500,000, the minimum 6 inches 

thickness is recommended. Although aggregate layers less than 4 inches thick are 

possible, it is not recommended because of following reasons: 

• The base layer thickness less than 4 inches doesn't give much strength to the overall 

pavement structure 

• Difficult to compact and construct 

• Fines from the underlying subgrade may contaminate a substantial portion of the layer 

and inhibit drainage. 
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DESIGN AND EVALUATION EXAMPLES 

The design case studies for 3,000 psi subgrade are developed with ICAR design method 

and compared with AASHTO and AI methods in Table 6.8.   

 

TABLE 6.8. Comparison of Thickness Design of Various Design Methods 

Design Method UAB Resilient Modulus

(psi) 

HMA thickness

(in.) 

UAB thickness 

(in.) 

AASHTO 30000 5 31.4 

AI Not Applicable 

30000 5 30.5 

50000 5 22 

ICAR 

80000 5 12 

 

Given subgrade modulus of 3,000 psi, ESAL = 2*106, and an unbound aggregate 

base of 30,000 psi, AASHTO design guide determines the thicknesses of HMA and UAB 

as 5 and 31.4 inches, respectively. Asphalt Institute method is not applicable because the 

maximum base thickness is 18 inches. In ICAR design method, several combinations of 

thickness designs are determined as following: (4 in HMA, 33.5 in UAB) / (6 in HMA, 

27.5 in UAB). In ICAR method, 2 inches thinner HMA layer makes average 6 inches 

thicker UAB. Compared with the thickness design by AASHTO method, ICAR method 

produces 5 in HMA and 30.5 in UAB thickness, which is approximately 1-inch reduced 

UAB thickness in AASHTO thickness design. 

The high quality unbound granular material, which has less elongation, more 

angularity, and rough texture has better ability to spread a surface loading and higher 

resilient modulus. The increase of resilient modulus of granular material affects the 

pavement thickness design (72-77). Table 4 shows the comparison of thickness design 
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when the resilient modulus of unbound granular base is varied in ICAR method. It is 

observed that the 60% increase of UAB resilient modulus generates the 45% decrease of 

unbound aggregate base thickness. 
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CHAPTER VII 

VERIFICATION STUDY  

 

A parametric study was conducted to demonstrate the influence of level of 

anisotropy on the resilient modulus and pavement response through measurements made 

in the Georgia Tech Test sections with back-calculations. The effect of the granular 

material physical parameters on k-values in Uzan model and modular ratios were 

investigated in this chapter. The influence of the physical properties, and consequently, the 

cross-anisotropic moduli on pavement response was investigated using the finite element 

program of certain pavement section by varying the pavement profiles and input material 

properties. Four constitutive models were used to represent the base layer, namely linear 

isotropic, non-linear isotropic, linear cross-anisotropic, and non-linear cross-anistropic. 

Horizontal and shear modulus were calculated from the simplified procedure in chapter III 

that uses AASHTO T307-99 resilient modulus test results.  

 

GEORGIA TECH TEST SECTIONS 

Georgia Tech pavement test sections were constructed with installation of pressure 

cells and bison type strain coils instruments for measuring the load-induced pavement 

behavior (4). Pavement test sections consisted of two inverted sections, five conventional 

sections having crushed stone bases, and five full-depth asphalt concrete sections. Table 

7.1 shows geometry, performance, and resilient response summary of conventional 

pavement test sections from the total pavement test sections. 6,500-lbs uniform circular 

load with 9.1 inches diameters was applied to the test sections to test a rutting or fatigue 
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failure. Table 7.2 describes the aggregate gradations and material properties used in the 

test sections. Unbound aggregate consisted of crushed granitic gneiss obtained from the 

Norcross Quarry of Vulcan Materials Co. and prepared by blending 20 percent by weight 

of No. 5 size aggregate, 25 percent of No. 57, and 55 percent of No. 810 stone sizes. The 

gradation parameters were calculated from Table 7.2 and the ga, gm, and gn were 15.342, 

0.892, and 2.328, respectively with 98% R-square. Figure 7.1 indicates how good the 

predictions fit with used gradation. 

 

TABLE 7.1 The Geometry, Performance, and Resilient Response Summary of 

Conventional Pavement Test Sections (6) 

 
Geometry and Performance 

Sec. 
No. 

HMA 
Thickness 

(in.) 

UAB 
Thickness 

(in.) 

Repetitions 
to Failure 

Failure 
Mode Comments 

8 
9 

10 

3.5 
3.5 
3.5 

8.0 
8.0 
8.0 

550,000 
2,400,000 
2,900,000 

Rutting 
Fatigue 
Fatigue 

 
Permanent Deformation: 0.28 in. 
Permanent Deformation: 0.34 in. 

Resilient Response 
Horizontal 

Tensile 
Strain (10-6) 

Vertical 
Stress 
(psi) 

Vertical Strain 
(10-6) 

Surface Deflection 
(in.) 

 
 
Sec. 
No. Bottom 

AC 
Bottom 

Base 
Top 
Base 

Top 
Subgrade 

 
AC 

Top 
Base 

Bottom 
Base 

Top 
Subgrade 

10” from 
Centerline 

14.5” from 
Centerline 

8 
9 

10 

300 
280 
400 

375 
1080 
1025 

- 
62 
54 
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FIGURE 7.1 Used and Calculated Gradation 
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TABLE 7.2 Aggregate Gradations and Material Properties Used in Flexible Pavement Test Sections (21) 

  Cumulative % Passing By Weight Maximum Opt. Water
     SIEVES 1.5 in. 1 in. 3/4 in. 1/2 in. 3/8 in. No. 4 No. 10 No.40 No. 60 No. 200 Density Content

(38 mm) (25 mm) (19 mm) (13 mm) (10 mm) (4.75 mm) (2.00 mm) (.425 mm) (0.25 mm) (.075 mm) (pcf) (%)
 AC Aggregate
 Gradation: 100 100 100 86 75 51 36 18 14 7 147 -
 Base Aggregate
 Gradations:
 No. 5 100 96 37 5 2 - - - - - - -
 No. 57 100 98 82 43 20 3 - - - - - -
 No. 810 100 100 100 100 100 77 56 27 19 8 - -
 Combined 100 99 83 67 61 43 31 15 10 4 137 5.7
 Subgrade
 Gradation: 100 100 100 100 100 100 99 85 70 39 105 18.5
 CEMENT STABILIZED SUBBASE PROPERTIES :
 A. Soil - Cement Subbase:  5% by weight of Type I Portland cement added to the silty sand subgrade. 107 18.0
              (Section 11)             Average 28-day unconfined compressive strength = 214 psi.
 B. Aggregate - Cement Subbase:  4.5% by weight of Type I Portland cement added to the Combined base.
              (Section 12)                        Average 28-day unconfined compressive strength = 1146 psi. 138 6

Notes: 1.  1 in. = 25.4 mm; 1 psi = 6.895 kPa; 1 lb = 4.448 kN; 1 pcf = 0.157 kN/m^3 
2.  The B-binder AC had a 5.2% optimum asphalt content, 4 % voids in the total mix,
     Marshall mix stability of 2300 lb. (10.2 kN), and a flow value of  9.0/100.0 in. (2.3 mm).
3.  Maximum aggregate size = 1.5 in. (38 mm  )
4.  Determined by AASHTO T-99 test method
5.  Determined by AASHTO T-180 test method
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Laboratory testing of the aggregate samples was conducted at the University of 

Illinois following TAASHTO T 307-99 (6). Preliminary test to obtain the maximum dry 

density and optimum moisture content were conducted and 2,302 kg/m3 and 4.7 % were 

obtained for maximum dry density and optimum moisture content, respectively. Table 7.3 

summarizes the resilient modulus test results and the Poisson’s ratios of the conventional 

pavement test sections. Aggregate form index parameters which are fa, fm, and fn were 

measured as 2.36, 3.8, and 4.2, respectively. Calculated material coefficients for 

horizontal and shear resilient modulus by simplified procedure in Chapter III.  It was 

obtained that the horizontal and shear modular ratios were 0.6 and 0.17, respectively. 

Table 7.4 summarizes the material properties input properties of the finite element 

program. 

 
 
TABLE 7.3 Predicted Material Properties from AASHTO T-307-99 

Parameters for 
Ey 

Parameters for 
Ex 

Parameters for 
Gxy  Test Type 

K1 K2  K3 K4 K5 K6 K7 K8 K9 

Level of 
Anisotropy 

Ex/Ey = 0.6 

Gxy/Ey = 0.17 

AASHTO 
T307-99 
(6”×12” 

specimen) 

6607 0.5 -0.08 3048 0.25 -0.1 1248 0.7 -0.2 

νxx/νxy = 1.5 

 

Note: 1 psi = 6.895 kPa 
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TABLE 7.4 Pavement Material Input Properties for Georgia Tech Pavement Test Section 

HMA Layer (Nonlinear Isotropic Model) 

k1 = 250,000   k2 = 0.100   k3 = 0.001      n = 1.00   m = 0.38    νxy = 0.35   µ = 1.00 

Base Course 

Linear Isotropic Non-Linear Isotropic Linear Anisotropic Non-Linear Cross-
Anisotropic 

k1 = 6,607 
k2 =0.0, k3=0.0 

n =1.0,   m=0.38 
νxy =0.2, µ = 1.5 

k1=6,607 
k2=0.0.498, k3= -0.079

n=1.0,        m=0.38 
νxy =0.2, µ = 1.5 

k1 = 6,607 
k2 =0.0, k3=0.0 

n=0.6,        m=0.17 
νxy =0.2, µ = 1.5 

k1=6,607 
k2=0.0.498, k3= -0.079

n=0.6,      m=0.17 
νxy =0.2, µ = 1.5 

Sub-grade (Non-linear Isotropic Model) 

k1 = 345         k2 = 0.001             k3 = -0.300 
n = 1.00       m = 0.38            νxy = 0.35              µ = 1.00 

 

 

MODELING OF PAVEMENT TEST SECTIONS 

Table 7.3 was used for input of nonlinear finite element program, TTI-PAVE. 

Figure 7.2 shows the cross sections used for the pavement analysis.  The thickness of 

HMA was 3.5 inches (89 mm) and the base course had 8 inches (203-mm).  The 

thickness of subgrade was assumed as semi-infinite. To model the test sections, the wheel 

load was applied as a uniform pressure of 689 kPa (100 psi) over a circular area of radius 

231-mm (9.1 in.).   

The HMA layer and subgrade were assumed to be nonlinear. Two constitutive 

models were used to represent the base layer, namely linear isotropic and non-linear 

cross-anistropic in the finite element program. Table 7.5 shows comparisons of predicted 

and measured critical pavement responses. The critical responses of vertical strain/stress 

on the subgrade, and radial strain at the bottom of HMA layer match well the measured 

responses when nonlinear anisotropic model was used. The NCHRP research team for 

project 1-37A has selected a layered elastic model of the pavement to be used in the 
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proposed 2002 AASHTO Pavement Design Guide.  This fact alone emphasizes the 

importance of being able to assess anisotropic effects using elastic layered systems 

instead of using solution methodologies based on finite element analysis.   

HMA (89-mm, Modulus1725 MPa, Poisson's ratio=.35)

Base (203-mm)

Subgrade (semi-infinite, 34.5-MPa, Poisson's ratio = 0.4)

Tire Radius = 231-mm
Tire Pressure = 690-kPa

Stiff Layer
 

FIGURE 7.2 Cross Section for Pavement Analysis 

 

TABLE 7.5 Comparisons of TTI-PAVE Predictions and Measured Pavement Response 
for Conventional Pavement Sections 

Top Subgrade Bottom AC 
Response σZ 

(psi) 
εZ 

(10-6) 
εR 

(10-6) 
εZ 

(10-6) 
Section 8 11.9 1850 300 - 
Section 9 11.1 1750 280 - 

Section 10 6.8 2500 400 - 
Ave. Measured 
(Conventional) 9.9 2000 330 - 

TTI-PAVE Prediction 
Linear  

Isotropy 8.7 1440 252  

Nonlinear 
Anisotropy 12.3 1932 392 - 

CIRCLY Prediction 
Linear  

Anisotropy 7.0 2110 -628 - 
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CHAPTER VIII 

CONCLUSIONS AND RECOMMENDATIONS 

 

CONCLUSIONS 

Anisotropy in granular materials is inherent even before the aggregate base is 

subjected to traffic due to the effects of compaction and gravity. Stresses due to 

construction operations and traffic are anisotropic and new particle contacts are formed 

due to breakage and slippage of particles, which induces further anisotropy. Recent 

studies by several researchers have mainly indicated that the unbound aggregate base 

material should be modeled as nonlinear and anisotropic to account for stress sensitivity 

and the significant differences between vertical and horizontal moduli and Poisson's 

ratios. The advantage of the use of cross-anisotropy for the analysis of unbound granular 

bases is the drastic reduction of bottom tensile stresses predicted by linear elastic analysis 

based on the assumptions of isotropy. 

Although it has been shown that the nonlinear cross-anisotropic model is a 

superior model to characterize unbound granular materials, the determination of 

anisotropic material properties from conventional triaxial tests has been difficult. 

Recently, researchers at the International Center for Aggregates Research (ICAR) 

focused on determining an efficient way to characterize unbound aggregate bases and 

developed a method to fully characterize the required gamut of stress-sensitive and cross-

anisotropic properties of the unbound aggregate base. Repeated triaxial tests using the 

Rapid Triaxial Tester (RaTT) were performed following the ICAR testing protocol on 

three aggregate types with three different gradations (coarse, well, and fine) and three 
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different moisture contents (wet, optimum, and dry). Experimental results were analyzed 

using the ICAR cross-anisotropic model and system identification method. The ICAR 

model requires nine coefficients to account for the stress-sensitivity and anisotropy of 

unbound layers. Full-scale resilient modulus tests were performed on all combinations 

and the nine factors (k1 through k9) were determined. This testing provided information to 

establish an extensive database and offered the opportunity to ascertain whether k-values 

could be predicted from basic physical properties of the aggregates, including gradation, 

moisture content, density, and even perhaps particle shape, etc. 

Aggregate particle shape properties such as form, angularity, and texture were 

measured using the image analysis techniques. Fifty particles passing # 4 sieve size were 

randomly selected for each aggregate source and their shape properties were measured. A 

general equation was used to describe the distribution curves for gradation and shape 

properties. The parameters of the equation can be used in regression analysis together to 

predict resilient modulus behavior and account for both stress-sensitivity and the degree 

of cross-anisotropy.  

The regression equations shown in Equation (5.3) can be used to determine the 

level or degree of cross-anisotropy based on physical properties: gradation and particle 

shape. It was found that the aggregate shape has substantial effects on the unbound 

aggregate behavior and significantly affects the level of anisotropy. From the repeated 

load triaxial test, it was observed that aggregate mixture which contains more elongated 

particles has the higher level of anisotropy. Also, the anisotropy level decreases as the 

aggregate becomes more angular and texture. The effect of level of anisotropy on 

pavement response was investigated by running the finite element program and it was 
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found that the degree of cross-anisotropy has a substantial effect on the stress distribution 

and will therefore affect pavement design. It has also found that the gradation has 

significant impact on the anisotropic behavior. Anisotropy was found to decrease as the 

aggregate gradation became coarser and well graded. 

 

RECOMMENDATIONS 

An unbound aggregate generates its own lateral confining pressure and becomes 

very stiff almost as if it were forming a moving vertical column that travels along 

immediately beneath the load (44). This self lateral confining pressure can be explained 

by the development of self-confinement in the granular base layer, which is the result of 

dilation effect. Since the dilation occurs when the Poisson’s ratio is higher than 0.5, 

higher Poisson’s ratio is needed to be inputted. However, elastic theory doesn’t allow to 

input the Poisson’s ratio higher than 0.5 and thus, it is recommended to develop a rational 

method to account for the directional Poisson’s effect and the higher levels of Poisson’s 

ratio, up to a Poisson’s ratio of about 1.0 by simply inputting a residual confining 

pressure to realistically simulate various levels of Poisson’s ratio.  
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TABLE A1 Average Resilient Strains for Well Graded Aggregate #1 at Wet of Optimum 

Moisture Content 

Stress State Triaxial Compression Triaxial Shear Triaxial Extension 

Stress (kPa) Strain (µε) Strain (µε) Strain (µε) 

Axial Radial Axial Radial Axial Radial Axial Radial 

40.0 25.0 28.8 -6.0 285.6 -125.5 -152.9 48.0 

50.0 25.0 60.7 -18.2 187.1 -125.2 -246.0 85.8 

70.0 40.0 28.0 -5.3 65.8 -38.2 -149.4 69.9 

130.0 60.0 33.8 -8.0 73.1 -55.0 -55.3 41.8 

150.0 70.0 29.2 -7.5 57.0 -39.4 -41.6 31.8 

170.0 100.0 27.6 -8.7 47.3 -26.4 -90.5 55.5 

220.0 120.0 33.7 -10.4 61.8 -37.1 -58.9 46.1 

250.0 140.0 28.1 -9.2 47.4 -30.5 -46.7 41.7 

250.0 120.0 28.6 -7.1 51.4 -33.5 -48.2 43.9 

250.0 105.0 28.5 -7.2 53.2 -37.9 -52.6 47.1 
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TABLE A2 Average Resilient Strains for Well Graded Aggregate #1 at Optimum 

Moisture Content 

Stress State Triaxial Compression Triaxial Shear Triaxial Extension 

Stress (kPa) Strain (µε) Strain (µε) Strain (µε) 

Axial Radial Axial Radial Axial Radial Axial Radial 

40.0 25.0 17.5 -4.1 108.0 -69.8 -55.6 30.3 

50.0 25.0 32.4 -9.1 72.8 -57.9 -74.2 38.6 

70.0 40.0 21.0 -4.2 36.4 -27.5 -73.4 46.1 

130.0 60.0 29.8 -6.8 52.6 -45.1 -33.4 31.9 

150.0 70.0 26.2 -4.7 43.9 -37.4 -27.7 27.3 

170.0 100.0 25.3 -4.9 37.3 -27.1 -61.7 47.8 

220.0 120.0 33.1 -6.0 48.5 -37.4 -43.5 41.0 

250.0 140.0 30.0 -5.1 41.0 -32.8 -36.0 36.8 

250.0 120.0 29.9 -6.6 43.3 -36.9 -37.8 40.6 

250.0 105.0 28.7 -5.8 45.3 -40.9 -40.3 43.7 
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TABLE A3 Average Resilient Strains for Well Graded Aggregate #1 at Dry of Optimum 

Moisture Content 

Stress State Triaxial Compression Triaxial Shear Triaxial Extension 

Stress (kPa) Strain (µε) Strain (µε) Strain (µε) 

Axial Radial Axial Radial Axial Radial Axial Radial 

40.0 25.0 13.8 -2.8 64.1 -32.2 -36.2 18.4 

50.0 25.0 29.1 -3.8 55.9 -32.2 -54.6 22.1 

70.0 40.0 26.7 -4.5 39.9 -19.5 -58.0 27.2 

130.0 60.0 37.1 -7.2 56.7 -34.5 -33.6 19.8 

150.0 70.0 30.1 -5.1 47.6 -28.7 -30.0 21.2 

170.0 100.0 28.2 -5.5 39.0 -22.4 -63.9 42.6 

220.0 120.0 36.8 -6.1 51.4 -34.2 -45.8 36.7 

250.0 140.0 32.6 -4.9 42.5 -30.2 -39.7 32.7 

250.0 120.0 32.2 -5.6 44.9 -33.0 -39.4 36.2 

250.0 105.0 31.1 -6.1 49.2 -37.0 -42.3 39.1 
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TABLE A4 Average Resilient Strains for Fine Graded Aggregate #1 at Wet of Optimum 

Moisture Content 

Stress State Triaxial Compression Triaxial Shear Triaxial Extension 

Stress (kPa) Strain (µε) Strain (µε) Strain (µε) 

Axial Radial Axial Radial Axial Radial Axial Radial 

40.0 25.0 64.0 -18.8 875.3 -338.8 -301.3 67.0 

50.0 25.0 234.4 -89.4 1409.2 -1000.3 -727.5 154.0 

70.0 40.0 90.8 -28.6 213.3 -113.5 -435.1 143.7 

130.0 60.0 70.6 -28.0 176.3 -172.8 -134.3 97.6 

150.0 70.0 53.9 -18.0 110.9 -99.8 -78.9 62.0 

170.0 100.0 52.7 -15.1 83.5 -53.5 -185.8 93.2 

220.0 120.0 59.9 -16.3 97.9 -71.0 -105.8 70.1 

250.0 140.0 52.1 -14.1 82.0 -56.3 -83.7 57.2 

250.0 120.0 48.4 -15.3 77.6 -63.7 -80.0 65.1 

250.0 105.0 44.2 -13.0 78.7 -74.3 -79.8 73.1 
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TABLE A5 Average Resilient Strains for Coarse Graded Aggregate #1 at Optimum 

Moisture Content 

Stress State Triaxial Compression Triaxial Shear Triaxial Extension 

Stress (kPa) Strain (µε) Strain (µε) Strain (µε) 

Axial Radial Axial Radial Axial Radial Axial Radial 

40.0 25.0 10.6 -2.0 43.5 -25.4 -23.0 15.5 

50.0 25.0 22.9 -2.9 36.2 -23.1 -36.0 16.6 

70.0 40.0 17.7 -2.1 27.6 -17.8 -44.4 30.1 

130.0 60.0 29.7 -3.4 47.4 -31.0 -29.0 23.9 

150.0 70.0 27.2 -3.1 42.1 -27.8 -25.3 21.4 

170.0 100.0 26.8 -3.6 37.4 -23.4 -61.5 39.9 

220.0 120.0 33.7 -4.1 51.5 -31.4 -43.9 34.0 

250.0 140.0 30.9 -4.5 41.8 -27.8 -37.4 32.0 

250.0 120.0 30.3 -4.4 45.6 -29.9 -37.6 34.5 

250.0 105.0 29.6 -3.9 46.4 -33.9 -40.8 35.7 
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TABLE A6 Average Resilient Strains for Coarse Graded Aggregate #1 at Optimum 

Moisture Content 

Stress State Triaxial Compression Triaxial Shear Triaxial Extension 

Stress (kPa) Strain (µε) Strain (µε) Strain (µε) 

Axial Radial Axial Radial Axial Radial Axial Radial 

40.0 25.0 18.2 -4.6 88.7 -52.3 -55.0 29.5 

50.0 25.0 35.9 -8.8 67.5 -46.3 -77.8 36.7 

70.0 40.0 26.6 -4.5 41.2 -25.9 -77.2 46.0 

130.0 60.0 36.1 -6.6 61.8 -45.0 -39.4 32.4 

150.0 70.0 32.8 -5.7 53.6 -38.8 -33.6 28.0 

170.0 100.0 32.7 -7.4 46.6 -27.8 -74.8 51.1 

220.0 120.0 42.7 -7.9 62.5 -39.6 -54.9 44.4 

250.0 140.0 38.1 -6.3 52.2 -35.8 -45.4 41.6 

250.0 120.0 39.1 -8.6 56.4 -40.6 -49.4 44.8 

250.0 105.0 38.3 -9.5 58.5 -44.9 -54.5 49.4 
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TABLE A7 Average Resilient Strains for Coarse Graded Aggregate #1 at Dry of 

Optimum Moisture Content 

Stress State Triaxial Compression Triaxial Shear Triaxial Extension 

Stress (kPa) Strain (µε) Strain (µε) Strain (µε) 

Axial Radial Axial Radial Axial Radial Axial Radial 

40.0 25.0 17.5 -3.6 93.5 -54.7 -55.3 29.7 

50.0 25.0 39.0 -9.5 76.5 -53.5 -81.6 37.9 

70.0 40.0 27.6 -4.4 50.6 -31.6 -83.0 47.7 

130.0 60.0 38.6 -6.7 68.4 -49.9 -44.2 34.6 

150.0 70.0 35.5 -5.4 59.0 -41.1 -37.7 29.2 

170.0 100.0 33.9 -5.8 51.0 -29.3 -84.0 52.7 

220.0 120.0 43.9 -7.0 67.2 -41.4 -59.1 46.4 

250.0 140.0 39.2 -6.4 54.8 -37.3 -50.1 41.8 

250.0 120.0 38.7 -6.6 60.7 -40.9 -52.6 45.9 

250.0 105.0 37.8 -6.7 62.8 -46.5 -59.4 50.3 
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TABLE A8 Average Resilient Strains for Well Graded Aggregate #2 at Optimum 

Moisture Content 

Stress State Triaxial Compression Triaxial Shear Triaxial Extension 

Stress (kPa) Strain (µε) Strain (µε) Strain (µε) 

Axial Radial Axial Radial Axial Radial Axial Radial 

40.0 25.0 8.0 -2.9 33.4 -21.1 -34.2 16.7 

50.0 25.0 16.4 -2.1 29.3 -23.5 -34.3 18.0 

70.0 40.0 13.1 -2.1 19.4 -13.5 -39.5 29.0 

130.0 60.0 22.8 -5.5 35.4 -28.1 -22.4 21.3 

150.0 70.0 21.0 -4.7 29.6 -24.2 -20.5 19.9 

170.0 100.0 18.7 -3.3 25.9 -21.6 -39.2 39.3 

220.0 120.0 25.7 -4.3 34.5 -31.1 -29.6 35.6 

250.0 140.0 23.7 -3.7 32.0 -28.0 -28.4 34.3 

250.0 120.0 23.2 -3.4 31.5 -30.3 -25.8 36.0 

250.0 105.0 22.9 -3.6 30.9 -31.3 -25.5 36.5 
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TABLE A9 Average Resilient Strains for Well Graded Aggregate #2 at Dry of Optimum 

Moisture Content 

Stress State Triaxial Compression Triaxial Shear Triaxial Extension 

Stress (kPa) Strain (µε) Strain (µε) Strain (µε) 

Axial Radial Axial Radial Axial Radial Axial Radial 

40.0 25.0 24.2 -3.7 36.0 -31.0 -29.0 36.2 

50.0 25.0 17.9 -2.4 30.1 -19.4 -37.9 18.7 

70.0 40.0 15.5 -3.1 23.6 -14.3 -43.3 29.2 

130.0 60.0 26.0 -6.3 40.6 -30.0 -25.5 22.6 

150.0 70.0 23.8 -5.2 33.5 -25.2 -22.1 20.6 

170.0 100.0 21.0 -3.6 29.8 -21.9 -48.0 40.6 

220.0 120.0 27.7 -5.1 40.0 -30.9 -33.4 37.5 

250.0 140.0 25.2 -4.1 33.8 -28.8 -29.7 34.2 

250.0 120.0 24.2 -3.7 36.0 -31.0 -29.0 36.2 

250.0 105.0 23.8 -3.9 37.8 -33.1 -31.7 38.5 
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TABLE A10 Average Resilient Strains for Fine Graded Aggregate #2 at Wet of 

Optimum Moisture Content 

Stress State Triaxial Compression Triaxial Shear Triaxial Extension 

Stress (kPa) Strain (µε) Strain (µε) Strain (µε) 

Axial Radial Axial Radial Axial Radial Axial Radial 

40.0 25.0 102.7 -32.6 2168.4 -1317.7 -498.7 120.0 

50.0 25.0 604.7 -353.3 4686.8 -5564.4 -1200.8 352.3 

70.0 40.0 169.0 -69.9 644.4 -420.8 -701.4 228.6 

130.0 60.0 150.4 -106.9 962.1 -1281.7 -538.7 356.0 

150.0 70.0 94.4 -60.3 270.1 -323.4 -208.7 164.6 

170.0 100.0 64.0 -23.5 118.9 -86.7 -286.3 140.3 

220.0 120.0 66.1 -24.2 132.5 -113.3 -140.1 100.1 

250.0 140.0 55.3 -16.9 96.9 -78.1 -98.6 75.4 

250.0 120.0 51.3 -16.7 98.0 -92.4 -96.4 86.1 

250.0 105.0 48.2 -17.7 102.3 -112.6 -103.0 104.0 
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TABLE A11 Average Resilient Strains for Fine Graded Aggregate #2 at Optimum 

Moisture Content 

Stress State Triaxial Compression Triaxial Shear Triaxial Extension 

Stress (kPa) Strain (µε) Strain (µε) Strain (µε) 

Axial Radial Axial Radial Axial Radial Axial Radial 

40.0 25.0 8.9 -2.2 33.7 -20.4 -21.4 15.0 

50.0 25.0 19.5 -1.9 27.3 -17.5 -31.4 15.6 

70.0 40.0 15.6 -2.6 23.1 -13.3 -39.1 28.1 

130.0 60.0 28.3 -5.3 41.1 -28.8 -26.8 22.8 

150.0 70.0 25.5 -4.5 36.5 -25.4 -22.0 20.6 

170.0 100.0 23.5 -3.8 32.3 -23.0 -47.4 41.9 

220.0 120.0 31.2 -4.8 41.5 -32.6 -35.3 37.7 

250.0 140.0 28.3 -4.1 37.8 -31.2 -32.6 36.6 

250.0 120.0 27.4 -3.8 36.8 -31.9 -30.3 36.7 

250.0 105.0 27.1 -4.0 40.7 -34.3 -30.6 37.9 
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TABLE A12 Average Resilient Strains for Coarse Graded Aggregate #2 at Dry of 

Optimum Moisture Content 

Stress State Triaxial Compression Triaxial Shear Triaxial Extension 

Stress (kPa) Strain (µε) Strain (µε) Strain (µε) 

Axial Radial Axial Radial Axial Radial Axial Radial 

40.0 25.0 11.3 -2.5 52.7 -32.5 -35.5 20.6 

50.0 25.0 22.6 -3.2 44.4 -32.7 -50.2 24.5 

70.0 40.0 17.1 -2.5 28.2 -18.3 -60.4 37.0 

130.0 60.0 29.4 -8.0 49.1 -39.1 -33.0 29.0 

150.0 70.0 26.1 -6.8 41.9 -33.4 -28.4 25.9 

170.0 100.0 24.0 -4.5 36.8 -26.7 -64.5 49.7 

220.0 120.0 31.8 -5.7 49.2 -39.7 -48.3 45.7 

250.0 140.0 28.5 -5.1 42.9 -35.0 -41.7 42.0 

250.0 120.0 28.3 -5.1 44.3 -38.9 -41.8 44.8 

250.0 105.0 28.3 -6.4 46.8 -42.9 -41.8 47.1 
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TABLE A13 Average Resilient Strains for Well Graded Aggregate #3 at Wet of 

Optimum Moisture Content 

Stress State Triaxial Compression Triaxial Shear Triaxial Extension 

Stress (kPa) Strain (µε) Strain (µε) Strain (µε) 

Axial Radial Axial Radial Axial Radial Axial Radial 

40.0 25.0 32.6 -6.5 191.6 -107.6 -148.8 67.0

50.0 25.0 67.6 -21.3 146.9 -109.5 -201.6 108.9

70.0 40.0 50.8 -13.0 95.5 -60.8 -188.8 98.7

130.0 60.0 66.6 -17.7 125.0 -91.0 -94.2 68.7

150.0 70.0 57.3 -9.8 101.5 -67.1 -75.0 53.5

170.0 100.0 51.0 -6.7 80.9 -43.7 -133.1 80.8

220.0 120.0 64.2 -12.6 102.5 -62.9 -98.7 68.9

250.0 140.0 55.3 -10.5 84.6 -51.8 -80.6 57.2

250.0 120.0 53.7 -11.2 88.0 -60.4 -85.2 66.3

250.0 105.0 53.0 -11.7 92.5 -68.9 -89.7 74.5
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TABLE A14 Average Resilient Strains for Well Graded Aggregate #3 at Optimum 

Moisture Content 

Stress State Triaxial Compression Triaxial Shear Triaxial Extension 

Stress (kPa) Strain (µε) Strain (µε) Strain (µε) 

Axial Radial Axial Radial Axial Radial Axial Radial 

40.0 25.0 33.1 -6.8 202.1 -120.1 -123.0 61.0

50.0 25.0 65.5 -15.1 130.0 -88.0 -157.5 75.1

70.0 40.0 49.2 -7.4 82.2 -42.3 -169.5 85.3

130.0 60.0 70.1 -14.4 122.9 -83.1 -85.8 58.3

150.0 70.0 61.4 -11.6 101.3 -64.8 -68.6 48.6

170.0 100.0 56.4 -8.4 84.2 -46.8 -138.9 82.4

220.0 120.0 71.5 -11.0 107.9 -63.4 -103.4 71.2

250.0 140.0 61.9 -8.7 91.3 -54.5 -87.8 62.8

250.0 120.0 60.9 -9.7 93.8 -61.0 -88.9 68.7

250.0 105.0 60.1 -10.4 96.6 -68.7 -91.0 73.8
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TABLE A15 Average Resilient Strains for Well Graded Aggregate #3 at Dry of 

Optimum Moisture Content 

Stress State Triaxial Compression Triaxial Shear Triaxial Extension 

Stress (kPa) Strain (µε) Strain (µε) Strain (µε) 

Axial Radial Axial Radial Axial Radial Axial Radial 

40.0 25.0 20.3 -2.8 90.9 -53.9 -65.8 39.5

50.0 25.0 45.0 -7.9 78.8 -56.8 -93.4 47.0

70.0 40.0 35.4 -4.7 54.1 -30.9 -104.3 66.7

130.0 60.0 53.1 -12.0 89.0 -65.6 -61.1 49.9

150.0 70.0 46.6 -9.1 75.5 -55.6 -49.3 44.3

170.0 100.0 44.8 -7.7 65.5 -42.4 -106.7 79.1

220.0 120.0 57.5 -10.7 87.8 -61.3 -84.2 71.3

250.0 140.0 51.5 -9.1 75.6 -54.1 -71.5 63.9

250.0 120.0 50.3 -9.7 77.0 -60.9 -72.0 70.4

250.0 105.0 50.0 -11.0 78.6 -67.8 -73.5 74.9
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TABLE A16 Average Resilient Strains for Fine Graded Aggregate #3 at Wet of 

Optimum Moisture Content 

Stress State Triaxial Compression Triaxial Shear Triaxial Extension 

Stress (kPa) Strain (µε) Strain (µε) Strain (µε) 

Axial Radial Axial Radial Axial Radial Axial Radial 

40.0 25.0 47.0 -11.4 392.6 -255.3 -211.5 88.1

50.0 25.0 79.6 -25.7 207.7 -176.0 -223.6 111.8

70.0 40.0 52.3 -11.3 85.5 -51.6 -181.9 98.0

130.0 60.0 67.9 -17.8 121.0 -93.0 -80.3 61.1

150.0 70.0 58.9 -14.4 97.3 -71.0 -63.7 51.3

170.0 100.0 56.9 -11.3 83.4 -48.3 -143.8 88.0

220.0 120.0 74.0 -13.8 106.9 -69.2 -103.3 75.4

250.0 140.0 66.4 -11.6 94.8 -57.6 -87.9 65.4

250.0 120.0 63.0 -11.6 93.8 -63.7 -85.0 70.0

250.0 105.0 60.1 -11.9 94.6 -67.2 -85.1 73.4
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TABLE A17 Average Resilient Strains for Fine Graded Aggregate #3 at Optimum 

Moisture Content 

Stress State Triaxial Compression Triaxial Shear Triaxial Extension 

Stress (kPa) Strain (µε) Strain (µε) Strain (µε) 

Axial Radial Axial Radial Axial Radial Axial Radial 

40.0 25.0 41.9 -9.1 364.6 -244.1 -230.0 97.6

50.0 25.0 84.9 -28.9 195.6 -167.2 -269.2 141.7

70.0 40.0 49.4 -10.9 101.0 -67.0 -192.2 108.1

130.0 60.0 68.3 -18.0 120.5 -93.2 -80.4 63.1

150.0 70.0 61.4 -17.7 98.9 -70.8 -65.5 51.1

170.0 100.0 54.0 -11.0 81.3 -46.8 -127.6 87.0

220.0 120.0 68.7 -13.4 102.0 -66.2 -94.0 74.0

250.0 140.0 60.9 -11.0 88.4 -57.0 -78.6 66.1

250.0 120.0 60.3 -11.7 90.6 -64.0 -80.7 72.3

250.0 105.0 58.3 -12.6 93.9 -69.6 -82.5 77.7
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TABLE A18 Average Resilient Strains for Fine Graded Aggregate #3 at Dry of 

Optimum Moisture Content 

Stress State Triaxial Compression Triaxial Shear Triaxial Extension 

Stress (kPa) Strain (µε) Strain (µε) Strain (µε) 

Axial Radial Axial Radial Axial Radial Axial Radial 

40.0 25.0 20.3 -2.4 71.9 -35.1 -45.3 28.7

50.0 25.0 40.1 -3.3 66.2 -43.8 -269.2 141.7

70.0 40.0 33.1 -2.5 49.0 -25.8 -82.6 52.7

130.0 60.0 52.1 -7.0 80.5 -50.8 -50.7 40.3

150.0 70.0 49.4 -8.7 70.9 -43.3 -44.3 35.9

170.0 100.0 44.8 -5.3 63.1 -34.9 -96.3 66.9

220.0 120.0 59.0 -7.2 84.4 -50.2 -74.5 61.1

250.0 140.0 53.2 -6.3 75.4 -46.1 -64.9 57.2

250.0 120.0 52.6 -6.5 77.5 -50.8 -66.5 60.5

250.0 105.0 52.2 -7.5 78.6 -55.8 -69.5 63.9
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TABLE A19 Average Resilient Strains for Coarse Graded Aggregate #3 at Wet of 

Optimum Moisture Content 

Stress State Triaxial Compression Triaxial Shear Triaxial Extension 

Stress (kPa) Strain (µε) Strain (µε) Strain (µε) 

Axial Radial Axial Radial Axial Radial Axial Radial 

40.0 25.0 26.9 -3.7 145.2 -88.0 -98.6 52.5 

50.0 25.0 53.3 -12.5 113.5 -82.8 -124.3 62.8 

70.0 40.0 40.5 -7.3 65.2 -40.1 -133.9 80.6 

130.0 60.0 58.8 -14.1 100.7 -76.6 -71.7 58.3 

150.0 70.0 54.5 -14.6 83.8 -64.5 -60.2 51.6 

170.0 100.0 49.6 -9.4 76.1 -48.5 -132.7 87.9 

220.0 120.0 62.8 -11.8 101.3 -68.1 -104.4 78.8 

250.0 140.0 55.5 -9.8 88.8 -60.1 -89.2 71.4 

250.0 120.0 54.6 -10.9 87.2 -68.3 -90.9 79.3 

250.0 105.0 53.6 -11.8 88.5 -75.1 -90.4 86.4 
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TABLE A20 Average Resilient Strains for Coarse Graded Aggregate #3 at Optimum 

Moisture Content 

Stress State Triaxial Compression Triaxial Shear Triaxial Extension 

Stress (kPa) Strain (µε) Strain (µε) Strain (µε) 

Axial Radial Axial Radial Axial Radial Axial Radial 

40.0 25.0 25.5 -3.8 135.6 -77.9 -88.0 46.2 

50.0 25.0 47.8 -8.0 94.4 -67.0 -118.1 54.3 

70.0 40.0 40.5 -7.3 65.2 -40.1 -133.9 80.6 

130.0 60.0 54.4 -10.7 97.7 -74.0 -70.4 56.6 

150.0 70.0 48.9 -10.0 83.0 -61.8 -58.4 48.3 

170.0 100.0 46.4 -7.7 71.1 -45.0 -121.4 82.3 

220.0 120.0 58.9 -11.0 92.4 -64.7 -88.5 74.3 

250.0 140.0 52.4 -8.9 77.3 -58.2 -76.1 67.9 

250.0 120.0 51.4 -9.9 81.3 -65.2 -77.3 74.3 

250.0 105.0 51.0 -11.1 83.8 -73.0 -82.2 82.1 
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TABLE A21 Average Resilient Strains for Well Graded Aggregate #4 at Optimum 

Moisture Content 

Stress State Triaxial Compression Triaxial Shear Triaxial Extension 

Stress (kPa) Strain (µε) Strain (µε) Strain (µε) 

Axial Radial Axial Radial Axial Radial Axial Radial 

40.0 25.0 18.0 -3.4 80.6 -42.9 -56.4 34.6 

50.0 25.0 40.6 -4.0 67.1 -41.6 -85.4 39.9 

70.0 40.0 36.0 -6.6 53.1 -30.4 -90.5 57.2 

130.0 60.0 52.4 -10.9 78.6 -56.0 -54.2 46.2 

150.0 70.0 45.7 -6.1 68.8 -49.7 -46.7 41.1 

170.0 100.0 42.1 -5.0 59.3 -37.6 -94.5 71.4 

220.0 120.0 55.5 -6.6 77.9 -52.8 -73.2 62.9 

250.0 140.0 49.8 -5.6 69.8 -46.8 -62.9 56.3 

250.0 120.0 48.3 -6.8 70.3 -53.0 -64.3 62.5 

250.0 105.0 48.1 -6.5 72.0 -57.1 -65.9 67.5 
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TABLE A22 Average Resilient Strains for Fine Graded Aggregate #4 at Optimum 

Moisture Content 

Stress State Triaxial Compression Triaxial Shear Triaxial Extension 

Stress (kPa) Strain (µε) Strain (µε) Strain (µε) 

Axial Radial Axial Radial Axial Radial Axial Radial 

40.0 25.0 26.5 -4.5 108.0 -66.8 -81.3 53.7 

50.0 25.0 56.3 -6.6 91.7 -61.5 -111.6 61.3 

70.0 40.0 49.1 -9.4 72.6 -44.3 -124.9 83.5 

130.0 60.0 73.3 -16.2 109.4 -78.5 -72.0 62.4 

150.0 70.0 63.3 -9.2 93.7 -66.3 -61.6 55.2 

170.0 100.0 60.0 -8.2 83.7 -51.6 -129.5 97.1 

220.0 120.0 77.4 -11.0 109.5 -71.8 -99.6 85.0 

250.0 140.0 70.0 -9.3 98.3 -64.2 -87.3 75.7 

250.0 120.0 70.6 -9.9 100.9 -69.6 -89.1 82.7 

250.0 105.0 69.6 -10.0 102.0 -76.0 -90.7 88.0 
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TABLE A23 Average Resilient Strains for Coarse Graded Aggregate #4 at Optimum 

Moisture Content 

Stress State Triaxial Compression Triaxial Shear Triaxial Extension 

Stress (kPa) Strain (µε) Strain (µε) Strain (µε) 

Axial Radial Axial Radial Axial Radial Axial Radial 

40.0 25.0 22.4 -5.6 106.1 -63.5 -83.3 47.2 

50.0 25.0 48.9 -5.6 90.4 -65.3 -114.4 55.9 

70.0 40.0 41.7 -6.0 67.6 -38.3 -126.8 75.7 

130.0 60.0 64.6 -13.0 104.4 -75.4 -71.4 58.0 

150.0 70.0 58.7 -11.3 90.3 -64.3 -59.8 51.4 

170.0 100.0 53.5 -6.8 77.9 -46.8 -128.9 88.5 

220.0 120.0 69.6 -9.7 104.2 -68.5 -99.5 79.1 

250.0 140.0 62.5 -8.0 91.5 -58.9 -85.1 68.6 

250.0 120.0 61.1 -8.8 93.8 -66.6 -87.6 77.1 

250.0 105.0 59.9 -9.1 95.4 -74.9 -89.8 84.0 
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TABLE A24 Average Resilient Strains for Well Graded Aggregate #5 at Wet of 

Optimum Moisture Content 

Stress State Triaxial Compression Triaxial Shear Triaxial Extension 

Stress (kPa) Strain (µε) Strain (µε) Strain (µε) 

Axial Radial Axial Radial Axial Radial Axial Radial 

40.0 25.0 47.0 -15.1 344.2 -173.2 -155.6 53.9 

50.0 25.0 62.3 -19.8 176.4 -128.6 -193.6 76.7 

70.0 40.0 43.8 -10.0 79.4 -49.1 -170.8 79.5 

130.0 60.0 47.2 -11.4 84.7 -70.5 -57.7 45.7 

150.0 70.0 39.3 -8.8 69.0 -52.5 -46.1 37.1 

170.0 100.0 42.4 -9.0 61.8 -37.6 -117.4 67.5 

220.0 120.0 54.4 -12.1 79.8 -55.3 -80.2 54.2 

250.0 140.0 46.2 -8.7 67.8 -44.4 -64.2 46.7 

250.0 120.0 44.7 -10.4 68.5 -52.0 -64.1 50.7 

250.0 105.0 41.2 -11.4 65.6 -55.3 -66.1 58.5 
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TABLE A25 Average Resilient Strains for Well Graded Aggregate #5 at Optimum 

Moisture Content 

Stress State Triaxial Compression Triaxial Shear Triaxial Extension 

Stress (kPa) Strain (µε) Strain (µε) Strain (µε) 

Axial Radial Axial Radial Axial Radial Axial Radial 

40.0 25.0 22.7 -6.2 108.8 -69.7 -65.9 36.4 

50.0 25.0 43.9 -11.6 78.7 -55.5 -85.5 41.2 

70.0 40.0 31.2 -5.0 47.9 -30.1 -90.1 53.2 

130.0 60.0 45.7 -7.5 76.1 -53.9 -48.3 36.7 

150.0 70.0 40.5 -7.1 65.1 -44.1 -41.3 31.6 

170.0 100.0 38.5 -6.2 55.7 -32.3 -88.7 56.5 

220.0 120.0 49.2 -8.1 71.9 -45.2 -64.7 47.9 

250.0 140.0 43.2 -6.6 60.0 -38.7 -55.9 43.3 

250.0 120.0 43.5 -9.0 62.6 -43.1 -55.6 47.9 

250.0 105.0 42.4 -7.4 65.4 -47.7 -57.5 51.5 
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TABLE A26 Average Resilient Strains for Well Graded Aggregate #5 at a Dry of 

Optimum Moisture Content 

Stress State Triaxial Compression Triaxial Shear Triaxial Extension 

Stress (kPa) Strain (µε) Strain (µε) Strain (µε) 

Axial Radial Axial Radial Axial Radial Axial Radial 

40.0 25.0 22.5 -4.0 81.1 -40.3 -51.7 23.6 

50.0 25.0 38.8 -6.1 65.8 -38.2 -68.7 28.1 

70.0 40.0 28.3 -2.6 46.9 -25.6 -77.8 42.4 

130.0 60.0 42.3 -5.5 68.9 -43.0 -43.8 31.7 

150.0 70.0 37.1 -4.5 59.0 -36.7 -35.1 27.5 

170.0 100.0 36.9 -4.9 51.5 -28.5 -85.1 52.1 

220.0 120.0 46.8 -8.1 68.7 -41.1 -63.4 45.2 

250.0 140.0 42.4 -5.7 59.8 -37.9 -53.7 41.0 

250.0 120.0 41.9 -8.1 61.7 -41.3 -54.4 44.7 

250.0 105.0 40.0 -6.2 62.6 -44.1 -57.1 48.5 
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TABLE A27 Average Resilient Strains for Fine Graded Aggregate #5 at Wet of 

Optimum Moisture Content 

Stress State Triaxial Compression Triaxial Shear Triaxial Extension 

Stress (kPa) Strain (µε) Strain (µε) Strain (µε) 

Axial Radial Axial Radial Axial Radial Axial Radial 

40.0 25.0 52.9 -18.9 542.1 -388.6 -187.9 80.0 

50.0 25.0 129.6 -79.0 772.1 -1043.8 -391.0 183.5 

70.0 40.0 55.1 -24.4 115.0 -102.9 -246.7 152.4 

130.0 60.0 100.1 -34.2 247.1 -214.8 -179.5 115.7 

150.0 70.0 79.6 -23.9 159.3 -124.4 -111.0 76.6 

170.0 100.0 72.9 -18.7 118.3 -70.2 -222.4 118.3 

220.0 120.0 80.6 -20.3 132.6 -89.7 -131.1 88.8 

250.0 140.0 71.1 -18.7 105.6 -69.6 -100.1 72.9 

250.0 120.0 65.8 -17.7 104.1 -79.3 -98.8 81.0 

250.0 105.0 61.3 -15.6 104.8 -90.5 -100.4 89.9 
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TABLE A28 Average Resilient Strains for Fine Graded Aggregate #5 at Optimum 

Moisture Content 

Stress State Triaxial Compression Triaxial Shear Triaxial Extension 

Stress (kPa) Strain (µε) Strain (µε) Strain (µε) 

Axial Radial Axial Radial Axial Radial Axial Radial 

40.0 25.0 19.5 -2.9 77.5 -39.1 -41.6 23.0 

50.0 25.0 39.0 -5.4 61.1 -35.5 -67.2 26.8 

70.0 40.0 27.9 -2.5 45.4 -24.8 -71.6 42.8 

130.0 60.0 43.0 -5.9 67.3 -43.9 -41.2 30.1 

150.0 70.0 38.4 -4.9 59.4 -37.5 -36.7 28.7 

170.0 100.0 35.4 -4.6 50.7 -29.7 -78.8 54.8 

220.0 120.0 47.8 -9.1 67.0 -43.6 -59.1 48.5 

250.0 140.0 42.8 -6.4 59.9 -39.9 -51.8 45.9 

250.0 120.0 42.2 -7.4 60.6 -42.9 -52.8 48.4 

250.0 105.0 40.5 -8.0 62.3 -48.4 -54.9 52.7 
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TABLE A29 Average Resilient Strains for Fine Graded Aggregate #5 at Dry of 

Optimum Moisture Content 

Stress State Triaxial Compression Triaxial Shear Triaxial Extension 

Stress (kPa) Strain (µε) Strain (µε) Strain (µε) 

Axial Radial Axial Radial Axial Radial Axial Radial 

40.0 25.0 18.0 -2.6 66.2 -32.7 -36.3 18.8 

50.0 25.0 37.4 -4.2 57.4 -29.5 -58.4 22.4 

70.0 40.0 29.2 -2.3 41.3 -20.8 -64.6 35.6 

130.0 60.0 42.4 -3.8 66.5 -39.4 -40.0 27.8 

150.0 70.0 38.3 -3.6 56.3 -33.0 -34.2 25.4 

170.0 100.0 36.2 -4.4 49.2 -25.6 -77.3 48.7 

220.0 120.0 48.1 -6.8 67.1 -38.7 -61.5 44.5 

250.0 140.0 42.5 -6.0 59.9 -35.3 -54.5 41.2 

250.0 120.0 42.0 -6.7 60.6 -39.0 -53.4 44.2 

250.0 105.0 40.8 -6.2 59.9 -41.4 -54.9 46.9 
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TABLE A30 Average Resilient Strains for Coarse Graded Aggregate #5 at Optimum 

Moisture Content 

Stress State Triaxial Compression Triaxial Shear Triaxial Extension 

Stress (kPa) Strain (µε) Strain (µε) Strain (µε) 

Axial Radial Axial Radial Axial Radial Axial Radial 

40.0 25.0 28.8 -7.6 131.3 -75.0 -82.3 39.4 

50.0 25.0 53.0 -12.6 102.3 -64.9 -111.3 49.5 

70.0 40.0 39.1 -7.5 66.8 -39.5 -118.3 64.1 

130.0 60.0 51.4 -9.6 89.6 -61.8 -60.5 43.1 

150.0 70.0 45.7 -8.0 75.9 -50.7 -49.7 36.7 

170.0 100.0 44.2 -7.4 65.9 -38.7 -105.7 66.9 

220.0 120.0 57.2 -10.5 84.0 -53.3 -88.8 58.5 

250.0 140.0 52.4 -10.5 74.2 -46.4 -72.3 53.1 

250.0 120.0 51.5 -9.8 77.4 -52.9 -73.1 57.1 

250.0 105.0 48.8 -8.9 76.6 -58.9 -73.6 62.5 
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TABLE A31 Average Resilient Strains for Well Graded Aggregate #6 at Wet of 

Optimum Moisture Content 

Stress State Triaxial Compression Triaxial Shear Triaxial Extension 

Stress (kPa) Strain (µε) Strain (µε) Strain (µε) 

Axial Radial Axial Radial Axial Radial Axial Radial 

40.0 25.0 13.9 -2.4 61.1 -28.7 -36.3 17.9 

50.0 25.0 29.5 -2.3 46.7 -25.1 -52.8 19.6 

70.0 40.0 23.3 -2.1 31.7 -14.9 -59.4 30.0 

130.0 60.0 37.3 -6.1 52.6 -29.2 -34.1 22.7 

150.0 70.0 31.9 -4.6 43.8 -25.2 -27.6 20.6 

170.0 100.0 29.3 -3.2 39.3 -21.0 -65.9 39.0 

220.0 120.0 37.9 -3.5 52.0 -29.6 -48.5 34.3 

250.0 140.0 33.8 -3.1 44.8 -26.7 -41.4 32.4 

250.0 120.0 32.9 -2.8 45.4 -28.8 -40.7 33.5 

250.0 105.0 32.4 -3.2 46.1 -30.9 -40.2 35.4 
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TABLE A32 Average Resilient Strains for Well Graded Aggregate #6 at Optimum 

Moisture Content 

Stress State Triaxial Compression Triaxial Shear Triaxial Extension 

Stress (kPa) Strain (µε) Strain (µε) Strain (µε) 

Axial Radial Axial Radial Axial Radial Axial Radial 

40.0 25.0 15.8 -3.2 67.7 -34.3 -49.8 22.1 

50.0 25.0 29.2 -3.9 49.4 -29.1 -62.7 25.5 

70.0 40.0 22.3 -3.1 36.1 -18.7 -76.4 36.0 

130.0 60.0 33.4 -5.7 55.4 -34.7 -38.9 26.3 

150.0 70.0 30.7 -6.7 47.0 -28.8 -32.5 23.5 

170.0 100.0 28.8 -4.3 40.7 -22.9 -69.8 42.7 

220.0 120.0 35.8 -5.0 51.8 -33.1 -51.1 37.9 

250.0 140.0 31.6 -4.3 44.6 -28.7 -43.2 34.3 

250.0 120.0 30.3 -4.4 45.3 -32.6 -43.2 37.1 

250.0 105.0 30.0 -5.0 46.3 -35.7 -43.3 39.4 
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TABLE A33 Average Resilient Strains for Well Graded Aggregate #6 at a Dry of 

Optimum Moisture Content 

Stress State Triaxial Compression Triaxial Shear Triaxial Extension 

Stress (kPa) Strain (µε) Strain (µε) Strain (µε) 

Axial Radial Axial Radial Axial Radial Axial Radial 

40.0 25.0 32.7 -17.7 296.8 -194.6 -162.4 65.9 

50.0 25.0 50.0 -14.9 109.3 -83.8 -158.0 71.5 

70.0 40.0 40.4 -13.3 57.8 -31.4 -133.1 59.9 

130.0 60.0 44.5 -11.6 75.5 -51.5 -53.5 34.9 

150.0 70.0 36.1 -7.3 58.6 -37.7 -41.1 28.3 

170.0 100.0 32.6 -6.2 48.8 -27.1 -91.9 49.7 

220.0 120.0 39.2 -7.0 60.6 -37.9 -60.0 41.9 

250.0 140.0 34.7 -5.3 50.6 -32.1 -48.6 36.4 

250.0 120.0 33.3 -5.4 51.9 -35.4 -49.0 39.6 

250.0 105.0 32.1 -6.3 54.1 -39.9 -50.4 43.3 
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TABLE A34 Average Resilient Strains for Fine Graded Aggregate #6 at Optimum 

Moisture Content 

Stress State Triaxial Compression Triaxial Shear Triaxial Extension 

Stress (kPa) Strain (µε) Strain (µε) Strain (µε) 

Axial Radial Axial Radial Axial Radial Axial Radial 

40.0 25.0 36.5 -12.9 287.7 -204.9 -199.9 90.8 

50.0 25.0 74.7 -33.3 202.7 -196.3 -306.6 169.3 

70.0 40.0 45.0 -13.2 86.3 -60.3 -236.7 127.9 

130.0 60.0 54.6 -20.8 110.5 -103.1 -80.2 64.3 

150.0 70.0 49.3 -19.5 84.9 -73.4 -60.3 50.0 

170.0 100.0 46.3 -14.3 72.4 -49.8 -158.3 93.8 

220.0 120.0 56.0 -17.2 93.9 -71.2 -101.0 72.2 

250.0 140.0 48.4 -13.7 76.2 -55.6 -79.6 59.4 

250.0 120.0 44.9 -13.8 76.9 -64.1 -78.3 66.0 

250.0 105.0 41.9 -13.8 76.9 -73.4 -78.0 74.2 
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TABLE A35 Average Resilient Strains for Coarse Graded Aggregate #6 at Dry of 

Optimum Moisture Content 

Stress State Triaxial Compression Triaxial Shear Triaxial Extension 

Stress (kPa) Strain (µε) Strain (µε) Strain (µε) 

Axial Radial Axial Radial Axial Radial Axial Radial 

40.0 25.0 14.9 -3.2 69.4 -36.7 -49.2 26.3 

50.0 25.0 31.8 -4.0 53.4 -33.3 -70.1 31.6 

70.0 40.0 28.4 -7.3 39.4 -22.2 -72.0 40.8 

130.0 60.0 37.0 -6.0 57.3 -40.4 -38.6 30.3 

150.0 70.0 32.0 -5.7 48.2 -33.4 -32.4 27.0 

170.0 100.0 30.8 -4.3 42.4 -25.0 -73.6 48.9 

220.0 120.0 40.3 -5.4 56.0 -37.1 -53.6 43.0 

250.0 140.0 35.7 -4.2 48.7 -32.3 -45.2 38.6 

250.0 120.0 34.7 -4.7 49.6 -36.8 -44.7 41.4 

250.0 105.0 33.8 -5.1 50.4 -40.3 -46.0 46.8 
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APPENDIX B 

TABLES OF ANISOTROPIC RESILIENT MODULI 
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TABLE B1 Moduli and Modular Ratio for Well Graded Aggregate #1 at Wet of 

Optimum Moisture Content 

Stress (kPa) Moduli (kPa) 

Axial Radial Horizontal Vertical Shear 

40 25 114,783 84,532 18,243 

50 25 64,584 71,245 24,014 

70 40 189,289 150,782 72,161 

130 60 237,826 348,814 117,089 

150 70 315,614 458,562 155,671 

170 100 419,604 508,853 203,547 

220 120 475,327 663,085 227,395 

250 140 537,118 854,603 288,753 

250 120 531,045 754,256 265,139 

250 105 475,191 720,299 246,962 
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TABLE B2 Moduli and Modular Ratio for Well Graded Aggregate #1 at Optimum 

Moisture Content 

Stress (kPa) Moduli (kPa) 

Axial Radial Horizontal Vertical Shear 

40 25 118,888 148,904 42,184

50 25 119,135 197,700 57,361

70 40 217,327 284,693 117,391

130 60 270,294 502,614 153,476

150 70 328,876 569,496 184,531

170 100 413,877 593,559 232,923

220 120 458,964 735,262 261,995

250 140 509,759 853,742 304,652

250 120 450,256 862,752 280,687

250 105 428,428 818,828 260,920
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TABLE B3 Moduli and Modular Ratio for Well Graded Aggregate #1 at Dry of 

Optimum Moisture Content 

Stress (kPa) Moduli (kPa) 

Axial Radial Horizontal Vertical Shear 

40 25 255,249 220,508 77,902 

50 25 235,573 232,657 85,114 

70 40 307,129 286,927 126,150 

130 60 347,684 451,771 164,377 

150 70 423,429 514,569 196,579 

170 100 477,831 562,883 244,274 

220 120 496,130 678,478 262,897 

250 140 548,935 781,747 309,436 

250 120 509,685 787,903 288,641 

250 105 477,004 758,983 260,941 

 



 191

TABLE B4 Moduli and Modular Ratio for Fine Graded Aggregate #1 at Wet of 

Optimum Moisture Content 

Stress (kPa) Moduli (kPa) 

Axial Radial Horizontal Vertical Shear 

40 25 47,320 80,000 6,178

50 25 9,989 90,000 3,113

70 40 61,533 100,000 22,952

130 60 72,951 180,538 42,968

150 70 122,724 261,681 71,202

170 100 201,979 258,414 109,426

220 120 240,380 379,214 133,210

250 140 298,067 459,198 162,621

250 120 258,879 507,453 159,145

250 105 235,354 502,794 147,081
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TABLE B5 Moduli and Modular Ratio for Fine Graded Aggregate #1 at Optimum 

Moisture Content 

Stress (kPa) Moduli (kPa) 

Axial Radial Horizontal Vertical Shear 

40 25 279,640 200,000 108,897 

50 25 286,201 250,000 126,370 

70 40 350,044 300,000 165,237 

130 60 411,872 496,167 191,298 

150 70 451,925 560,312 214,776 

170 100 492,201 550,196 246,460 

220 120 589,410 672,855 271,616 

250 140 604,095 810,730 322,887 

250 120 594,326 785,297 298,084 

250 105 546,101 748,694 280,093 
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TABLE B6 Moduli and Modular Ratio for Coarse Graded Aggregate #1 at Optimum 

Moisture Content 

Stress (kPa) Moduli (kPa) 

Axial Radial Horizontal Vertical Shear 

40 25 142,459 163,539 53,205 

50 25 140,614 192,265 65,884 

70 40 225,981 247,298 111,780 

130 60 276,119 406,401 140,510 

150 70 315,713 463,870 162,392 

170 100 385,236 494,304 201,585 

220 120 429,538 578,404 220,421 

250 140 463,891 671,259 255,705 

250 120 407,540 659,378 231,942 

250 105 371,193 645,678 217,615 
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TABLE B7 Moduli and Modular Ratio for Coarse Graded Aggregate #1 at Dry of 

Optimum Moisture Content 

Stress (kPa) Moduli (kPa) 

Axial Radial Horizontal Vertical Shear 

40 25 149,119 152,322 50,603

50 25 125,824 176,472 57,705

70 40 207,659 218,467 91,169

130 60 255,564 364,151 126,787

150 70 306,960 410,034 149,782

170 100 393,689 425,495 186,946

220 120 430,723 527,566 207,268

250 140 452,726 628,884 244,339

250 120 435,094 596,905 221,390

250 105 392,131 566,010 205,809
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TABLE B8 Moduli and Modular Ratio for Well Graded Aggregate #2 at Optimum 

Moisture Content 

Stress (kPa) Moduli (kPa) 

Axial Radial Horizontal Vertical Shear 

40 25 283,141 391,304 137,843 

50 25 288,939 405,278 141,983 

70 40 415,126 494,561 228,215 

130 60 405,010 737,007 236,314 

150 70 449,889 820,109 278,736 

170 100 510,595 861,690 315,929 

220 120 533,119 1,017,807 343,235 

250 140 592,330 1,072,091 374,871 

250 120 559,220 1,111,712 364,126 

250 105 537,811 1,140,720 361,697 
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TABLE B9 Moduli and Modular Ratio for Well Graded Aggregate #2 at Dry of 

Optimum Moisture Content 

Stress (kPa) Moduli (kPa) 

Axial Radial Horizontal Vertical Shear 

40 25 164,776 243,274 111,958 

50 25 339,827 379,105 151,584 

70 40 389,625 449,169 198,218 

130 60 380,362 645,896 212,354 

150 70 433,188 734,705 255,370 

170 100 507,303 729,300 290,224 

220 120 543,554 913,817 317,642 

250 140 573,907 1,022,878 359,418 

250 120 567,149 1,006,053 335,873 

250 105 542,408 967,050 317,386 
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TABLE B10 Moduli and Modular Ratio for Fine Graded Aggregate #2 at Wet of 

Optimum Moisture Content 

Stress (kPa) Moduli (kPa) 

Axial Radial Horizontal Vertical Shear 

40 25 6,413 44,680 2,151 

50 25 1,494 8,857 732 

70 40 18,878 38,180 7,041 

130 60 10,239 99,114 6,685 

150 70 36,984 157,471 25,273 

170 100 126,984 201,334 72,949 

220 120 156,579 325,043 91,564 

250 140 221,666 411,620 128,574 

250 120 192,137 426,894 118,152 

250 105 160,005 431,700 104,688 
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TABLE B11 Moduli and Modular Ratio for Fine Graded Aggregate #2 at Optimum 

Moisture Content 

Stress (kPa) Moduli (kPa) 

Axial Radial Horizontal Vertical Shear 

40 25 309,932 404,827 138,516 

50 25 352,634 408,871 167,265 

70 40 423,465 459,331 206,259 

130 60 394,224 588,975 214,549 

150 70 448,560 671,751 242,264 

170 100 482,145 686,054 271,119 

220 120 510,121 835,806 303,642 

250 140 537,708 905,703 326,019 

250 120 531,968 943,496 327,227 

250 105 521,099 911,721 299,901 
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TABLE B12 Moduli and Modular Ratio for Coarse Graded Aggregate #2 at Optimum 

Moisture Content 

Stress (kPa) Moduli (kPa) 

Axial Radial Horizontal Vertical Shear 

40 25 223,072 254,365 88,022 

50 25 218,621 278,099 97,270 

70 40 330,424 330,610 161,078 

130 60 295,684 542,925 170,012 

150 70 340,189 623,603 199,362 

170 100 425,433 584,101 236,137 

220 120 438,945 705,210 253,037 

250 140 491,027 805,713 288,959 

250 120 451,752 800,105 270,550 

250 105 408,824 816,299 250,858 
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TABLE B13 Moduli and Modular Ratio for Well Graded Aggregate #3 at Wet of 

Optimum Moisture Content 

Stress (kPa) Moduli (kPa) 

Axial Radial Horizontal Vertical Shear 

40 25 79,930 67,636 25,068 

50 25 59,166 86,534 29,256 

70 40 99,911 118,295 47,965 

130 60 133,373 207,297 69,450 

150 70 188,481 230,589 88,946 

170 100 283,175 258,989 120,397 

220 120 281,178 348,956 136,021 

250 140 335,500 418,703 164,949 

250 120 292,470 412,850 151,629 

250 105 261,471 401,830 139,397 
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TABLE B14 Moduli and Modular Ratio for Well Graded Aggregate #3 at Optimum 

Moisture Content 

Stress (kPa) Moduli (kPa) 

Axial Radial Horizontal Vertical Shear 

40 25 72,004 72,163 23,277 

50 25 76,602 97,388 34,401 

70 40 147,898 116,257 60,256 

130 60 149,159 202,450 72,782 

150 70 187,808 241,747 90,343 

170 100 251,092 250,910 114,478 

220 120 279,958 314,831 131,328 

250 140 324,625 364,749 154,308 

250 120 292,022 367,085 145,333 

250 105 262,663 365,266 136,143 
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TABLE B15 Moduli and Modular Ratio for Well Graded Aggregate #3 at Dry of 

Optimum Moisture Content 

Stress (kPa) Moduli (kPa) 

Axial Radial Horizontal Vertical Shear 

40 25 141,175 129,731 51,786

50 25 114,538 153,597 55,295

70 40 190,842 177,519 88,245

130 60 180,728 284,776 96,983

150 70 213,580 329,738 114,333

170 100 265,627 330,947 139,024

220 120 281,481 400,274 150,829

250 140 314,486 459,546 173,480

250 120 282,624 464,927 163,084

250 105 253,698 470,556 153,708
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TABLE B16 Moduli and Modular Ratio for Fine Graded Aggregate #3 at Wet of 

Optimum Moisture Content 

Stress (kPa) Moduli (kPa) 

Axial Radial Horizontal Vertical Shear 

40 25 34,712 50,620 11,576

50 25 40,411 70,718 19,545

70 40 111,306 118,519 54,720

130 60 129,734 222,900 70,098

150 70 165,085 269,279 89,117

170 100 229,420 260,981 113,852

220 120 244,426 325,121 127,785

250 140 293,365 367,103 147,629

250 120 270,070 381,239 142,829

250 105 260,563 388,402 139,075
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TABLE B17 Moduli and Modular Ratio for Fine Graded Aggregate #3 at Optimum 

Moisture Content 

Stress (kPa) Moduli (kPa) 

Axial Radial Horizontal Vertical Shear 

40 25 34,767 80,000 12,322 

50 25 38,964 90,000 20,672 

70 40 96,492 110,399 44,644 

130 60 128,463 223,346 70,217 

150 70 159,825 273,500 88,398 

170 100 239,509 281,727 117,097 

220 120 256,899 352,002 133,794 

250 140 297,129 403,637 154,650 

250 120 267,173 401,632 145,547 

250 105 250,421 403,776 137,634 
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TABLE B18 Moduli and Modular Ratio for Fine Graded Aggregate #3 at Dry of 

Optimum Moisture Content 

Stress (kPa) Moduli (kPa) 

Axial Radial Horizontal Vertical Shear 

40 25 200,976 165,931 70,046 

50 25 140,000 180,000 85,000 

70 40 245,011 196,649 100,335 

130 60 241,596 292,941 114,294 

150 70 261,911 341,473 131,360 

170 100 333,613 332,059 153,077 

220 120 351,070 398,562 167,108 

250 140 381,290 448,526 185,183 

250 120 352,771 442,948 175,396 

250 105 319,478 442,309 167,469 
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TABLE B19 Moduli and Modular Ratio for Coarse Graded Aggregate #3 at Optimum 

Moisture Content 

Stress (kPa) Moduli (kPa) 

Axial Radial Horizontal Vertical Shear 

40 25 95,891 86,506 32,157 

50 25 83,830 118,406 38,195 

70 40 145,100 151,464 71,248 

130 60 154,620 252,288 84,608 

150 70 171,441 303,877 101,168 

170 100 235,495 283,882 120,434 

220 120 259,735 340,449 132,787 

250 140 294,826 387,506 151,071 

250 120 254,917 397,531 144,716 

250 105 232,150 405,953 137,510 
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TABLE B20 Moduli and Modular Ratio for Coarse Graded Aggregate #3 at Dry of 

Optimum Moisture Content 

Stress (kPa) Moduli (kPa) 

Axial Radial Horizontal Vertical Shear 

40 25 109,782 95,412 35,128 

50 25 104,297 127,009 46,467 

70 40 145,100 151,464 71,248 

130 60 168,133 249,374 87,364 

150 70 195,268 296,061 103,585 

170 100 258,835 298,699 129,238 

220 120 270,249 383,091 143,216 

250 140 295,236 439,368 166,029 

250 120 268,361 439,660 153,615 

250 105 239,565 435,067 143,422 
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TABLE B21 Moduli and Modular Ratio for Well Graded Aggregate #4 at Optimum 

Moisture Content 

Stress (kPa) Moduli (kPa) 

Axial Radial Horizontal Vertical Shear 

40 25 177,395 156,285 60,729 

50 25 164,008 164,921 68,997 

70 40 184,753 202,573 89,820 

130 60 201,926 309,311 111,441 

150 70 242,318 330,211 126,582 

170 100 308,900 346,563 154,799 

220 120 332,231 418,092 172,150 

250 140 376,984 471,527 192,967 

250 120 330,514 482,510 182,482 

250 105 312,833 470,648 174,284 
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TABLE B22 Moduli and Modular Ratio for Fine Graded Aggregate #4 at Optimum 

Moisture Content 

Stress (kPa) Moduli (kPa) 

Axial Radial Horizontal Vertical Shear 

40 25 102,979 109,259 42,906 

50 25 106,012 123,968 48,956 

70 40 125,737 149,043 64,157 

130 60 143,049 228,954 80,000 

150 70 178,112 247,680 93,750 

170 100 219,807 252,980 110,865 

220 120 239,214 309,756 124,447 

250 140 269,739 344,032 138,462 

250 120 249,334 339,398 131,887 

250 105 231,185 337,921 126,404 
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TABLE B23 Moduli and Modular Ratio for Coarse Graded Aggregate #4 at Optimum 

Moisture Content 

Stress (kPa) Moduli (kPa) 

Axial Radial Horizontal Vertical Shear 

40 25 112,161 121,516 44,248 

50 25 107,819 126,635 48,170 

70 40 159,644 147,047 70,822 

130 60 156,957 235,841 83,612 

150 70 180,767 270,734 97,025 

170 100 250,560 262,953 120,289 

220 120 259,738 321,366 130,435 

250 140 302,367 363,801 149,601 

250 120 269,535 363,298 140,274 

250 105 242,566 361,731 132,120 
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 TABLE B24 Moduli and Modular Ratio for Well Graded Aggregate #5 at Wet of 

Optimum Moisture Content 

Stress (kPa) Moduli (kPa) 

Axial Radial Horizontal Vertical Shear 

40 25 62,591 61,286 14,497 

50 25 59,616 82,941 24,592 

70 40 123,900 130,826 58,347 

130 60 173,609 309,352 96,682 

150 70 232,333 373,982 123,390 

170 100 290,580 341,767 150,920 

220 120 303,851 446,046 166,450 

250 140 385,436 519,194 200,477 

250 120 328,348 544,917 186,653 

250 105 302,640 581,695 186,142 
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TABLE B25 Moduli and Modular Ratio for Well Graded Aggregate #5 at Optimum 

Moisture Content 

Stress (kPa) Moduli (kPa) 

Axial Radial Horizontal Vertical Shear 

40 25 102,238 137,337 42,019 

50 25 113,490 170,024 55,900 

70 40 194,748 210,022 96,114 

130 60 232,679 322,658 115,342 

150 70 276,613 379,068 137,423 

170 100 353,800 388,283 170,503 

220 120 385,535 487,066 192,228 

250 140 439,928 562,986 228,051 

250 120 386,303 583,156 212,984 

250 105 370,686 551,669 198,941 
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TABLE B26 Moduli and Modular Ratio for Well Graded Aggregate #5 at Dry of 

Optimum Moisture Content 

Stress (kPa) Moduli (kPa) 

Axial Radial Horizontal Vertical Shear 

40 25 170557 155960 61783 

50 25 177920 190833 72106 

70 40 263920 214695 103509 

130 60 296543 343190 134044 

150 70 346548 405407 156691 

170 100 401443 398228 187518 

220 120 419694 510167 205027 

250 140 461885 565139 230194 

250 120 412175 589166 218422 

250 105 408561 558423 210873 
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TABLE B27 Moduli and Modular Ratio for Fine Graded Aggregate #5 at Wet of 

Optimum Moisture Content 

Stress (kPa) Moduli (kPa) 

Axial Radial Horizontal Vertical Shear 

40 25 22,233 56,899 8,058 

50 25 10,370 40,398 4,130 

70 40 54,278 124,471 34,426 

130 60 60,768 122,814 32,472 

150 70 99,770 176,674 52,862 

170 100 161,178 191,865 79,595 

220 120 193,736 284,915 101,212 

250 140 235,469 359,070 128,433 

250 120 212,567 371,269 122,663 

250 105 194,635 367,769 115,251 
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TABLE B28 Moduli and Modular Ratio for Fine Graded Aggregate #5 at Optimum 

Moisture Content 

Stress (kPa) Moduli (kPa) 

Axial Radial Horizontal Vertical Shear 

40 25 193,880 172,553 64,342 

50 25 184,047 195,622 77,671 

70 40 268,101 226,859 106,858 

130 60 284,807 356,092 134,911 

150 70 331,245 397,454 154,704 

170 100 390,613 416,814 186,448 

220 120 380,373 535,752 203,416 

250 140 428,003 579,916 225,448 

250 120 395,377 589,837 217,214 

250 105 357,925 592,398 203,330 
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TABLE B29 Moduli and Modular Ratio for Fine Graded Aggregate #5 at Dry of 

Optimum Moisture Content 

Stress (kPa) Moduli (kPa) 

Axial Radial Horizontal Vertical Shear 

40 25 221,362 196,290 75,778 

50 25 229,476 210,230 86,351 

70 40 301,483 240,617 120,840 

130 60 335,873 346,863 141,637 

150 70 382,117 403,836 168,099 

170 100 443,837 418,548 200,545 

220 120 443,262 501,258 212,720 

250 140 487,462 564,494 236,357 

250 120 441,821 578,370 225,870 

250 105 422,930 573,272 222,043 
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TABLE B30 Moduli and Modular Ratio for Coarse Graded Aggregate #5 at Optimum 

Moisture Content 

Stress (kPa) Moduli (kPa) 

Axial Radial Horizontal Vertical Shear 

40 25 96,699 110,790 36,365 

50 25 104,363 130,121 44,849 

70 40 154,928 163,806 70,546 

130 60 202,927 275,840 99,092 

150 70 244,008 322,601 118,527 

170 100 299,347 331,082 143,470 

220 120 319,726 398,334 163,906 

250 140 355,199 471,004 186,681 

250 120 325,482 457,935 172,577 

250 105 300,550 459,386 166,016 
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TABLE B31 Moduli and Modular Ratio for Well Graded Aggregate #6 at Wet of 

Optimum Moisture Content 

Stress (kPa) Moduli (kPa) 

Axial Radial Horizontal Vertical Shear 

40 25 293,540 218,365 83,536 

50 25 286,074 243,676 104,416 

70 40 394,690 287,649 160,712 

130 60 392,548 446,509 183,393 

150 70 452,796 529,701 217,454 

170 100 545,021 501,278 248,892 

220 120 606,872 608,294 275,722 

250 140 657,543 701,804 314,600 

250 120 632,056 704,315 303,232 

250 105 589,973 715,999 292,255 
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TABLE B32 Moduli and Modular Ratio for Well Graded Aggregate #6 at Optimum 

Moisture Content 

Stress (kPa) Moduli (kPa) 

Axial Radial Horizontal Vertical Shear 

40 25 218,869 184,772 73,532 

50 25 232,813 230,240 95,490 

70 40 332,604 256,347 137,025 

130 60 356,815 428,142 166,565 

150 70 394,969 524,409 198,102 

170 100 493,625 504,437 235,586 

220 120 528,566 633,257 265,001 

250 140 601,123 733,858 306,837 

250 120 543,003 744,402 288,789 

250 105 497,845 752,483 274,385 
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TABLE B33 Moduli and Modular Ratio for Well Graded Aggregate #6 at Dry of 

Optimum Moisture Content 

Stress (kPa) Moduli (kPa) 

Axial Radial Horizontal Vertical Shear 

40 25 40,264 101,248 15,262 

50 25 78,946 111,825 38,847 

70 40 157,029 189,639 84,146 

130 60 229,200 345,169 118,059 

150 70 316,579 416,431 155,740 

170 100 416,311 424,975 197,804 

220 120 465,067 568,859 228,500 

250 140 542,036 666,319 272,201 

250 120 503,466 669,004 257,839 

250 105 452,272 676,309 239,284 
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TABLE B34 Moduli and Modular Ratio for Fine Graded Aggregate #6 at Optimum 

Moisture Content 

Stress (kPa) Moduli (kPa) 

Axial Radial Horizontal Vertical Shear 

40 25 36,642 73,194 15,213 

50 25 33,028 66,159 18,797 

70 40 93,750 115,393 51,160 

130 60 115,678 271,777 70,093 

150 70 151,177 346,707 94,757 

170 100 210,710 308,710 122,750 

220 120 236,876 412,563 136,281 

250 140 297,752 495,293 170,713 

250 120 265,437 516,316 159,574 

250 105 235,900 535,083 149,701 
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TABLE B35 Moduli and Modular Ratio for Coarse Graded Aggregate #6 at Dry of 

Optimum Moisture Content 

Stress (kPa) Moduli (kPa) 

Axial Radial Horizontal Vertical Shear 

40 25 210,854 186,547 70,688 

50 25 200,875 208,104 86,505 

70 40 231,654 284,320 121,753 

130 60 297,593 411,884 153,531 

150 70 347,628 495,355 183,824 

170 100 446,311 474,297 222,552 

220 120 465,139 584,056 241,676 

250 140 535,886 667,007 277,778 

250 120 477,699 681,342 260,417 

250 105 436,848 683,619 248,071 
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