
FINAL REPORT 

For the Florida Department of Transportation 

 

Enhancement of Resilient Modulus Data  

for the Design of Pavement Structures in Florida 
 

FDOT Research Contract No.: BD-543-4 

FSU Project No.: OMNI 010356 

 

by 

Principal Investigator: W. V. Ping, P.E. 

Research Associate: Ching-Chin Ling 

 

 

 

 

 

Department of Civil & Environmental Engineering  

Florida A&M University – Florida State University 

 COLLEGE OF ENGINEERING  

Tallahassee, FL 32310 

 

January 2007 



 

ii 

 
DISCLAIMER 

 

The opinions, findings and conclusions expressed in 

this publication are those of the authors and not 

necessarily those of the Florida Department of 

Transportation or the U.S. Department of Transportation. 

This report is prepared in cooperation with the State of 

Florida Department of Transportation and the U.S. 

Department of Transportation. 



 

iii 

 
METRIC CONVERSIONS 

 

inches = 25.4 millimeters 

feet = 0.305 meters 

square inches = 645.1 millimeters squared 

square feet = 0.093 meters squared 

cubic feet = 0.028 meters cubed 

pounds = 0.454 kilograms 

poundforce = 4.45 newtons 

poundforce per square inch = 6.89 kilopascals 

pound per cubic inch = 16.02 kilograms per meters cubed 

 



 

iv 

     Technical Report Documentation Page
 1. Report No.  2. Government Accession No.  3. Recipient's Catalog No.

          FL/DOT/RMC/BD-543-4

 4. Title and Subtitle  5. Report Date
           January 2007
 6. Performing Organization Code

 7. Author(s)  8. Performing Organization Report No.

    W. V. Ping and Ching-Chin Ling     FSU C&G No. OMNI 010356

 9. Performing Organization Name and Address  10. Work Unit No. (TRAIS)
    FAMU-FSU College of Engineering
    Department of Civil & Environmental Engineering  11. Contract or Grant No.
    2525 Pottsdamer Street
    Tallahassee, Florida  32310-6046  13. Type of Report and Period Covered

 12. Sponsoring Agency Name and Address

    Florida Department of Transportation
    Research Center, MS30         
    605 Suwannee Street  14. Sponsoring Agency Code

    Tallahassee, Florida  32399-0450

 15. Supplementary Notes

 16. Abstract

 17. Key Words

 19. Security Classif. (of this report)  20. Security Classif. (of this page)  21. No. of Pages  22. Price

 Form DOT F 1700.7 

This study is a follow-up research project on the development of a resilient modulus

database for pavement design applications. The primary objective of the research was to populate

and enhance the previously developed resilient modulus database for the purpose of establishing

resilient modulus correlation models based on basic material physical properties. To achieve the

objective, 25 subgrade materials were collected for testing from the Florida Department of

Transportation (FDOT) district offices around the state. The basic physical properties of the

subgrade materials were characterized by the FDOT State Materials Office and subsequently

evaluated by the researchers. The subgrade materials were also transported to the laboratory in

Tallahassee where resilient modulus tests were performed using the AASHTO T307-99 test method.

All of the test data concerning the basic material physical properties and the resilient modulus

test results were stored in an enhanced database using Microsoft Access. In addition, a

comprehensive literature review was conducted to evaluate the resilient modulus of granular

subgrade materials.

The resilient modulus test results were analyzed using a statistical approach (Minitab

statistical software) to evaluate the effect of soil physical properties on the resilient

modulus. Multiple regression analyses were also performed to find optimum resilient modulus

prediction models based on the various soil types, test methods, and other test conditions. The

resilient modulus values obtained from the prediction models were generally within a range of +/-

20% of the laboratory measured resilient modulus values. The research findings from this study

could be adopted for future implementation of the mechanistic-empirical pavement design in

Florida.

pavement, subgrade, resilient modulus,

database, soil laboratory

Unclassified Unclassified

Final Report

March 2004 - January 2007

FDOT BD-543-4

Prepared in cooperation with the Federal Highway Administration, U.S.

Department of Transportation

185

18. Distribution Statement

This document is available to the public

through the National Technical Information
Service, Springfield, Virginia, 22161

(8-72) Reproduction of completed page authorized
PF V2.1, 12/13/93

Enhancement of Resilient Modulus Data for the Design of

Pavement Structures in Florida



 

v 

 
ACKNOWLEDGEMENTS 

 

Funding for this research was provided by the Florida 

Department of Transportation (FDOT) and Federal Highway 

Administration (FHWA) through the Research Center of the 

FDOT. This research was initiated by Bruce Dietrich, State 

Pavement Design Engineer, and managed by Emmanuel Uwaibi, 

Pavement Design Engineer with the FDOT. 

 The FDOT Research Center, through the assistance of 

Richard Long and his staff, provided financial and 

contractual support. David Horhota, State Geotechnical 

Materials Engineer with the State Materials Office, and his 

staff provided substantial support to this research study. 



 

vi 

 

EXECUTIVE SUMMARY 

 

The subgrade resilient modulus is an essential 

engineering parameter for the mechanistic-empirical 

pavement design.  A long-term implementation program is in 

effect to measure the resilient modulus in a laboratory for 

the design of pavement structures in Florida.  However, 

measuring the resilient modulus of a pavement material is a 

complex and difficult task.  In view of the complexity and 

difficulty in conducting the resilient modulus measurement, 

a database program has been initiated to catalog available 

resilient modulus test results and to evaluate the subgrade 

resilient modulus for facilitating pavement design.   

This study is a follow-up research project on the 

development of a resilient modulus database for pavement 

design applications.  The primary objective of the research 

was to populate and enhance the previously developed 

resilient modulus database for the purpose of establishing 

resilient modulus correlation models based on basic 

material physical properties.  To achieve the objective, 25 

subgrade materials were collected for testing from the 

Florida Department of Transportation (FDOT) district 

offices around the state.  The basic physical properties of 
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the subgrade materials were characterized by the FDOT State 

Materials Office and subsequently evaluated by the 

researchers.  The subgrade materials were also transported 

to the laboratory in Tallahassee where resilient modulus 

tests were performed using the AASHTO T307-99 test method. 

All of the test data concerning the basic material physical 

properties and the resilient modulus test results were 

stored in an enhanced database using Microsoft Access.  In 

addition, a comprehensive literature review was conducted 

to evaluate the resilient modulus of granular subgrade 

materials. 

The resilient modulus test results were analyzed using 

a statistical approach (Minitab statistical software) to 

evaluate the effect of soil physical properties on the 

resilient modulus.  Multiple regression analyses were also 

performed to find optimum resilient modulus prediction 

models based on the various soil types, test methods, and 

other test conditions.  The resilient modulus values 

obtained from the prediction models were generally within a 

range of +/- 20% of the laboratory measured resilient 

modulus values.  The research findings from this study 

could be adopted for future implementation of the 

mechanistic-empirical pavement design in Florida.  
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CHAPTER 1  
INTRODUCTION 

1.1  BACKGROUND 

The 1993 AASHTO Guide for the Design of Pavement 

Structures has incorporated the resilient modulus of 

component materials into the design process.  Considerable 

attention has also been given to the development of 

mechanistic-empirical approaches for the design and 

evaluation of pavements.  Both the 1993 Guide and the 

mechanistic based design methods use the resilient modulus of 

each layer in the design process. 

In Florida, several research projects in the past ten 

years have been conducted to study the resilient modulus 

characteristics of Florida pavement soils. Comparative 

studies were conducted to evaluate the resilient modulus from 

laboratory cyclic triaxial tests and field experimental 

studies such as: field plate bearing test, falling weight 

deflectormeter (FWD) test, and a test-pit test that were 

developed to simulate field pavement layer behavior subject 

to dynamic traffic loadings. The resilient modulus was found 

to be dependent on a number of factors: soil type, test 

method, specimen density, specimen moisture, specimen size, 

confining pressure, deviator stress, etc. One soil specimen 
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could have many different resilient modulus values depending 

on the states of stresses. Conducting the resilient modulus 

test and selecting an appropriate resilient modulus value for 

pavement designs are very complex processes. Research studies 

have also been conducted to correlate resilient modulus with 

basic soil physical properties, which are relatively easy to 

measure such as moisture, unit weight, gradation, plasticity, 

and classification. However, no reliable relationships 

between resilient modulus and these parameters have been 

found to this date.  

More than 200 laboratory triaxial resilient modulus 

tests on Florida soils have been conducted in previous 

studies.  These test results have been saved in computers in 

Microsoft Excel table format.  In a previous project entitled 

“Development of an Automated Procedure for Implementing a 

Resilient Modulus Test for the Design of Pavement Structures 

in Florida”, a database in Microsoft Access format was 

developed to catalog the available resilient modulus test 

data with other related data.  However, the capability and 

usefulness of the database is limited to a certain degree due 

to insufficient data in the database.  Thus, it seems that 

there is a need for a follow-up testing program to populate 

the database with additional resilient modulus test data and 
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to provide a higher confidence level for the resilient 

modulus analysis and prediction. 

1.2  STUDY OBJECTIVE 

The objectives of this research study were:  

1) to populate the previous developed resilient modulus       

database with additional resilient modulus test 

results,  

2) to use the enhanced database for evaluating the 

effect of soil physical properties on the resilient 

modulus, and  

3) to establish resilient modulus correlation models 

based on basic soil physical properties.  

1.3  SCOPE OF STUDY 

The scope of this research study included the following 

tasks: 

• to perform a literature review on the resilient modulus 

concept, the test procedures, and other influencing 

factors, 

• to collect subgrade pavement materials from field sites 

for laboratory testing, 

• to perform laboratory resilient modulus tests using the 

AASHTO T307-99 test method, 
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• to populate and enhance the resilient modulus database, 

• to evaluate the effect of soil physical properties on 

the resilient modulus, and 

• to search for optimum resilient modulus prediction  

models based on basic material physical properties. 

1.4  REPORT ORGANIZATION 

This report summarizes the study that examines enhancing 

the soil resilient modulus database and applying the database 

for evaluation of the soil resilient modulus.  The resilient 

modulus database is a part of the larger effort to implement 

the 1986 & 1993 AASHTO design guides for pavement structures. 

As in the first chapter, the background and objectives are 

introduced.  Chapter 2 reviews the resilient modulus concept, 

the affecting physical factors, and the correlation models. 

The laboratory experimental program is described in detail in 

Chapter 3.  Chapter 4 presents the additional resilient 

modulus data stored in the enhanced database and the 

manipulation functions of the database.  Chapter 5 presents 

the detailed analysis of the effect of basic soil properties 

on the resilient modulus.  The development of multiple 

regression models for granular subgrade soils is presented in 

Chapter 6.  The conclusions and recommendations are 

summarized in Chapter 7.  
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CHAPTER 2  
LITERATURE REVIEW 

2.1  RESILIENT MODULUS CONCEPT 

Most pavement materials, especially soils, are not pure 

elastic material, but exhibit elastic-plastic behavior.  That 

means that they act partly elastic under a static load but 

experience some permanent deformation. However, under 

repeated loads, they express other important properties.  At 

the beginning, they perform just like they would under a 

static load.  But after certain repetitions, the permanent 

deformation under each load repetition is almost completely 

recoverable.  By this point, it can almost be considered 

elastic, if the repeat load is small enough compared to its 

strength, otherwise the soil structure would be damaged.  

Figure 2.1 illustrates the behavior of unbounded material 

under a sequence of repeating loads.  

Resilient modulus (MR or Mr) is a measurement of the 

elastic property of soil recognizing certain nonlinear 

characteristics.  Resilient modulus is defined as the ratio 

of the axial deviator stress to the recoverable axial strain, 

and is presented in the following equation: 
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RdRM εσ /=  (2.1) 

Where σd = axial deviator stress 

             εR = axial recoverable strain 

As exhibited in Figure 2.1, there are two components to 

the total deformation, a resilient or recoverable portion and 

a permanent portion.  Only the recoverable portion is 

included in the measurement of resilient modulus.  

2.2  FACTORS AFFECTING RESILIENT MODULUS 

The resilient modulus is defined as the deviator dynamic 

stress (due to the moving vehicular traffic) divided by the 

resilient axial (recoverable) strain.  This concept is 

derived from the fact that the major component of deformation 

induced into a pavement structure under the traffic loading 

is not associated with plastic deformation or permanent 

deformation, but with elastic or resilient deformation.  

Thus, the resilient modulus is considered to be a required 

variable for determining the stress-strain characteristics of 

pavement structures subjected to a traffic loading.  

The resilient modulus of unstabilized granular base and 

subgrade soils is highly dependent upon the stress state to 

which the material is subjected within the pavement in 

addition to other variables. As a result, constitutive models 
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must be used to present laboratory resilient modulus test 

results, including the effect of the stress state, in a form 

suitable for use in pavement design. The resilient modulus 

depends on deviator stress and confining stress. Two popular 

and simple regression models are presented as follows: 

1. When modulus is dependent on bulk stress: 

 θ k
1r

2k=M   (2-2) 

2. When modulus is dependent on confining pressure: 

 σ k
33r
4k=M                      (2-3) 

Where, θ = bulk stress, sum of the principal stresses, 

(σ1 + σ2 + σ3) 

 σ3 = confining pressure or minor principal stress 

 k1, k2, k3, k4 = regression constants 

Many factors influence the resilient modulus of soils. 

The factors include soil type, soil properties, dry unit 

weight, water content, stain level, test procedures, and 

sample size.  A brief review of the significant influence 

from these factors is discussed in the following sections. 

2.2.1  Soil type 

The resilient modulus is significantly influenced by the 

type of pavement soils.  Chen et al. (1994) investigated the 

variability of resilient moduli due to aggregate type.  The 

AASHTO T292-91I test procedure was used to conduct tests on 
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six selected aggregate types of soils.  Conclusions show that 

for a given gradation, the differences in Resilient Modulus 

values due to aggregate sources were found to be from 20 to 

50 percent. 

2.2.2  Physical Properties 

The resilient modulus is also significantly correlated 

with soil properties such as the liquid limit, plastic limit, 

and grain size distribution. Thompson and Robnett (1989) 

concluded that the properties that tend to contribute to low 

resilient modulus values are low plasticity, high silt 

content, low clay content, and low specific gravity. From the 

study, regression equations were developed for predicting 

resilient modulus based on soil properties. 

2.2.3  Dry Density 

Variations in the density of the laboratory test 

specimen with the same water content produce variable effects 

on the resilient response of subgrade soils. Theoretically, 

Young’s modulus of a soil is proportional to its density.  

Trollope et al. (1962) reported that the resilient modulus of 

dense sand might be 50 percent higher than that of loose 

sand. 
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2.2.4  Moisture Content 

The effect of the water content on the resilient 

response of soils was noticed a long time ago. A general 

relationship between dry density, water content, and 

resilient modulus for subgrade soils is shown in Figure 2.2 

(Monismith, 1989).  The effect of the Moisture Content on the 

resilient modulus was thoroughly reviewed by Ping and Zhang 

in 2004.  Zhang found that the resilient modulus of coarse-

grain soil was not significantly affected by the amount and 

manner of saturation.  The reduction was approximately 20 

percent, while that the resilient modulus of fine-grain soils 

was drastically reduced by saturation.  The reduction was 50 

to 75 percent depending on the degree of saturation, and the 

saturating method used.   

2.2.5  Soil Suction 

Huang and Dai studied the effect of soil suction on the 

mechanism characteristics of the pavement materials in 2004.  

They found that soil suction has a significant influence on 

the mechanical properties of unsaturated soils, such as 

effective stress, resilient modulus, and strength.  It is a 

good indicator of the stiffness of the subgrade and is used 

to establish a model for predicting the resilient modulus of 

subgrade with varying water contents. 
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2.2.6  Strain Amplitude  

The strain level also has a significant effect on the 

resilient modulus.  As the strain amplitude increases, the 

modulus of the soil decreases.  Kim et al. (1991) identified 

that the resilient modulus decreases with the increasing 

strain amplitude.  The relationship of the strain amplitude 

versus the modulus of the compacted subgrade soils is shown 

in Figure 2.3.  

2.2.7  Test Procedure 

AASHTO T292-91I and T294-92 were two of the most 

extensively used test procedures in past years.  A new 

standard specification AASHTO T307-99 based on the SHRP 

Protocol P46 was adopted in the year 2000.  The major 

improvement includes higher accuracy of the measurement 

devices, different measurement position, different confining 

and loading stress, and the specimen preparation method. The 

T307 procedure consists of 15 sequences with different levels 

of confining pressure and maximum axial load.  The three 

procedures normally produce different results.  Zaman et al. 

(1994) found that the T294-92 test procedure gave higher 

resilient modulus values than those obtained by using the 

T292-91I test procedure.  Ping and Hoang (1996) had similar 

results.  This phenomenon was attributed to the stress 
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sequence, which had a stiffening and strengthening effect on 

the specimen structure as the stress level increased.  Ping 

and Xiong (2003) investigated the influence of the LVDT 

positions on the resilient modulus test results.  The 

investigation showed that the internal LVDT position leads to 

a better test result than that with an external position, and 

the internal full-length LVDT position has the most reliable 

test data. 

2.2.8  Size Effect 

Specimen size has an influence on the resilient modulus 

of soils.  The diameters of the specimen could be as small as 

2.0 inches.  However, the most common sizes are 4.0 and 6.0 

inches in diameter.  The ratio of height over diameter is 

usually 2.0.  

Testing materials composed of large particles demands 

larger specimens.  The T292-92I procedure specifies that a 

minimum 90% by material weight used to prepare the compacted 

specimen in the laboratory should have a maximum particle 

size finer than 1/6 of the specimen diameter.  The maximum 

particle size of the remaining material shall be no larger 

than 1/4 of the specimen diameter. 

Zaman et al (1994) conducted a series of resilient 

modulus tests on six of the most commonly encountered 
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aggregates that are used as a base/sub-base on roads in 

Oklahoma. The testing materials consisted of three 

limestones, one sandstone, one granite, and one rhyolite.  

The specimens were prepared at three different levels of 

gradations. The maximum particle sizes varied from 0.75 inch 

to 1.5 inch. 

Vibration and compaction methods were employed in 

preparing the specimens.  The specimens were 4 inches and 6 

inches in diameter.  The test results of the 4-inch and the 

6-inch samples were analyzed. In all cases, the resilient 

modulus for the 4-inch specimens was higher (20-50%) than 

those for the 6-inch specimens. 

2.3  EMPIRICAL RESILIENT MODULUS MODELS 

A very promising approach for obtaining resilient moduli 

for use in design, for at least most agencies, is to 

determine values of resilient modulus using generalized 

empirical relationships with statistically relevant, easy to 

measure physical properties of the material.  Considering the 

large variation in resilient moduli along the route and 

important design changes in moisture with time, the use in 

design of empirical resilient modulus relationships is 

considered to be justified.  A number of states have already 

developed generalized resilient modulus relationships for use 
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in design, particularly for cohesive subgrade soils (K. P. 

George, 2004). Statistically based equations, graphs or 

charts would then be developed for each class of materials 

for the range of properties routinely used in design within 

the region of interest. 

Previous research from Zhang (2004) had proposed several 

regression models that were developed for implementing the 

resilient modulus test for design of pavement structures in 

Florida.  A brief review on these models is discussed as 

follows. 

2.3.1  Seed (1962) Model 

Many researchers studied the influence of the water 

content on the resilient modulus.  Seed (1962) evaluated the 

influence on the undisturbed samples of the fine grained 

materials and found that the seasonal variation of the water 

content does have a significant influence on the resilient 

modulus.  Based on the findings, the resilient modulus was 

evaluated using the following equations.  

θ006.006.27 −=rM   for dγ >100 pcf (2.4) 

θ004.018.18 −=rM    for dγ <100 pcf (2.5) 

Where  

Mr = Resilient modulus, ksi 

θ  = Volumetric water content, %  
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dγ  = Dry unit weight, pcf 

The results from this model didn’t work well, because, 

in this model, the resilient modulus is based on only one 

parameter, which contributes to inaccurate results. 

2.3.2  Carmichael and Stuart (1985) 

Carmichael and Stuart (1985) produced more than 3300 

test data on 250 different types of fine-grained and granular 

materials to build the resilient modulus models.  Two models 

were developed, one for fine-grain soils and the other for 

coarse-grain soils. Equation 2.6 presents the model for 

coarse-grain soils. 

)(197.0)(173.0)(log544.0)(025.0523.0 GRSMWcLogMr +++−= θ      (2.6) 

Where,  

Mr = Resilient Modulus, ksi 

Wc  = moisture content, % 

θ  = bulk stress (σ1+σ2+σ3), psi 

SM = 1 for SM soils (Unified Soil Classification) 

= 0 otherwise 

GR = 1 for GR soils (GM, GW, GC or GP) 

= 0 otherwise 

A different equation (2.7) was derived for fine-grain 

soils: 
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)(3248.0)(179.0)(1424.0)(6179.0)(4566.0431.37 3200 dcr PWPIM σσ −+−−−=
)(097.17)(722.36 MHCH ++  (2.7) 

Where, 

PI  = plasticity index, % 

P200 = percentage passing #200 sieve, % 

σ3  = confining stress, psi 

σd  = deviator stress, psi 

CH  = 1 for CH soil 

= 0 otherwise (for MH, ML or CL soil) 

MH  = 1 for MH soil 

= 0 otherwise (for CH, ML or CL soil) 

Wc  = Water Content, % 

2.3.3  Thompson and LaGrow (1992) Model 

Using the power model to express resilient modulus is a 

practical alternative to the slightly more accurate bilinear 

model. The bilinear resilient modulus model for fine-grained 

soils has a distinct breakpoint as shown in Figure 2.4. The 

resilient modulus at the breakpoint can be estimated using 

the following expression developed by Thompson and LaGrow 

(1992): 

)(119.0)(%098.046.4)( PIclayM optr ++=  (2.8) 

Where,  
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Mr(opt) = breakpoint resilient modulus at optimum moisture 

content and 95% of AASHTO T99 maximum dry 

density, ksi 

%clay = % particles finer than the 2 micron size 

PI  = plasticity index 

Equation 2.8 is for cohesive soils compacted to 95% of 

AASHTO T99 maximum dry density at the optimum water content. 

Equation 2.8, although useful, has an important disadvantage 

that the resilient modulus is only at breakpoint. The 

breakpoint is often, but not always, at or close to the 

minimum value of the resilient modulus. Thick pavement 

sections apply low deviator stress to the subgrade. As a 

result, the breakpoint resilient modulus is likely to be too 

low for strong sections, resulting in unnecessary additional 

thickness. 

2.3.4  Yau and Von Quintus (2002) Model 

Yau and Von Quintus (2002) studied the methods of 

choosing the right data for building the resilient modulus 

prediction models.  They found that one equation did not fit 

all situations for all the soils.  For greater accuracy, they 

tried to establish the model according to different material 

types.  The prediction models for the subgrade soils were 
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developed based on the constitutive equation with the 

regression constants k1, k2, and k3 as below.   

32 ]1)[()(1
k

a

octk

a
ar pP
PkM += τθ

  (2.9) 

The regression constants k1, k2, and k3 are material-specific 

and are described as follows: 

For coarse-grained sandy soils, 

soptLLClayPPk γω 0004.00379.00083.0)(%0137.00267.00412.02868.3 48/31 −−+++−=  

LLClaySiltPXPk 0041.0)(%0102.0)(%0043.01098.20045.05670.0 4
5

8/32 −−−−+= −    

 )(1779.0)(4582.01041.300014 5

opt

c

opt

s
sopt X

ω
ω

γ
γγω +−− −  

)(%1191.0)(%1030.01249.00839.01142.05677.3 20048/33 ClaySiltPPPk ++−−+−=    

 )(1095.1)(3177.40017.00103.00069.0
opt

c

opt

s
soptLL

ω
ω

γ
γγω −+−−−  

For fine-grained silty soils, 

cPIClayk ω037.00279.0)(%0177.00480.11 −++=  

PIk 0286.05097.02 −=  

cPISiltk ω1399.00849.0)(%0047.02218.03 −++−=  

For fine-grained clayey soils, 

cClayk ω0437.0)(%0106.03577.11 −+=  

optLLPPPk ω0049.0003.00027.00095.00073.05193.0 2004042 −−−+−=     
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optLLSiltPPPk ω0672.00535.0)(%0251.00521.00303.00288.04258.1 2004043 −++−+−=    

 )(6055.00025.00026.0
opt

c
sopt ω

ωγγ −+−  

where,  

Mr  = Resilient Modulus, MPa 

P3/8  = percentage passing the 3/8” (9.5mm) sieve 

P4  = percentage passing #4 sieve 

P40  = percentage passing #40 sieve 

P200  = percentage passing #200 sieve 

ωc  = moisture content of the specimen, % 

ωopt  = optimum moisture content of the soil, % 

γs  = dry unit weight of the sample, kg/m3  

γopt  = optimum dry unit weight, kg/m3 

LL  = Liquid Limit 

PI  = Plastic Index 

%Silt = Percent by weight of silt in the material 

%Clay = Percent by weight of clay in the material 

This model was established based on a granular type of 

material and was mainly for subgrade use.  

2.3.5  Ping and Zhang (2004) Model 

ChaoHan Zhang (2004) proposed a resilient modulus 

prediction model based on five types of granular subgrade 

soil commonly available in Florida.  The subgrade soils 
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contained a wide range of percent of fines passing No.200 

sieve varying from 8% to 24% (A-3 and A-2-4 soils, according 

to the AASHTO classification). The compaction of the soil 

samples was determined in the laboratory using the Modified 

Proctor (AASHTO T-180) method.  The full-length resilient 

modulus under 12.7 psi bulk stress (2 psi confining pressure 

and 6.7 psi deviator stress) was chosen as the model 

responses.   

)(*119.0)(*0243.0*0108.0*041.001.2)ln( cur CCM −++−= ρω  (2.10) 

Where, 

rM  = Resilient modulus @ 2 psi confining pressure, ksi 

ω = Gravimetric moisture content, % 

ρ  = Maximum dry unit weight, pcf 

α  = Clay percentage, % 

Cc = Coefficient of Curvature (gradation) 

Cu = Uniformity Coefficient (gradation) 

This model had a value of the coefficient of 

determination (R2 value) 54.2%.  
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Figure 2.1 Concept of Soil Resilient Modulus 
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Figure 2.2  Water Content-dry Density-resilient Modulus Relationship for Subgrade Soil 
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Figure 2.3  Comparison of Mr Values of Undisturbed Compacted Subgrade Soils Determined by 

Resonant Column, Torsional Shear and Resilient Modulus Tests (Kim and Stokoe 
1991) 
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Figure 2.4  General Relationship between Resilient Modulus and Deviator Stress for Fine-
grained, Cohesive Soils 
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CHAPTER 3  
LABORATORY EXPERIMENTAL PROGRAM 

3.1  GENERAL 

The primary objective of the laboratory experimental 

program was to populate the resilient modulus database with 

additional resilient modulus test results.  To achieve the 

objective, samples of soil material were collected at 

selected borrow pits from each of the FDOT districts and 

transported to the College of Engineering in Tallahassee for 

testing.  Three subgrade soils from each district were chosen 

for the resilient modulus testing.  The material selection 

process was done in cooperation with the District Materials 

Office, the State Materials Office, and the Pavement Design 

Office.  The laboratory experimental program including the 

test materials, the resilient modulus testing program, the 

permeability testing program, and the engineering property 

analysis is described in this chapter. 

3.2  TEST MATERIALS 

To better characterize the resilient modulus behavior of 

Florida soils, three sites from each of the seven districts 

were chosen for soil sampling.  In addition, 16 soil samples 

from a previous study were also included for evaluation.  

Thus, a total of 37 soil samples were included in this test 
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program.  The soil materials consisted of four A-1 soils, 19 

A-3 soils, 11 A-2-4 soils, and three A-2-6 soils.  A summary 

of the soil materials that were initially transported through 

the FDOT State Materials Office for basic properties 

characterization and classification is presented in Table 3.1 

for information. 

3.3  RESILIENT MODULUS TESTING PROGRAM  

3.3.1  Test Equipment  

For the resilient modulus test, all of the test 

protocols require the use of a triaxial chamber, in which 

confining pressure and deviator stress can be controlled.  

The test method for determining the resilient response of 

pavement materials is basically a triaxial compression test, 

in which a cyclic axial load is applied to a cylindrical test 

specimen.  The load is measured by a load cell, while the 

resilient strain is measured.  The test is usually conducted 

by applying a number of stress repetitions over a range of 

deviator stress levels and confining pressure levels 

representing variations in depth or location from the applied 

load.  An MTS model 810 closed-loop servo-hydraulic testing 

system and a resilient modulus triaxial testing system were 

used in this study. Figure 3.1 shows the configuration of the 

test system schematically.  The major components of these 
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systems included the loading system, digital controller, 

workstation computer, triaxial cell, and linear variable 

differential transducer (LVDT) deformation measurements 

system.  An illustration of the resilient modulus testing 

equipment is shown in Figure 3.2.   

This system adopts the full-length internal LVDT 

position as shown in Figure 3.3.  In addition to two vertical 

LVDTs measuring the vertical displacements, a fixture 

attached with four horizontal LVDTs was designed to measure 

the horizontal displacements for the determination of 

Poisson’s ratio.  This device was positioned in the middle 

half length of the specimen with four horizontal LVDTs 

attached at 90-degree intervals.  The horizontal displacement 

can be obtained by averaging the measurements from the four 

horizontal LVDTs. 

An updated controller (Model 793) with its advanced 

software (Multipurpose Test Ware) was used to control the 

test processes and acquire the test data.  The raw data was 

acquired using the mode of the Peak/Valley, which recorded 

the test data at its peak and valley levels of each cycle.  

The output of the data acquisition system includes a graphic 

display of sampled dynamic load and displacement waveforms 

and a data file. The data in data file format was selected 

for further data deduction and analyses.                            
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3.3.2  Test Method 

The resilient modulus test method used in this study was 

AASHTO T307-99, “Determining the Resilient Modulus of Soils 

and Aggregate Materials”. This method was considered an 

improvement to the AASHTO T292-91I method. The T307-99 method 

covers procedures for preparing and testing untreated 

subgrade and untreated base/sub-base materials for 

determination of resilient modulus under conditions 

representing a simulation of the physical conditions and 

stress states of materials beneath the flexible pavements 

subjected to moving wheel loads.  The original setup of LVDTs 

in Designation T307-99 was at an external position outside of 

the triaxial cell, but the location was changed to an 

internal position inside the cell as shown in Figure 3.3 for 

a better test result according to the findings from Ping & 

Xiong (2003).   

The software used for the resilient modulus test is 

specifically configured according to the Standard 

Specification of the T307-99.  A screen snapshot is 

illustrated in Figure 3.4.  The test procedure of the T307-99 

Designation was included in the CD-R database disk for 

reference.  
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3.3.3  Specimen Preparation 

All subgrade materials were compacted in the laboratory 

to 100% of optimum moisture and maximum density using AASHTO 

Designation T-99 (Standard Proctor Compaction) according to 

the FDOT requirement.  A 4-in by 8-in split mold was used to 

prepare the test specimen.  The blow number was modified to 

achieve the energy condition specified in the AASHTO T-99.  

Two specimens were compacted at the same time to keep them in 

a duplicate condition.  The T307-99 Designation specifies 

that the wet density of the laboratory-compacted specimen 

shall not vary by more than +/-3 percent of the target wet 

density and the moisture content of the laboratory-compacted 

specimen shall not vary by more than +/-1.0 percent for Type 

1 materials or +/-0.5 percent for Type 2 materials from the 

target moisture content.  

A typical compaction form is shown in Table 3.2 for 

information. 

3.3.4  Test Procedures 

The resilient modulus test procedures basically followed 

the test standard from AASHTO T307-99.  A deviation from the 

test procedure was made by using the internally-mounted LVDTs 

for the vertical full-length measurements instead of external 

LVDTs illustrated in AASHTO Designation T307-99.  Four 
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additional horizontal LVDTs were mounted to a fixture to 

measure the horizontal displacements for the determination of 

Poisson’s ratio.   

The test procedures are further described in the 

following sections. 

3.3.4.1 Test Setups  

Prior to testing, the compacted soil specimen was 

removed from the mold using an extruder. Using a vacuum 

membrane expander, a membrane was pulled over the specimen 

and perforated stones.  The membrane-enclosed soil specimen 

with the perforated stones on the top and the bottom was 

placed onto the bottom platen in the triaxial chamber. The 

top platen was fitted in place, and the specimen membrane 

ends were folded over the platens and secured with O-rings. 

Two LVDTs were mounted on the top platen to measure the 

vertical resilient deformation of the entire 20.3 cm (8 in) 

long specimen.  The other four LVDTs were secured in the 

horizontal fixture at the middle point of the specimen to 

measure the horizontal displacements. These six LVDTs were 

adjusted to the appropriate positions to permit enough travel 

distance during the testing.  The assembly of the triaxial 

cell was completed by closing the triaxial chamber (Figure 

3.3). The drainage valves to the specimen were left open. 
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3.3.4.2 Specimen Conditioning 

Specimen conditioning was applied to simulate the stress 

history that exists in field conditions. The procedures for 

specimen conditioning are described as follows: 

! Load the MTS load frame to the triaxial load cell, making 

sure that the load frame is firmly contacted with the 

triaxial load cell. 

! Turn on the air compressor machine to produce a confining 

chamber pressure of 41.4 kPa (6 psi) for granular 

subgrade and embankment soils (T307-99). 

! Zero the load reading from the control panel. Open a 

programmed template according to the test material. The 

programmed templates enable the loading device to produce 

a haversine wave with a fixed load duration of 0.1 second 

with a 0.9 second period of relaxation. 

! Begin the conditioning by applying 500 repetitions of a 

corresponding deviator stress. Monitor the permanent 

axial deformation occurring during conditioning. 

After completion of the specimen conditioning phase, 

monitor the permanent axial deformation occurring in the 

specimen throughout the remainder of the test. If the 

permanent axial strain exceeds 5 percent, the test should be 

terminated. 
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3.3.4.3 Confining Pressure and Loading Sequences 

Since the laboratory resilient modulus simulates the 

conditions in the pavement subgrade, the stress-state should 

be selected to cover the expected in-service range. Resilient 

properties of granular specimens should be tested over the 

range of confining pressures expected within the subgrade 

layer. A template was created to monitor the test sequences. 

In the test sequences (Table 3.3 and Table 3.4), the 

confining pressures decrease while the deviator stresses 

increase during each confining pressure stage. 

3.3.4.4 Cyclic Loading Procedures 

The procedures are described as follows: 

! Open a template; apply 100 repetitions (T307-99) of the 

smallest deviator stress at the highest confining stress 

(T307-99). The average recoverable deformation of each 

repetition is recorded automatically. 

! Apply the same repetitions of each of the remaining 

deviator stresses to be used at the present confining 

pressure. 

! Decrease (T307-99) the confining pressure to the next 

desired level and adjust the deviator stress to the 

smallest value to be applied at this confining pressure. 
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! Increase the deviator stress to the next desired level and 

continue the process until testing has been completed for 

all desired stress states. 

! Disassemble the triaxial chamber and remove all apparatus 

from the specimen. 

3.3.5  Raw Test Data 

The raw test data were automatically generated by the 

software in a Data format file.  The data recorded in this 

file included the actual axis loads in lbf (pound force) for 

each confining pressure, testing time, testing count and 

readings of the six LVDTs in inches.  A typical raw data 

output file can be found in Table 3.5. 

3.3.6  Determination of Resilient Modulus 

During the resilient modulus test, after finishing the 

specimen conditioning stage, a series of tests with different 

deviator stresses at different confining pressures were 

performed and the data were recorded for every cycle of each 

test.  However, only the last five cycles of each test were 

used for analyses following the AASHTO T307-99 procedure. 

The resilient modulus ( rM ) was calculated from the load 

and deformation using the following equation:   
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R

d
rM ε

σ=                             (3.1) 

Where,  

σd = the deviator stress 

εR = the resilient or recoverable strain 

 

3.3.7  Determination of Poisson’s Ratio 

Two vertical deformations, LVDT1 and LVDT2, and four 

horizontal deformations, LVDT3, LVDT4, LVDT5, and LVDT6, were 

recorded in the raw data sheet.  The Poisson's ratio (ν) is 

defined as the ratio of lateral strain to axial strain as the 

following: 

v

h

ε
εν =                             (3.2) 

Where,  

εh = the horizontal strain 

εv = the vertical strain 

 

3.4  PERMEABILITY TESTING PROGRAM 

The permeability test followed the ASTM Designation 

D5084-90, Standard Test Method for Measurement of Hydraulic 

Conductivity of Saturated Porous Materials Using a Flexible 

Wall Permeameter.  This method is suitable for the compacted 

specimens that have a hydraulic conductivities less than or 

equal to 1E-4(cm/sec).  A six-burette Triaxial/Hydraulic 
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Conductivity panel, FlexPanel II, from Humboldt was used to 

perform the test.  The assembly of the test equipment is 

shown in Figure 3.5.   

3.4.1  Test Procedure 

A 4-inch-diameter and 4.584-inch-height sample was 

compacted at 100% of its optimum condition using the AASHTO 

Designation T-99 according to the FDOT requirements.  The 

sample was first subjected to a 5 psi initial cell pressure.  

The backpressure was then applied to the sample by 

simultaneously increasing the cell pressure and the influent 

and effluent pressures with an increasing rate of 5 psi for a 

minimum of two-hour interval until the sample reached a 95% 

degree of saturation, at which time the specimen should be 

considered to be adequately saturated.  The backpressure 

values were varied with different types of material.  Usually 

a backpressure value greater than 80 psi is sufficient to 

saturate the specimen.  Following the 95% saturation, the 

effective stress was raised from 5 psi to 7 psi, which is 

specified by the FDOT, for the consolidation.  

The Falling-Head Test was adopted for this testing 

program.  Three head pressures of 1 psi, 2 psi, and 3 psi 

were chosen according to different hydraulic conductivities 

of the specimens.  In addition to the 7 psi effective 



 

35 

pressure, the hydraulic conductivities under 14 psi and 21 

psi effective pressure were also monitored for further use. 

3.4.2  Determination of Permeability 

The Constant Tailwater Pressure (Method B) was used for 

the data reduction.   The hydraulic conductivity, k, can be 

calculated using the following formula. 









∆

=
2

1ln
h
h

tA
aLk   (3.3) 

Where, 

K  = Hydraulic Conductivity, cm/sec 

a  = cross-sectional area of the reservoir containing 

the influent liquid, m2 

L  = length of the specimen, m 

A  = cross-sectional area of the specimen, m2 

∆t = elapsed time between the determination of h1 and 

h2,second  

h1  = head loss across the specimen at time t1, m 

h2  = head loss across the specimen at time t2, m 
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Table 3.2  Compaction Work Sheet for Resilient Modulus Test 

Standard Proctor : 5.5 lb hammer, 12" Dropping distance, 8" height, 27 blows, 5 equal layers

Soil Basic Properties
District 2 OPT MOISTURE (OMC, %) 12

Soil Location Blue Rock Pit 4" STD MAX DENS. (DEN, pcf) 111.2

Material ID BR001 4" Mold Volume (8-in Height) (cf) 0.05817

Lab Number 21982-S Soil for each layer (lb) (Total 5 layers) 1.45

Soil Class A-3 LBR 36

Soil Description Black sand

Optimum Water Content
Initial water content
(A) Ceramic Bowl (lb) (B) Bowl+ Soil (lb) (C )Bowl+Dry Soil (lb) (D) Dry Soil (lb) (E) Water (lb) (F) Water Content (%)

0.0000

Water needed to reach Optimum Water content
(G) Metal Pan (lb) (H) Pan + Soil (lb) (I) Soil (lb) (J) Dry Soil (lb) (K) Water needed (lb)

1.433 17.7405 16.3075 16.3075 1.9569

Water content after mixing
(A) Ceramic Bowl (lb) (B) Bowl+ Soil (lb) (C )Bowl+Dry Soil (lb) (D) Dry Soil (lb) (E) Water (lb) (F) Water Content (%)

0.3485 0.7440 0.7015 0.3530 0.0425 12.0397

Water needed to reach Optimum Water content -0.0065 lb

Retest water content 
(A) Ceramic Bowl (lb) (B) Bowl+ Soil (lb) (C )Bowl+Dry Soil (lb) (D) Dry Soil (lb) (E) Water (lb) (F) Water Content (%)

Max. Dry Density
Sample 1 : BR001A1 Prepared Date : 12/18/2005 Prepared by : Ginger

(L) Mold + Soil (lb) (M) Mold (lb) (N) Soil (lb) (O) Dry Density (pcf) (P) Dry Density (pcf,corrected)

15.588 8.646 6.942 106.5157 NA

Water content after test
(A) Ceramic Bowl (lb) (B) Bowl+ Soil (lb) (C )Bowl+Dry Soil (lb) (D) Dry Soil (lb) (E) Water (lb) (F) Water Content (%)

0.348 0.7970 NA NA NA NA

MR Test Log Test Date : 12/18/2005 Tested by : Ginger
Test Parameter 88 Contact load 56 Stiffness N.

RM5 doesn't work

Sample 2 : BR001B2 Prepared Date : 12/18/2005 Prepared by : Ginger

(L) Mold + Soil (lb) (M) Mold (lb) (N) Soil (lb) (O) Dry Density (pcf) (P) Dry Density (pcf,corrected)

15.7685 8.876 6.8925 105.7562 105.4042467

Water content after test
(A) Ceramic Bowl (lb) (B) Bowl+ Soil (lb) (C )Bowl+Dry Soil (lb) (D) Dry Soil (lb) (E) Water (lb) (F) Water Content (%)

0.363 0.7705 0.7255 0.3625 0.0450 12.4138

MR Test Log Test Date : 12/18/2005 Tested by : Ginger

Test Parameter 89 Contact load 68

Use A1 paremeter to start and it doesn't work.  D gain too much cause unstable.  RM didn't change much from Seq. 1~13.  

Didn't adjust Seq. 6-10.  Overshooting at Seq. 13-15.

Compaction Work Sheet for Resilient Modulus
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   Table 3.3  AASHTO T307-99 Test Procedures for Granular Materials 

  Test AASHTO   T307-99 
Material Subgrade  Base/Subbase  

Procedure Confining 
Pressure 

Deviator 
Stress 

No. of Load 
Applications 

Confining 
Pressure 

Deviator 
Stress 

No. of Load 
Applications 

Unit kPa kPa   kPa kPa   
Specimen   
Condition 41.4 27.6 500-1000 103.4 103.4 500-1000 

41.4 13.8 100 20.7 20.7 100 
41.4 27.6 100 20.7 41.4 100 
41.4 41.4 100 20.7 62.1 100 
41.4 55.2 100 34.5 34.5 100 
41.4 68.9 100 34.5 68.9 100 
27.6 13.8 100 34.5 103.4 100 
27.6 27.6 100 68.9 68.9 100 
27.6 41.4 100 68.9 137.9 100 
27.6 55.2 100 68.9 206.8 100 
27.6 68.9 100 103.4 68.9 100 
13.8 13.8 100 103.4 103.4 100 
13.8 27.6 100 103.4 206.8 100 
13.8 41.4 100 137.9 103.4 100 
13.8 55.2 100 137.9 137.9 100 

15 Testing 
Sequences 

13.8 68.9 100 137.9 275.8 100 

     

 

 Table 3.4  AASHTO T307-99 Test Sequence for Subgrade Soil 

Confining Pressure Max. Axial Stress Cycle Stress Constant Stress No. of Load 
ApplicationsSequence 

No. 
kPa psi kPa psi kPa psi kPa psi 500 

0 41.4 6 27.6 4 24.8 3.6 2.8 0.4 100 
1 41.4 6 13.8 2 12.4 1.8 1.4 0.2 100 
2 41.4 6 27.6 4 24.8 3.6 2.8 0.4 100 
3 41.4 6 41.4 6 37.3 5.4 4.1 0.6 100 
4 41.4 6 55.2 8 49.7 7.2 5.5 0.8 100 
5 41.4 6 68.9 10 62 9 6.9 1 100 
6 27.6 4 13.8 2 12.4 1.8 1.4 0.2 100 
7 27.6 4 27.6 4 24.8 3.6 2.8 0.4 100 
8 27.6 4 41.4 6 37.3 5.4 4.1 0.6 100 
9 27.6 4 55.2 8 49.7 7.2 5.5 0.8 100 

10 27.6 4 68.9 10 62 9 6.9 1 100 
11 13.8 2 13.8 2 12.4 1.8 1.4 0.2 100 
12 13.8 2 27.6 4 24.8 3.6 2.8 0.4 100 
13 13.8 2 41.4 6 37.3 5.4 4.1 0.6 100 
14 13.8 2 55.2 8 49.7 7.2 5.5 0.8 100 
15 13.8 2 68.9 10 62 9 6.9 1 100 

Note: Load sequences 14 and 15 are not to be used for materials designated as Type 1. 
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Table 3.5  Output Data File for Resilient Modulus Test 

MTS793|MPT|ENU|1|2|.|/|:|1|0|0|A             
          
Data Acquisition     Time: 644.14624 Sec 
Ch 1 Force 2 Time RM 1 RM 2 Ch 1 Count RM 3 RM 4 RM 5 RM 6 
lbf Sec in in segments in in in In 

-25.439482 639.1687 0.016026491 0.018307414 1773 -0.002104864 0.006599932 0.007711109 -0.004444718
-2.4227951 639.70996 0.014676962 0.0173329 1774 -0.002269359 0.006599932 0.007754751 -0.004538715
-25.241348 640.16992 0.015999636 0.01828053 1776 -0.002111578 0.006593218 0.007704395 -0.004454789

-2.243341 640.43628 0.014670248 0.017306017 1777 -0.002266002 0.006589861 0.007754751 -0.004535358
-25.420183 641.16919 0.016026491 0.018287253 1779 -0.002114935 0.006596575 0.007697681 -0.004448075
-2.3185654 641.68262 0.014670248 0.017339621 1780 -0.002266002 0.006596575 0.007754751 -0.004532001
-25.165346 642.16943 0.015992921 0.01828053 1782 -0.002111578 0.006593218 0.007697681 -0.004454789
-2.3031259 642.7356 0.014650105 0.017346341 1783 -0.002262645 0.006593218 0.007758108 -0.004532001
-25.239399 643.17114 0.016006349 0.018307414 1785 -0.002108221 0.006596575 0.007707752 -0.004451432
-2.2212422 643.2251 0.014690391 0.017366504 1786 -0.002276073 0.006576433 0.007748037 -0.004542072
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 Table 3.6  Compaction Work Sheet for Permeability Test 

Standard Proctor : 5 lb hammer, 12" Dropping distance, 4.584" height, 25 blows, 3 equal layers

District 5 OPT MOISTURE (OMC, %) 11.8

Soil Location UFRES-3 4" STD MAX DENS. (DEN, pcf) 115.8

Material ID UF003 4" Mold Volume (5-in Height) (cf) 1/30

Lab Number 21889-S Soil for each layer (lb) (Total 5 layers) 1.44

Soil Class A-2-4 LBR 126

Soil Description

Sample 1 : UF003D Prepared Date : 9/22/2005 Prepared by : Mike

(A) Ceramic Bowl (lb) (B) Bowl+ Soil (lb) (C )Bowl+Dry Soil (lb) (D) Dry Soil (lb) (E) Water (lb) (F) Water Content (%)

0.29 0.558 0.531 0.241 0.0270 11.2033

(G) Metal Pan (lb) (H) Pan + Soil (lb) (I) Soil (lb) (J) Dry Soil (lb) (K) Water needed (lb)

1.4575 5.0155 4.5102 0.0269

Retset Water Content after Mixing

(A) Ceramic Bowl (lb) (B) Bowl+ Soil (lb) (C )Bowl+Dry Soil (lb) (D) Dry Soil (lb) (E) Water (lb) (F) Water Content (%)

0.2895 0.5105 0.4865 0.197 0.0240 12.1827

(L) Mold + Soil (lb) (M) Mold (lb) (N) Soil (lb) (O) Dry Density (pcf)

8.8275 4.5045 4.323 115.6060

Gs 2.643
e (Void Ratio) = (Gs * гw -  гd)/ гd 0.426597012
S (Degree of Saturation) = wGs/e 0.754786927
Required backpressure for 97% degree of saturation 70 psi

Remark
use 110 psi to get 98% saturation 

Compaction Work Sheet for Permeability
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 Figure 3.2  Resilient Modulus Test Setup  
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 Figure 3.3  Triaxial Cell Assembly for Resilient Modulus Test 
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Figure 3.4  Resilient Modulus Testing Software  
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 Figure 3.5  Permeability Testing Equipment 
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CHAPTER 4  
PRESENTATION OF EXPERIMENTAL RESULTS 

4.1  GENERAL 

The resilient modulus and permeability test results are 

presented in this chapter.  A total of 168 resilient modulus 

tests and 19 permeability tests were performed and the data 

were recorded in a Microsoft Excel file format for each test.  

The Excel data file for each resilient modulus test was then 

stored in a database using Microsoft Access.  Detailed 

presentations of the test data are described in the following 

sections.  In particular, the focus is on the presentation of 

the resilient modulus test results using the AASHTO 

Designation T307-99 test method. 

4.2  RESILIENT MODULUS TEST RESULTS 

Each resilient modulus test included 15 sets of modulus 

data corresponding to the various combinations of confining 

pressure and deviator stress when tested using the T307-99 

method.  The test results were presented in an MS Excel file, 

which included the resilient modulus data for each test 

sequence and two regression models, one for the resilient 

modulus versus bulk stress and the other one for the 

resilient modulus versus confining stress.  A typical summary 

sheet of the test data is presented in Table 4.1.  A typical 
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regression relationship between the resilient modulus and 

bulk stress is illustrated in Figure 4.1, while Figure 4.2 

demonstrates a typical regression relationship between the 

resilient modulus and confining pressure.  A complete set of 

test data files was stored in the enhanced resilient modulus 

database “MRAnalyzer” CD-ROM disk.  The individual file name 

indexes are summarized and attached in Appendix A. 

A summary of the resilient modulus test results together 

with other engineering properties is presented in Table 4.2.  

Some test data were left out due to the problems encountered 

during testing in the laboratory.  The average resilient 

modulus values at 2 psi confining pressure as well as at 11 

psi bulk stress were obtained for each soil material.  The 

resilient modulus values under the conditions of optimum 

moisture content (within +/- 0.5% for Type 2 materials, and 

+/- 1.0% for Type 1 materials) and maximum wet unit weight 

(within 97% range) were then selected and averaged to 

represent the average resilient modulus value at their 

optimum condition for each soil material.   

It should be noted that the resilient modulus test data 

were obtained based on the full-length, internal LVDT 

measurement.  According to a previous study (Ping and Hoang, 

1996), the resilient modulus obtained from the external-

mounted LVDT measurements will result in slightly lower 



 

48 

values than those obtained from the internal-mounted LVDT 

measurements.  The average resilient modulus ratio between 

the values obtained from the external and the internal LVDT 

measurements ranged from 0.87 at 3 psi confining pressure to 

0.69 at 20 psi confining pressure for A-3 soils.  For A-2-4 

soils, the average resilient modulus ratio could be higher.  

If the resilient modulus test data were obtained conforming 

to the AASHTO T-307 test procedure with external LVDT 

measurements, a 10% reduction of the resilient modulus test 

results should be applied to correct the difference between 

the external-mounted LVDT measurements and the internal-

mounted LVDT measurements at 2 psi confining pressure. 

4.3  POISSON’S RATIO TEST RESULTS 

The experimental setup of the resilient modulus test in 

the triaxial chamber was capable of measuring the horizontal 

deformations of the specimen under various stress conditions.  

The average value of the four measured horizontal 

deformations (εh) and the measured vertical deformations (εv) 

were used to calculate the Poisson’s ratio following Equation 

3.2.  The Poisson’s ratios were recorded in the raw data 

sheet for each test file.  Some of the Poisson’s ratios were 

found to be unstable in this study.  A wide range of values 

were measured for some identical specimens under various test 
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sequences.  A discussion of the Poisson’s ratio data is given 

in Chapter 5.  

4.4  PERMEABILITY TEST RESULTS 

A total of 19 permeability tests were performed in this 

study.  A typical data summary sheet for the permeability 

test is presented in Table 4.3.  A summary of all the 

permeability test results is presented in Table 4.4.  The 

file name indexes are also included in Table 4.4 for 

reference.  In addition to the Excel files, the test results 

were also saved in the database.    

The test materials contained a wide range of percent of 

fines (% passing sieve No. 200) varying from 2.0% to 34.8%.  

One permeability test for a subgrade material with 2.0% fines 

obtained from Polk Masaic Mine (FDOT District 1) failed and 

was not reported in the table.  For some A-3 soils (D1 Earth 

Source, D4 SR 60, and D2 Watson Pit) with permeability values 

greater than 1E-4 cm/sec and less than 1E-3 cm/sec, the water 

ran through the burettes with a faster speed during the test 

resulting in a shorter time to monitor the water flow.    

With an additional seven permeability tests from a 

previous project, a total of 25 permeability test data were 

available for further analysis.   



 

50 

4.5  DEVELOPMENT OF DATABASE 

A new database “MRAnalyzer.mdb” was established to 

enhance the manipulation of an early version of the resilient 

modulus database “soillab.mdb”.  The original table 

structures and all of the T-292 and T-294 resilient modulus 

test data were kept and imported to the new database.  To 

separate the T307-99 test results from the T-292 and T-294, 

all of the T307-99 test result data including the 15 test 

sequences for each test were saved in a table 

“MRTestT307Data” in the database.  The average resilient 

modulus values at the 2 psi confining pressure, along with 

the test conditions for each test, were then saved into the 

table “MRTestT307” for further analysis.  Results of the 168 

resilient modulus tests were added into the database 

“MRAnalyzer.mdb”.  A complete set of the resilient modulus 

test data is presented in the database. 

The new database “MRAnalyzer.mdb” was designed to easily 

access the resilient modulus test data and to correlate the 

resilient modulus with the soil material properties and other 

data analyses.  In addition to storing the resilient modulus 

test data, the Poisson’s ratio data were saved in the table 

“MRTestT307PRData” for further analysis.  The relationships 

among the tables in the database are presented in Figure 4.3 
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for information.  Some tables in the database were created by 

querying fields from other relational tables to make a new 

connection for analysis purposes.  A relational table listing 

all of its fields is presented in Appendix C.   

4.6  APPLICATION OF DATABASE 

To prevent any loss of the test data, the database was 

locked for viewing purpose only.  Users can not add, delete, 

or edit the data from the application.  A summary of the Main 

SwitchBoard was presented upon the opening of the database.  

Users without access authorization can only view the data.  

Figure 4.4 shows the on-open Main SwitchBoard.  Three main 

functions included in the Main SwitchBoard are Data 

Presentation, Data Analysis, and Data Report.  A help menu 

was also provided in the database.  

4.6.1  Data Presentation 

The resilient modulus test data were stored in two 

different tables.  The average resilient modulus values at 2 

psi confining pressure from the T307-99 test method were 

stored in a table “tblMRTestT307”, while those from the T-292 

and T-294 test methods were placed in another table 

“tblMRTestT292T294”.  Figure 4.5 shows the application 

interface for the “View Test Data” functions.  The 15 

resilient modulus test data for each sequence using the T307-
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99 are shown in Figure 4.6, while Figure 4.7 illustrates the 

relationship between the resilient modulus and confining 

pressure and Figure 4.8 demonstrates the relationship between 

the resilient modulus and bulk stress.  Figure 4.9 presents 

the 15 resilient modulus test data for each sequence using 

the T-292 and T-294 test procedures.  Each main table has a 

sub table to store the 15 sequences of test data points.  The 

sub tables are named “tblMRTestT307Data” and 

“tblMRTestT292T294Data”.  A total of 349 sets of resilient 

modulus test data, which included 181 sets of the T292T294 

data and 168 sets of the T307 data, were presented in the 

database.  Among those data sets, the T307 had a total of 123 

sets of reliable data, while the T292 had a total of 164 sets 

of reliable data and the T294 had only 17 sets of reliable 

data.  Among those reliable data sets, some were tested at 

their optimum conditions and some were not.  The total number 

of the reliable data sets representing the optimum conditions 

was 167.  The number of the average resilient modulus data 

sets at the optimum condition was 79 in total, which included 

33 data sets from T307 and 46 data sets from T292. A summary 

table listing the numbers of the tests and the numbers of 

materials for all situations is provided in Table 4.5.  A 

step-by-step user’s guide through the “MRAnalyzer.mdb” data 

application is presented in Appendix C for reference. 
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4.6.2  Data Analysis 

The analysis of relationships between resilient modulus 

and other soil properties can be performed interactively 

using the application.  The comparative analyses are further 

performed and discussed in Chapter 5.  A sub-menu of the 

“Data Analysis” window displays the available functions for 

retrieving resilient modulus and permeability test data with 

other soil parameters.  The interfaces are illustrated in 

Figure 4.10, Figure 4.11, and Figure 4.12. 

A step-by-step data analysis guide through the 

“MRAnalyzer.mdb” application is presented in Appendix C. 

4.6.3  Data Report 

The “MRAnalyzer.mdb” application can be used to produce 

the test report according to user’s request.  Two default 

reports of the table structure and the permeability test 

summary table were included in the database.  Figure 4.13 

shows the available report functions.  A typical database 

test report is presented in Figure 4.14.  However, users can 

build their own test reports according to their needs using 

the “report” function in the database.  

A step-by-step user’s guide through the “MRAnalyzer.mdb” 

application is attached in Appendix C. 

 

 



 

54 

Table 4.1  Typical Data Summary Sheet for Resilient Modulus Test 

SAMPLE ID: BR001 TEST NO: G1
PROJECT ID: SPECIMEN PREPARATION DATE: 3/17/2006
LAB NO: 21982-S SPECIMEN DIAMETER, TOP, (in): 4
SOIL CLASS: A-3 SPECIMEN DIAMETER, MIDDLE, (in): 4
LBR 36 SPECIMEN DIAMETER, BOTTOM, (in): 4
STD OPT MOIST (%): 12 SPECIMEN HEIGHT (in): 8
STD MAX DRY DEN (pcf): 111.2 COMPACTION MC, (%): 12

COMPACTION DRY DEN, (pcf): 108.2
MC AFTER TESTING, (%): 11.9
TESTED BY: Ed
TEST DATE: 3/19/2006

PRECONDITION INFORMATION
CONFINING STRESS (psi): 6
MAX. AXIAL STRESS (psi): 4
REPETITIONS: 500

REMARKS:

TEST
SEQ. #

CONFINING
STRESS

MAX. AXIAL
STRESS

CONTACT
STRESS

CYCLIC
STRESS

BULK
STRESS

RESILIENT
STRAIN

RESILIENT
MODULUS

psi psi psi psi psi in/in psi
1 6 1.985086067 0.166794 1.818292 19.98509 8.2369E-05 22074.9523
2 6 3.972475191 0.2459177 3.726557 21.97248 0.00016524 22551.7332
3 6 5.986175064 0.2259307 5.760244 23.98618 0.00026726 21553.1254
4 6 8.020435191 0.2843707 7.736065 26.02044 0.00035954 21516.753
5 6 10.18190621 0.3853204 9.796586 28.18191 0.0004498 21779.8506
6 4 1.978941513 0.1655548 1.813387 13.97894 0.00012015 15092.1989
7 4 3.90490957 0.3673043 3.537605 15.90491 0.00022494 15727.0088
8 4 6.006731783 0.2856185 5.721113 18.00673 0.00035181 16262.1495
9 4 8.00892914 0.369064 7.639865 20.00893 0.00044299 17246.2202

10 4 10.22354363 0.4662066 9.757337 22.22354 0.0005393 18092.6819
11 2 1.985037882 0.1798429 1.805195 7.985038 0.00016852 10711.8962
12 2 3.994491672 0.3399264 3.654565 9.994492 0.00030925 11817.6759
13 2 6.043062994 0.356429 5.686634 12.04306 0.00044921 12659.1732
14 2 7.983940924 0.4412571 7.542684 13.98394 0.0005587 13500.498
15 2 7.983940924 0.4412571 7.542684 13.98394 0.0005587 13500.498

RESILIENT  MODULUS  TEST  RESULTS
SOILS  LABORATORY, FAMU-FSU COLLEGE OF ENGINEERING
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Table 4.5  Summary of Useful Test Data Points for Various Conditions and Test Methods 

  Test Method 

Test Condition T-292 T-294 T-307 Total 

Individual Test 164 17 168 349 

Reliable Individual Test 164 17 123 304 

Reliable Individual Test @ Optimum Condition 61 17 88 166 

Reliable Average Test @ Optimum Condition 46 17 33 96 
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Figure 4.1  Regression Model for Resilient Modulus versus Bulk Stress 
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Figure 4.2  Regression Model for Resilient Modulus versus Confining Stress (pressure) 
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Figure 4.4  Main Page of Database Application 

 
 

 

Figure 4.5  View MR Test Data Page of Database Application 
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Figure 4.6  Resilient Modulus Test Data from Test T307-99 Page of Database Application 
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Figure 4.7  Resilient Modulus versus Bulk Stress Page of Database Application 
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Figure 4.8  Resilient Modulus versus Confining Pressure Page of Database Application 
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Figure 4.9  Resilient Modulus from Test T292/T294 Page of Database Application 
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Figure 4.10  Analyze Test Data Page of Database Application 

 

 
Figure 4.11  Analyze Resilient Modulus Test Data Page of Database Application 
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Figure 4.12  Analyze Permeability Test Data Page of Database Application 

 
 

 

Figure 4.13  MR Test Data Report Page of Database Application 
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CHAPTER 5  
ANALYSES OF EXPERIMENTAL RESULTS 

5.1  GENERAL  

The laboratory test results are further analyzed in this 

chapter.  In order to have accurate analytical results, the 

data with a reasonable size of population were first grouped 

together according to the various test methods and material 

types.  These data groups were then checked carefully for 

possible anomalies.  The final analyses were performed based 

on the selected data for different material types and test 

conditions.  The resilient modulus prediction model proposed 

by Zhang (2004) was verified by comparing the laboratory 

measured resilient modulus with the resilient modulus value 

obtained from the model.  An improved resilient modulus 

prediction model was also proposed based on the available 

data in the database. 

5.2  SELECTION PROCESS OF RESILIENT MODULUS TEST DATA  

A total of 349 sets of resilient modulus test data with 

117 various types of soil materials were stored in the 

database.  The database included the resilient modulus test 

data from the AASHTO T307-99, T292-91I, and T294-92 test 

methods.  The T307-99 and T292-91I test data were chosen for 

further analysis, but the T294-92 data were excluded due to 
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an insufficient data population size.  Xiong (2003) suggested 

that the T292-91I test procedure is more reliable for 

simulating soil conditions in the pavement, which is under a 

low in-situ confining stress.  Both the T292-91I and T307-99 

test procedures are performed under an identical lowest 

confining pressure at 2 psi, which simulates closely with the 

low in-situ confining stress in the pavement and allows the 

resilient modulus values with an identical condition to give 

further comparison and analysis.  In addition, it should be 

noted that the test conditions from T292-91I were performed 

on the samples compacted at the modified Proctor condition 

(AASHTO T-180), while the test data from the T307-99 

procedure were obtained using the standard Proctor compacted 

condition (AASHTO T-99).  This variation in the test 

condition gave a higher resilient modulus value for the T292-

91I test than that from the T307-99 test on an identical type 

of material.  There were 164 test data points from the T292-

94 test and 168 data points from the T307-99 test, and that 

amounted to a total of 332 resilient modulus test data 

points.  In this study, the majority of the material types 

are the A-2-4, A-2-6, and A-3 soils.  Only those three types 

of soils were selected for further analysis. 
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5.3  TEST DATA ANOMALIES 

Many factors could affect the resilient modulus test 

results.  For some tests, the results were reliable and could 

be used for further analyses, while the others were not and 

should be excluded form the analyses.   Yau and Von Quintus 

(2002) conducted an evaluation regarding those influencing 

factors on the resilient moudulus.  The factors included 

sampling technique, sample preparation method, testing 

equipment, testing method, testing program configuration, 

testing environmental conditions (noise, vibration, etc.) and 

the errors that could occur during the testing program either 

by the operator or the machine itself.  Some of the errors 

included an incorrect calibration of the load cell, signal 

noise interference, incorrect conditioning/stress sequence, 

leaks in the membrane, incorrect stress levels, unstable 

Linear Variable Differential Transducer (LVDT) clamps 

attached to the specimen, exceeding the LVDT linear range 

limits, incorrect LVDT readings due to fractioned contact, 

and specimen disturbance at the higher stress states.  Any 

data anomaly could occur due to the above referenced errors.  

The determination of anomalies in the database was based on 

the observations during the testing.  The anomalies were 

screened out to ensure data quality and to identify any bias 

between different data sets.  
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The data selected for analysis fall into two groups.  

Group I data consist of all the test data from the previous 

projects using the T292-91I test method, while Group II data 

consist of the data from the T307-99 test performed in the 

current project.  Since there was no evidence showing any 

anomaly in the data from the T292-91I test, it is assumed 

that all the data obtained from the previous projects are 

reliable data and eligible for further analysis.  The 

processing of anomaly identification only applied to the data 

obtained from the T307-99 test method in this project. 

A detailed description of the anomalies is summarized in 

Appendix D.  The possible causes along with the type of 

anomalies are summarized in Table 5.1.  The tests flagged as 

the anomalies are summarized and presented in Table 5.2.  The 

test data were reduced to a total of 123 data points for the 

T307-99 test and 164 data points for the T292-91I test. 

5.4  REPRESENTATIVE DATA FOR ANALYSIS 

In the beginning of the testing program, the soil 

samples were prepared using the Modified Proctor compaction.  

Subsequently, the FDOT placed a request to prepare the 

samples using the 100% maximum dry unit weight of the 4-inch 

T-99 (Standard Proctor compaction) test.  The compaction 

efforts of preparing the soil samples were then adjusted to 
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adapt to the requested change of compaction procedure (T-99).  

The test data from the specimens that contained the moisture 

within +/- 1.0 percent of the optimum moisture content and 

the laboratory compacted wet unit weight within +/- 3.0 

percent of the maximum wet unit weight of the AASHTO T-99 

were used to represent the resilient modulus data for 

analysis at the optimum condition.  The representative data 

points at the optimum condition were 89 sets for the T307-99 

test and 61 sets for the T292-91I test. 

The resilient modulus values at the 2 psi confining 

pressure and 6 psi deviator stress for a similar type of soil 

material were obtained from the representative data sets and 

then merged to get the average resilient modulus value for 

the soil material.  The representative data points for the 

average resilient modulus at the optimum condition were 33 

sets for the T307-99 test and 46 sets for the T292-91I test.  

The averaged resilient modulus values at the optimum 

condition are summarized in Table 5.3 and Table 5.4 for each 

type of soil materials. 

The representative data sets at the optimum condition 

were used for the analysis of relationships between the 

resilient modulus and basic soil properties including those 

factors such as water content and unit weight of the 

material.  The representative data selected for analysis were 
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further categorized into different groups according to their 

classification.  Three major categories, i.e., A-3, A-2-4, 

and A-2-6 soils, were chosen for further detailed analysis. 

A summary of the data sets available for various 

material types and test methods in the database is listed in 

Table 5.5. A summary of the available data points on each 

material property for different test methods in the database 

is presented in Table 5.6. 

5.5  ANALYSIS OF RESILIENT MODULUS TEST RESULTS 

Two groups of resilient modulus test data were selected 

for analysis.  One group of data involved the resilient 

modulus test data based on the strain measurements using the 

internal LVDTs at the full length following the T307-99 test 

method, and the other group of data involved those test data 

from the T292-91I test with the strain measurements under the 

identical LVDT position as in the T307-99 test.  Both test 

methods include test sequences that are under the identical 

LVDTs measurement position and stress path.  The test 

sequences were run from a higher confining pressure to a 

lower confining pressure.  A comparison of the test sequences 

and stress conditions from the two methods is provided in 

Table 5.7.  It should be noted that the specimens used in the 

design highwater project were prepared using the Modified 



 

79 

Proctor compaction, which gave slightly higher unit weight 

values than the other specimens compacted under the Standard 

Proctor compaction. 

The following sections focus on the effect of the basic 

soil physical properties on the resilient modulus. 

5.5.1  Effect of Moisture Content 

A total of 231 data points are presented in Figure 5.1 

to show the relationship between the resilient modulus and 

moisture content.  There are 110 data points from the T307-99 

and 121 points from the T292-91I.  The moisture content of 

the wet, optimum, and dry compacted conditions are all 

presented in the figure.  The T292-91I had a wide range of 

the moisture content, and showed a trend of the resilient 

modulus decreasing with an increase in the moisture content 

for the A-2-4 soils.  Most of the resilient modulus values 

were within the range from 24,000 psi to 10,000 psi for the 

T292-91I test, and within the range from 17,000 psi to 8,500 

psi for the T307-99 test data. 

At the optimum condition as shown in Figure 5.2, the 

resilient modulus values from the T292-91I revealed a trend 

that the resilient modulus decreased with an increase in the 

moisture content, while the data from the T307-99 showed no 

significant trend.  The average resilient modulus values 
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(Tables 5.3 and 5.4) at the optimum condition are presented 

in Figure 5.3 with 73 data points for illustration. 

5.5.2  Effect of Dry Unit Weight 

A total of 229 data points are presented in Figure 5.4 

to show the relationship between the resilient modulus and 

dry unit weight.  There are 110 data points from the T307-99 

test and 119 from the T292-91I test.  The data showed that 

the resilient modulus increased with an increase in the dry 

unit weight for both A-2-4 and A-2-6 soils.  For the A-3 

soils, the effect of dry unit weight on the resilient modulus 

became insignificant. 

At the optimum condition (Figure 5.5), the resilient 

modulus increased with an increase in the maximum dry unit 

weight for the A-2-4 and A-3 soils.  However, the data from 

the T307-99 showed no definite trend for this effect.  The 

average resilient modulus values are illustrated in Figure 

5.6. 

5.5.3  Effect of Percent Fines 

A total of 95 test data points are presented in Figure 

5.7 to show the relationship between the resilient modulus 

and percent of fines passing the #200 sieve. The average 

resilient modulus versus percent of fines passing the #200 

sieve for each soil is illustrated in Figure 5.8.  The 
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scattered data show a lack of correlation between the 

resilient modulus and percent of fines. 

5.5.4  Effect of Percent of Clay 

A total of 52 test data points are presented in Figure 

5.9 to demonstrate the relationship between the resilient 

modulus and percent of clay content.  The average resilient 

modulus versus percent of clay content for each soil is 

illustrated in Figure 5.10. For the A-2-4 soils, the percent 

of clay content had a slight effect on the resilient modulus, 

i.e., the resilient modulus increased with an increase in the 

percent of clay content. 

5.5.5  Effect of LBR 

A total of 132 test data points are presented in Figure 

5.11 to show the relationship between the resilient modulus 

and LBR.  The average resilient modulus versus LBR for each 

soil is illustrated in Figure 5.12. No relationship existed 

between the resilient modulus and LBR values for the A-3 

soils.  For the T292-91I test data, it appeared that the 

resilient modulus increased with an increase in the LBR for 

the A-2-4 soils.  For the T307-99 test data, A-2-4 soils did 

not show any definite trend.  The LBR may not be a reliable 

indicator for predicting resilient modulus values. 
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5.5.6  Effect of Coefficient of Curvature  

A total of 52 test data points are presented in Figure 

5.13 to demonstrate the relationship between resilient 

modulus and coefficient of curvature (Cc).  The average 

resilient modulus versus coefficient of curvature (Cc) for 

each soil is presented in Figure 5.14.  The data are very 

scattered and the resilient modulus values are not correlated 

very well with the coefficient of curvature for either the A-

2-4 or A-3 soils.  For well-graded sandy soils, the 

coefficient of curvature should be between about 1 and 3.  

With the coefficient of curvature ranging from 0.6 to 1.5 for 

the A-3 soils in this study, the A-3 soils are classified as 

poorly-graded granular materials. 

5.5.7  Effect of Uniformity Coefficient 

A total of 52 test data points are presented in Figure 

5.15 to demonstrate the relationship between resilient 

modulus and uniformity coefficient (Cu). The average resilient 

modulus versus uniformity coefficient (Cu) for each soil is 

illustrated in Figure 5.16. The data are very scattered and 

no definite correlation exists between the uniformity 

coefficient and resilient modulus. For well-graded sandy 

soils, the uniformity coefficient should be greater than 6.  
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Again, the data indicate that most A-3 soils are poorly-

graded. 

5.5.8  Effect of Plasticity Index 

A total of 14 data points of the A-2-6 soil, that are 

cohesive with plastic index values, are presented in Figure 

5.17 to demonstrate the relationship between resilient 

modulus and plasticity index.  The average resilient modulus 

versus plasticity index for each soil is illustrated in 

Figure 5.18. There are not enough data points to evaluate the 

effect of plasticity index on resilient modulus.  Most  

Florida pavement soils are granular materials, such as the A-

3 and A-2-4 soils. 

5.5.9  Effect of Permeability 

A total of 63 test data points are presented in Figure 

5.19 to demonstrate the relationship between resilient 

modulus and permeability.  The average resilient modulus 

versus permeability for each soil is illustrated in Figure 

5.20. The data are very scattered and no definite 

correlations exist between the resilient modulus and 

permeability values.  The data show that the A-3 soils have 

higher permeability values than the A-2-4 and A-2-6 soils. 
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5.5.10  Poisson’s Ratio Test Results 

The Poisson’s ratio can be obtained from the resilient 

modulus test.  Some Poisson’s ratio data were found to be 

unstable in this study.  A wide range of values were found 

with the same specimen under various test sequences.  The 

ranges of the Poisson’s ratio values for each soil material 

are presented in Figure 5.21.  Figure 5.22 shows the average 

Poisson’s ratio value for the A-3, A-2-4, and A-2-6 soils.  

In general, Poisson’s ratio value increased with an increase 

in the deviator stress.  There is no significant correlation 

between the Poisson’s ratio and confining stress. 

5.6  LABORATORY PERMEABILITY TEST RESULTS 

The permeability test results are summarized in Table 

5.8. There are 25 tests in total with seven tests from a 

previous project “Design High Water” and 18 tests from the 

current database project.  Typical relationships between 

permeability and moisture content, and between dry unit 

weight and moisture content, are illustrated in Figure 5.23.  

Typical ranges of permeability values are presented in Figure 

5.24 for some soil and rock formation. 

The relationships between the permeability and the 

percent of fines are shown in Figure 5.25.  The trend shows 

that the permeability value decreases with an increase in 
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percent of fines.  The permeability test results show that 

the percent of fines is a good indicator of predicting the 

soil permeability.  The relationships between the 

permeability and the percent of clay content are illustrated 

in Figure 5.26.  A similar trend is shown that the 

permeability value decreases with an increase in the percent 

of fines or the percent of clay.  The same trend is also 

observed for the relationship between permeability and dry 

unit weight shown in Figure 5.27. 

A regression equation may be drawn based on the 

correlation relationships between the permeability and the 

percent of fines and the percent of clay.  The soil 

permeability may be correlated with the percent of fines 

using the following regression equation: 

K = 0.0018e-0.2681(P200) (5.1) 

Where,  

K = Coefficient of permeability, cm/sec 

P200 = Percent of fines passing sieve No.200, percent 

The regression equation for the relationship between the soil 

permeability and percent of clay content may be presented as 

follows: 

K = 0.0003e-0.2877(Clay) (5.2) 

Where,  
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K = Coefficient of permeability, cm/sec 

Clay = Percent of clay content, percent 

The relationships between permeability and the 

coefficient of curvature, uniformity coefficient, and plastic 

index are shown in Figure 5.28, Figure 5.29, and Figure 5.30.  

The data shown in Figure 5.28 indicate that the permeability 

value decreases with an increase in the coefficient of 

curvature.  No other significant correlations are observed in 

Figure 5.29 and Figure 5.30. 

5.7  RESILIENT MODULUS PREDICTION MODEL PROPOSED BY ZHANG 

Among the prediction models reviewed in Chapter 2, the 

model proposed by Zhang (2004) was selected to evaluate the 

resilient modulus rest results in this study.  The prediction 

equation (Equation 2.10) is presented again as follows: 

)(*119.0)(*0243.0)(*0108.0)(*041.001.2)ln( cur CCM −++−= ρω  (5.3) 

Where,  

rM = Resilient modulus in ksi, at 2 psi confining 

pressure 

Cc = Coefficient of Curvature 

Cu = Uniformity Coefficient  

ω = Gravimetric moisture content in percentage (0~100) 

ρ = Dry unit weight in pcf 
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This model was established based on selected Florida 

granular materials.  The four variables were water content, 

dry unit weight, uniformity coefficient, and coefficient of 

curvature of gradation, and were used to correlate with the 

resilient modulus test results in a previous study.  The 

sample population had a reasonable range of percent of fines 

passing No.200 sieve varying from 8% to 24%.  It should be 

noted that the compaction characteristics were determined in 

the laboratory using the Modified Proctor (AASHTO T-180) 

method instead of the Standard Proctor (AASHTO T-99) method 

as in the current project.  This factor should be taken into 

consideration when comparing the laboratory resilient modulus 

test results with the resilient modulus obtained from the 

prediction model.   

The resilient modulus values derived from the Equation 

5.3 were recorded in the database “MRAnalyzer.mdb” under the 

table designated as Table “tblZhang”.  Upon review of the 

data, the resilient modulus test data for the test No. Mdf-

Dry-1 of the SR70-A24 material was not reasonable and should 

be excluded from analysis.  It was also found that all A-1 

materials had a significantly different predicted resilient 

modulus from the laboratory resilient modulus.  Since the 

prediction model proposed by Zhang was developed using only 

the A-2-4 and A-3 materials, any materials other than these 
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two basic types should not be included for analysis.  A 

summary of the comparisons between the laboratory resilient 

modulus and the predicted values is presented in Table 5.9.  

A summary is also presented in Table 5.10 to show the 

differences between the laboratory resilient modulus and 

predicted resilient modulus values for those materials that 

are not represented well by Equation 5.3. 

The laboratory resilient modulus versus the predicted 

resilient modulus is shown in Figure 5.31.  The comparison 

between the laboratory resilient modulus and the predicted 

resilient modulus at the optimum condition is shown in Figure 

5.32.  For the 86 data points in Figure 5.31, 66 data points 

(77%) fall within the range of +/- 3,000 psi from the 

measured resilient modulus.  For the 52 data points in Figure 

5.32 at the optimum condition, 42 data points (81%) fall 

within the range of +/-3,000 psi from the measured resilient 

modulus.  In terms of the ratio between the predicted 

resilient modulus and the laboratory resilient modulus, 69 

out of 86 data points are within the range between 1.25 and 

0.75 (+/- 25%) as shown in Figure 5.33.   

The ratios of the predicted resilient modulus over the 

laboratory resilient modulus versus various parameters are 

illustrated in Figure 5.33, Figure 5.34, Figure 5.35, Figure 

5.36, Figure 5.37, and Figure 5.38. A comparison of the 
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ratios versus various parameters is presented in Figure 5.39.  

From Zhang’s model, the most significant parameter is the dry 

unit weight, which has more influence than the other three 

parameters.  This effect may be observed from Figure 5.39. 
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Table 5.1  Anomaly Type Index 

Cause of Anomalies Anomaly 
Type 

R-square value of the regression model between resilient modulus and bulk stress is 
less than 0.5 1 

Tests were not done under right confining pressure 2 

Deformation exceeded the designed limits 3 

Not the first test on the sample 4 

Test results were not repeatable 5 

Contact load was higher than the normal value of 70 ~ 80 lbs 6 

Sample was not prepared at the optimum condition of T-99 7 

Other Contributors 8 
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Table 5.2  Anomalies Suspected for Test Samples 

Sample ID Test No. Anomaly Type Remarks 

AP001 C1 1,2   
AP001 D1 1,2   
AP001 E3 1,2,4   
AP001 F1 1,2,6   
AP001 G1 1,2   
AP001 H1 1,2   
AP001 K3 4   
BF001 A1 1,2   
BF001 B5 2,4,5   
BF002 A5 2,4   
BF002 B3 1,2,4,6   
BR001 B2 4,7 LVDTs didn't work properly 
BR001 D1 2   
BR001 E1 2   
FF001 A1 1,2,8 LVDT3, and 5 did not work properly 
FF001 B1 1,2   
FF001 C1 1,2   
FF001 D2 1,2,4   
FF001 D3 1,2,4   
LS001 B1 7   
MIC001 B2 4,7   
MM001 B1 2,7   
SC001 D2 2,4   
SC001 E1 7,8 Stopped at Seq. 14 
SR1501 A1 7,8 LVDT2 did not work properly 
SR6001 D1 8 Machine shut down at the last sequence. 
SR8001 A1 5   
SR8001 C2 2,5   
SR82601 C1 5   
UF001 A1 1,2,7   
UF001 A2 1,2,4,7   
UF001 A3 1,2,4,7   
UF001 B1 1,2   
UF002 A1 1,2   
UF002 B1 1,2   
UF002 J1 8 Test terminated at Seq. 10 
UF003 A1 1,2,7   
UF003 B1 1,2,7,8 Lost data on Sequence 1 
UF003 C1 1,2,8 Lost data on Sequences 1, 14, 15 
UF003 G1 7,8 Deviator stress was out of accepted range 
UF003 I1 3   
UF003 J1 3   
US1901 C1 5   
US1901 D1 5   
WT001 B1 3   
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Table 5.7  Comparison of the Test Procedures for Test Method T292-91I and T307-99 

Test AASHTO    T 292-91I AASHTO   T307-99 

Material Subgrade Subgrade 

Procedure Confining 
Pressure

Deviator 
Stress 

Load 
Number 

Confining 
Pressure

Deviator 
Stress 

Load 
Number 

Unit psi psi  psi psi  

Specimen   
Condition 15 12 1000 6 4 500 

1 15 7 50 6 2 100 

2 15 10 50 6 4 100 

3 15 15 50 6 6 100 

4 10 5 50 6 8 100 

5 10 7 50 6 10 100 

6 10 10 50 4 2 100 

7 10 15 50 4 4 100 

8 5 3 50 4 6 100 

9 5 5 50 4 8 100 

10 5 7 50 4 10 100 

11 5 10 50 2 2 100 

12 2 3 50 2 4 100 

13 2 5 50 2 6 100 

14 2 7 50 2 8 100 
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Figure 5.1  Resilient Modulus versus Moisture Content for 231 data points 
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Figure 5.2  Resilient Modulus versus Optimum Moisture Content for 137 data points 
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Figure 5.3  Average Resilient Modulus versus Optimum Moisture Content for 73 data points 
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Figure 5.4  Resilient Modulus versus Dry Unit Weight for 229 data points 
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Figure 5.5  Resilient Modulus versus Dry Unit Weight @ Optimum Condition for 135 data points 
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Figure 5.6  Average Resilient Modulus versus Dry Unit Weight @ Optimum Condition for 72 data 
points 



 

102 

 

Percent  Passing Sieve No. 200, %

R
es

ili
en

t 
M

od
ul

us
, p

si

3020100

20000

15000

10000
9000
8000

3020100
T292 T307

A-2-4
A-2-6
A-3

Classification

Panel variable: TestMethod

Resi l ient  Modulus  vs  Percent  Passing Sieve No. 200
(95 Individual MR Tests @ 2 Confining Pressure, Opt. Condition)

 
Figure 5.7  Resilient Modulus versus Percent of Fines @ Optimum Condition for 95 data points 
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Figure 5.8  Average Resilient Modulus versus Percent of Fines @ Optimum Condition for 36 data 
points 
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Figure 5.9  Resilient Modulus versus Percent of Clay @ Optimum Condition for 52 data points 
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Figure 5.10  Average Resilient Modulus versus Percent of Clay @ Optimum Condition for 18 data 
points 
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Figure 5.11  Resilient Modulus versus LBR @ Optimum Condition for 132 data points 

 

LBR

R
es

ili
en

t 
M

od
ul

us
, p

si

16012080400

30000

20000

15000

10000
9000

8000

7000

16012080400
T292 T307

A-2-4
A-2-6
A-3

Classification

Panel variable: TestMethod

Resi l ient  Modulus  vs  LBR
(68 Average MR Tests @ 2 psi Confining Pressure, Opt. condition)

 
Figure 5.12  Average Resilient Modulus versus LBR @ Optimum Condition for 68 data points 
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Figure 5.13  Resilient Modulus versus Coefficient of Curvature (Cc) @ Optimum Condition for 52 
data points 
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Figure 5.14  Average Resilient Modulus versus Coefficient of Curvature (Cc) @ Optimum Condition 
for 18 data points 
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Figure 5.15  Resilient Modulus versus Uniformity Coefficient (Cu) @ Optimum Condition for 52 data 
points 
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Figure 5.16  Average Resilient Modulus versus Uniformity Coefficient (Cu) @ Optimum Condition for 
18 data points 



 

107 

 

Plast ic I ndex

R
es

ili
en

t 
M

od
ul

us
, p

si

15.012.510.07.55.0

28000
26000

24000
22000
20000
18000
16000
14000
12000
10000

15.012.510.07.55.0
T292 T307

A-2-4
A-2-6
A-3

Classification

Panel variable: TestMethod

(14 Individual MR Tests @ 2 Confining Pressure, Opt. Condition)

Resi l ient  Modulus  vs  Plast ic I ndex

 
Figure 5.17  Resilient Modulus versus Plastic Index @ Optimum Condition for 14 data points 
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Figure 5.18  Average Resilient Modulus versus Plastic Index @ Optimum Condition for 4 data points 
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Figure 5.19  Resilient Modulus versus Permeability @ Optimum Condition for 63 data points 
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Figure 5.20  Average Resilient Modulus versus Permeability @ Optimum Condition for22 data points 
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Figure 5.21  Poisson�s Ratio Value for each Soil Material 
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Figure 5.22  Average Poisson�s Ratio for A-3, A-2-4, and A-2-6 Soils 
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Figure 5.23  Typical Relationships between Permeability and Moisture Content, Dry Unit Weight 

 
 

 
 

Figure 5.24  Typical Range for the Permeability Coefficient on Different Material Types 
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Figure 5.25  Permeability versus Percent of Fines 
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Figure 5.26  Permeability versus Percent of Clay 
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Figure 5.27  Permeability versus Dry Unit Weight  
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Figure 5.28  Permeability versus Coefficient of Curvature  
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Figure 5.29  Permeability vs Uniformity Coefficient  

 

Plast ici t y I ndex

P
er

m
ea

bi
lit

y,
 c

m
/s

ec

141312111098765

1E-05

1E-06

1E-07

MR Test Database Program

Permeabi l i t y  vs.  Plast ici t y I ndex

 
Figure 5.30  Permeability vs Plasticity Index 
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Figure 5.31  Lab Measured Resilient Modulus versus Predicted Resilient Modulus (Zhang�s Model) 
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Figure 5.32  Lab Measured Resilient Modulus versus Predicted Resilient Modulus @ Optimum 
Condition (Zhang�s Model) 
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Figure 5.33  Ratio of Predicted MR over Lab MR versus Lab MR (Zhang�s Model) 
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Figure 5.34  Ratio of Predicted MR over Lab MR versus Lab MR @ Optimum Condition (Zhang�s 
Model) 
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Figure 5.35  Ratio of Predicted MR over Lab MR versus Moisture Content (Zhang�s Model) 
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Figure 5.36  Ratio of Predicted MR over Lab MR versus Moisture Content at Optimum Condition 
(Zhang�s Model) 



 

117 

 

Dry Unit  Weight , pcf

P
re

di
ct

ed
 M

R
 /

 L
ab

 M
R

125120115110105100

2.0

1.5

1.0

0.5

0.0

1

1.25

0.75

A-2-4
A-3

Classification

Predict ed MR /  Lab MR  vs  Dry Unit  Weight
(86 Individual MR Test Data @ 2 psi Confining Pressure)

 
Figure 5.37  Ratio of Predicted MR over Lab MR versus Dry Unit Weight (Zhang�s Model) 
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Figure 5.38  Ratio of Predicted MR over Lab MR versus Dry Unit Weight at Optimum Condition 
(Zhang�s Model)  
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CHAPTER 6  
RESILIENT MODULUS PREDICTION MODELS 

6.1  GENERAL 

The general purpose of multiple regression analysis is 

to learn more about the relationship between several 

independent or predictor variables and a dependent or 

criterion variable. In general, multiple regression allows 

the researcher to ask (and hopefully answer) the general 

question “what is the best predictor of …?”.  

In the multivariate case, when there is more than one 

independent variable, the regression line cannot be 

visualized in a two dimensional space, but can be computed 

just as easily. In general then, multiple regression 

procedures will estimate a linear equation of the form: 

εββββ +++++= kk xxxy L22110                   (6.1) 

The smaller the variability of the residual values 

around the regression line relative to the overall 

variability, the better is our prediction. The R-square value 

is an indicator of how well the model fits the data (e.g., an 

R-square value close to 1.0 indicates that most of the 

variability with the variables specified in the model have 

been accounted for).  More information about multiple 

regression analysis may be found in Appendix E. 
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6.2  SELECTION OF MR REGRESSION VARIABLES 

The purpose of a regression model is to use some 

parameters to predict another value (called response). In the 

laboratory resilient modulus test, it is difficult and time 

consuming to conduct a test to obtain resilient modulus 

values, but it is easier to obtain basic soil properties such 

as the percentage of fines, the gradation curve, and moisture 

content, etc.  If more parameters are added in the multiple 

regression model, the resulting prediction model will be more 

accurate. 

The selection of the predicting parameters was based on 

the availability of the basic soil properties in the 

database.  The resilient modulus values under the stress 

state of 2 psi confining stress and 6 psi deviator stress 

were selected for analysis.  Nine basic soil properties were 

available for analysis, and they are moisture content, dry 

unit weight, percent of fines, percent of clay content, LBR, 

coefficient of curvature, uniformity coefficient, plasticity 

index, and permeability.  The parameter plasticity index was 

removed from analysis due to the limited data points.  The 

selected eight parameters were evaluated employing the method 

of the backward, stepwise regression analysis to identify the 

important variables.  A detailed procedure of the stepwise 

analysis is further described in Section 6.4, and the 
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analyzed results are attached in Appendix E.  The results 

were then adjusted according to the observations in section 

5.5. 

6.3  MODEL SAMPLE POPULATION 

The analysis from the section 5.5 showed that the 

correlations between resilient modulus and some soil 

properties might have different trends for A-3 and A-2-4 

soils.  Therefore, one prediction model was developed to 

include the combination of the A-3 and A-2-4 soils, and two 

separate models were also considered for the A-3 and A-2-4 

soils, respectively.  The available number of data points on 

each variable for the A-3 and A-2-4 soils was presented in 

Table 6.1.  The final data population was determined based on 

the selected parameters. 

6.4  STATISTICAL ANALYSIS TOOL 

The multiple regression analyses were performed using 

the statistical software, Minitab Release 14, to correlate 

the physical properties of the soils with the resilient 

modulus.  To identify the important parameters, the stepwise 

regression analyses were performed for the purpose of 

identifying a useful subset of the predictors.  The Minitab 

provides three commonly used procedures: standard stepwise 

regression (adds and removes variables), forward selection 
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(adds variables), and backward elimination (removes 

variables).  The backward method with the criteria of α 

equals to 0.1 was chosen to obtain the predictors.   

Three stepwise analyses were performed to find the most 

significant predictors.  The proposed predictors were used to 

start the regression analysis.  The regression analyses were 

performed until the best results showed.  The final selected 

variables (parameters) for the multiple regression analysis 

are presented in Table 6.2.  Results show that the moisture 

content had the most significant influence on the resilient 

modulus, while the dry unit weight had the least significant 

influence on the resilient modulus.  The detailed analysis 

may be found in Appendix E. 

6.5  RESILIENT MODULUS PREDICTION MODEL 

In the multiple regression model, if the model 

coefficient of determination is closer to 1, the form of the 

response and predictors can be changed to reciprocal value, 

logarithm value, or others.  The selection of multiple 

regression equation form basically followed the model 

proposed by Zhang (2004).  The variables were selected 

according to the importance of the influence factors which 

were indicated by the stepwise analysis results and the 

analysis findings in Section 5.5. 
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From the laboratory resilient modulus test results, 

different resilient modulus values were obtained for each 

soil according to different conditions.  The logarithm value 

of the full-length resilient modulus under the stress state 

of 2 psi confining stress and 6 psi deviator stress was 

chosen as the model responses.  After the regression model 

was developed, the usability of the model was then checked 

through the analysis of variance F-test.  A detailed theory 

of the F-test can be seen in Appendix E. 

The development processes of the regression models are 

discussed in the following sections.  

6.5.1  Development of Prediction Model for A-3 Soils 

From the stepwise analysis (see Appendix E, Table E.1), 

the moisture content and permeability were found to be the 

most important factors for the A-3 soils.  The first trial of 

the regression analysis (see Appendix E, Table E.2) used 

those two parameters as the predictors.  The regression 

analysis showed an R-square value of 24.4%, which is 

relatively low and considered to be failed. 

By incorporating more predictors, the R-square value may 

be increased.  The second trial added four more predictors, 

i.e., the percent of fines, coefficient of curvature (Cc), 

uniformity coefficient (Cu), and dry unit weight, which are 
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relatively easy to obtain in the laboratory.  The results 

showed an R-square value of 50.0% and an F-value of 2.67 (see 

Appendix E, Table E.3).  The required F value to reject the 

null hypothesis based on the alpha value of 0.05 is 2.7413.  

The F-value of 2.67 of the model was too low to reject the 

null hypothesis.  Thus, this model was considered to be 

failed again.   

By further adding and removing predictors from the 

initially selected eight parameters, the final regression 

model (see Appendix E, Table E.4) was based on the properties 

of coefficient of curvature (Cc), moisture content, and 

permeability.   The regression equation is shown as follows:   

kCM cr 4.710123.0161.05.9)ln( +−+= ω  (6.2) 

Where,  

rM  = Resilient modulus in psi, at 2 psi confining 

pressure 

Cc  = Coefficient of curvature 

ω  = Optimum gravimetric moisture content in percentage 

(0~100) as determined by AASHTO T-99  

k  = Coefficient of permeability in cm/sec 

This model had an R-square value of 47.3% and an F value of 

5.68, which is greater than the required F value with the 

alpha of 0.05 [F(0.05,3,19)=3.1274], and is considered to be 

a statistically useful model. 
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6.5.2  Development of Prediction Model for A-2-4 Soils 

From the stepwise analysis (see Appendix E, Table E.5), 

the moisture content, coefficient of curvature (Cc), 

uniformity coefficient (Cu), and percent of clay were found to 

be the most important factors for the A-2-4 soils.  The first 

trial (see Appendix E, Table E.6) used those four parameters 

as the predictors.  The regression analysis showed an R-

square value of 51.4% and the F value of 8.47, which is 

greater than the required F value with the alpha of 0.05 

[F(0.05,4,30)=2.6896].  This model is considered to be a 

statistically useful one. 

By incorporating more predictors, the R-square value can 

be further increased.  Since the properties of the percent of 

fines and dry unit weight are usually available, these two 

parameters were added in the second trial (see Appendix E, 

Table E.7) to check the R-square value.  The results showed 

an R-square value of 51.7% and an F value of 5.35.  It 

resulted in a slight improvement (0.3%) on the R-square, but 

with a much more significant decrease of the F value.  

Therefore, it appeared that the first trial should be 

considered to be a suitable model for the A-2-4 Soils. The 

regression equation is shown as follows:  
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ClayCCM ucr 0337.00414.00118.00593.087.9)ln( +−+−= ω  (6.3) 

Where,  

rM  = Resilient modulus in psi, at 2 psi confining 

pressure 

Cc  = Coefficient of curvature 

Cu  =  Uniformity coefficient  

ω = Optimum gravimetric moisture content in 

percentage (0~100) as determined by AASHTO T-99  

Clay  = Percent of clay content (0~100) 

6.5.3  Development of Prediction Model for A-3 and A-2-4 Soils 

From the stepwise analysis (see Appendix E, Table E.8), 

the moisture content, coefficient of curvature (Cc), 

uniformity coefficient (Cu), and LBR were found to be the most 

important factors for the A-3 and A-2-4 soils.  The first 

trial (see Appendix E, Table E.9) used those four parameters 

as the predictors.  The regression analysis showed an R-

square value of 36.0%, which is relatively low and is 

considered to be failed. 

By incorporating more predictors, the R-square value can 

be further increased.  The second trial (see Appendix E, 

Table E.10) involved all eight parameters.  The results 

showed an R-square value of 52.5% and an F value of 5.25.  

Since the F value was not high enough, another trial was 

taken.  The third trial (see Appendix E, Table E.11) adopted 
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the predictors used in both the A-3 and A-2-4 prediction 

models.  The results showed an R-square value of 51.4% and an 

F value of 8.67.  The required F value for rejecting the null 

hypothesis based on the 0.05 alpha value is 2.4495, i.e., 

F(0.05,5,40)=2.4495.  This model gave a much higher F value 

with about 1% decrease on the R-square value, and should be 

considered to be a suitable model for the A-3 and A-2-4 

granular soils.  The regression equation is shown as follows: 

kClayCCM ucr 7.60303.00297.0121.00602.076.9)ln( ++−+−= ω  (6.4) 

Where,  

rM  = Resilient modulus in psi, at 2 psi confining 

pressure 

Cc  = Coefficient of curvature 

Cu  = Uniformity coefficient 

ω  = Optimum gravimetric moisture content in 

percentage (0~100) as determined by AASHTO T-99  

Clay = Percent of clay content (0~100) 

k  = Coefficient of permeability in cm/sec 

A summary of the developed resilient modulus prediction 

models is presented in Table 6.3. 

6.6  PERFORMANCE OF PREDICTION MODELS 

The proposed prediction models were examined to evaluate 

the performance.  Figure 6.1, Figure 6.2, and Figure 6.3 are 
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shown to illustrate the comparisons between the measured 

laboratory resilient modulus and predicted resilient modulus 

values for the three proposed models.  Figure 6.4, Figure 

6.5, and Figure 6.6 are shown to demonstrate the ratios of 

the predicted resilient modulus over the measured laboratory 

resilient modulus value versus the measured laboratory 

resilient modulus for the three proposed models.  The 

resilient modulus ratios versus the moisture content are 

shown in Figure 6.7, Figure 6.8, and Figure 6.9 for the three 

proposed models.  From the data shown in these figures, most 

of the ratios of the predicted resilient modulus over the 

laboratory measured resilient modulus were within the ranges 

from 0.8 to 1.2, which meant that the usability of the 

proposed regression models would obtain a reasonably 

predicted resilient modulus value within ± 20% error.  To 

achieve a 90% confidence level, the predicted resilient 

modulus should have a 20% reduction to compensate for the 

regression errors. 
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Table 6.1  Summary of Data Points for Evaluating Resilient Modulus Regression Model  

Variable Description Data Points for A-3 Data Points for A-2-4

Fines. % Percentage passing No. 200 sieve 67 69

Clay, % Percentage of clay 21 53

MC, % Moisture content of the test specimen 111 105

DUW, pcf Dry unit weight of the test specimen 111 105

LBR Lime Rock Bearing Ratio 107 91

Cc Coefficient of Curvature 44 43

Cu Uniformity Coefficient 44 43

Perm, cm/sec Permeability in 7 psi confining pressure 30 67  
 
 
 
 

Table 6.2  Predictors for Regression Models 

Variable Initial
Proposed

Final
Selected

Initial
Proposed

Final
Selected

Initial
Proposed

Final
Selected

Fines, %

Clay, % x x x
MC, % x x x x x x

DUW, pcf

LBR x
Cc x x x x x
Cu x x x x

Perm, cm/sec x x x

A-2-4 SoilsA-3 Soils A-3 and A-2-4 Soils
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Table 6.3  Summary of Developed Resilient Modulus Prediction Models 

Soil Type Multiple  Regression Model 

A-3

A-2-4

A-3, A-2-4

Clay  = Percent of Clay (0~100)
k  = Coefficient of Permeability in cm/sec

      = Resilient modulus in psi, at 2 psi confining pressure
C c  = Coefficient of Curvature
C u  = Uniformity Coefficient
      = Gravimetric moisture content in percentage (0~100)

kCM cr 4.710123.0161.05.9)ln( +−+= ω

ClayCCM ucr 0337.00414.00118.00593.087.9)ln( +−+−= ω

kClayCCM ucr 7.60303.00297.0121.00602.076.9)ln( ++−+−= ω

rM

ω
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Figure 6.1  Predicted Resilient Modulus versus Lab Measured Resilient Modulus for A-3 Soils 
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Figure 6.2  Predicted Resilient Modulus versus Lab Measured Resilient Modulus for A-2-4 Soils 
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Figure 6.3  Predicted Resilient Modulus versus Lab Measured Resilient Modulus for A-3 and A-2-4 
Soils  

 

Laborat ory Measured Resil ient  Modulus, psi

R
at

io
 (

Pr
ed

ic
te

d 
M

R
 /

 L
ab

 M
R

)

200001800016000140001200010000

2.0

1.5

1.0

0.5

0.0

1.2

0.8

Rat io (Predicted MR /  Lab MR)   vs  Lab MR
(23 Data Points for A-3 Soils)

ModelA3 : ln(Mr) =  9.5+ 0.161Cc-0.0123MC+ 71.4Permeability
 

Figure 6.4  Ratio of Predicted MR over Lab MR versus Lab MR for the A-3 Soils 
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Figure 6.5  Ratio of Predicted MR over Lab MR versus Lab MR for the A-2-4 Soils 
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Figure 6.6  Ratio of Predicted MR over Lab MR versus Lab MR for the A-3 and A-2-4 Soils 
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Figure 6.7  Ratio of Predicted MR over Lab MR versus Moisture Content for the A-3 Soils 
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Figure 6.8  Ratio of Predicted MR over Lab MR versus Moisture Content for the A-2-4 Soils 
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Figure 6.9  Ratio of Predicted MR over Lab MR versus Moisture Content for the A-3 and A-2-4 Soils 
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CHAPTER 7  
SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

7.1  SUMMARY 

The primary objective of this research study was to 

populate and enhance the previously developed resilient 

modulus database with additional resilient test data for the 

purpose of establishing resilient modulus models based on 

basic material physical properties in Florida.  To achieve 

the objective, 25 subgrade materials were collected for 

testing from the FDOT district offices around the state.  The 

basic physical properties of the soil materials were tested 

and characterized by the State Materials Office.  The 

subgrade materials were transported to the laboratory in 

Tallahassee where 168 resilient modulus tests were performed 

using the AASHTO T307-99 test procedure.  All of the test 

data concerning the basic engineering properties and the 

resilient modulus test results were stored in an enhanced 

database using Microsoft Access.   

Two databases were presented for this study.  One was 

the existing database “Soillab.mdb” with two additional 

resilient modulus tables.  The other one was an enhanced 

database “MRAnalyzer.mdb” that included integration and 

analysis functions embedded in the database to give the users 
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an easier way to keep track of the data.  More tables were 

also developed in the database for analysis.  In addition to 

populating and developing the database, a comprehensive 

literature review was conducted to evaluate the resilient 

modulus of granular subgrade materials.   

The resilient modulus test results were analyzed using a 

statistical approach (Minitab statistical software) to 

evaluate the effect of soil physical properties on the 

resilient modulus.  The multiple regression analyses were 

performed to find the optimum resilient modulus prediction 

models based on the various soil types, test methods, and 

other test conditions.  The resilient modulus values obtained 

from the prediction models were generally within a range of 

+/- 20% of the laboratory measured resilient modulus values.  

The research findings from this study could be adopted for 

future implementation of the mechanistic-empirical pavement 

design in Florida. 

7.2  CONCLUSIONS 

Based upon the analyses and findings of this research 

study, the conclusions are drawn and summarized as follows: 

 



 

138 

1. Twenty five soil materials were collected for resilient 

modulus testing.  A total of 168 resilient modulus tests 

were performed in the laboratory for this study.   

2. Two databases were presented in this study.  One was 

“soillab.mdb” that included existing database tables 

updated with newly performed test data.  The other one 

was “MRAnalyzer.mdb” that contained additional tables to 

incorporate the integration and analysis functions.  Both 

databases were saved in a CD-R and submitted to the FDOT 

for future implementation of the mechanistic-empirical 

pavement design.   

3. The resilient modulus test data for the A-3, A-2-4, and 

A-2-6 soils using the T292-91I and T307-99 test 

procedures were selected for further analysis, which 

included a total of 276 data points with 152 sets from 

the T307-99 test and 124 sets from the T292-91I test. 

4. The overall resilient modulus values varied within a 

range from 7,368 psi to 26,110 psi with an average 

resilient modulus value of 14,241 psi.   

5. The resilient modulus test results showed that the 

physical properties of a soil material such as water 

content, dry unit weight, and LBR have more significant 

effects on the resilient modulus of the A-2-4 soils than 

on the A-3 soils.   
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6. The resilient modulus for the A-2-4 soils increased with 

an increase in the percent of fines and clay content.  

The effect of the percent fines and clay content on the 

resilient modulus of the A-3 soils was not significant.   

7. No significant correlations were found between resilient 

modulus and the coefficient of curvature (Cc), uniformity 

coefficient (Cu), and permeability due to the limited data 

points. 

8. The permeability data showed a strong correlation between 

the permeability value and the percent of fines and clay 

content.  The permeability value decreased with an 

increase in the percent of fines, the percent of clay 

content and the dry unit weight. 

9. The Poisson’s ratio values were recorded in the raw 

output data file as well as in the MS Access database.  

The Poisson’s ratio was found to be unstable for the same 

sample in a test. 

10. An evaluation of the resilient modulus data was performed 

using the prediction model developed by Zhang (2004).  

The results showed that 80% of the laboratory measured 

resilient modulus values were within +/- 3,000 psi of the 

predicted resilient modulus values from Zhang’s model. 

11. Three prediction models were proposed based on the 

resilient modulus test results.  The prediction models 
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had an average R-square value of 50% and F value of 7.2.  

An average of 20% reduction should be applied to the 

predicted resilient modulus values for practical 

applications. 

7.3  RECOMMENDATIONS  

1. The missing properties of the tested materials using the 

T292-91I test method should be recovered for a better 

interpretation of the prediction model analysis. 

2. For sandy soils, the static compaction or gyratory 

compaction should be used to achieve the optimum 

compacted condition. 

3. More resilient modulus test data should be collected and 

integrated into the database.  A thorough examination of 

the test data qualification and reliability should be 

performed to ensure the data quality.  This should 

include all the soil material properties information and 

the test conditions. 

4. The resilient modulus test procedures should be 

standardized to obtain more reliable and repeatable 

resilient modulus test results.  This includes unified 

resilient modulus test equipment, software configuration, 

sample preparation method, and the laboratory test 

environment. 
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5. The prediction models developed in this study would only 

be practical in estimating resilient modulus values for 

the soils similar to those being used to develop the 

prediction regression equations. 
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APPENDIX A  
SUMMARY OF RESILIENT MODULUS TEST DATA FILES 
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Table A.1  MR Test File Name Index  
Test File Name Index (1)

FDOT District FDOT Lab. # Location  FSU Sample ID FSU Test # File Name 
1 21981-S Earth Source ES001 A1 MR-01-ES001A1 xls
1  21981-S Earth Source ES001 B1 MR-01-ES001B1.xls 
1  21981-S Earth Source ES001 D1 MR-01-ES001D1.xls 
1  21981-S Earth Source ES001 E1 MR-01-ES001E1.xls 
1  21906-S Polk Masaic Mine MM001 A1 MR-01-MM001A1.xls 
1  21906-S Polk Masaic Mine MM001 B1 MR-01-MM001B1.xls 
1  21906-S Polk Masaic Mine MM001 D1 MR-01-MM001D1.xls 
1  21906-S Polk Masaic Mine MM001 E1 MR-01-MM001E1.xls 
1  21980-S SMR Pit SMR001 A1 MR-01-SMR001A1.xls 
1  21980-S SMR Pit SMR001 B1 MR-01-SMR001B1.xls 
1  21980-S SMR Pit SMR001 C1 MR-01-SMR001C1.xls 
1  21980-S SMR Pit SMR001 D1 MR-01-SMR001D1.xls 
2  21982-S Blue Rock Pit BR001 A1 MR-02-BR001A1.xls 
2  21982-S Blue Rock Pit BR001 B2 MR-02-BR001B2.xls 
2  21982-S Blue Rock Pit BR001 D1 MR-02-BR001D1.xls 
2  21982-S Blue Rock Pit BR001 E1 MR-02-BR001E1.xls 
2  21982-S Blue Rock Pit BR001 F1 MR-02-BR001F1.xls 
2  21982-S Blue Rock Pit BR001 G1 MR-02-BR001G1.xls 
2  21671~3 Branch BH001 C1 MR-02-BH001C1.xls 
2  21671~3 Branch BH001 D2 MR-02-BH001D2.xls 
2  21671~3 Branch BH001 E1 MR-02-BH001E1.xls 
2  21671~3 Branch BH001 F1 MR-02-BH001F1.xls 
2  21671~3 Branch BH001 G1 MR-02-BH001G1.xls 
2  21671~3 Branch BH001 H1 MR-02-BH001H1.xls 
2  21668~70 Iron Bridge IB001 C1 MR-02-IB001C1.xls 
2  21668~70 Iron Bridge IB001 D1 MR-02-IB001D1.xls 
2  21668~70 Iron Bridge IB001 E1 MR-02-IB001E1.xls 
2  21668~70 Iron Bridge IB001 F1 MR-02-IB001F1.xls 
2  21984-S Osteen OS001 A1 MR-02-OS001A1.xls 
2  21984-S Osteen OS001 B1 MR-02-OS001B1.xls 
2  21984-S Osteen OS001 C1 MR-02-OS001C1.xls 
2  21984-S Osteen OS001 D1 MR-02-OS001D1.xls 
2  21665~7 Spring Cemetery SC001 C1 MR-02-SC001C1.xls 
2  21665~7 Spring Cemetery SC001 D2 MR-02-SC001D2.xls 
2  21665~7 Spring Cemetery SC001 E1 MR-02-SC001E2.xls 
2  21665~7 Spring Cemetery SC001 F1 MR-02-SC001F2.xls 
2  21157 US 90  21157 A1 21157s1.xls 
2  21159 US 90   21159 B1 21159s2a.xls 
2  21157 US 90   21157 B1 21157s2.xls 
2  21158 US 90   21158 A1 21158s1.xls 
2  21158 US 90   21158 B1 21158s2.xls 
2  21159 US 90   21159 A1 21159s1.xls 
2  21983-S Watson Pit WT001 A1 MR-02-WT001A1.xls 
2  21983-S Watson Pit WT001 B1 MR-02-WT001B1.xls 
2  21983-S Watson Pit WT001 D1 MR-02-WT001D1.xls 
2  21983-S Watson Pit WT001 E1 MR-02-WT001E1.xls 
3  21851-S Airport AP001 C1 MR-03-AP001C1.xls 
3  21851-S Airport AP001 D1 MR-03-AP001D1.xls 
3  21851-S Airport AP001 E3 MR-03-AP001E3.xls 
3  21851-S Airport AP001 F1 MR-03-AP001F1.xls 
3  21851-S Airport AP001 G1 MR-03-AP001G1.xls 
3  21851-S Airport AP001 H1 MR-03-AP001H1.xls 
3  21851-S Airport AP001 I1 MR-03-AP001I1.xls 
3  21851-S Airport AP001 J1 MR-03-AP001J1.xls 
3  21851-S Airport AP001 K3 MR-03-AP001K3.xls 
3  21851-S Airport AP001 L1 MR-03-AP001L1.xls 
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Table A.1 MR Test File Name Index (Continued) 
Test File Name Index (2)

FDOT District FDOT Lab. # Location  FSU Sample ID FSU Test # File Name 
3 21897-S BallFarm 15-20 Comb BF002 A5 MR-03-BF002A5 xls
3  21897-S BallFarm 15-20 Comb. BF002 B3 MR-03-BF002B3.xls 
3  21897-S BallFarm 15-20 Comb. BF002 C1 MR-03-BF002C1.xls 
3  21897-S BallFarm 15-20 Comb. BF002 D1 MR-03-BF002D1.xls 
3  21897-S BallFarm 15-20 Comb. BF002 E1 MR-03-BF002E1.xls 
3  21897-S BallFarm 15-20 Comb. BF002 F1 MR-03-BF002F1.xls 
3  21897-S BallFarm 15-20 Comb. BF002 G1 MR-03-BF002G1.xls 
3  21897-S BallFarm 15-20 Comb. BF002 H1 MR-03-BF002H1.xls 
3  21881-S BallFarm 1-6 Comb. BF001 A1 MR-03-BF001A1.xls 
3  21881-S BallFarm 1-6 Comb. BF001 B5 MR-03-BF001B5.xls 
3  21881-S BallFarm 1-6 Comb. BF001 C1 MR-03-BF001C1.xls 
3  21881-S BallFarm 1-6 Comb. BF001 D1 MR-03-BF001D1.xls 
3  21881-S BallFarm 1-6 Comb. BF001 F1 MR-03-BF001F1.xls 
3  21881-S BallFarm 1-6 Comb. BF001 G1 MR-03-BF001G1.xls 
3  21881-S BallFarm 1-6 Comb. BF001 H1 MR-03-BF001H1.xls 
3  21881-S BallFarm 1-6 Comb. BF001 I1 MR-03-BF001I1.xls 
3  21852-S Fairfield FF001 A1 MR-03-FF001A1.xls 
3  21852-S Fairfield FF001 B1 MR-03-FF001B1.xls 
3  21852-S Fairfield FF001 C1 MR-03-FF001C1.xls 
3  21852-S Fairfield FF001 D2 MR-03-FF001D2.xls 
3  21852-S Fairfield FF001 D3 MR-03-FF001D3.xls 
3  21852-S Fairfield FF001 E1 MR-03-FF001E1.xls 
3  21852-S Fairfield FF001 F1 MR-03-FF001F1.xls 
3  21852-S Fairfield FF001 G1 MR-03-FF001G1.xls 
3  21852-S Fairfield FF001 H1 MR-03-FF001H1.xls 
3  Shelfer Rd. Shelfer Rd. Pit LS001 A1 MR-03-LS001A1.xls 
3  Shelfer Rd. Shelfer Rd. Pit LS001 A2 MR-03-LS001A2.xls 
3  Shelfer Rd. Shelfer Rd. Pit LS001 B1 MR-03-LS001B1.xls 
3  Shelfer Rd. Shelfer Rd. Pit LS001 B2 MR-03-LS001B2.xls 
3  Shelfer Rd. Shelfer Rd. Pit LS001 B3 MR-03-LS001B3.xls 
3  Shelfer Rd. Shelfer Rd. Pit LS001 B4 MR-03-LS001B4.xls 
3  21383 SR 83 Watson  21383 A1 21383s1.xls 
3  21387 SR 83 Watson  21387 A1 21387s1.xls 
3  21383 SR 83 Watson   21383 B1 21383s2.xls 
3  21384 SR 83 Watson   21384 A1 21384s1.xls 
3  21384 SR 83 Watson   21384 B1 21384s2.xls 
3  21385 SR 83 Watson   21385 A1 21385s1.xls 
3  21385 SR 83 Watson   21385 B1 21385s2.xls 
3  21386 SR 83 Watson   21386 A1 21386s1.xls 
3  21386 SR 83 Watson   21386 B1 21386s2b.xls 
3  21387 SR 83 Watson   21387 B1 21387s2.xls 
3  21388 SR 83 Watson   21388 A1 21388s1.xls 
3  21388 SR 83 Watson   21388 B1 21388s2.xls 
3  21389 SR 83 Watson   21389 A1 21389s1d.xls 
3  21389 SR 83 Watson   21389 B1 21389s2.xls 
3  21390 SR 83 Watson   21390 A1 21390s1.xls 
3  21390 SR 83 Watson   21390 B1 21390s2a.xls 
3  21391 SR 83 Watson   21391 A1 21391s1.xls 
3  21391 SR 83 Watson   21391 B1 21391s2.xls 
4  21989-S SR 15 SR1501 A1 MR-04-SR1501A1.xls 
4  21989-S SR 15 SR1501 B1 MR-04-SR1501C1.xls 
4  21989-S SR 15 SR1501 C1 MR-04-SR1501D1.xls 
4  21989-S SR 15 SR1501 D1 MR-04-SR1501B1.xls 
4  21990-S SR 60 SR6001 A1 MR-04-SR6001A1.xls 
4  21990-S SR 60 SR6001 B1 MR-04-SR6001B1.xls 
4  21990-S SR 60 SR6001 D1 MR-04-SR6001D1.xls 
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Table A.1 MR Test File Name Index (Continued) 
Test File Name Index (3) 

FDOT District FDOT Lab. # Location  FSU Sample ID FSU Test # File Name 
4  21990-S SR 60 SR6001 E1 MR-04-SR6001E1.xls 
4  21991-S SR 80 SR8001 A1 MR-04-SR8001A1.xls 
4  21991-S SR 80 SR8001 B1 MR-04-SR8001B1.xls 
4  21991-S SR 80 SR8001 C2 MR-04-SR8001C1.xls 
4  21991-S SR 80 SR8001 D1 MR-04-SR8001D1.xls 
5  21887-S UFRES # 1 UF001 A1 MR-05-UF001A1.xls 
5  21887-S UFRES # 1 UF001 A2 MR-05-UF001A2.xls 
5  21887-S UFRES # 1 UF001 A3 MR-05-UF001A3.xls 
5  21887-S UFRES # 1 UF001 B1 MR-05-UF001B1.xls 
5  21887-S UFRES # 1 UF001 E1 MR-05-UF001E1.xls 
5  21887-S UFRES # 1 UF001 F1 MR-05-UF001F1.xls 
5  21887-S UFRES # 1 UF001 G1 MR-05-UF001G1.xls 
5  21887-S UFRES # 1 UF001 H1 MR-05-UF001H1.xls 
5  21887-S UFRES # 1 UF001 I1 MR-05-UF001I1.xls 
5  21887-S UFRES # 1 UF001 J1 MR-05-UF001J1.xls 
5  21888-S UFRES # 2 UF002 A1 MR-05-UF002A1.xls 
5  21888-S UFRES # 2 UF002 B1 MR-05-UF002B1.xls 
5  21888-S UFRES # 2 UF002 E1 MR-05-UF002E1.xls 
5  21888-S UFRES # 2 UF002 F1 MR-05-UF002F1.xls 
5  21888-S UFRES # 2 UF002 G1 MR-05-UF002G1.xls 
5  21888-S UFRES # 2 UF002 H1 MR-05-UF002H1.xls 
5  21888-S UFRES # 2 UF002 I1 MR-05-UF002I1.xls 
5  21888-S UFRES # 2 UF002 J1 MR-05-UF002J1.xls 
5  21889-S UFRES # 3 UF003 A1 MR-05-UF003A1.xls 
5  21889-S UFRES # 3 UF003 B1 MR-05-UF003B1.xls 
5  21889-S UFRES # 3 UF003 C1 MR-05-UF003C1.xls 
5  21889-S UFRES # 3 UF003 E1 MR-05-UF003E1.xls 
5  21889-S UFRES # 3 UF003 F1 MR-05-UF003F1.xls 
5  21889-S UFRES # 3 UF003 G1 MR-05-UF003G1.xls 
5  21889-S UFRES # 3 UF003 H1 MR-05-UF0H03H1.xls 
5  21889-S UFRES # 3 UF003 I1 MR-05-UF003I1.xls 
5  21889-S UFRES # 3 UF003 J1 MR-05-UF003J1.xls 

6  21994-S MIC Project MIC001 A1 MR-06-MIC001A1.xls 
6  21994-S MIC Project MIC001 B2 MR-06-MIC001B2.xls 
6  21994-S MIC Project MIC001 D1 MR-06-MIC001D1.xls 
6  21994-S MIC Project MIC001 E1 MR-06-MIC001E1.xls 
6  21992-S SR 826/NW 36 SR82601 A1 MR-06-SR82601A1.xls 
6  21992-S SR 826/NW 36 SR82601 B1 MR-06-SR82601B1.xls 
6  21992-S SR 826/NW 36 SR82601 C1 MR-06-SR82601C1.xls 
6  21992-S SR 826/NW 36 SR82601 D1 MR-06-SR82601D1.xls 
6  21993-S SR 826/NW 8 SR82602 A1 MR-06-SR82602A1.xls 

6  21993-S SR 826/NW 8 SR82602 B1 MR-06-SR82602B1.xls 
6  21993-S SR 826/NW 8 SR82602 D1 MR-06-SR82602D1.xls 
6  21993-S SR 826/NW 8 SR82602 E1 MR-06-SR82602E1.xls 
7  21905-S Hills. CR39 CR3901 A1 MR-07-CR3901A1.xls 
7  21905-S Hills. CR39 CR3901 B1 MR-07-CR3901B1.xls 
7  21905-S Hills. CR39 CR3901 C1 MR-07-CR3901C1.xls 
7  21905-S Hills. CR39 CR3901 D1 MR-07-CR3901D1.xls 
7  21910-S Shelly Lake SL001 A1 MR-07-SL001A1.xls 
7  21910-S Shelly Lake SL001 B1 MR-07-SL001B1.xls 
7  21910-S Shelly Lake SL001 C1 MR-07-SL001C1.xls 
7  21910-S Shelly Lake SL001 D1 MR-07-SL001D1.xls 
7  21909-S US 19 US1901 A1 MR-07-US1901A1.xls 
7  21909-S US 19 US1901 B1 MR-07-US1901B1.xls 
7  21909-S US 19 US1901 C1 MR-07-US1901C1.xls 
7  21909-S US 19 US1901 D1 MR-07-US1901D1.xls 
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APPENDIX B  
SUMMARY OF PERMEABILITY TEST DATA FILES 
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APPENDIX C  
DATABASE “MRANALYZER.MDB” USER MANUAL 
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Step 1: Open MRAnalyzer.mdb, click �Open� on the security warning dialog. 

 
 
Step 2: After the opening, both the database main window and the Main Switchboard are displayed.  

Minimize the database main window.   

 
 
Step 3: Click on the main switchboard functions to go to the desired sub-forms.  Click on �Exit� will 

exit the database. 
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View MR Test Data : You can view the resilient modulus test data by clicking on the �View Test 
Data� on the main switchboard.  Then you can either go to the T307 or T292/T294 test data.  By 
clicking on the �Return to Main Switchboard� will lead you to the Main Switchboard. 

 
View MR Test T307 Data : The first data will show on the opening.  You can click the �first�, ��next�, 
�previous�, and the �last� button to access the data.  You can also click the �find record� to find the 
specific data you select on the combo box. 
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View MR Test T307 Data : The �MR vs Bulk Stress� can be found in the Tabbed Pane. 
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View MR Test T307 Data : Same as the �MR vs Confining Pressure�. 
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View MR Test T292/T294 Data : Follow the same procedure to get to the T292/T294 MR Test data.  
No Regression Figures available for the T292/T294 Data 
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Analyze Test data: Click on the �Analyze Test Data� will lead you to the following sub form 

 
 
Analyze MR Test Data: Clicking on the correlation you would like to see will lead you to the 
correlation figures 
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Analyze Permeability Data :Click on the �Permeability� button on the �Analyze Test Data� form will 
lead you to the permeability data.  Choose the relations to go to the figures. 
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Test Data Report:  There are two default reports in the database.  However, the database 
administrator can add more reports anytime if needed. 
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Database User Manual : Database user manual can be found in the application by clicking on the 
�UserManual� button on the Main Switchborad. 
 
 
The following windows are the Table list, Quary list, Form list, and the Report list in the database. 
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MRAnalyzer.mdb Database Table List 

Table name  Description 
Switchboard Items Main switchboard data 

tbl4T180ProctorData 4 inch modified proctor test data 

tbl4T180ProctorTest 4 inch modified proctor test  

tbl4T99ProctorData 4 inch standard proctor test data 

tbl4T99ProctorTest 4 inch standard proctor test  

tbl6T180ProctorLBRTest 6 inch modified proctor test  

tbl6T99ProctorLBRTest 6 inch standard proctor test  

tblAASHTOClass AASHTO soil type class 

tblAASHTOClassDef AASHTO soil type class definition 

tblAtterbergTest Atterberg test data 

tblCountyDistrict County and district table 

tblMain 349 MR test data with material properties summary table 

tblMainAvgAtOpt Average MR test data with material properties summary table at optimum condition

tblMainGoodData Valid MR test data with material properties summary table 

tblMaterial Basic material information 

tblMaterialSummary Material engineering properties summary table 

tblMRTestAll MR test data including T307, T292, and t294 

tblMRTestAllAvgAtOpt Average MR test data including T307, T292, and t294 at optimum condition 

tblMRTestT292T294 T292 and T294 MR test summary 

tblMRTestT292T294Data T292 and T294 MR test data 

tblMRTestT307 T307 MR test summary 

tblMRTestT307_1 T307 MR test summary with additional information 

tblMRTestT307Data T307 MR test data 

tblMRTestT307PRData T307 Poisson�s Ration test data 

tblOptProctor Proctor data at optimum condition 

tblPermTest Permeability test summary 

tblSieveAnalysisTest Sieve analysis test data 

tblSuctionData Suction test data 

tblSuctionTest Suction test summary 

tblUser User information 

tblWorker Worker information 
 



 

159 

 

 

 

APPENDIX D  
ANOMALY TYPES 



 

160 

Anomaly Type 1 

A regression analysis was conducted on the data from 

each of the 349 selected tests to determine the statistical 

parameters for the relationship between stress states and 

resilient modulus.  The k1 and k2 coefficients were obtained 

from Equation 2.2 and the corresponding R-square value was 

also determined.  The k3, k4 coefficients and the 

corresponding R-square value could also be found from 

Equation 2.3.  It was noted that some tests had lower R-

square values.  The specimens with a lower R-square value 

between the bulk stress and resilient modulus usually had a 

higher stiffness than the other specimens.  The R-square 

values of the bulk stress versus resilient modulus for the 

BF001, BF002, and BH001 soils are less than 0.5, and the 

three soils were all very stiff when compacted at the optimum 

condition.  Those data were removed from further analysis. 

Anomaly Type 2 

In the beginning of the testing program, observation 

showed that the R-square values of the confining pressure 

versus resilient modulus were extremely low, and the 

resilient modulus values remained the same regardless of the 

change of the confining pressure.  Subsequently, an air 

leakage from the triaxial cell was observed and then fixed.  

The test data using the incorrect confining pressures were 
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flagged as the anomaly Type 2.  21 tests were excluded from 

further analysis due to the anomaly Type 2. 

Anomaly Type 3 

The measured deformations from tests on the OS001, 

SL001, and WT001 sandy soils were observed to exceed the 

designed limits during the last one or two test sequences due 

to a low stiffness.  The sandy soils all contain very low 

percentage of fines passing the No. 200 sieve (less than 4%).  

The data from those tests were flagged as the anomaly Type 3, 

but were still considered as qualified data for further 

analysis. 

Anomaly Type 4 

A couple of specimens were tested more than once in the 

laboratory.  The specimens that were not tested at the first 

time were flagged as the anomaly Type 4.  The specimens were 

subject to further consolidation and became harder than they 

were at the first time.  Those data were excluded from 

further analysis. 

In addition, a few specimens were disturbed when subject 

to high stress states and ended up with unexpected higher 

resilient modulus values.  The unusual high resilient moduli 

were eliminated from the regression analysis. 

Anomaly Type 5 
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There were at least four tests performed on each type of 

soil. Additional tests were conducted to ensure the 

repeatability if any anomaly was found within those tests.  

The test data that were not repeatable were flagged as the 

anomaly Type 5 and were not included for the calculation of 

the average resilient modulus. 

Anomaly Type 6 

During the resilient modulus test, the contact loads 

were varied for some soils at the beginning of the test 

procedure.  Some contact loads were apparently much higher 

than the normal ones, which should be about 70 to 80 lbs.  

This could happen due to different conditions of the specimen 

contact surface, specimen stiffness, and machine noises.  

This could definitely affect the resilient modulus results 

and should be noted for the test.  The anomaly was noted as 

Type 6. 

Anomaly Type 7 

The moisture content and the dry density of some 

specimens were found to be outside the range specified in the 

T307-99 test procedure after the test.  The resilient modulus 

data obtained in the condition outside of the optimum range 

using the AASHTO T-99 were marked as anomaly Type 7 and 

should be noted for the test. 
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Anomaly Type 8 

There were other factors contributing to the anomalies 

of the test results.  Any other anomalies that were not 

categorized in the above designated types were marked as the 

anomaly Type 8, such as leaks occurring in the membrane 

during the test, different stress states used in the test 

program than required by the test protocol, test specimens 

that began to fail or exhibit disturbance at the higher 

stress states, LVDT clamps that began to move or move 

suddenly because of vibrations during the loading sequences, 

and LVDTs that began to drift during the testing sequences or 

became restricted due to friction in the measurement system.  
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MULTIPLE REGRESSION ANALYSIS 
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E.1 Multiple Regression Models in Applications 

Most practical applications of regression analysis 

utilize models that are more complex than the simple 

straight-line model. Probabilistic models that include more 

than one independent variable are called multiple regression 

models. The general form of these models is 

εββββ +++++= kk xxxy L22110                  (E.1) 

The dependent variable y is now written as a function of 

k independent variables, kxxx ,,, 21 K . The random error term is 

added to make the model probabilistic rather than 

deterministic. The value of the coefficient iβ determines the 

contribution of the independent variable ix , and 0β is the y-

intercept. The coefficients kβββ ,...,, 10 are usually unknown 

because they represent population parameters(McClave et al, 

2000)(StatSoft, 1984-2003). 

The symbols kxxx ,,, 21 K may represent higher-order terms for 

quantitative predictors or terms that represent qualitative 

predictors. 

The steps used to develop the multiple regression model 

are similar to those used for the simple regression model. 
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Step 1. Hypothesize the deterministic component of the 

model. This component relates the mean, E(y), to the 

independent variables kxxx ,,, 21 K . This involves the choice of 

the independent variables to be included in the model. 

Step 2. Use the sample data to estimate the unknown 

model parameters kβββ ,...,, 10  in the model. 

Step 3. Specify the probability distribution of the 

random error term, ε , and estimate the standard deviation of 

this distribution, σ . 

Step 4. Check that the assumptions on ε  are satisfied, 

and make model modifications if necessary. 

Step 5. Statistically evaluate the usefulness of the 

model. 

Step 6. When satisfied that the model is useful, use it 

for prediction, estimation, and other purposes. 

 

E.2 The first-order model 

A model that includes only terms for quantitative 

independent variables, called a first-order model, is 

described in the following section.  Note that the first-

order model does not include any higher-order terms. 
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kk xxxyE ββββ ++++= ...)( 22110                  (E.2) 

where kxxx ,...,, 21 are all quantitative variables that are not 

functions of other independent variables. 

The method of fitting first-order models and multiple 

regression models, in general, is identical to that of 

fitting the simple straight-line models : the method of least 

squares.  That is, we choose the estimated model 

kk xxy βββ �...��� 110 +++=                      (E.3) 

that minimizes 

∑ −= 2)�( yySSE
                        (E.4) 

As in the case of the simple linear model, the sample 

estimates kβββ �,...,�,�
10 are obtained as a solution to a set of 

simultaneous linear equations. 

First of all, as is evident in the name, multiple linear 

regression, it is assumed that the relationship between 

variables is linear. In practice this assumption can 

virtually never be confirmed; fortunately, multiple 

regression procedures are not greatly affected by minor 

deviations from this assumption. However, as a rule it is 

prudent to always look at a bivariate scatterplot of the 

variables of interest. If curvature in the relationships is 

evident, one may consider either transforming the variables, 
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or explicitly allowing for nonlinear components(McClave et 

al, 2000)(StatSoft, 1984-2003). 

The primary difference between fitting the simple and 

multiple regression models is computational difficulty. The 

(k+1) simultaneous linear equations that must be solved to 

find the (k+1) estimated coefficients kβββ �,...,�,�
10 are difficult 

(sometimes nearly impossible) to solve with a calculator. 

Consequently, we resort to the use of computer software such 

as Minitab, SAS, SPSS, etc. 

 

E.3 Assumptions for Random Error ε  

For any given set of values of kxxx ,...,, 21 , the random error 

ε  has a normal probability distribution with a mean equal to 

0 and a variance equal to 
2σ . 

The random errors are independent (in a probabilistic 

sense). 

We will use the estimator of 
2σ both to check the utility 

of the model and to provide a measure of reliability of 

predictions and estimates when the model is used for those 

purposes. Thus, we can see that the estimation of 
2σ plays an 

important part in the development of a regression 

model(McClave et al, 2000)(StatSoft, 1984-2003). 
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Estimator of 
2σ for a multiple regression model with k 

independent variables is 

)1(
2

+−
=

−
=

kn
SSE

parametersestimatedofNumbern
SSEs

β           (E.5) 

 

E.4 Inferences about the β parameters 

Inferences about the individual β parameters in a model 

are obtained using either a confidence interval or a test of 

hypothesis. 

Test of an Individual Parameter Coefficient 

in the Multiple Regression Model 

One-Tailed Test Two-Tailed Test 
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freedom and 

n= Number of observations 

1+k = Number of β parameters in the model 

A )%1(100 α− confidence interval for a β parameter is 

i
sti βαβ �2

� ±
(McClave et al, 2000). 
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E.5 Checking the Overall Utility of a Model 

Conducting a t-test on each β parameter in a model is not 

the best way to determine whether the overall model is 

contributing information for the prediction of y. If we were 

to conduct a series of t-tests to determine whether the 

independent variables are contributing to the predictive 

relationship, we would be very likely to make one or more 

errors in deciding which terms to retain in the model and 

which to exclude. In multiple regression models for which a 

large number of independent variables are being considered, 

conducting a series of t-tests may include a large number of 

insignificant variables and exclude some useful ones. If we 

want to test the utility of a multiple regression model, we 

will need a global test (one that encompasses all the 

β parameters). We would also like to find some statistical 

quantity that measures how well the model fits the data. 

We use the multiple regression equivalent of 
2r , the 

coefficient of determination for the straight-line model. The 

multiple coefficient of determination, 
2R , is defined as  

iabilityTotal
iabilityExplained

SS
SSESS

SS
SSER

yy

yy

yy var
var12 =

−
=−=

         (E.6) 

Just as for the simple linear model, 
2R represents the 

fraction of the sample variation of the y values (measured by 
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yySS
) that is explained by the least squares prediction 

equation. Thus, 02 =R implies a complete lack of fit of the 

model to the data and 12 =R implies a perfect fit with the 

model passing through every data point. In general, the 

larger the value of 
2R , the better the model fits the data. 

A large value of 
2R computed from the sample data does 

not necessarily mean that the model provides a good fit to 

all of the data points in the population. We will always 

obtain a perfect fit ( 12 =R ) to a set of n data points if the 

model contains exactly n parameters. Consequently, if we want 

to use the value of 
2R as a measure of how useful the model 

will be for the prediction of y, it should be based on a 

sample that contains substantially more data points than the 

number of parameters in the model. Most authors recommend 

that one should have at least 10 to 20 times as many 

observations (cases, respondents) as one has variables, 

otherwise the estimates of the regression line are probably 

very unstable and unlikely to be replicated if one were to do 

the study over. 

Despite its utility, 
2R is only a sample statistic. 

Therefore, it is dangerous to judge the global usefulness of 

the model based solely on these values. A better method is to 
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conduct a test of hypothesis involving all the β parameters 

(except 0β ) in a model.  

Testing Global Usefulness of the Model: The 

Analysis of Variance F-Test 
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Where nis the sample size and k is the number of 

terms in the model. 

Rejection region: αFF > , with k numerator degrees 

of freedom and )]1([ +− kn denominator degrees of 

freedom. 

A rejection of the null hypothesis 0: 210 ==== kH βββ L  in 

the global F-test leads to the conclusion [with 

)%1(100 α− confidence] that the model is statistically useful. 

However, statistically “useful” does not necessarily mean 

“best”. Another model may prove even more useful in terms of 

providing more reliable estimates and predictions. This 

global F-test is usually regarded as a test that the model 

must pass to merit further consideration (McClave et al, 

2000). 
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E.6 Multiple Regression Analysis Results 

Table E. 1  Stepwise Regression Analysis for A-3 soils 
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Table E. 2  Multiple Regression Analysis for A-3 soils (1st trial) 
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Table E. 3  Multiple Regression Analysis for A-3 soils (2nd trial) 
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Table E. 4  Multiple Regression Analysis for A-3 soils (3rd trial) 
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Table E. 5  Stepwise Regression Analysis for A-2-4 soils 
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Table E. 6  Multiple Regression Analysis for A-2-4 soils (1st trial) 
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Table E. 7  Multiple Regression Analysis for A-2-4 soils (2nd trial) 
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Table E. 8  Stepwise Regression Analysis for A-3 and A-2-4 soils 
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Table E. 9  Multiple Regression Analysis for A-3 and A-2-4 soils (1st trial) 
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Table E. 10  Multiple Regression Analysis for A-3 and A-2-4 soils (2nd trial) 
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Table E. 11  Multiple Regression Analysis for A-3 and A-2-4 soils (3rd trial) 
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