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ABSTRACT 

The subgrade resilient modulus values of Georgia counties are based upon historic soil 

support values, but with the increasing implementation of the 1993 AASHTO Pavement Design 

Guidelines and the initial adoption of the MEPDG system, more accurate subgrade resilient 

modulus values are required. To identify proper values and accelerate their adoptions, falling 

weight deflectometer paired with ground penetrating radar can quickly determine the back 

calculated resilient modulus values and validate the insitu subgrade stiffness and be compared to 

the implemented soil support values, without extensive laboratory testing procedures. Thus, 

decreasing the testing cost and time for pavement engineers to understand the design values for 

roadway subgrades. 
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CHAPTER 1 INTRODUCTION 

1.1 Background 

Current pavement design methodology for many state and federal Department of 

Transportation agencies is conducted under the 1972 and 1993 AASHTO Interim Guide for Design 

of Pavement Structures. While the most recent guide has been in use for nearly 30 years, the 

empirical data used to develop the guide were derived from procedures conducted during the 

1960’s AASHTO Road Test. To overcome the limitations of empirical design, Project 1-37A of 

the National Cooperative Highway Research Program proposed a mechanistic-empirical 

pavement design guide (MEPDG) in the Guide for Mechanistic-Empirical Design of New and 

Rehabilitated Pavement Structures (ARA, Inc., 2004) to replace the empirical procedure in the 

AASHTO design guide. The MEPDG aims to provide a more complete pavement design 

methodology by implementing mechanistic-empirical based inputs for pavement layers, material 

properties, traffic loadings, climate conditions, and more. These inputs are structured on a basis 

of hierarchical levels (1, 2, and 3) that provide the engineer with flexibility over the accuracy of 

their design. Among these inputs is resilient modulus for subgrade layers which is a composite 

mechanical property of subgrade materials and characterizations of subgrade stiffness behavior. 

Some agencies consider the cost, time, complication, and sampling resolution required for 

meaningful resilient modulus testing to be too cumbersome for its application in less critical 

projects. Regardless of project size, it is often difficult to predict and consequently reproduce the 

in-situ conditions, usually with respect to the state of stress and moisture condition, further 

complicating the use of resilient modulus testing. 
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Resilient modulus is defined as the ratio of the amplitude of the repeated axial stress to the 

amplitude of the resultant recoverable axial strain. As a result, it is a highly regarded performance 

metric for pavement design applications and remains a premier input in all three design input 

levels of the MEPDG. Specifically, the resilient modulus is relied upon to determine overall 

subgrade stiffness and ability to support the above road surface layers with minimal cracking. 

Conducted under AASHTO T-307 testing procedure, resilient modulus determination may 

be a difficult and expensive procedure to perform in the laboratory. Overtime back-calculation 

methods from Falling Weight Deflectometer (FWD) field data for resilient modulus have led to 

the current generation of a variety of accurate prediction models. These models often prove 

sufficient for global applications, but the wide array of in-situ subgrade properties limits their 

precision when evaluating project-specific samples. Therefore, among the objectives of this study 

is the collection of field data for the initiation of a machine learning model for resilient modulus 

prediction using other existing subgrade exploration methods such as FWD and Ground 

Penetrating Radar (GPR) techniques. These efforts intend to provide supplemental value to the 

existing materials library utilized in pavement design practices in Georgia. 

Implementation of the MEPDG for state Department of Transportation (DOT) agencies is 

a lengthy, multi-step process that requires local calibration, operational processes integration, 

traffic and climate data collection, material database development, and more. The Georgia 

Department of Transportation (GDOT) is among the state highway agencies conducting such 

efforts to improve their current practices, conducted under the 1993 AASHTO Interim Guide for 

Design of Pavement Structures. These efforts were supported by several cooperating agencies such 

as Applied Research Associates (ARA) and local universities including the University of Georgia 

(UGA). 
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The Geotechnical and Materials Engineering Laboratory (GMAT Lab) at the University of 

Georgia has been at the forefront of resilient pavement design and monitoring in recent years. The 

GMAT lab has partnered with GDOT on several research projects involving different aspects of 

geotechnical and pavement engineering design. Recently, the GMAT Lab has been involved with 

several research investigations into resilient modulus laboratory testing, insitu proximal and 

remote mapping, as well as development of machine-learning based prediction algorithms. Several 

of the projects that the GMAT lab have partnered with GDOT will be summarized below. The 

GDOT Research Project 12-07, “Measurement of Dynamic and Resilient Moduli of Roadway Test 

sites”, (Kim, 2013) investigated laboratory testing of resilient modulus according to AASHTO 

307-99 procedures. The report covered subgrade samples collected from 9 different borrow pits 

from across Georgia. The project data developed an initial database of resilient modulus values 

from across the state for GDOT use in pavement design work. The project laid the groundwork for 

GMAT’s involvement with subgrade research and catalyzed several years of positive cooperation 

with GDOT research teams. The next iteration of resilient modulus research was in cooperation of 

the GDOT research Project 17-25, “Prediction of Resilient Modulus from Laboratory Testing of 

Sandy Soils”, Kim and Phano et. Al. 2019, in which datasets from other GDOT subgrade 

investigations were correlated with resilient modulus data from the laboratory testing. The project 

investigated the utilization of soil index test, porosity and permeability, and proctor density testing 

to identify possible correlations. An artificial neural network (ANN) was also implemented to 

develop a prediction model for resilient modulus based off the various inputs. The report yielded 

a model based off the optimal moisture content (OMC) density value for subgrade. These projects 

help initialize and expand GDOT’s MEPDG inputs based off laboratory and field-testing values 

to assist in the state agencies transition from the AASHTO 1993 Pavement Design Guide to the 
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MEPDG standards. However, both projects required extensive laboratory testing or other 

destructive field-testing procedures to achieve the resilient modulus data. So, this report aims to 

collect proximal roadway subgrade data via FWD and GPR and develop mathematical correlations 

between the datasets. 

1.2 Problem Statement 

With an ever-increasing road network in the United States, the need for better road conditions 

and performance evaluation methods are necessary. The process of road scanning for maintenance 

and layers testing is considered an expensive process, resources consuming, and time-consuming. 

Traditional methods lack the quantifiable methods that are currently achievable from modern 

technologies and practices. Further need to investigate and understand subgrade performance over 

time and throughout conditions can assist pavement engineers with rapid, current quantifiable 

pavement performance and condition. 

1.3 Project Objectives 

1. To verify existing GDOT resilient modulus database from historic methods with FWD 

back calculated methods 

2. To verify roadway section stratification from extracted cores with ground penetrating radar 

scans of targeted areas 

3. Initialize the development machine learning techniques to predict subgrade resilient 

modulus from GPR data 

1.4 Significance of Research 

1. The primary benefit of this study is to guide pavement engineers to conduct a successful 

road evaluation practice for the current service roads. Knowing the relationship between 
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subgrade soil properties and surface condition summarizes most of the terms to decide on 

road serviceability. 

2. This study focuses on the application of proximal sensing and machine learning in 

modeling soil attributes. 

3. By utilizing continuous scanning methods more accurate resilient modulus parameters can 

be used for roadway agencies. 
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CHAPTER 2 LITERATURE REVIEW 

2.1 Overview 

The following chapter will review previous work conducted on the subsystems utilized in the 

research of the topic. Emphasis will be placed on historic development of resilient modules 

calculations, theoretical background for pavement investigation, and implementation of different 

technologies to increase the prediction of pavement performance metrices. 

2.2 Resilient Modulus 

Pavement designs have always centered around the fundamental concept of transporting heavy 

goods across long surface distances as quickly and efficiently as possible. All pavement designs 

complete the primary objective of ground-based transportation by stratification of compacted 

materials such as asphalt and concrete on top of other support materials like gravel and crushed 

rock which all lay atop of the natural subgrade of the environment. Since all pavements rest upon 

the insitu subgrade, the derived strength of a pavement section is based upon the capacity of the 

subgrade layer, so an intimate understanding of soil mechanics and behavior characteristics is 

crucial. To be able to resist the moving loads of vehicle traffic, subgrade materials need to be in a 

compacted state to resist significant deformation. Besides soil mechanics, pavement structures also 

rely on critical factors such as, climate conditions and traffic type, volume, and frequency. 

The forefront of roadway research and policy has been the American Association of State and 

Highway Transportation Officials (AASHTO) which had its inception in 1914 and early policy 

and legislation push in 1916 as part of the United States federal highway construction act. In the 

late 1950’s, a series of pavement test were conducted, named the AASHTO Road Test, which was 
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the largest road experiment, totaling around $27 million, at the time. The information obtained 

from the AASHO Road Test was crucial in advancing knowledge of pavement structural 

design, pavement performance, load equivalencies, climate effects, and much more.  The basic 

performance information resulted in the performance equations and nomographs used in the 

AASHTO design guides beginning in 1961 and revised again in 1972. In the early AASHTO 

guides, the subgrade was characterized in Soil Support Value (SSV) which a scale from 0 to 10, 

and a value of 3 was used to represent the natural subgrade found in Illinois, USA, which was the 

insitu subgrade in the AASHTO Road Test. 

The 1986 AASHTO design guide for flexible pavement design replaced the historic soil 

support value and recommended the use of resilient modulus Mr for the primary subgrade 

characteristic that can be used for mechanistic analysis of pavement systems. Since the 1986 

adoption, Mr has been widely utilized for pavement design and evaluation. Resilient modulus is 

the ratio of the applied deviatoric stress versus recoverable strain and is conservatively estimated 

as the elastic modulus for soil. Resilient modulus also considers viscoelastic properties such as 

stress state and temperature of the subgrade material. 

Resilient Modulus: Mr = σd/εr        (2.1) 

Where: 

 σd = Applied deviator stress 

εr = Resilient strain 

 In 1993 AASHTO vastly updated its pavement design curriculum with the culmination of 

pavement research and analysis methods and yielded in the 1993 AASHTO Guide for Pavement 

Structures. The 1993 design guide listed 4 different methodologies for determining resilient 

modulus for pavement designs. The different methods consisted of laboratory testing, correlating 

https://www.pavementinteractive.org/reference-desk/design/structural-design/
https://www.pavementinteractive.org/reference-desk/design/structural-design/
https://www.pavementinteractive.org/reference-desk/pavement-management/pavement-evaluation/
https://www.pavementinteractive.org/reference-desk/design/design-parameters/equivalent-single-axle-load/
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Mr from other subgrade physical properties, back calculating moduli from Non-Destructive 

Testing (NDT) methods, and lastly moduli values from insitu construction data. Over the years, 

the 1993 AASHTO design guide became the primary analysis methods used by Federal and state 

Highway agencies, and each have used several iterations of the resilient modulus calculation 

methods previously mentioned. 

The subgrade resilient modulus laboratory testing procedures are laid out according to 

AASHTO T307-99 (2021) “Standard Method of Test for Determining the Resilient Modulus of 

Soils and Aggregate Materials”. The AASHTO testing summary states, “A repeated axial cyclic 

stress of fixed magnitude, load duration (0.1 s), and cycle duration (1.0 to 3.1 s) is applied to a 

cylindrical test specimen. During testing, the specimen is subjected to a dynamic cyclic stress and 

a static-confining stress provided by means of a triaxial pressure chamber. The total resilient 

(recoverable) axial deformation response of the specimen is measured and used to calculate the 

resilient modulus”. 
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Figure 1: Typical Triaxial Loading Device and Chamber 
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The purpose of the distinctive, repeated load pulses that are utilized in the test is to mimic the 

loading pattern of a heavy vehicle wheel quickly loading and unloading a specific point. Also, the 

confining pressure of the triaxial chamber can recreate the confining pressure experienced by insitu 

subgrade from overburden pressure compounded by the axial pressure from the vehicle wheel path. 

To understand the viscoelastic properties of soil with resilient modulus, 3 confining pressures with 

5 different deviatoric stresses are applied to the repeated load triaxial chamber. With the 15 

resilient modulus values, a model is derived to best-fit the data of each sample so the resilient 

modulus of a desired stress can be obtained as demonstrated through Figure 2, by AASHTO 

(2021).  

 

Figure 2: Typical Resilient Modulus Cyclic Axial Load Curve 
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The resilient behavior of unbounded subgrade materials from nonlinear stress states have 

been thoroughly explored and Kim et. al. (2004) demonstrated that the performance output 

emphasis a significant degree of importance on the effect of deviatoric stress, dry density, moisture 

content, gradation and shape, fines content, and stress state. The report yielded that an increase in 

dry density or degree of compaction of granular materials makes the aggregate matrix stronger and 

stiffer. Previous research indicated that the effect of dry density or degree of compaction has been 

considered as the significant influencing factors for the resilient behavior of unbound granular 

materials, by increasing the Mr with increasing dry density Kim et. al. (2004). Kim et al. (2007) 

also mentioned that the effect of the dry density decreases with increase of fine content and varies 

with the aggregate types and stress states.  

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

form an appropriate aggregate assembly and the moisture content of unbound granular materials 

significantly affects the resilient response (Kim et al, 2007). The initial increase of stiffness is due 

to the increase of the contacts as voids are filled with fines and the decrease of stiffness is due to 

the displacement among coarse particles as excess fines are added. This results in the loss of 

aggregate particle interlocks and load carrying ability lies only on the fines. To investigate the 

effect of gradation on subgrade resilient modulus, Kim et al. (2007) proposed the use of a three-

parameter equation to quantify the full-scale particle size distributions. This three-parameter 

equation used to fit cumulative distribution functions of aggregate gradations is shown in the 

equation listed below: 
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        (3.2)  

Where: 

Pp= the percent passing a particular grain size diameter, d, measured in mm,  

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

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

gm is a fitting parameter corresponding to the curvature of the grain-size curve.   

 

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

gradation. When the gn and gm are fixed, the parameter ga is related to the percent of coarse 

aggregates. The parameter gn controls the slope of the gradation curve, which determines if the 

gradation curve is open, gap or well graded. When the value of the parameter gn increases, the 

gradation moves toward a gap-gradation, and differences between the slopes in the early and latter 

portion of the curves become more severe.  

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

properties of unbound granular materials. They have shown that the MR of unbound granular 

materials depends on the confining stress and sum of principal stresses. It is generally agreed that 

the MR increases with increasing confining stress and decreasing deviatoric stress 

The T307-99 AASHTO Mr Triaxial test, AASHTO T-89 (Liquid Limit Test), and 

AASHTO T-90 (Plastic Limit Test) were utilized to develop a level 3 input database for MEPDG 

Mr inputs by testing subgrade samples from 9 different subgrade sources from across the state of 

Georgia. Kim et. al. (2013) noted a reduction in tested stress states from 15 to 12 would be useful 



13 

 

for the level 3 MEPDG input and increase the speed of testing required. An Artificial Neural 

Network (ANN) was developed to predict the Mr from the other laboratory testing procedures with 

a notable degree of success R2=0.86 but notes that the developed ANN can reasonably predict Mr 

based off stress state inputs locally in Georgia. 

In a later study, Kim et. al. (2019) determined the results from laboratory resilient modulus 

testing can vary because of location of the measurement system, testing stress sequences, and 

compaction methods, which vary among the test methods available for use. Therefore, correlations 

developed by other researchers may not produce similar results. The correlation model developed 

can be used to predict resilient modulus for coarse-grained soils, was based upon optimal moisture 

content (%OMC) of the subgrade. It is stipulated that it should be compared to available test data 

before a resilient modulus is selected for pavement design with the MEPDG. 

𝑀𝑅 (𝑝𝑠𝑖) = 23,850.435 − 825.7241(%𝑂𝑀𝐶)        (3.3) 

The model for predicting subgrade resilient modulus in (Kim, 2019) was based upon correlation 

from other soil testing datasets and physical properties of the subgrade. The testing procedures 

utilized in (Kim, 2019) were the Lifting Weight Deflectometer (LWD), Dynamic Cone 

Penetrometer (DCP), and Ground Penetrating Radar (GPR) systems, whereas the soil index 

properties dataset was collected by GDOT as used for other pavement design procedures. The 

same 9 locations as (Kim, 2013) were utilized to compare the results of the two reports. The report 

concluded that the subgrade resilient modulus predictive model presented should be used to select 

design values for subgrades constructed of coarse-grained materials. The predictive values should 

then be compared to available laboratory and/or field test results until a level of comfort with its 

use can be attained. The report also concluded that other a insitu predictive method should be 
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developed to more accurately predict the subgrade resilient modulus at a site, for use in MEPDG 

design inputs. 

As previously highlighted, the laboratory testing procedures are a time consuming and 

costly process for various pavement design agencies due to the amount of testing required for a 

road network system with a variety of insitu subgrade types. Besides laboratory test, other 

prescribed measures for determining resilient modulus are correlating resilient modulus values to 

other soil parameters that are more accessible to pavement engineers. Such examples of correlating 

resilient modulus are California Bearing Ratio (CBR), R-value, and soil index testing. CBR soil 

testing was initially developed by the California Division of Highways in the 1930’s and has seen 

a widespread adoption as a subgrade load capacity laboratory testing procedure. Many pavement 

agencies have developed subgrade resilient modulus comparisons where the CBR ratio from lab 

testing was multiplied by a single coefficient to obtain a resilient modulus value. The first subgrade 

resilient modulus correlation to CBR was established by Heukelom W. and Foster (1960) resulting 

in Equation 2-4.  

𝑀𝑟(𝑝𝑠𝑖. ) = 1565 𝑥 𝐶𝐵𝑅             (2-4) 

 Later, the Heukelom and Klomp correlation, Equation 2-5, was established and is still used 

by many state agencies today.  

𝑀𝑟(𝑝𝑠𝑖. ) = 1500 𝑥 𝐶𝐵𝑅             (2-5) 

 The CBR estimate has seen slight changes to the coefficient over the years in a report by 

Dione et. al. (2015), a resilient modulus prediction model was developed for MEPDG 

implementation, where resilient modulus laboratory testing was compared to Equation 2-4 and 

Equation 2-5 Mr and CBR correlations. The report concluded that the Mr-CBR relationships tend 

to overpredict or underpredict the resilient modulus of the unbounded subgrade depending on soil 
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type. The 1993 AASHTO Interim Guide for Design of Pavement Structures incorporates the 

Heukelom and Klomp equation but includes soil data that ranged from 750-3000 times the CBR 

value. The soil test data included various types of soil and coefficients to be as widely usable as 

possible. However, the equation requires certain parameters such as soaked soil CBR values less 

than 10 for fine-grained soils. Specifically, the study shows that the CBR equation can over predict 

subgrade resilient modulus when CBR > 5 and under predict, high CBR value soils. 

A subgrade resilient modulus prediction based upon laboratory testing procedures, ASTM 

D2844 -18, Standard Test Method for Resistance factor R-Value and Expansion Pressure of 

Compacted Soils or R-value Test. The R-Value Test measures the potential strength of subgrade, 

base, and base course materials in roadway sections. The Asphalt Institute (developed correlations 

between resilient modulus and the constituents R-Value, Equation 2-6 for subbase and course base 

roadway materials, and Equation 2-7 for fine grained soils. 

𝑀𝑟(𝑝𝑠𝑖. ) = 𝐴 + 𝐵 𝑥 (𝑅 − 𝑉𝑎𝑙𝑢𝑒)           (2-6) 

Where: 

A = 772 to 1155 

 B = 369 to 555 

𝑀𝑟(𝑝𝑠𝑖. ) = 1000 + 555 𝑥 (𝑅 − 𝑉𝑎𝑙𝑢𝑒)          (2-7) 

The results of Equation 2-7 is to be used as an initial design value criteria until localities 

develop region specific values based upon are data collection programs per agency. However, R-

Value Test require extensive, intrusive soil testing procedures to be utilized with high degree of 

accuracy in the field. 

Since the limited success of resilient modulus correlations with CBR testing due to variability 

of the subgrade resilient modulus prediction, other testing methodologies have been investigated 
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to further improve the accuracy of correlation methods. Hossain et. al. (2014) demonstrated the 

Mr-CBR correlation can vary significantly based upon soil type and proposed utilizing unconfined 

compressive strength test with other soil parameters are more accurate and apply to a greater 

variety of soil types.  

Moisture content and compaction have been identified as important aspects in predicting 

subgrade resilient modulus. Hossain et. al. (2009) reported that the modulus of frozen soils can 

rise 20 to 120 times the modulus before freezing occurs. Also, an inverse relation was identified 

with resilient modulus and the degree of saturation of the soil. Other researchers have found similar 

moisture effects throughout the year, where modulus can increase during the dry season and 

decrease during the wet season, higher and lower moistures swings from the optimum moisture 

content will decrease the resilient modulus. Therefore, proper modeling of the moisture conditions 

is necessary to select the correct modulus because a modulus too high can result in thinner section 

than is required. A modulus too low will result in too thick a pavement section and the unnecessary 

expense in materials.  

Researchers have utilized several of the identified key factors for Mr prediction leading due a 

wide array of different statistical analysis methods to further develop more specific prediction 

equations. Long Term Pavement Performance (LTPP) studies conducted by Malla and Joshi et. al. 

(2008) has reviewed various federal agencies LTPP data where a model was developed to estimate 

the Mr of base layer and non-cohesive AASHTO A-2-4 subgrade soils that are commonly available 

in the state of New Mexico from a set of materials physical properties. They concluded that soil 

type played a significant role on Mr prediction with some subgrade types not accurately 

represented by several of the investigated models. Work undergone by George et. al (2004) shows 

that higher cohesion soils like AASHTO A-5, A-6, and A-7 do not follow the standard LTPP 
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equations and simpler equations should be employed cautiously. Other state specific studies such 

as Kim et. al (2013) where laboratory Mr data from 9 different road subgrade borrow pits were 

analyzed and linear regression models developed. In the 2013 report, a Mr prediction model was 

developed based upon a linear regression of subgrade water content, plasticity index, and confining 

pressure utilized in the laboratory triaxial test. 

2.3 Nondestructive Testing Methods 

Outside of the previously mentioned methods to determine resilient modulus, the 1993 

AASHTO design guide also lays out technique’s agencies can use to determine Resilient Modulus 

from back calculating methods derived from various non-destructive testing (NDT) methods.  

Although the prescribed methods were considered rudimentary and only for experimental research, 

since then, significant focus has been directed towards NDT methods for roadway and subgrade 

condition and performance. Several different studies have focused on determining alternative NDT 

methods for correlating Mr from the soil stiffness parameters derived from Light Weight 

Deflectometer (LWD), Falling Weight Deflectometer (FWD), and Ground Penetrating Radar 

(GPR) technologies. At this time, LWD testing on subgrade and roadways has been limited to 

handheld testing because the resulting elastic modulus only consider a single stress state point 

compared to resilient modulus. Lastly, LWD testing has seen smaller emphasis compared to FWD 

testing because the consistency of results, and ability to automate the testing procedure. These 

factors are why FWD testing is more widely adopted by various roadway agencies for NDT field 

testing procedures.  

2.3.2 LWD Testing 

LWD laboratory testing has been investigated as a method of determining subgrade resilient 

modulus by combining different drop heights, weights, and deflector plate sizes. In a report by 
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Tihey and Kim et. al. (2020) explores how different LWD parameters effect the accuracy of 

predicting soil modulus (ELWD). The investigated soil type was a USCS inorganic silty clay (MH) 

with 6 different moisture content and compaction levels resulting in 6 different densities. Each 

experiment group test data included 2 different plate sizes 150mm and 300mm, and 4 different 

drop heights of 6,8,12, and 24 inches. The average soil modulus was determined from each and 

plotted against varying input parameters such as deflectometer plate size, moisture content, 

density, and dielectric constant from GPR testing was included. A power model to predict soil 

modulus from these parameters was derived and lead to R2 value of 0.858. However, due to the 

low number of distinct data points used to derive the model, the results are to be implemented 

cautiously and may overpredict the actual soil modulus (ELWD). 

 

Figure 3: Typical Dynatest® LWD Testing Device 

Pavement deflection testing is a quick and easy method for assessing a pavement section’s 

condition compared to more in-depth laboratory testing procedures. With the development of 

complex, modern deflection measuring devices roadways can be analyzed for various design and 
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construction criteria such as seasonal variance, overlay requirements, and subgrade support 

conditions. Today, pavement deflection testing is an essential part of road network evaluation and 

rating, and several roadway agencies have whole departments tasked with roadway testing 

procedures, such as the GDOT Office of Materials and Testing (OMAT). 

2.3.3 FWD Testing 

Currently, impulse load testing such as, Falling Weight Deflectometer testing has been the 

most utilized field NDT method for roadway and subgrade evaluation and has worldwide adoption 

due to its deplorability at scale compared to LWD laboratory methods. As sown in Figure 4 below, 

the FWD is like LWD where a known weight is released on to a bearing surface and load plate 

where a force like a vehicle wheel load is transferred to the underlying pavement surface. A series 

of sensors are located at fixed distances so the deflection can be measured.  

 

Figure 4: Typical Dynatest® FWD Testing Device 

The mathematical basis of deflection-based testing is basic engineering mechanics of solid 

materials. As Figure 5 from the 1993 AASHTO design guide below demonstrates (FHWA 2017, 

pg. 31), to back calculate the subgrade resilient modulus, the road section is simplified as a simply 

supported beam, and the drop weight is symbolized as a single point load dropped along the 
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midpoint of the beam. The maximum deflection at beam center and deflection from center 

equations are based upon this simplified analysis. Field data concurs this simplified approach by 

the spaced geophones detecting the deflection of the section from each drop. However, the 

deflection pattern from center is also dependent upon pavement type with PCC sections having a 

more linear pattern than the parabolic deflection basin of a HMA section. 

 

Figure 5: Derivation of FWD Deflection Model 

Compared to other methods FWD utilizes larger testing platforms that can mimic the loading 

pattern those vehicles produce by imparting a dynamic load to the pavement section. Since FWD 

replicates the quick dynamic loading conditions of a moving wheel load, more repeatable testing 

can lead to a greater sample frequency than can be obtained versus more traditional, slower 

methods. With the structural condition data requirements for MEPDG to develop accurate roadway 

assessments, FWD has become a fundamental component for data collection procedures of 

different agencies because of the ability to acquire repeated site-specific condition data. An 
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integral part of the FWD data is the pavement layer elastic modulus and subgrade resilient modulus 

which are both derived from the magnitude of the loading and resulting deflection data of each 

layer with known depths. FWD can achieve a higher density of data because it utilizes a system 

called deflection basin, where a concentric series of sensors are scattered around the central 

deflection point. which yields deflection data from a larger area versus maximum deflection point 

methods as illustrated in Figure 6 below (FHWA 2017, pg. 5). 

 

 

Figure 6: Typical Pavement Deflection Basin 

The acquired deflection data has several uses and can characterize pavement conditions based off 

different parameters. A simple plot can be generated, and the deflection data can be compared and 

any nonuniformities can lead to further site-specific information. Repeated deflection data can also 

provide pavement engineers with insight into the roadway response to environmental factors such 

as curling from a ground-air thermal gradient, asphalt stiffening, and subgrade support across a 

varying moisture content throughout the year. Also, FWD testing can also yield the effective 

modulus (EP) of the overall pavement structure, which provides roadway engineers with insight 

into the structural capacity of the pavement section. The effective modulus equation is listed in 

Equation 2-8. 
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       (2-8) 

Where: 

d0 = Deflection measured under plate and adjusted to standard temperature, mm (inches) 

p = FWD load plate pressure, MPa (lb. /inch2)  

a = FWD load plate area, mm2 (inch2) 

D = Total thickness of pavement layers above subgrade (inches) 

Mr = Subgrade resilient modulus (lb. /inch2) 

Ep = Effective modulus of pavement layers above subgrade (lb. /inch2) 

 

 Despite the area surveyed within the deflection basin, FWD is still considered a quasi-point 

deflection method and several points need to be gathered across a pavement section. Pavement 

agencies have established FWD testing pattern and frequency procedures based upon the desired 

results and condition of the investigated area. For project specific testing, typically 100-to-500-

foot spacing intervals are used but can be adapted for location specific requirements such as nearby 

bodies of water or weak subgrades. Some agencies have also developed network level FWD testing 

where over 500-foot intervals, and typically only cover a single lane, which are used to gather 

general indicators for a road network and give insight to targeted FWD testing at a future date. 

The FHWA have released several reports that summarize deflection testing methods 

including some continuous deflection profiling equipment systems such as the experimental 
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Rolling Wheel Deflectometer (RDD) and the corresponding empirical relations to allow pavement 

engineers to correlate between the different measuring systems. 

2.3.3.1 Factors Affecting FWD Testing 

 In FWD testing, several factors can affect the output of the deflection data which leads to 

uncertainty in the raw output data. The factors that affect deflection output have been grouped into 

3 different categories according to FHWA reports: structural (Pavement type and thickness), 

loading (magnitude and frequency), and climate (temperature and seasonal fluctuations). 

Structural factors are the primary influencers of deflection testing because the testing method itself 

is a representation of the overall pavement system response to the load. Generally, a weaker system 

characterized with less supporting subgrade and thinner asphalt layers will deflect more than a 

thicker asphalt on a stiffer subgrade. However, road material is also an important factor because 

an asphalt road will deflect more than a concrete roadway of the same thickness, as demonstrate 

on the figure below (FHWA 2017, pg. 19). 

 

Figure 7: Comparison of Typical Deflection Patterns 

 

Other structural factors include testing location on the roadway such as: edge or joint versus 

midsection, layer thickness variations, high structural distress, and subgrade variations. 
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The next group of factors is the loading parameters. Deflection testing is loading 

dependent, so a slower loading rate will lead to higher deflections, versus a rapid impulse that will 

yield a smaller deflection. The loading magnitude is also consequential because modern FWD 

devices are capable of loads ranging from 3000 lb. up to 45,000 lb. for airfield pavements. 

Determining proper loads is important for pavement engineers to match the conditions experienced 

on the designed roadway. The most widely used load magnitude is 9,000 lb. because it is 

representative of a single wheel load for a standard 18,000 lb. axle load prescribed in the AASHTO 

design guide. The FHWA have developed methods for testing material related distressed in 

individual pavement sections. One of the developed tests involving FWD is determining the 

impulse stiffness module (ISM) for a given pavement section. ISM is the ratio of FWD point load 

versus deflection under the load plate at the (d0) sensor, Equation 2-9. In PCC pavement sections 

the ISMratio is the ratio of the ISM at slab center versus ISM at the slab edge/joint and is used in 

determining the condition of each slab, Equation 2-10. According to the 2017 FHWA Report, 

“Using Falling Weight Deflectometer Data with Mechanistic-Empirical Design and Analysis, 

Vol1”, An ISMratio less than 1.50 denotes good condition and ISMratio greater than 3 denotes a weak 

joint and needs repair. 

                        (2-9) 

                 (2-10) 

The final group of variables for pavement deflection criteria is climate conditions. Asphalt 

and subgrade are viscoelastic materials, so the base temperature of the material can affect 

engineering properties such as stiffness. Moisture conditions can also affect pavement deflection 
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levels because seasonal fluctuations of ground and atmospheric water saturation amounts. 

Generally, deflection testing is done in the springtime because the warmer temperature with more 

saturated conditions lead to higher deflection levels, so pavements and subgrade conditions are 

measured against these maximum deflection scenarios, as highlighted by Figure 8 below 

(AASHTO 1993, pg. 212). 

 

Figure 8: Seasonal Variations of Pavement Deflection 

With FWD as a quick and reliable method for non-destructive pavement testing that has 

lots of controllable variables, it is understandable that this form of deflection testing has seen 

utilization in agencies around the world. GDOT has amassed a large database of FWD testing for 

several roadways in many regions of Georgia each with different pavement types, pavement 

depths, and subgrade materials. However, as previously stated FWD is a point-based deflection 

testing system so, several import design parameters can be missed due to the innate variability of 

FWD testing methodologies. Continuous stiffness testing procedures would be ideal when 

mapping subgrade resilient modulus due to the significant variability possible of insitu subgrade 

experienced along the length and scope of a road network system. 
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2.4 Ground Penetrating Radar (GPR) 

Soil density has been considered the primary design criteria for soil mechanics and pavement 

subgrade condition. Traditionally, insitu subgrade density is determined by sand cone test, nuclear 

gauge devices, and laboratory proctor test. These traditional methods are invasive and require 

considerable fieldwork to acquire adequate number of samples for testing, which is not feasible 

for consistent and repeatable field data, so other soil exploratory methods have been researched. 

With its initial conception and development in the 1930’s and famously used in World War II for 

airplane detection and national defense, electromagnetic radiation (EMR) devices emit radio 

waves to detect a material change. Initially, ground directed systems were utilized to estimate the 

thickness of ice sheets and glacial depths. In the 1970s and 1980s, these radar systems saw 

continued commercial development and the advent of the now called, ground penetrating radar 

(GPR) was used for pavement structure surveys. The 1980s saw the development of many GPR 

systems, including vehicle mounted systems, that were initially designed to determine the 

thickness of a pavement layers. Over time, several other pavement section factors could be 

determined from the GPR images and empirical models were developed from these early 

advancements. The significance of GPR utilization for pavement investigation is the speed at 

which continuous non-destructive pavement surveying can be conducted. Also, GPR produced 

high resolution geophysical data compared to seismic, radioactive, or magnetic surveying 

methods, which allow for greater model detail and accuracy. Several engineering applications of 

GPR have been developed ranging from detecting buried objects such as utility lines and tunneling 

to infrastructure surveys of large civil structures and bridges as well. 
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2.4.1 GPR Background 

GPR systems are based upon electromagnetic theory (EM) and the change of velocity of 

electromagnetic waves through a medium. The standard GPR system uses a selected EM wave 

frequency that propagate throughout the pavement and subgrade system. When a GPR signal is 

emitted at a point the wave propagates down through the pavement structure and either further 

penetrates lower levels, scatter through the different mediums, or is reflected to the radar and 

picked up as the return signal. As Figure 9 demonstrates, the process of wave propagation occurs 

in a very small amount of time allowing the GPR to pick-up high-resolution data along a thin line 

parallel to the service vehicles travel path (Abdelmawla 2021, pg. 21). 

 

Figure 9: Theoretical GPR Application Flowchart 

 

The main components of an impulse GPR system as shown in figure above, consist of an 

antenna unit (with transmitter and receiver), a control unit, a data console/display, and a power 
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unit. Impulse GPR systems operate by transmitting a brief EM burst or ‘pulse’ from a transmitter 

and recording the pulse reflections from features or layers within the pavement as they are returned 

to a receiver as noted by the arrowed lines.  

There are different variants of GPR units with different antenna systems. The two most utilized 

impulse systems are ground into 2 categories, air-coupled and ground-coupled. Ground coupled 

radar antennas that require physical contact with the pavement surface. At a given frequency, 

ground coupled antennas can achieve a greater penetration depth and good for deeper subgrade 

exploration. The air coupled antennas can sit above the pavement surface allowing for faster data 

acquisition rates through increased vehicle speed, but do not have the ground penetration depth of 

ground coupled devices. Also, air coupled devices are typically physically larger devices because 

the greater frequency required. Air coupled antennas are good for surface and subbase layer 

exploration, but the data becomes too noisy to use in the subgrade layer. 

2.4.2 Dielectric Constant 

 The primary material property extracted from GPR data is the material dielectric constant. 

The dielectric constant is also known as relative permittivity (εr) of a homogeneous media relative 

to EM velocity (v) in a material to the speed of light in a vacuum (c). The permittivity of roadways 

can be very dramatic and varied because the varied mixture of materials with different densities, 

porosities, and water content saturations. The complex nature of ground directed radar signals with 

varying signal loss and scattering leads to the development of several models that have been 

established to derive dielectric values for specific constituents so the GPR return signal can be 

used to formulate engineering properties instead of a highly noisy signal that cannot be used by 

pavement engineers. GPR interpretation model considers the dielectric of each material and the 

volumetric fraction of each as well, so if there is a subgrade section that is primarily made of a 
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single soil type the model will factor the noise created by the smaller fractions and return a factored 

dielectric constant of the primary constituent and secondary materials. Since soil is composite 

particle material, the density of soil is dependent upon the individual constituents, so the dielectric 

constant of a soil is also a function of the dielectric constants of each constituent and their 

individual volumetric properties as previously stated.  The most important physical properties that 

can affect a subgrades dielectric constant is porosity and water saturation of the soil because water 

has a much higher dielectric constant value than air which has a relative permittivity value of 1.0 

and water is around 80 at 20°C. As a dry soil sample increases in density (decrease in porosity) 

the relative permittivity increases as well. 

 As previously stated, the GPR signal travels in a thin line parallel to the units travel 

direction, so the interpreted data is a 2-dimensional image with depth along the vertical axis and 

the direction of travel or station along the horizontal. The raw GPR data displays the signal 

amplitude along a grey scale with a greater intensity yielding a higher amplitude change response 

from the investigated material, as demonstrated in Figure 10 (Abdelmawla 2021, pg. 28). 
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Figure 10: Multilayered System GPR Signal Response Diagram 

Once the raw amplitude data is collected the dielectric constant of the different layers can 

be back calculated from Equation 2-11 and Equation 2-12. The dielectric values of the pavement 

surface can be calculated from (ε1) and the subgrade from (εbase). 

 

       (2-11) 

 

       (2-12) 

 

Where 

εHMA: dielectric constant for the HMA layer 

A0: Amplitude of the surface reflection 

Am: Amplitude of the reflected signal over metal plate on surface for calibration 

Abase: Amplitude of the reflected signal over the subbase layer surface 
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2.4.3 GPR Density Model  

With the underlying principles of collecting dielectric constant and its theoretical 

background a density model derived in a GDOT report by Abdelmawla et. al. (2021), was 

developed to back calculate subgrade density from the dielectric constant data collected from the 

GPR scans. The power-law approximation Equation 2-13 used is based upon CRIM mixing theory, 

one of the GPR interpretation models, was the foundation for Abdelmawla density model. 

            (2-13) 

This mixing model approximation, combined with empirical relations of various physical soil 

properties yielded a semi-empirical soil density model dependent upon the soil’s relative 

permittivity and moisture content state. 

 

Figure 11: Typical Soil Phase Diagram 
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 Based upon correlations of the soil phase diagram and other previously mentioned models, 

the subgrade dry density model, Equation (2-14) based upon dielectric constant was derived. 

𝛾𝑑  =
(√ℇ𝑠𝑜𝑖𝑙−1)

1

𝐺𝑆
(√ℇ𝑠− 1)+𝑤 (√ℇ𝑤− 1)

         (2-14) 

 With the dry density model formulated, a second layer needs to be incorporated to account 

for the moisture content of the subgrade because of the water content impact on soil relative 

permittivity. The most used relationship between apparent permittivity, ε, and volumetric soil 

water content, θ (m3/m3), was proposed by Topp et al. (1980), Equation 2-15 is then used to 

calculate the water content (w), Equation 2-16 of the soil from initial GPR soil density value. 

       (2-15) 

            (2-16) 

After the water content (w) was calculated, a Generalized Reduced Gradient (GRG) within 

the GPR model minimizes the error between the estimated and calculated water contents until an 

acceptable value is reached. This solver process is highlighted in Figure 12 (Abdelmawla 2021, 

pg. 34). 
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Figure 12: GPR Model Implementation Flowchart 
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CHAPTER 3 METHODOLOGIES 

3.1 Data Collection Overview 

The following chapter explores the practices and methods used to collect field data from FWD 

and GPR proximal sensing systems coupled with roadway cores extracted from selected roadway 

sites.  Figure 13 illustrates how each field examination technique relates to the project objectives 

in developing a subgrade resilient modulus prediction model.  

 

Figure 13: Research Methodologies Overview 

The project scope includes 9 different target roadway sections recommended by GDOT across 

the eastern half of the state. The 9 target roadway sections were selected due to the varied nature 

of the underlying subgrade, pavement section thickness, and traffic volume across each section. 

The target roadway sections included in the scope of the project are listed in Table 1, below. 
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Table 1: Roadway Section Details 

 

 The target sections are all listed as principal or minor arterial roadways with single unit and 

multiunit average annual daily truck traffic (AADTT) ranging from 400 to 2,300 units. 

field data as well as several extracted cores from each of the roadways also provided by GDOT. 

The selected routes and total FWD/GPR data set available, and field-testing locations are 

highlighted in Figure 14. 

 

10 Walton 9300 Asphalt Pavement 4

11 Walton 5302 Asphalt Pavement 2

22 Hancock 5304 Asphalt Pavement 2

26 Bulloch 5401 Asphalt-over-Concrete 2

57 Emmanuel 5207 Asphalt Pavement 2

57 Johnson 5108 Asphalt Pavement 2

73 Evans 5402 Asphalt Pavement 2

82 Jackson 7702 Asphalt Pavement 2

129 Candler 5328 Asphalt Pavement 2

Number of

 Lanes (#)
State Route (#)

Location

(County)

Testing

Length (ft.)

Roadway

 Material
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Figure 14: FWD/GPR Testing Locations 

The FWD data utilized in this report were collected by GDOT OMAT field teams from May 

2021 to July 2021 and packaged as individual file sets. The FWD testing was limited to the slow 

lane which is congruent with the GPR testing that conducted afterwards along the same lanes and 

routes and verified by Global Positioning System (GPS) coordinates connected with both FWD 

and GPR data collection initiatives. At each location, FWD testing was conducted along a 

preselected 1-mile stretch of the target roadway and had testing deflection basins centered 
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approximately every 100 feet to get a high-resolution deflection database. The FWD field crews 

conducted 2 sets of 6,9, and 12-kip test loads at each testing location, resulting in 6 drops per 

station. Standard GDOT FWD procedures utilize the Dynatest 8000 model that captures deflection 

data via accurate laser measuring devices at set locations away from the impact target area. As 

shown in Equation 3-1 and Equation 3-2  speed of the laser, speed of light (c), and half of the time 

to receive the reflected signal back from the pavement can be used calculate the distance in 

between. The Dynatest FWD system continually captures the calculated distance. 

 𝑣(𝑐) =
𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒

𝑡𝑖𝑚𝑒
              (3-1) 

𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 =
𝑣(𝑐)

𝑡𝑖𝑚𝑒/2
              (3-2) 

The lasers target the pavement at 0”, 8”, 12”, 18”, 24”, 36”, 60”, 96”, and 120” from the FWD 

point load center. The raw FWD testing data provided also includes testing metadata regarding 

deflections per load, location, time, and the temperature of the air and roadway. The Dynatest 

FWD testing device utilized is shown in Figure 15. 
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Figure 15: GDOT Falling Weight Deflectometer Testing Device 

3.1.2 Roadway Coring Procedures 

While GDOT was conducting the FWD testing, roadway cores were extracted along the 

target roadway sections to spot check the pavement stratification, thickness, and subgrade or 

base material composition. The roadway cores were delivered to the UGA GMAT laboratory, 

see Figure 16, for asphalt property testing, but only the subgrade type and roadway thickness 

was considered for this report. The roadway cores provided insight into roadway health based 

upon the volume and size of cracks as seen along the depth of the core, with cores for SR 57 

showing extensive cracking throughout. Also, extracted roadway cores for SR 26 revealed 

varying pavement types since the extracted roadway core composed of layers of both asphalt and 

PCC materials.  
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Also, the roadway cores provided information regarding base material composition with 

the bottom interface of the core either have soil remnants attached, or GAB material sticking to 

the asphalt layer. GDOT provided roadway section information, see Table 2 and 3, with the 

extracted roadway cores which confirmed the listed plan base material or provided insight when 

no supporting base material information was listed, see Figure 16 and 17. 

Table 2: SR 11 Core Data Sheet 

 

Table 3: SR 11 Core Data Sheet 

 

 

County Route Lane Direction Core Station MP AC Base Latitude Longitude

Walton 11 1 Northbound 1 2003.0 7.19 9.50 Sand-Clay 33.71203904 -83.6994503

Walton 11 1 Northbound 2 3908.0 7.55 10.50 Sand-Clay 33.7168106 -83.6968519

Walton 11 1 Southbound 3 2401.0 7.40 15.00 GAB 33.71486704 -83.6983007

Walton 11 1 Southbound 4 4402.0 7.00 10.00 Sand-Clay 33.70946586 -83.7007969

SR. 11 Walton

County Route Lane Direction Core Station MP AC Base Latitude Longitude

Hancock 22 1 Eastbound 1 502 6.605 15.5 Soil-Aggregate 33.22610059 -83.0546048

Hancock 22 1 Eastbound 2 2602 7.005 10.5 Soil-Aggregate 33.23025118 -83.0497816

Hancock 22 1 Eastbound 3 4803 7.425 15.75 Soil-Aggregate 33.23459325 -83.0447279

Hancock 22 1 Westbound 4 504 7.5 15.25 33.23540361 -83.0438718

Hancock 22 1 Westbound 5 2600 7.1 13.25 Soil-Aggregate 33.23126363 -83.0486896

Hancock 22 1 Westbound 6 3501 6.93 12.5 Soil-Aggregate 33.22948141 -83.050763

Hancock 22 1 Westbound 7 4801 6.68 13 Soil-Aggregate 33.22690602 -83.0537477

SR 22 Hancock
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Figure 16: Extracted Roadway Cores #1 

 

Figure 17: Extracted Roadway Cores #2 
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3.1.3 GPR Mapping Procedures 

GPR testing was conducted by the UGA Geomaterials and Testing (GMAT) lab team with 

their Vehicle based GPR system. The UGA GPR system includes both a GSSI 2 GHz air-couple 

antenna, and a GSSI 400MHz ground-coupled antenna horn, both antennas are attached to the rear 

of the vehicle on a retractable frame for easier transportation and deployment. Due to deployment 

time issues the GPR scans were conducted in August and September of 2021, ideally the FWD 

and GPR testing would be near identical time frames, but the GPR testing was conducted on 

relatively warmer days of the months to match the environmental conditions experienced during 

the FWD testing.  

 

Figure 18: GPR System a) 2 GHz air coupled antenna, b) 400MHz Ground-coupled 

antenna 
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3.1.4 GDOT Resilient Modulus Map 

With the release of the 1993 AASHTO Design Guide and the recommended changes by 

utilizing subgrade resilient modulus state agencies had to determine the resilient modulus of their 

jurisdiction. The current resilient modulus values by GDOT engineers are based upon a series of 

maps that list subgrade resilient modulus for each county in Georgia based upon historic soil 

support value (SSV) that were used by the 1972 AAASHTO design guide for flexible pavements. 

SSV values are determined by soil laboratory testing according to ASTM D1883 Standard Test 

Method for California Bearing Ratio (CBR) testing. Instead of implementing an intensive 

campaign to gather Mr values, the current map by Kim and Pahno et. al. 2019 was developed 

which used mathematical models to relate the known SSV values at each county to equivalent 

Mr values and was validated with limited laboratory testing as seen in Figure 19. 
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Figure 19: GDOT Resilient Modulus MEPDG Input Map 
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3.2 Back calculated Resilient Modulus 

To obtain the initial resilient modulus data from the FWD testing, the methodologies 

prescribed in the 1993 AASHTO Pavement Design Guide were used to back calculate the design 

resilient modulus from the deflection data as formulated below. The AASHTO Mr back calculation 

method, Equation 3-3 requires the deflection value for a given load at a known distance away from 

the FWD loading point. 

               (3-3) 

Where 

Mr = back calculated subgrade resilient modulus, (psi.) 

P = applied load, (psi.) 

Dr = measured deflection at radial distance r, (inches) 

r = radial distance at which the deflection is measured, (inches) 

C = 0.33, adjustment factor 

 

However, the raw data cannot be directly used for the back calculation because the deflection 

load is not exactly at the prescribed 6, 9, or 12-kip and has some variance due to limitations of the 

FWD testing device. The raw FWD load and deflection data must be normalized to the same load 

levels to reduce the variance between each testing point. The normalization factor returns the load 

to the standard load whether 6, 9, or 12-kip and then the raw deflection data is multiplied by the 

factor to yield a normalized value, as demonstrated in Table 4 below. 
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Table 4: Example FWD Load Normalization Chart 

 

 

With the normalized FWD data the resilient modulus can be back calculated. The GDOT FWD 

data uses a series of 9 geophones to collect the deflection data within the deflection basin spaced 

out from the loading point out to 120 inches to pick up deflection data correlated with the resistance 

by deep subgrade layer stiffness. To determine the resilient modulus of the insitu subgrade, the 

deflection data associated with the geophone around 36 inches from the loading center (GDOT 

geophone 6), so the stiffness of the pavement, subbase, and top layer of compacted subgrade are 

not included in your calculation. With all the input factors classified, the values can be input into 

the AASHTO equation and yield the FWD back calculated Mr. 

The next variable that can be extracted from the FWD testing data is the ISM per station. For 

this study the only ISM data derived was for the d1(0”), d5(24”), d6(36”), and the d7(60”) 

geophones. To achieve the ISM data required, the normalized load was divided by the normalized 

deflection data and the units were converted to fit the AASHTO standard procedures, as 

demonstrated below. 

To ensure there was no anomalous reading within each ISM data set the d1(0”) composite ISM 

data was plotted against station to ensure that each the 6,9, and 12-kip reading were similar and 



46 

 

that there was no error with any of the 6 drops per station. If the ISM is similar amongst the 3 

different drops, then there were no data anomalies, and the deflection data can be represented as 

reliable. The ISM vs. station plot is displayed in Figure 20 for the SR. 10 eastbound lane location 

and repeated for each section. 

 

Figure 20: Composite ISM Plot 

With the ISM plot created, the individual road sections can be analyzed as separate sections 

for proper pavement thickness to match the extracted cores from the roadway such as Table 5 and 

highlight the different areas of investigation.  
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Table 5: SR 10 Extracted Core Data Sheet 

 

 

3.3 Determining Traffic Inputs 

The FWD back calculated Mr based upon the AASHTO 1993 procedures will be compared to 

the values of the currently implemented resilient modulus map. Both Mr values will be 

implemented to design a flexible pavement section based upon known traffic loading conditions 

and other GDOT flexible pavement design methodologies. To obtain an accurate representation of 

the current, existing traffic loading conditions at each roadway site, the GDOT Traffic Analysis 

and Data Application (TADA) will be utilized, as demonstrated below.  

County Route Lane Direction Core Station MP AC Base Latitude Longitude

Walton 10 2 Eastbound 1 0.0 2.68 10.75 GAB 33.8301863 -83.866318

Walton 10 2 Eastbound 2 2304.9 3.11 10.50 GAB 33.82959828 -83.85873935

Walton 10 2 Eastbound 3 5301.6 3.68 10.00 GAB 33.82955858 -83.84883209

Walton 10 2 Eastbound 4 8703.2 4.32 10.00 GAB 33.82911551 -83.83759228

Walton 10 2 Westbound 5 0.0 4.45 12.75 GAB 33.82926218 -83.83558124

Walton 10 2 Westbound 6 3318.1 3.83 13.00 PCC 33.8296943 -83.84653504

Walton 10 2 Westbound 7 6003.6 3.32 11.00 GAB 33.82960165 -83.85542191

Walton 10 2 Westbound 8 8502.0 2.84 14.75 PCC 33.83020733 -83.86365197

Walton 10 1 Eastbound 9 0.0 2.70 10.50 GAB 33.83020231 -83.86587621

Walton 10 1 Eastbound 10 3201.0 3.31 11.25 GAB 33.82942659 -83.85533724

Walton 10 1 Eastbound 11 6902.7 4.01 10.00 GAB 33.82938457 -83.84309808

Walton 10 1 Eastbound 12 8901.3 4.39 10.25 GAB 33.82912196 -83.83648652

Walton 10 1 Westbound 13 0.0 4.44 11.50 GAB 33.82921115 -83.83548675

Walton 10 1 Westbound 14 3001.2 3.87 10.00 Soil-Aggregate 33.82959864 -83.84539348

Walton 10 1 Westbound 15 6309.1 3.25 10.00 GAB 33.82959386 -83.85633691

Walton 10 1 Westbound 16 8601.7 2.81 9.25 PCC 33.83017357 -83.86390271

Notes

SR 10 Walton County

Plans suggest 10" GAB, 120334-

Plans suggest 10" GAB, 120334-

Plans suggest 10" GAB, 120334-

Plans suggest 10" GAB, 120334-

Plans suggest 10" GAB, 120334-

Plans suggest 10" GAB, 120334-

Plans suggest 10" GAB, 120334-

Plans suggest 10" GAB, 120334-

Unable to recover PCC, Plans suggest 9 inches

Plans suggest 10" GAB, 120334-

Unable to recover PCC, Plans suggest 9 inches

Plans suggest 10" GAB, 120334-

Unable to recover PCC, Plans suggest 9 inches

Plans suggest 10" GAB, 120334-

Plans suggest 10" GAB, 120334-

Core showed bottom-up cracking
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Figure 21: GDOT TADA System 

The TADA system gathers, stores, and displays traffic counts based upon average annual 

daily traffic (AADT) and breaks it down with percent truck data and further into single unit (SU) 

and multiunit (MU) average annual daily truck traffic (AADTT). GDOT uses both actual and 

estimated traffic volumes for each location and is dependent on the needs and abilities of each 

district office. Also, every site has a detailed breakdown of the vehicle types encountered and 

includes several time and date distributions, site metadata, and as shown in Figure 22.  
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Figure 22: TADA Site Specific Data 

 To determine the ESAL factor experienced at each testing location for designing pavement 

sections the data   for that roadway and any active and actual AADTT values were synthesized in 

the TADA system and recorded. To simply the ESAL calculation, the average for each section was 

taken and utilized in the pavement design calculations, as highlighted in the next chapter. 
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CHAPTER 4 DATA ANALYSIS 

4.1 GPR Survey Results 

 The first step of the data ingestion process was reviewing the extracted cores provided by 

GDOT and compare to the results of the GPR scans for depth measurements. The cores provided 

initial information regarding roadway stratification, base and subbase layers, and roadway health. 

Out of the 9 roadways investigated, 7 of the routes had at least 4 cores per section, with SR 10 

having 15 and SR 57 in Emmanuel County had less than 3 cores available due to the condition of 

the roadway and the extensive cracking and noted crumbing of the extracted cores from that 

section. After reviewing the Emmanuel County core, the GPR scan and video files highlighted that 

the section had been repaved after the core was extracted so, the GPR data was not considered for 

this study due to the replacement of the roadway. However, the FWD data that was captured at the 

same time of the core extract on noted the poor health of the roadway as well, so the FWD data 

for the SR 57 section in Emmanuel County was also not considered for this report. 

 The FWD and GPR data for the SR 26 section in Bulloch County was also not considered 

because upon the review of the extracted cores the pavement was less than 4.50 inches of asphalt 

laid upon 6 inches of Portland cement concrete (PCC), which requires different back calculation 

methods and behaves differently than the other flexible pavement sections of the investigation. 

 To verify the roadway thickness in between the extracted cores, the GPR scan data was 

filtered for drastic change in polarity to identify the boundary between the air, asphalt, subbase, 

and subgrade layers as Figure 21 shows, with depth along the y-axis and the station along the x-

axis.  
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Figure 23: Raw GPR Results 

When visually interpreting raw GPR data, the change in polarity of the return signal, or 

change of line color from black and white indicates a change of material type. In roadway GPR 

scans, the change of layers from air, pavement, GAB, and subgrade are typically very strong 

signals due to the layered construction of the roadway section. 

GSSI has several algorithms to auto calculate the depth of each high polarity change as 

noted by a sharp change in color, again, typically from black to white. The GSSI program noted 4 

separate layers in the above GPR scan result, with the air-asphalt boundary line as a solid, smooth 
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green line around 8-inch depth marker, which is the distance from the bottom of the air-coupled 

horn deployed from the GPR vehicle to the roadway surface. Next, the asphalt-subbase interaction 

line as seen around the solid red line at the 16-inch depth marker. Lastly, the subbase-subgrade 

interaction line in noted as an increase of noise visualized as a series of sharp parabolic curves 

underneath the roadway, as highlighted by the solid blue line at the 20-inch depth marker. The 

program captures the layers depth as designated by the previously mentioned polarity change and 

is visually verified throughout the section image results, the results of this processing were then 

record. To confirm the results of the GPR scans the determined thickness was compared to the 

measured depth of the cores extracted by GDOT, which confirmed the GPR was determining the 

accurate roadway depth. 

 Next, the GPR amplitude data was compared to a copper sheet at the beginning of each 

scan to relate the GPR response and determine the dielectric constant of the road and subgrade 

stratification. The determined dielectric constant was then inserted into the previously highlighted 

subgrade density model resulting in the estimated subgrade density. All the GPR data for the 

subgrade and roadway were recorded and summarized in a Table 6 and Table 7, respectfully. 
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Table 6: GPR SR 10 Soil Data Summary 

 

Table 7: GPR SR 10 Roadway Data Summary 

 

4.2 Resilient Modulus Back calculation 

The next step was to ingest the GDOT FWD dataset and tabulate all the desired values 

necessary for subgrade resilient modulus back calculation. The raw data from GDOT is listed in 

the Appendix at the end of the report. The deflection values and drop values were normalized to 

6,9, and 12-kip loads with their adjusted deflections as well. Next, the resilient modulus was back 

Scan
Distance 

(ft)

Distance 

(mi)

subgrade 

gdry (pcf)

Layer 3 

Dielectric
W.C.

0 0.00 0.00 89.62 5.87068 0.101

1 0.64 0.00 92.35 7.11797 0.11

2 1.28 0.00 101.09 13.1403 0.13

3 1.92 0.00 94.04 8.02745 0.115

4 2.56 0.00 84.39 4.07912 0.082

5 3.20 0.00 82.94 3.6944 0.076

6 3.84 0.00 78.81 2.78165 0.055

7 4.48 0.00 85.35 4.35883 0.086

8 5.12 0.00 85.32 4.35068 0.086

GPR-Summary Data

Scan
Distance

 (ft)

Distance

 (mi)

subgrade

 density (pcf)

Asphalt layer

 thickness (in.)

0.000 0.000 0.000 89.620 14.530

1.000 0.640 0.000 92.346 14.180

2.000 1.280 0.000 101.091 14.530

3.000 1.920 0.000 94.043 14.530

4.000 2.560 0.000 84.387 14.870

5.000 3.200 0.001 82.943 14.870

6.000 3.840 0.001 78.814 15.220

7.000 4.480 0.001 85.350 15.220

8.000 5.120 0.001 85.323 15.910
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calculated with the normalized values, and in a separate column the adjustment factor, C=0.33 was 

incorporated yielded the result titled, ‘Factored Mr’, as demonstrated in the table below and 

repeated for each normalized load and section. 

Table 8: SR. 10 Eastbound ’93 AASHTO Mr Back calculation Results 

 

 

With the factored Mr values known, the resulting resilient modulus values were taken and the 

ISM, d (0’’) sensor, for each load and section were determined in Table 5 and plotted in Figure 20. 

The ISM plot ensures that there are no inconsistencies in the data or calculation methods, as the 

yielded ISM per drop at each station should be relatively similar. Also, the ISM plot is helpful in 

identifying areas of similar pavement performance for determining structural number based upon 

pavement thickness or other common structural parameter of that section of the roadway. The ISM 

versus station plots highlighted areas of discontinuity not noted in the Mr back calculated values. 
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Table 9: SR 10 Eastbound FWD-GPR Data Sheet 

 

 

 

Figure 24: SR10 Eastbound ISM Plot 
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Figure 25: Satellite Image of Anomalous Site 

Figure 24 for SR 10 EB can estimate as 3 different sections with section one spanning 

station 0-3500 feet, section 2 from 3500-6000 feet, and section 3 as the span from 6000-9300 feet. 

Note, the road has extended intersection from station 6000-7000 feet highlighted in Figure 25, so 

now FWD data could be acquired from this section. This similar process was conducted for the 

other 8 sections of the investigation. 

With the resilient modulus of each section determined, and a corresponding ISM plot 

graphed, the back calculated Mr values will be compared to the GDOT implemented resilient 

modulus values determined from laboratory testing. A statistical analysis of the resilient modulus 

data for each section was conducted and tables were formed as demonstrated below: 
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Table 10: SR 10 EB Resilient Modulus Statistical Overview 

 

Table 11: SR 82 EB Resilient Modulus Statistical Overview 

 

Mean 7190

Standard Error 296

Median 6819

Mode #N/A

Standard Deviation 2749

Sample Variance 7555272

Kurtosis 0

Skewness 0

Range 11921

Minimum 2647

Maximum 14568

Sum 618365

Count 86

Confidence Level(95.0%) 589

SR 10 (Walton County)

 Resilient Modulus (psi.)

Mean 6457

Standard Error 370

Median 5989

Mode #N/A

Standard Deviation 3263

Sample Variance 10649793

Kurtosis 2

Skewness 1

Range 15886

Minimum 1532

Maximum 17418

Sum 503661

Count 78

Confidence Level(95.0%) 736

SR 82 (Jackson County)

 Resilient Modulus (psi.)
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The eastbound SR10 and SR 82 descriptive statistics both indicate the high variability of 

the back calculated resilient modulus values with minimums and maximums significantly outside 

the bounds of the GDOT prescribed values from the previously mentioned resilient modulus map 

leading to a high standard deviation. Next, a 95% confidence interval is calculated according to 

equation 3-4 for each target roadway section and was used to determine the range of values for the 

mean resilient modulus value and used for AASHTO roadway design procedures. 

𝐶𝐼 =  𝜇 ± 𝑧
𝜎

√𝑛
           (3-4) 

Where: 

CI = Confidence Interval 

𝜇 = Sample Mean 

𝑧 = Confidence Level Value 

𝜎 = Sample Standard Deviation 

𝑛 = Sample Size  

4.3 Effect of Resilient Modulus on Pavement Design 

 With the FWD back calculated subgrade resilient modulus determined for all sections of 

the investigation, the effect of the perceived change of the resilient modulus was to be determined 

by comparing the results of AASHTO 1993 new section pavement design calculations. To 

calculate the change in pavement the TADA traffic data was combined with the average GPR 

asphalt pavement thickness, and the FWD back calculated resilient modulus were combined and 

summarized in Table 12. 
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Table 12: Flexible Design Summary Data 

 

 To simply the flexible pavement design calculations a spreadsheet was used based upon 

the nomograph associated with the AASHTO design guide. The same roadway cross section 

minimum requirements, traffic data, and GDOT flexible pavement coefficients were implemented 

but two iterations were conducted per section with the first utilizing the GDOT map for subgrade 

resilient modulus input and the second used the previously calculated FWD back calculated 

resilient modulus values.  

 

Figure 26: Map Flexible Design Output 

 

Mr 36 (psi.) Map (95% Conf) [FWD - Map] Mr (psi) AADT SU MU ASUT AMUT 20Y-ESAL

10 6600 - 7780 4,629                    1971 - 3151 20,000 1,300 1,000 189,800 547,500 14,746,000

11 6825 - 8525 4,629                    2196 - 3896 11,000 700    800    102,200 438,000 10,804,000

22 7733 - 9580 4,629                    3104 - 4951 4,000   200    500    29,200   273,750 6,059,000

57 12550 - 20680 5,786                    6764 - 14894 2,000   200    600    29,200   328,500 7,154,000

73 10562 - 13108 6,539                    4023 - 6569 7,000   500    600    73,000   328,500 8,030,000

82 5721 - 7193 4,629                    1092 - 2564 5,000   300    250    43,800   136,875 3,613,500

129 5787 - 6663 7,206                    (-1419) - (-543) 1,600   200    200    29,200   109,500 2,774,000

LOC (SR)
Subgrade Information Traffic Information Traffic Information
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Figure 27: FWD Flexible Design Output Lower Bound 

 

Figure 28: FWD Flexible Design Output Upper Bound 
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 As shown by the Figure 27 and Figure 28, the structural number (SN) for the FWD back 

calculated resilient modulus roadway section was 0.63 to 0.98 lower the structural number required 

based upon the Map subgrade Mr value. The given spreadsheet increased the granular aggregate 

base (GAB) layer thickness but maintained the same asphalt layer thickness. Typically, GDOT 

uses 8 inches of GAB for sandy subgrade layers and 12 inches for clayey subgrade, so to maintain 

with GDOT design practices the layer thickness must be recalculated to maintain the same GAB 

layer, but reduce the asphalt layer thickness, resulting in a thinner and thus cheaper pavement 

section. This flexible design calculations were conducted for the results of each pavement section 

and listed in the summary in Table 13. 

Table 13: Flexible SN Summary Output 

 

SR 10,11,2121,57,73, and 82 resulted in thinner pavement sections and SR 129 in Candler County 

resulted in a thicker pavement requirement. The resilient modulus was estimated via the SSV 

method to have the stiffest subgrade, but the FWD back calculation method resulted in a lower 

subgrade resilient modulus value. The change in result of the Candler County subgrade could 

provide insight into the accuracy of SSV to Mr model at higher SSV values, but there were not 

enough roadway sections in the investigation to develop any hypothesis on the subgrade resilient 

modulus outcome phenomenon. 

10 4,629      6600 - 7780 0.63 - 0.98 2.10 - 3.25 2.25 - 3.25 Reduction in AC possible

11 4,629      6825 - 8525 0.70 -1.05 2.33 - 3.50 2.50 - 3.50 Reduction in AC possible

22 4,629      7733 - 9580 0.84 - 0.98 2.80 - 3.25 3.00 - 3.25 Reduction in AC possible

57 5,786      12550 - 20680 0.49* 1.63 1.75 No change in SN with FWD-Mr range

73 6,539      10562 - 13108 0.42* 1.40 1.50 No change in SN with FWD-Mr range

82 4,629      5721 - 7193 0.35 - 0.77 1.16 - 2.56 1.25 - 2.75 Reduction in AC possible

129 7,206      5787 - 6663 (-0.28) - (-0.07) (+.93) - (+.23) (+1.00) - (+0.25) Additional AC required

SR δ SN (#) δ AC (in.)FWD Mr (psi.) GENERAL NOTES
Rounded 

δ AC (in.)

Map Mr 

(psi.)
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4.4 Cost Estimation of Pavement Change 

 To further determine the impact of increased resilient modulus values on roadway design 

an economic impact consideration will be reviewed based upon GDOT 2012-unit cost data for 

jobsite practices and materials. As the table below demonstrates, the item/practice, unit of measure, 

and weighted average unit cost across all jobsites during the reported timeframe is listed. 

Table 14: 2012 GDOT Unit Cost Fact Sheet  

 

As shown in Table 14, line-item code #400-3624 the 12.5(mm) asphalt concrete with 

polymer binder has a weighted average of $106.30/ton. Which is roughly $42,000 per inch of 

pavement thickness, per lane mile, assuming typical asphalt pavement unit weight of 150 

(lbs/ft^3). This economic analysis shows that using a thicker pavement is a more conservative 

structural design but leads to excessive cost incurred due to the excess material alone. 
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4.5 Resilient Modulus Prediction Models 

Due to the overestimate and the high variability of the FWD back calculated Mr value 

compared to the AASHTO 1993 prescribed resilient modulus calculation, the collected field data 

was applied to other Mr prediction models to better describe the insitu subgrade values. The first 

prediction model was derived from the dielectric constant values extracted from the GPR dataset. 

The subgrade dielectric constant was determined from the previously mentioned GPR density 

model where the normalized reflections are compared, and a dielectric constant value is 

determined. Since the value provides continuous insitu values, the output response will have more 

significant impact on Mr prediction than FWD back calculation methods. The dielectric constant 

values were plotted against the FWD back calculated Mr value to determine if a relationship exists 

and the graph is highlighted below. 

 

Figure 29 : SR 10 EB Resilient Modulus versus Dielectric Constant 

As demonstrated in Figure 29 above, a linear model with an R2=0.0033, there is no direct 

correlation between the two values, so a multilinear regression model is necessary, which is 

parallel with previous resilient modulus prediction models. 
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 A linear regression model was derived from dielectric constant to predict the resilient 

modulus, since it can provide insight into water content, density, and porosity all which relate to 

the resilient modulus of the roadway subgrade. However, the linear regression model yielded low 

(R2=0.001) correlation values as shown in Table 15: 

 

Table 15: Initial Linear Regression Model Output 

 

Next, the derived density model based off the dielectric constant value and water content 

was compared to the Mr values for the development of a prediction model. The density value and 

Mr was directly compared, and the resulting plot is highlighted below. Note, the spread of the data, 

where no regression equation could be applied with reasonable results. 

Regression Statistics

Multiple R 0.032

R Square 0.001

Adjusted R Square -0.036

Standard Error 2787.002

Observations 86

ANOVA

df SS MS F Significance F

Regression 3 656441 218814 0.0282 0.9936

Residual 82 636925201 7767380

Total 85 637581642

Coefficients Standard Error t Stat P-value Lower 95% Upper 95% Lower 95.0% Upper 95.0%

Intercept 62409.77 309627.88 0.2016 0.8408 -553538.73 678358.27 -553538.73 678358.27

X Variable 1 -822.02 4588.54 -0.1791 0.8583 -9950.08 8306.04 -9950.08 8306.04
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Figure 30: Combined Section Subgrade Mr versus Density 

 Lastly, a basic resilient modulus prediction power model with dielectric constant as an 

input, in the form Mr = α(X)
β
 that was based off an error reduction solver, however this also 

yielded low R2 correlation values as well. Since none of the prediction models yielded credible 

results, further investigation is required to link any of the GPR and FWD data, at this time. 

 

 

 

 

 

 



66 

 

 

 

CHAPTER 5 CONCLUSIONS 

This study details the investigation of back calculating subgrade resilient modulus from current 

GDOT Falling Weight Deflectometer procedures from project sites around the state. The back 

calculation methodology follows the prescribed procedures in the AASHTO 1993 Pavement 

Design Guide based upon field deflection testing. 

 The main research objective was to back calculate the resilient modulus from FWD testing, 

develop a map of the resilient modulus data, and compare it to previously constructed resilient 

modulus data maps based upon laboratory testing resilient modulus values. The FWD based Mr 

map would then be utilized as input parameters for MEPDG procedures. 

● The FWD Mr map was compared to the lab testing Mr values and descriptive statistical 

analysis was conducted to determine the validity of the FWD Mr values despite the 

overall values from the FWD back calculated were higher than the laboratory testing 

results. 

● The reduction in required Structural number due to increased subgrade stiffness led to 

resulting thinner pavement sections resulting in $42,000 in savings per inch of asphalt 

per mile of roadway. 

● The GPR data was used to capture continuous ground condition data to validate the 

roadway thickness compared to extracted core and initialize the development of a Mr 

prediction model based upon the GPR dielectric constant. 
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CHAPTER 6 RECOMMENDATIONS 

With an initial analysis of the data for the 9 roadway sections some recommendations for 

further study and areas of deeper investigation that is required will be highlighted. Overall, the 

study highlighted the importance of network level FWD testing is required to fully compare the 

SSV based resilient modulus to the FWD back calculated resilient modulus values. Several 

portions of clayey-sand soils in the piedmont region demonstrated promising results, but an 

emphasis on roadway sections in both north Georgia which has weaker silty soils and South 

Georgia along the coastline with stiffer sandy subgrade is required due to some inconsistencies in 

results of the investigation. 

 To accelerate the implementation of a statewide or network level update to subgrade 

resilient modulus a machine learning based prediction algorithm on GPR data can continued to be 

implemented, since FWD testing is significantly more expensive and time consuming versus GPR 

scanning procedures. 
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Appendix 

 

Figure 31: Raw FWD Dataset for SR10 Eastbound 
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Figure 32: SR 10 Eastbound 9-Kip Normalized Load 
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Figure 33: 75% Reliability Mr Map 
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Figure 34: 90% Reliability Mr Map 

 


